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Abstract
Carbohydrate esters are significant in medicinal chemistry because of their efficacy for the synthesis of biologically active 
drugs. In the present study, methyl β-D-galactopyranoside (MGP) was treated with various acyl halides to produce 6-O-acyl 
MGP esters by direct acylation method with an excellent yield. To obtain newer products for antimicrobial assessment stud-
ies, the 6-O-MGP esters were further modified into 2,3,4-tri-O-acyl MGP esters containing a wide variety of functionalities 
in a single molecular framework. The chemical structures of the newly synthesized compounds were elucidated by analyz-
ing their physicochemical, elemental, and spectroscopic data. In vitro antimicrobial testing against five bacteria and two 
fungi and the prediction of activity spectra for substances (PASS) revealed that these MGP estes have promising antifungal 
functionality compared to their antibacterial activities. The antimicrobial tests demonstrated that the compounds 3 and 
10 were the most potent against Bacillus subtilis and Escherichia coli strains, with the minimum inhibitory concentration 
(MIC) values ranging from 0.352 ± 0.02 to 0.703 ± 0.01 mg/ml and minimum bactericidal concentration (MBC) values 
ranging from 0.704 ± 0.02 to 1.408 ± 0.04 mg/ml. Density functional theory (DFT) at the B3LYP/3-21G level of theory 
was employed to enumerate, frontier orbital energy, enthalpy, free energy, electronic energy, MEP, dipole moment which 
evaluated the effect of certain groups (aliphatic and aromatic) on drug properties. They discovered that all esters were more 
thermodynamically stable than the parent molecule. Molecular docking is performed using AutoDock Vina to determine 
the binding affinities and interactions between the MGP esters and the SARS-CoV-2 main protease. The modified esters 
strongly interact with the prime Cys145, His41, MET165, GLY143, THR26, and ASN142 residues. The MGP esters’ shape 
and ability to form multiple electrostatic and hydrogen bonds with the active site match other minor-groove binders’ binding 
modes. The molecular dynamics simulation validates the molecular docking results. The pharmacokinetic characterization 
of the optimized inhibitor demonstrates that these MGP esters appear to be safer inhibitors and a combination of in silico 
ADMET (absorption, distribution, metabolism, excretion, and toxicity) prediction and drug-likeness had promising results 
due to their improved kinetic properties. Structure activity relationships (SAR) study including in vitro and silico results 
revealed that the acyl chain, palmitoyl (C16) and 4-chlorobenzoyl (4.ClC6H4CO-) in combination with sugar were found 
the most potential activates against human and fungal pathogens. After all, our comprehensive computational and statistical 
analysis shows that these selected MGP esters can be used as potential inhibitors against the SARS-CoV-2.

Keywords  Methyl β-D-galactopyranoside · SARS-CoV-2 protease · Antimicrobial · Molecular docking · Molecular 
dynamics · Pharmacokinetic
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HOMO	� Highest Occupied Molecular Orbital
LUMO	� Lowest Unoccupied Molecular Orbital
LYP	� Lee, Yang and Parr’s
MEP	� Molecular electrostatic potential
DOS	� Density of states
ADMET	� Absorption, Distribution, Metabolism, Excre-

tion, and Toxicity
hERG	� Human Ether-A-Go-Go-Related Gene
BBB	� Blood–Brain Barrier
SAR	� Structure Activity Relationships

Introduction

The wondering and dynamics area for medicinal chemis-
try was explored by the carbohydrates compounds and their 
esters used and approved drugs against antibacterial, anti-
fungal, antitumor, antiviral, anti-diabetic, anti-inflammatory, 
antineoplastic and antiprotozoal of human and phytopatho-
genic micro-organisms. Micro-organisms are responsible 
for a wide range of fatal diseases. Scientists worldwide are 
working to develop more effective and safe antimicrobial 
agents to treat diseases caused by pathogenic organisms. For 
these reasons, the best way to develop effective antimicrobial 
agents is to synthesize new chemicals and test their antimi-
crobial activity. Carbohydrates are important molecules in 
nature that play a variety of roles in biological processes. For 
a long time, carbohydrates have been a very attractive topic 
for scientists due to their immense importance in biological 
systems, including viral and bacterial infections, cell growth 
and proliferation, cell–cell communication as well as an 
immune response [1, 2]. In addition, they are the source of 
the metabolic energy supply, and the fine-tuning of cell–cell 
interactions and other crucial processes [3, 4].

According to a literature review, many biologically active 
compounds have aromatic, heteroaromatic, and acyl sub-
stituents [5–12]. For example, benzene, substituted benzene, 
nitrogen, sulfur, and halogen-containing substituents are 
known to improve the biological activity of the parent com-
pound [13–16]. It is also known that when an active nucleus 
is linked to another active nucleus, the resulting molecule 
may have greater biological activity potential [17, 18]. 
Moreover, selective acylation of carbohydrates and the eval-
uation of microbial activities [19, 20] reveal that combining 
two or more heteroaromatic nuclei and acyl groups enhances 
the biological activity manifold than its parent nucleus [21]. 
The recent outbreak of the novel coronavirus disease 2019 
(COVID-19), occurring from a severe acute respiratory syn-
drome (SARS) like coronavirus started in Wuhan, China, 
is spreading rapidly in humans, which is now considered 
a global pandemic [22]. Though SARS-CoV and SARS-
CoV-2 agents belong to the beta-coronaviruses category, 
they are slightly different from each other. Recent research 

has shown that SARS-CoV-2 often shares 80% nucleotide 
identity and 89.10% nucleotide similarity with SARS-CoV. 
So, the main protease of SARS-CoV, 3CLpro, has been the 
target of several in silico investigations to develop potential 
inhibitors candidates. The 3CLpro has a high sequence iden-
tity rate between nCoV and nCoV2; hence, their 3CLpro are 
likely homologous and have similar structures and functions. 
Furthermore, SARS-CoV and SARS-CoV-2 agents have 
similar effects on cells and use the same protein machin-
ery to multiply inside the host cell. Monosaccharide esters 
have been identified as a potential inhibitor of cancer cell 
protein [23]. Substitution of the hydroxyl (− OH) group of 
the nucleoside and monosaccharide structure revealed some 
promising SARS-CoV-2 candidates [24–26] as well as anti-
microbial agents [27, 28].

Therefore, in the present work, a series of MGP esters 
were designed to investigate their antimicrobial mode 
through their biological prediction, molecular docking inter-
action, pharmacokinetic and toxicity analysis. First, the anti-
microbial evaluation was performed for all esters through 
the prediction of PASS properties. Then, a molecular dock-
ing simulation was performed against a receptor protein of 
SARS-CoV-2 main protease (PDB: 6Y84) to identify the 
binding mode, binding affinity, and non-bonding interac-
tion of MGP esters with the receptor protein. To confirm 
the stability of the docked complexes, molecular dynam-
ics was performed for 50 ns. Furthermore, pharmacokinetic 
prediction has been performed to compare their absorption, 
metabolism, and toxicity.

Materials and methods

Unless otherwise specified, all reagents used were commer-
cially available Sigma-Aldrich (Germany) and were used 
exactly as received. An electrothermal melting point appa-
ratus was used to determine melting points (mp). Evapora-
tions were carried out on a Büchi rotary evaporator under 
reduced pressure. The solvents used were of analytical grade 
and were purified using standard procedures. Infrared spec-
tral analyses were recorded using a Fourier-transform infra-
red (FTIR) spectrophotometer (IR Prestige-21, Shimadzu, 
Japan) at the Department of Chemistry, University of Chit-
tagong. The proton nuclear magnetic resonance (1H-NMR) 
spectra were recorded at WMSRC, JU, Bangladesh, using 
a Brucker advance DPX 400 MHz and tetramethylsilane as 
an internal standard. The mass spectra of the synthesized 
compounds were obtained using positive ionization liquid 
chromatography-electrospray ionization tandem mass spec-
trometry. Thin-layer chromatography (TLC) was performed 
on Kieselgel GF254 (Germany), and the chromatogram was 
visualized by spraying the plates with 1% H2SO4, then heat-
ing the plates at 150–200 °C until coloration appeared. 
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Column chromatography was performed using silica gel G60. 
The following software’s were used in the present study: i) 
Gaussian 09, ii) AutoDock 4.2.6, iii) Swiss-Pdb 4.1.0, iv) 
Python 3.8.2, v) Discovery Studio 4.1, vi) PyMOL 2.3, vii) 
(http://​www.​pharm​aexpe​rt.​ru/​passo​nline/) to predict PASS 
properties viii) admetSAR server (http://​lmmd.​ecust.​edu.​cn/​
admet​sar2/​about) and SwissADME free web tools (http://​
www.​swiss​adme.​ch) were employed to calculate the phar-
macokinetic properties.

Synthesis

Methyl 6-O-myristoyl-β-D-galactopyranoside (2).
A suspension of methyl β-D-galactopyranoside (1) (100 mg, 

0.515 mmol) was made with dry N,N-dimethylformamide 
(DMF) (3 ml), and triethylamine (0.15 ml) in a round bottle 
flask. It was then cooled to −5 °C in an ice bath, at which point 
myristoyl chloride (0.29 ml, 1.1 molar eq.) was added. The 
reaction mixture was continuously stirred at the same tempera-
ture for 6 h and then the reaction mixture was standing over-
night at room temperature with continuous stirring. The pro-
gress of the reaction was monitored by TLC (CH3OH-CHCl3, 
1:6), which indicated full conversion of the starting material 
into a single product (Rf = 0.52). The resulting syrup was passed 
through a silica gel column and eluted with CH3OH-CHCl3 
(1:6) provided the myristoyl derivative (2) (180 mg, 86.45%) 
as a crystalline solid. Recrystallization from chloroform-hexane 
gave the methyl 6-O-myristoyl-β-D-galactopyranoside (2) as 
needless, m.p. 135–140 °C. The compound was sufficiently 
pure for use in the next stage without further purification and 
identification.

FTIR (KBr) (νmax): 1710 (C = O), 3414 ~ 3511  cm-1 
(br) (-OH). 1H-NMR (CDCl3, 400 MHz) (δ ppm): δH 4.86 
(1H, d, J = 8.0 Hz, H-1), 4.77 (1H, dd, J = 11.1 and 6.5 Hz, 
H-6a), 4.70 (1H, dd, J = 11.1 and 6.7 Hz, H-6b), 4.35 (1H, 
d, J = 3.5 Hz, H-4), 4.18 (1H, dd, J = 3.0 and 10.5 Hz, H-3), 
3.89 (1H, dd, J = 8.0 and 10.5 Hz, H-2), 3.61 (1H, m, H-5), 
3.56 (3H, s, 1-OCH3), 2.35 {2H, m, CH3(CH2)11CH2CO-}, 
1.64 {2H, m, CH3(CH2)10CH2CH2CO-}, 1.27 {20H, m, 
CH3(CH2)10CH2CH2CO-}, 0.89 {3H, m, CH3(CH2)12CO-}. 
LC–MS [M + 1]+ 405.54. Anal Calcd. for C21H40O7: 
C, 62.34, H, 9.96; found: C, 62.35, H, 9.97%. 13C-NMR 
(100 MHz, CDCl3): δC 178.13 {CH3(CH2)12CO-}, 104.10 
(C-1), 77.22 (C-2), 77.02 (C-4), 75.25 (C-3), 69.15 (C-5), 
62.05 (C-6), 57.06 (1-OCH3), 34.19, 33.84, 31.91 (2), 29.64, 
29.51 (2), 29.44, 24.92, 24.90, 22.68 (2) {CH3(CH2)12CO-}, 
14.10 {CH3(CH2)12CO-}.

Methyl 2,3,4-tr i-O-acetyl-6-O-myr istoyl-β-D-
galactopyranoside (3).

A solution of myristoyl derivative (2) (300  mg, 
0.74  mmol) in dry N,N-dimethylformamide (3  ml) and 
triethylamine (0.15  ml) was cooled to 0  °C and acetyl 

chloride (0.26 ml, 5.0 molar eq.) was added. The mixture 
was stirred at 0 °C for 6 h and then kept standing overnight 
at room temperature. TLC examination (CH3OH-CHCl3, 
1:5) showed complete conversion of reactant into a single 
product (Rf = 0.54). The excess reagent was destroyed by 
adding a few pieces of ice and the reaction mixture was 
evaporated off. The resulting syrup was purified by col-
umn chromatography (with CH3OH-CHCl3, 1:5, as elu-
ent) to afford the acetyl derivative (3) (283.5 mg, 72.50%) 
as a crystalline solid, m.p. 144–145 °C. Similar reaction 
and purification methods were employed to synthesize a 
compound (4) (252.5 mg, 55.38%, m.p. 153–155 °C), com-
pound (5) (673 mg, 96.65%, m.p. 133–134 °C), compound 
(6) (491.5 mg, 82.58%, m.p. 149–150 °C), compound (7) 
(466 mg, 92.57%, m.p. 166–167 °C), compound (8) (187 mg, 
69.66%, m.p. 128–129 °C), compound (9) (406 mg, 75.78%, 
m.p. 151–152 °C), and compound (10) (463 mg, 91.85%, 
m.p. 193–195 °C).

FTIR (KBr) (νmax): 1709, 1706, 1700  cm-1 (C = O). 
1H-NMR (CDCl3, 400  MHz) (δ ppm): δH 4.94 (1H, 
d, J = 8.0  Hz, H-1), 4.81 (1H, dd, J = 8.0 and 10.4  Hz, 
H-2), 4.74 (1H, dd, J = 3.3 and 10.7 Hz, H-3), 4.68 (1H, 
d, J = 3.5  Hz, H-4), 4.11 (1H, dd, J = 11.2 and 6.6  Hz, 
H-6a), 3.94 (1H, dd, J = 11.2 and 6.8 Hz, H-6b), 3.88 (1H, 
m, H-5), 3.45 (3H, s, 1-OCH3), 2.21, 2.14, 2.11 (3 × 3H, 
3 × s, 3 × CH3CO-), 2.36 {2H, m, CH3(CH2)11CH2CO-}, 
1.68 {2H, m, CH3(CH2)10CH2CH2CO-}, 1.25 {20H, m, 
CH3(CH2)10CH2CH2CO-}, 0.94 {3H, m, CH3(CH2)12CO-}. 
LC–MS [M + 1]+ 531.65. Anal Calcd. for C27H46O10: C, 
61.11, H, 8.73; found: C, 61.10, H, 8.75%.

Methyl 2,3,4-tr i-O-butyryl-6-O-myristoyl-β-D-
galactopyranoside (4).

FTIR (KBr) (νmax): 1708 cm-1 (C = O). 1H-NMR (CDCl3, 
400 MHz) (δ ppm): δH 5.41 (1H, d, J = 8.2 Hz, H-1), 5.21 
(1H, dd, J = 8.1 and 10.5 Hz, H-2), 5.13 (1H, dd, J = 3.2 
and 10.6 Hz, H-3), 4.46 (1H, d, J = 3.5 Hz, H-4), 4.22 (1H, 
dd, J = 11.1 and 6.8 Hz, H-6a), 4.16 (1H, dd, J = 11.1 and 
6.8 Hz, H-6b), 3.92 (1H, m, H-5), 3.45 (3H, s, 1-OCH3), 
2.36 {6H, m, 3 × CH3CH2CH2CO-}, 2.35 {2H, m, 
CH3(CH2)11CH2CO-}, 1.68 (6H, m, 3 × CH3CH2CH2CO-), 
1.66 {2H, m, CH3(CH2)10CH2CH2CO-}, 1.28 {20H, m, 
CH3(CH2)10CH2CH2CO-}, 0.98 {9H, m, 3 × CH3(CH2)2CO-}, 
0.96 {3H, m, CH3(CH2)12CO-}. LC–MS [M + 1]+ 615.81. 
Anal Calcd. for C33H58O10: C, 64.46, H, 9.50; found: C, 64.47, 
H, 9.52%.

Methyl 6-O-myristoyl-2,3,4-tri-O-palmitoyl-β-D-
galactopyranoside (5).

FTIR (KBr) (νmax): 1707 cm-1 (C = O). 1H-NMR (CDCl3, 
400 MHz) (δ ppm): δH 5.38 (1H, d, J = 8.3 Hz, H-1), 5.16 
(1H, dd, J = 8.0 and 10.5 Hz, H-2), 5.03 (1H, dd, J = 3.1 and 
10.6 Hz, H-3), 4.75 (1H, d, J = 3.6 Hz, H-4), 4.39 (1H, dd, 
J = 11.2 and 6.7 Hz, H-6a), 4.14 (1H, dd, J = 11.1 and 6.8 Hz, 
H-6b), 3.99 (1H, m, H-5), 3.47 (3H, s, 1-OCH3), 2.34{2H, m, 
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CH3(CH2)11CH2CO-}, 2.31 {6H, m, 3 × CH3(CH2)13CH2CO-}, 
1.64 {2H, m, CH3(CH2)10CH2CH2CO-},  1.26 
{20H, m, CH3(CH2)10CH2CH2CO-}, 1.24 {78H, m, 
3 × CH3(CH2)13CH2CO-}, 0.94 {3H, m, CH3(CH2)12CO-}, 
0.91 {9H, m, 3 × CH3(CH2)14CO-}. LC–MS [M + 1]+ 1120.76. 
Anal Calcd. for C69H130O10: C, 74.0, H, 11.69; found: C, 
74.02, H, 11.68%.

Methyl 6-O-myristoyl-2,3,4-tr i-O-stearoyl-β-D-
galactopyranoside (6).

FTIR (KBr) (νmax): 1703 cm-1 (-CO). 1H-NMR (CDCl3, 
400 MHz) (δ ppm): δH 5.30 (1H, d, J = 8.1 Hz, H-1), 5.15 
(1H, dd, J = 8.2 and 10.6 Hz, H-2), 5.01 (1H, dd, J = 3.2 and 
10.6 Hz, H-3), 4.85 (1H, d, J = 3.7 Hz, H-4), 4.40 (1H, dd, 
J = 11.2 and 6.6 Hz, H-6a), 4.11 (1H, dd, J = 11.2 and 6.8 Hz, 
H-6b), 3.51 (1H, m, H-5), 3.45 (3H, s, 1-OCH3), 2.31 {2H, m, 
CH3(CH2)11CH2CO-}, 2.27 {2H, m, CH3(CH2)15CH2CO-}, 
1 .62 {2H,  m,  CH3(CH2)10CH2CH2CO-},  1 .32 
{20H, m, CH3(CH2)10CH2CH2CO-}, 1.29 {30H, m, 
CH3(CH2)15CH2CO-}, 0.93 {3H, m, CH3(CH2)12CO-}, 0.90 
{3H, m, CH3(CH2)16CO-}. LC–MS [M + 1]+ 1204.92. Anal 
Calcd. for C75H142O10: C, 74.82, H, 11.88; found: C, 74.83, 
H, 11.90%.

Methyl  6-O -myr istoyl-2,3,4- t r i -O - t r i tyl-β-D-
galactopyranoside (7).

FTIR (KBr) (νmax): 1699  cm-1 (C = O). 1H-NMR 
(CDCl3, 400 MHz) (δ ppm): δH 7.67 (18H, m, 3 × Ar–H), 
7.45 (27H, m, 3 × Ar–H), 5.22 (1H, d, J = 8.0 Hz, H-1), 
5.05 (1H, dd, J = 8.1 and 10.6 Hz, H-2), 4.75 (1H, dd, 
J = 3.0 and 10.6 Hz, H-3), 4.55 (1H, d, J = 3.6 Hz, H-4), 
4.30 (1H, dd, J = 11.1 and 6.6 Hz, H-6a), 4.10 (1H, dd, 
J = 11.0 and 6.7  Hz, H-6b), 3.91 (1H, m, H-5), 3.56 
(3H, s, 1-OCH3), 2.32 {2H, m, CH3(CH2)11CH2CO-}, 
1.61 {2H, m, CH3(CH2)10CH2CH2CO-}, 1.24 {20H, m, 
CH3(CH2)10CH2CH2CO-}, 0.91 {3H, m, CH3(CH2)12CO-}. 
LC–MS [M + 1]+ 1132.48. Anal Calcd. for C78H82O7: C, 
82.79, H, 7.30; found: C, 82.78, H, 7.31%.

Methyl 2,3,4-tri-O-cinnamoyl-6-O-myristoyl-β-D-
galactopyranoside (8).

FTIR (KBr) (νmax): 1702 (-CO) cm-1. 1H-NMR (CDCl3, 
400  MHz) (δ ppm): δH 7.75 7.52, 7.37 (3 × 1H, 3 × d, 
J = 16.0 Hz, 3 × PhCH = CHCO-), 7.54 (6H, m, Ar–H), 
7.28 (9H, m, Ar–H), 6.55, 6.16, 6.07 (3 × 1H, 3 × d, 
J = 16.1 Hz, 3 × PhCH = CHCO-), 5.48 (1H, d, J = 8.2 Hz, 
H-1), 5.34 (1H, dd, J = 8.2 and 10.6 Hz, H-2), 5.05 (1H, 
dd, J = 3.2 and 10.6  Hz, H-3), 4.66 (1H, d, J = 3.7  Hz, 
H-4), 4.40 (1H, dd, J = 11.2 and 6.6 Hz, H-6a), 4.01 (1H, 
dd, J = 11.2 and 6.8 Hz, H-6b), 3.52 (1H, m, H-5), 3.50 
(3H, s, 1-OCH3), 2.32 {2H, m, CH3(CH2)11CH2CO-}, 
1.63 {2H, m, CH3(CH2)10CH2CH2CO-}, 1.25 {20H, m, 
CH3(CH2)10CH2CH2CO-}, 0.88 {3H, m, CH3(CH2)12CO-}. 
LC–MS [M + 1]+ 795.97. Anal Calcd. for C48H58O10: C, 
72.52, H, 7.35; found: C, 72.53, H, 7.37%.

Methyl 6-O-myristoyl-2,3,4-tri-O-(p-toluenesulfonyl)-β-D-
galactopyranoside (9).

FTIR (KBr) (νmax): 1705 cm-1 (C = O). 1H-NMR (CDCl3, 
400 MHz) (δ ppm): δH 8.03 (3 × 2H, m, Ar–H), 7.94 (3 × 2H, m, 
Ar–H), 5.23 (1H, d, J = 8.2 Hz, H-1), 5.08 (1H, dd, J = 8.0 and 
10.5 Hz, H-2), 4.77 (1H, dd, J = 3.1 and 10.6 Hz, H-3), 4.53 (1H, 
d, J = 3.7 Hz, H-4), 4.27 (1H, dd, J = 11.0 and 6.5 Hz, H-6a), 
4.11 (1H, dd, J = 11.1 and 6.8 Hz, H-6b), 3.98 (1H, m, H-5), 
3.46 (3H, s, 1-OCH3), 2.37 {2H, m, CH3(CH2)11CH2CO-}, 
1.63 {2H, m, CH3(CH2)10CH2CH2CO-}, 1.27 {20H, m, 
CH3(CH2)10CH2CH2CO-}, 0.98 {3H, m, CH3(CH2)12CO-}. 
LC–MS [M + 1]+ 868.10. Anal Calcd. for C42H58O13S3: C, 
58.17, H, 6.74; found: C, 58.19, H, 6.76%.

Methyl 2,3,4-tri-O-(3-chlorobenzoyl)-6-O-myristoyl-β-
D-galactopyranoside (10).

FTIR (KBr) (νmax): 1709 cm-1 (C = O). 1H-NMR (CDCl3, 
400 MHz): δH 8.05 (3H, m, Ar–H), 7.96 (3H, m, Ar–H), 
7.55 (3H, m, Ar–H), 7.38 (3H, m, Ar -H), 5.63 (1H, d, 
J = 8.1 Hz, H-1), 5.21 (1H, dd, J = 8.2 and 10.6 Hz, H-2), 
5.01 (1H, dd, J = 3.1 and 10.6  Hz, H-3), 4.65 (1H, d, 
J = 3.7 Hz, H-4), 4.40 (1H, dd, J = 11.1 and 6.6 Hz, H-6a), 
4.20 (1H, dd, J = 11.2 and 6.8 Hz, H-6b), 4.00 (1H, m, H-5), 
3.46 (3H, s, 1-OCH3), 2.35 {2H, m, CH3(CH2)11CH2CO-}, 
1.65 {2H, m, CH3(CH2)10CH2CH2CO-}, 1.24 {20H, m, 
CH3(CH2)10CH2CH2CO-}, 0.86 {3H, m, CH3(CH2)12CO-}. 
LC–MS [M + 1]+ 821.19. Anal Calcd. for C42H49O10Cl3: C, 
61.50, H, 6.02; found: C, 61.52, H, 6.03%.

Antimicrobial screening

The fifteen modified thymidine derivatives (2–10) were sub-
jected to antibacterial screening using five bacterial strains: 
two Gram-positive strains, namely, Bacillus subtilis ATCC 
6633 and Staphylococcus aureus ATCC 6538, and three 
Gram-negative strains, namely, Escherichia coli ATCC 
8739, Salmonella abony NCTC 6017 and Pseudomonas 
aeruginosa ATCC 9027. All the compounds were dissolved 
in dimethylformamide (DMSO) to obtain a 2%–3% solution 
(w/v). Additionally, antifungal activities of the compounds 
were studied against two fungi strains, namely, Aspergillus 
niger ATCC 16,404 and Aspergillus flavus ATCC 204,304. 
These test micro-organisms (bacteria and fungi) were 
obtained from the Department of Microbiology, University 
of Chittagong, Bangladesh. Disks soaked in DMSO were 
used as the negative control.

Screening of antibacterial activity

The antibacterial spectra of the test derivatives were obtained 
in vitro by the disk diffusion method [29]. This method used 
paper disks of 4 mm diameter and a glass Petri-plate of 90 mm 
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diameter throughout the experiment. Sterile 5% (w/v) dime-
thyl sulfoxide (DMSO) solution prepared the synthesized 
compounds’ desired concentration and standard antibiotics. 
The paper disks were soaked in test chemicals for antibacterial 
testing at a 20 mg/ml concentration. The bacterial suspensions 
were swabbed with Müeller-Hinton agar media (MHA) before 
being placed on sterile soaked disks. The plates were incubated 
at 370 °C for 24 h to allow test organisms to grow. Bangladesh 
Export Import Company (BEXIMCO) Ltd. azithromycin was 
used as a positive control, while DMSO was used as a negative 
control. The experiments were carried out in triplicate.

Minimum inhibitory concentration 
and minimum bactericidal concentration

Following the Clinical and Laboratory Standards Institute, a 
96-well U-bottomed microtiter plate was used to determine the 
MIC [30]. MIC was determined as the concentration of the last 
well (with the lowest concentration of the compound) where 
no bacterial growth was observed. Next, the contents of the 
wells were seeded on Müeller–Hinton agar plates to determine 
the MBC, which is the lowest concentration that kills bacteria. 
The broth microdilution method was used to calculate the MIC 
and MBC [11].

Screening of mycelial growth

The in vitro antifungal activity of the test derivatives was inves-
tigated by the “poisons food” technique [31], in which potato 
dextrose agar (PDA) was used as the culture medium. The test 
compounds were dissolved in DMSO to obtain a 1% (w v−1) 
solution. A sterilized pipette was used to transfer 0.1 mL of 
this solution to a sterile petri dish, after which 20 mL of the 
medium was poured into the petri dish and allowed to solidify. 
Each petri dish was inoculated with a 5-mm mycelium block of 
each fungus, which was inverted to maximize contact between 
the mycelium and the culture medium. The mycelium block 
was created by squeezing the growing area of a 5-day-old cul-
ture of the test fungus growing on PDA with a corkscrew. 
The inoculated plates were further incubated at 25 ± 2 °C. The 
experiment was conducted in triplicates. The radial mycelial 
growth of the fungus was determined by taking the average of 
three measurements (in mm). The antifungal agent Nystatin 
was used as a standard to compare the results. The percentage 
inhibition of fungi mycelial growth was calculated using the 
equation below.

where, I = Percentage of inhibition.

I =
C − T

C
× 100

C = diameter of the fungal colony in control (DMSO).
T = diameter of the fungal colony in treatment.
Positive control was maintained with Nystatin, and 

negative control was also maintained without using any 
chemicals.

Geometry optimization

Quantum mechanical methods are widely used in compu-
tational chemistry to calculate thermal, molecular orbital, 
and molecular electrostatic properties [32]. Geometry 
optimization and further modification of all synthesized 
esters are carried out using Gaussian 09 program [33]. DFT 
with Beck’s (B) [34] three-parameter hybrid model, Lee, 
Yang, and Parr’s (LYP) [35] correlation functional under 
3-21G basis set has been employed to optimize and predict 
their thermal and molecular orbital properties. The dipole 
moment, enthalpy, free energy, entropy, heat capacity, total 
energy, and polarizability were calculated for each com-
pound. At the same level of theory, the frontier molecular 
orbital features highest occupied molecular orbital (HOMO) 
and lowest unoccupied molecular orbital (HOMO) were 
counted. For each of the MGP esters, HOMO–LUMO 
energy gap, hardness (η), and softness (S) were calculated 
from the energies of frontier HOMO and LUMO as reported 
considering Parr and Pearson interpretation of DFT and 
Koopmans theorem [36] on the correlation of ionization 
potential (I) and electron affinities (E) with HOMO and 
LUMO energy (ε). The following equations are used to cal-
culate hardness (η), softness (S).

PASS prediction

The online web application PASS (http://​www.​pharm​aexpe​rt.​
ru/​passo​nline/) has been employed to calculate the antimicro-
bial activity spectrum of the selected MGP esters [37]. Firstly, 
the MGP esters structures were drawn and then changed into 
their smiles formats by using SwissADME free online appli-
cations (http://​www.​swiss​adme.​ch), which were renowned 
for determining antimicrobial spectrum using the PASS web 
tool. This server is planned to surmise above 4000 types 
of antimicrobial function together with drug and non-drug 

Gap (Δε) = εLUMO − εHOMO

η =
[εLUMO − εHOMO]

2

S =
1

η
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activity, which helps suggest the best potential objects with 
90% validity. PASS outcomes are revealed by Pa (probability 
for active molecule) and Pi (probability for inactive molecule). 
Having potentialities, the Pa and Pi scores vary in the range 
of 0.00 to 1.00 and usually, Pa + Pi ≠ 1, as these potentiali-
ties are predicted freely. The biological actions with Pa > Pi 
are only thought of as probable for a selected drug molecule. 
PASS calculation outcomes were explained and used flexibly, 
viz. (i) when Pa greater than 0.7, the probability of identi-
fying the activity is analytically high, (ii) if 0.5 < Pa < 0.7, 
the probability of identifying the activity is analytically low, 
again, the molecule is perhaps not so alike to well conversant 
pharmaceutically used drugs and (iii) if Pa < 0.5, the poten-
tiality to identify the activity analytically is less. As a result, 
the prediction of the spectrum of antimicrobial activity of a 
probable drug molecule is expressed as its intrinsic parameter.

Protein collection and molecular docking 
simulation

The three-dimensional structure of SARS-CoV-2 Mpro 
(PDB: 6Y84) (Fig. 1) was collected in pdb format from the 
protein data bank [38]. First, all hetero atoms and water mol-
ecules were taken away using PyMol (version 1.3) software 
packages [39]. Next, swiss-Pdb viewer software (version 
4.1.0) was employed for energy minimization of the protein 
[40]. Then optimized drugs were subjected for molecular 
docking study against SARS-CoV-2 Mpro protein (6Y84). In 
fine, molecular docking simulation was rendered by PyRx 

software (version 0.8) [41], considering the protein as a mac-
romolecule and the drug as a ligand. Finally, AutoDockVina 
was employed for docking analysis, and AutoDock Tools of 
the MGL (molecular graphics laboratory) software pack-
age was used to convert pdb into a pdbqt format to input 
protein and ligands. The grid box size in AutoDockVina 
was kept at 41.2147, 69.0754, and 63.7031 Å for X, Y, Z 
directions, respectively. After completing docking, both the 
macromolecule and ligand structures were saved in. pdbqt 
format needed by Accelrys Discovery Studio (version 4.1) 
to explore and visualize the docking result and search the 
non-bonding interactions between ligands and amino acid 
residues of receptor protein [42]. PDBsum online server was 
also used to check the validation of the protein (PDB: 6Y84) 
with Ramachandran (Fig. 2a) and Lig-plot (Fig. 2b), which 
revealed that 89.60% residues in the allowed region and no 
residues were missed.

Molecular dynamics simulation

The docked complexes were molecular dynamics simulated 
in YASARA dynamics using the AMBER14 force field [43, 
44]. Initially, the docked complexes were cleaned and opti-
mized, and the hydrogen bond network was oriented. The 
TIP3P water solvation model created the cubic simulation 
cell with periodic boundary conditions [45]. The physio-
logical conditions of the cell were set as 310 K, pH 7.4, and 
0.9% NaCl. The initial energy minimizations were done with 
the steepest gradient approaches (5000 cycles) by simulated 

Fig. 1   Crystal structure and multiple sequence alignment of closest homologs of SARS-CoV-2 main protease (PDB: 6Y84)
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annealing methods. The time step of the simulation systems 
was set as 2.0 fs. The Particle Mesh Ewalds calculated the 
long-range electrostatic interactions by a cut-off radius of 
8.0 Å [46–48]. The time step of the simulation cell was set 
as 2.0 fs [49]. The simulation trajectories were saved after 
every 100 ps. By following constant pressure and Berendsen 
thermostat, the simulation was run for 50 ns. Simulation tra-
jectories were used to calculate the root mean square devia-
tions and root mean square fluctuations, solvent-accessible 
surface area, and radius of gyrations [50–52].

Pharmacokinetic prediction

The online server pkCSM, admetSAR (http://​lmmd.​ecust.​
edu.​cn/​admet​sar2/​about) and swiss-absorption, distribution, 
metabolism, excretion (ADME) (http://​www.​swiss​adme.​ch) 
was employed to investigate the pharmacokinetic parame-
ters and toxicity of the MGP esters. We have utilized the 
online database to assess the pharmacokinetics parameters 
related to the parent drug’s drug absorption, metabolism, 
and toxicity and its designed esters [53]. These online tools 
use structure similarity search methods to predict the latest 
and most comprehensive manually curated data for diverse 
chemicals associated with known ADME/T profiles. Gener-
ally, drug-likeness is evaluated using Lipinski’s rule of five 
[54]. Although it is difficult to verify all of these compounds 
and determine whether or not this program included organic-
based drugs, well-known Pt-based cisplatin and carboplatin, 
as well as metal-based drugs approved by the FDA and in 
clinical trials, were used as test candidates to validate our 
carbohydrate esters. Furthermore, to identify potential drug 
candidates, we calculate in silico parameters that allow for 

the inclusion of pharmacokinetic features such as absorp-
tion in the human intestine, percolation of the blood–brain 
barrier, and the central nervous system (CNS), metabolism, 
which indicates the chemical biotransformation of a poten-
tial drug by the body, total clearance of drugs, and toxicity.

Results and discussion

Characterization

The main objective of the research work reported in this 
paper was to carry out selective myristoylation (Scheme 1) 
of methyl β-D-galactopyranoside (1) with myristoyl chlo-
ride using the direct acylation method. A series of deriva-
tives of the resulting myristoylation products were prepared 
employing a wide variety of acylating agents. The prod-
ucts thus obtained from this were derivatized with several 
differently substituted acyl chlorides. The main acylation 
products and their derivatives were established by analyz-
ing their FTIR, 1H-NMR, mass spectra, and physical & 
elemental analysis Tables 2 and 3. In continuation of car-
bohydrate research in our Laboratory of Carbohydrate and 
Nucleoside Chemistry, we intended to prepare a series of 
methyl β-D-galactopyranoside derivatives for use test MGP 
esters for antibacterial, antifungal evaluation, and compu-
tational studies.       

Our next effort was to react methyl β-D-galactopyranoside 
(1) with a unimolecular amount of myristoyl chloride as 
an acylating agent in dry DMF and Et3N at freezing tem-
perature, followed by removal of solvent and silica gel col-
umn chromatographic purification, furnished the myristoyl 

Fig. 2   (a) Ramachandran plot for the SARS-CoV-2 main protease (PDB: 6Y84); (b) LigPlot image of the SARS-CoV-2 main protease (PDB: 
6Y84) complex in 2D view predicted by PDBsum
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derivative (2) in 86.45% yield as a crystalline solid, m.p. 
135–140 °C. The structure of the myristoyl derivative (2) 
was established by analyzing its FTIR, 1H-NMR spectra, 
and elemental data. The FTIR spectrum (Fig. 3A) exhib-
ited absorption bands at 1710 cm-1for C = O stretching and 
3414 ~ 3511 cm-1 (br) for –OH broad stretching. In its 1H-
NMR spectrum (Fig. 3B), the characteristic two-proton mul-
tiplets at δ 2.38 {CH3(CH2)11CH2CO-} and δ 1.64 {CH3(C
H2)10CH2CH2CO-}, twenty-proton multiplet at δ 1.28 {CH3
(CH2)10CH2CH2CO-} and three-proton multiplet at δ 0.94 
{CH3(CH2)12CO-} were due to myristoyl group in the mol-
ecule. The downfield shift of C-6 to δ 4.85 (as dd, J = 11.1 
and 6.5 Hz, 6a) and 4.72 (as dd, J = 11.1 and 6.7 Hz, 6b) 
from its usual value (~ 4.00 ppm) [19] indicated the attach-
ment of the myristoyl group at position 6. The formation 
of 6-O-myristoyl derivative (2) might be due to the higher 
reactivity of the precursor molecule’s sterically less hindered 
primary hydroxyl group (1). Mass spectrum of compound 
(2) had a molecular ion peak at m/z [M + 1]+ 405.54 cor-
responding to molecular formula, C21H40O7. By complete 
analysis of the FTIR, 1H-NMR spectra, and other proper-
ties, the structure of this compound was assigned as methyl 
6-O-myristoyl-β-D-galactopyranoside (2).

In the COSY spectrum of compound 2, the starting point 
could well be the signal from H-6a proton which is the most 
downfield and therefore readily assigned. Thus the signal 
from H-6a at the bottom left of the diagonal has a cross-peak 
labelled as H-6a, H-5 connecting it to the signal from H-5. 
Thus, H-6a proton around δ4.85 is coupled to the hydrogen 

whose signal appears around δ 3.88 (i.e. H-5 proton). Simi-
larly, the signal from H-5 is further connected by a cross-peak 
to the signal from 3H, CH3(CH2)12CO- to show the coupling 
between H-5 and 3H, CH3(CH2)12CO-. The Downfield shift 
of H-1, H-3, H-4, H-6a and H-6b as compared to precursor 
compound 2 (Table 1) clearly demonstrated the attachment 
of myristoyl groups at C-6 positions. Signal assignments by 
analyzing the COSY, HSQC and HMBC spectral experiments 
(Fig. 4) along with 13C NMR spectrum confirmed the struc-
ture as methyl 6-O-myristoyl- β-D-galactopyranoside (2).

The 6-O-myristoyl derivative (2) structure was further 
supported by its conversion to and identification of the acetyl 
derivative (3). Thus, compound 2 with an excess of acetyl 
chloride, followed by the usual aqueous work-up procedure, 
provided the acetyl derivative (3). The FTIR spectrum of 
this compound showed the absorption peaks at 1709, 1706, 
and 1700 cm-1 due to carbonyl (-CO) stretching. Three 
three-proton singlets demonstrated the introduction of three 
acetyl groups in the molecule at δ 2.21, 2.14, and 2.11 in 
its 1H-NMR spectrum. Molecular ion peak at m/z [M + 1]+ 
531.65 corresponding to molecular formula, C27H46O10, and 
the structure of the triacetylate was ascertained as methyl 
2,3,4-tri-O-acetyl-6-O-myristoyl-β-D-galactopyranoside (3) 
(Tables 2, 3 and Fig. 5).

Further support for the structure accorded to compound 
(2) was obtained by preparation of its butyryl deriva-
tive (4), palmitoyl derivative (5), and stearoyl derivative 
(6). Thus, treatment of compound (2) with butyryl chlo-
ride, palmitoyl chloride, and stearoyl chloride in dry 

Scheme 1   Reagents and condi-
tions: (a) dry DMF, Et3N, 0 °C, 
6 h; DMAP, (b) R-Cl = several 
acyl halides, 0 °C to rt, stirrer 
for 6 h. (3–10)
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N,N-dimethylformamide and triethylamine, followed by 
conventional work-up and chromatographic purification, 
afforded the butyryl derivative (4), palmitoyl derivative (5), 
and stearoyl derivative (6) in good yield. We were able to 

propose a structure of the compounds 4–6 by analysis of 
complete spectroscopic data.

Thus, treatment of compound 2 with trityl chloride pro-
vided the trityl derivative (7) as needles. In its 1H-NMR 

Fig. 3   (A) FTIR and (B) 1H-NMR spectra of the methyl 6-O-myristoyl-β-D-galactopyranoside (2)
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spectrum, two characteristic peaks; eighteen-proton mul-
tiplet at δ 7.67 (3 × Ar–H)) and a twenty-seven-proton 
multiplet at δ 7.45 (3 × Ar–H) were due to the three trityl 
groups in the molecule. The rest of the protons resonated 
in their anticipated positions, leading us to propose a 
structure of this compound as methyl 6-O-myristoyl-2,3,4-
tri-O-trityl-β-D-galactopyranoside (7). Cinnamoylation of 
2 with an excess of cinnamoyl chloride in dry DMF/Et3N, 
isolated compound (8) in crystalline solid. In the 1H-NMR 

spectrum, three one-proton doublets at δ 77.757.52, 
7.37(3 × 1H, 3 × d, J = 16.0 Hz, 3 × PhCH = CHCO-) and 
also three one-proton doublets at δ 6.55, 6.16, 6.07(3 × 1H, 
3 × d, J = 16.1 Hz, 3 × PhCH = CHCO-) due to the presence 
of three cinnamoyl groups in the molecule. In addition, a 
six-proton multiplet at δ 7.54 (as m, Ar–H) and a nine-
proton multiplet at δ 7.28 (as, m, Ar–H) due to the three 
aromatic rings protons. The rest of the FTIR, 1H-NMR, 
mass spectrum, and other properties was in accord with 
the structure of this compound assigned as methyl2,3,4-tri-
O-cinnamoyl-6-O-myristoyl-β-D-galactopyranoside (8).

Finally, we used p-toluenesulfonyl chloride and  
3-chlorobenzoyl chloride for derivatizing compound 2 
by direct acylation method. After the usual work-up and 
purification procedure, we obtained the p-toluenesulfonyl  
derivative (9) and 3-chlorobenzoyl derivative (10) in  
excellent yields. By complete analysis of their FTIR,  
1H-NMR, mass spectrum, and by analogy with similar  
derivatives described earlier, the structures of these  
compounds were confidently assigned as methyl 
6-O-myr istoyl-2,3,4-tr i-O-(p- toluenesulfonyl)-β-
D-galactopyranoside (9) and methyl 2,3,4-tri-O-(3-
chlorobenzoyl)-6-O-myristoyl-β-D-galactopyranoside (10).

Antibacterial inhibitory activity

The results of the antibacterial activity of the test MGP 
esters (1–10) were measured in terms of zone of inhibition 

Table 1   1H-NMR and 13C-NMR shift values of compound 2. 1H and 
13C assignments were obtained from HSQC and HMBC experiments 
were performed on Bruker DPX-400 spectrometer (CDCl3, 400 MHz)

Position δH (ppm) (J Hz) (HSQC)
δC (ppm)

HMBC

1 4.86 (d, J = 8.0) 104.10 H: 2, OCH3

2 3.89 (dd, J = 8.0 and 
10.5)

77.22 H: 1, 3

3 4.18 (dd, J = 3.0 and 
10.5)

75.25 H: 2, 4

4 4.35 (d, J = 3.5) 77.02 H: 3, 5
5 3.61 (m) 69.15 H: 4, 6a, 6b
6a, 6b 4.77 (dd, J = 11.1 and 

6.5); 4.70 (dd, J = 11.1 
and 6.7)

62.05 H: 5, CO

OCH3 3.56 (s) 57.06 H: 1
6-COCH3(CH2)12 - 178.13 H: 6a, 6b

Fig. 4   The HMBC correlations of (A) comppound 2 and (B) CO with H-6a,b and CH2 protons
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and are presented in Table 4, Figs. 6, 7. The compounds 
showed promising inhibitory activity against a num-
ber of both Gram-positive and Gram-negative bacteria. 
The inhibition data (Table 4) indicated that compound 4 
showed the highest activity (39 ± 0.4 mm); compounds 2 
(29 ± 0.4 mm), 3 (21 ± 0.3 mm), 8 (25 ± 0.3 mm), and 10 
(34 ± 0.4 mm) were also exhibited an excellent inhibition 
activity against Bacillus subtilis than the standard anti-
biotic azithromycin (19 ± 0.3  mm). On the other hand, 
compound 10 (26 ± 0.3 mm) showed more activity than 
standard drug on Staphylococcus aureus. However, com-
pounds 3 (20 ± 0.3 mm), 4 (22 ± 0.3 mm), 6 (20 ± 0.3 mm), 
7 (18 ± 0.3 mm), and 10 (33 ± 0.4 mm) showed the high-
est inhibition zone against Escherichia coli. In addition, 
compound 10 showed good inhibition against both Salmo-
nella abony and Pseudomonas aeruginosa organisms. We 
also observed that compound 10 was very active against 
both the Gram-positive and Gram-negative organisms. The 
results also observed that the MGP ester 10 was very effec-
tive against all tested organisms compared to azithromycin, 
which led us to carry out the MIC and MBC tests for this 
compound. The results are presented in Fig. 8A and B. The 
MIC values of the MGP ester 10 was found to be ranging 
from 0.352 ± 0.02 to 0.703 ± 0.01 mg/ml, and MBC values 
were found ranging from 0.704 ± 0.02 to 1.408 ± 0.04 mg/
ml. The MIC and MBC indicate the usefulness of these com-
pounds as antimicrobial drugs, but some other experiments 
must be carried out before these can be used as effective 
drugs. So this compound may be targeted for future studies 
for their usage as broad-spectrum antibiotics.

Antifungal activity

The test compounds’ antifungal activity was tested against 
two phytopathogenic fungi and compared with antifun-
gal antibiotic Nystatin. The inhibition of fungal mycelial 
growth results is given in Table 5, Figs. 9, and 10. The 
tested compounds displayed marked toxicities toward sev-
eral fungal phytopathogens. The antifungal screening data 
(Table 4) suggests that the test chemicals 3 (75.56 ± 1.1%), 
4 (84.44 ± 1.2%), 5 (74.11 ± 1.1%), 6 (82.22 ± 1.2%), 
and 10 (92.22 ± 1.2%), showed marked toxicities toward 
Aspergillus niger, even higher than the standard antibiotic, 
Nystatin (66.4 ± 1.0%). On the other hand, compounds 6 
(86.67 ± 1.2%), 8 (75.56 ± 1.1%), 9 (72.22 ± 1.1%), and 10 
(87.78 ± 1.2%) showed excellent inhibition against Asper-
gillus flavus, being higher than or comparable to Nystatin 
(63.1 ± 1.0%). However, the inhibition of the MGP ester 7 
(64.45 ± 1.0%) inhibition of mycelial growth against Asper-
gillus niger was reasonably high, though not as high as the 
standard antibiotic, Nystatin. These results are very much in 
accordance with our previous study [19].
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SAR study

This study attempted to explain the SAR of the tested 
MGP esters, while compound 10 is the most active chemi-
cal against all the tested bacterial pathogens. It was evident 
from the results that incorporation of different acyl groups, 
especially in the C-5 position and later on C-2, C-3 and C-4 
position of methyl-β-D-galactopyranoside, increase the activ-
ity of the tested chemicals against bacteria and fungus. The 
bacterial membrane consists of almost 40% phospholipids 
and 60% proteins. In Gram-negative bacteria, the outer mem-
brane contains phospholipid, i.e., hydrophobic hydrocarbon 
chain. Our synthesized compound 10 had been acylated 
hydrophobic hydrocarbon chain at the C-5 position. There-
fore, it was hypothesized that compound 10 interact with the 
bacterial membrane through hydrophobic attraction. Then the 
poisonous activity provided by the 3-chlorobenzoyl benzoyl 
group attached at C-2, C-3, and C-4 position of methyl-β-
D-galactopyranoside (Fig. 11) and ultimately the fate of a 
bacterial cell is death.

In Gram-positive bacteria, the synthesized compound 10 
penetrates the membrane through the thick peptidoglycan 
layer (Fig. 11). We believe there might be an interaction 
between sugar moieties of compound 10 and peptidoglycan 
of the bacterial cell wall (like dissolve like concept). The 
rest of the mechanism is almost the same as Gram-negative 
bacteria, as explained previously. We assume that this kind 
of mechanism may also be applicable for tested compounds 
3 and 4 etc.

Because it is directly related to membrane permeation, 
material hydrophobicity is an important parameter to such 
bioactivity as toxicity or membrane integrity alteration. Hunt 
[55] also proposed that the potency of aliphatic alcohols is 
directly related to their lipid solubility via the hydropho-
bic interaction of alcohol alkyl chains with lipid regions in 

the membrane. It is assumed that the hydrophobic interac-
tion might occur between the acyl chains of methyl-β-D- 
galactopyranoside accumulated in the lipid-like nature of the 
bacteria membranes. Due to their hydrophobic interaction, 
bacteria lose their membrane permeability, ultimately caus-
ing the bacteria’s death.

Antimicrobial spectra analysis: PASS

We have also predicted the antimicrobial spectrum apply-
ing web server PASS of all the MGP esters 2–10. The 
PASS results are yclept as Pa and Pi, which are displayed 
in Table 6. It was manifest from predication Table 6 for 
MGP esters 2–10 showed 0.36 < Pa < 0.55 for antibacterial, 
0.38 < Pa < 0.70 for antifungal, 0.26 < Pa < 0.54 for antioxi-
dant and 0.29 < Pa < 0.76 for anti-carcinogenic. These results 
revealed that these molecules were more efficient against 
fungal pathogens than bacterial pathogens. Attachment 
of additional aliphatic acyl chains (C2 to C18) increased 
antifungal activity (Pa ¼ 0.704) of MGP (1, Pa ¼ 0.628), 
whereas insertion of cinnamoyl, Cl- and Ph-substituted aro-
matic groups also improved reasonably. The same scenario 
was observed for an antioxidant activity where acyl chain 
esters revealed improves values than the halo-benzoyl esters. 
However, ester 8, which has the cinnamoyl group, exhibited 
the highest antioxidant activity (Pa ¼ 0.647). We also tried 
to predict the anti-carcinogenic parameter of these esters.

Moreover, PASS determination exhibited 0.29 < Pa < 0.76 
for anti-carcinogenic, which revealed that the MGP esters 
were more potential as anti-carcinogenic agents than previ-
ous antimicrobial parameters. Interestingly, the antibacte-
rial, antifungal, antioxidant, and anti-carcinogenic properties 
of MGP esters with saturated acyl chains (2–6) were found 
more promising than the halo-benzoyl esters (7–10).

Table 3   Infrared, mass and physicochemical properties of the MGP esters 2–10

Compound no Mol. formula FTIR (KBr, νmax) cm-1 LC–MS [M + 1]+ mp. (°C) Yield (%) Found (calculated)

%C %H

2 C21H40O7 1710 (C = O), 3414 ~ 3511 (br) 
(-OH)

405.54 139–140 86.45 62.35 (62.34) 9.97 (9.96)

3 C27H46O10 1709, 1706, 1700 (C = O) 531.65 144–145 72.50 61.09 (61.11) 8.75 (8.73)
4 C33H58O10 1708 (C = O) 615.81 154–155 55.38 64.44 (64.46) 9.52 (9.50)
5 C69H130O10 1707 (C = O) 1120.76 133–134 96.65 74.02 (74.0) 11.68 (11.69)
6 C75H142O10 1703 (-CO) 1204.92 149–150 82.58 74.83 (74.82) 11.90 (11.88)
7 C78H82O7 1699 (C = O) 1132.48 166–167 92.57 82.78 (82.79) 7.33 (7.30)
8 C48H58O10 1702 (-CO) 795.97 128–129 69.66 72.53 (72.52) 7.37 (7.35)
9 C42H58O13S3 1705 (C = O), 1324 (SO2) 868.10 151–152 75.78 58.19 (58.17) 6.76 (6.74)
10 C42H49O10Cl3 1709 (C = O) 821.19 194–195 91.85 61.53 (61.50) 6.03 (6.02)
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Thermodynamic assessment

A simple change in the chemical structure significantly 
impacts structural properties, including thermal and 
molecular orbital properties. The free energy and enthalpy 
values can be used to calculate the spontaneity of a reac-
tion and the stability of a product [56]. Highly negative 
values have a better chance of achieving thermal stability. 
In drug design, hydrogen bond formation and non-bonded 
interactions are also influenced by dipole moment. Free 
energy (G) is a significant criterion to represent the 
interaction of binding partners, where a negative value 

is favorable for spontaneous binding and interaction. In 
the present study, all the MGP esters possess a greater 
negative value for E, H, and G than the parent MGP, and 
hence, indicated that the attachment of the ester group 
could improve interaction and binding of these molecules 
with different microbial enzymes. Comparatively higher 
dipole moment can improve the binding property [57] of 
a ligand. MGP ester (7) found the highest free energy, 
which showed the highest enthalpy and highest electronic 
energy. As shown in Table 7, some of the MGP esters 
have improved dipole moment that enhances a molecule’s 
polar nature and promotes the binding affinity, hydrogen 

Fig. 5   Structure of designed 
MGP esters (2–10)
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bonding, and non-bonding interaction with the receptor 
protein.

The dipole moment of MGP esters (7–10) was higher 
than the MGP, resulting in their better binding affin-
ity and interactions with the amino acid residues of the 
receptor protein. The highest dipole moment is (17.5358 
Debye) found for ester (9), whereas MGP showed the 
lower score (4.7712 Debye). Halogenated and aromatic 
esters had better scores for all parameters, as evidenced 
by esters (7 and 9–10) (tri-phenyl, p-toluenesulfonyl, 
and 3-chlorobenzoyl) had the highest free energy of the 
therapeutics under investigation and showed markedly 
improved dipole moment. Finally, this discussion proves 
that modification of hydroxyl (− OH) groups of MGP sig-
nificantly increases its thermodynamic properties, indi-
cating the synthesized esters’ inherent stability.

Frontier molecular orbitals analysis

The most important orbitals in a molecule are the frontier 
molecular orbitals (FMOs), used to study chemical reac-
tivity and kinetic stability. The HOMO and the LUMO are 
the FMOs (LUMO). The transition from the ground to the 
first excited state is referred to as electronic absorption, 
and it is primarily described by one electron excitation 
from HOMO to LUMO [58]. Kinetic stability increases as 
the HOMO–LUMO gap widens. A small HOMO–LUMO 
gap is important for low chemical stability. Adding elec-
trons to a high-lying LUMO and removing electrons from 
a low-lying HOMO is energetically favorable in any poten-
tial reaction. As a result, removing electrons from ground 
state HOMO to excited state LUMO requires more energy. 
The HOMO and LUMO energies, HOMO–LUMO gap (∆), 

Table 4   Zone of inhibition 
observed against Gram-positive 
and Gram-negative bacteria by 
the tested MGP esters

The data are presented as mean ± SD, and the values are represented for triplicate experiments. Statistically 
significant inhibition (p < 0.05) is marked with an asterisk (*) for test compounds and a double asterisk (**) 
for the reference antibiotic azithromycin
 NI No inhibition

Diameter of inhibition zone (mm)

Compounds B. subtilis (+ ve) S. aureus (+ ve) E. coli
(-ve)

S. abony
(-ve)

P. aeruginosa
(-ve)

1 NI NI NI NI NI
2 29 ± 0.4* NI 14 ± 0.3 NI NI
3 21 ± 0.3* NI 20 ± 0.3* NI NI
4 39 ± 0.4* NI 22 ± 0.3* NI NI
5 NI 10 ± 0.1 9 ± 0.1 13 ± 0.2 9 ± 0.3
6 NI NI 20 ± 0.3* NI NI
7 NI NI 18 ± 0.3* NI NI
8 25 ± 0.3* NI NI NI 22 ± 0.3*
9 15 ± 0.3 15 ± 0.3 14 ± 0.3 NI NI
10 34 ± 0.4* 26 ± 0.3* 33 ± 0.4* 24 ± 0.3* 25 ± 0.4*
Azithromycin 19 ± 0.3** 18 ± 0.3** 17 ± 0.3** 19 ± 0.3** 17 ± 0.3**

Fig. 6   Inhibition zones against (A) Gram-positive and (B) Gram-negative bacteria for compounds (2–10), [Azith = standard antibiotic]
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hardness (η), softness (S), and chemical potential (µ) index 
of all esters are presented in Table 8.

We discovered that as the number of ester groups and 
chain length (2–10) increased, the hardness of these com-
pounds decreased while their softness improved. All of 
these characteristics may indicate increased chemical 
activity and polarizability in drug-related chemical and 
biochemical functionalities. For example, in Fig. 12 the 
LUMO plot of the ester (2) showed that the electron was 
localized only at the modified acylating group regions. 
In contrast, the HOMO plot showed that the electron was 
localized on the pyranose ring’s upper part.

MEP analysis

In computer-aided drug design, atomic charges are employed 
to investigate the connectivity between drug structure and 
biological activity. The molecular electrostatic potential 
(MEP) is globally used as a reactivity map displaying the 
most suitable region for the electrophilic and nucleophilic 
attack of charged point-like reagents on organic molecules 
[59]. It helps to interpret the biological recognition process 
and hydrogen bonding interaction [60]. MEP counter map 
gives a simple way to predict how different geometry could 
interact. The MEP of title ester is obtained based on the 

Fig. 7   Inhibition zones were observed against A) Bacillus subtilis by compounds 2, 4, 8, and 10; B) Escherichia coli by compounds 3, 4, 9, and 
10. DMSO was treated as a negative control

Fig. 8   A) MIC and B) MBC values of the compound 10 against five bacteria
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B3LYP with basis set 3-21G optimized result and shown 
in Fig. 13.

The importance of MEP lies in the fact that it simulta-
neously shows a molecular size, shape as well as positive, 
negative, and neutral electrostatic potential regions in terms 
of color grading and is very useful in research of molecular 
structure with physicochemical properties relationship [61]. 
MEP was calculated to forecast the reactive sites for electro-
philic and nucleophilic attack of the optimized structure of 
MGP (1) and its esters (2, 3, 4, and 8). The different values of 
electrostatic potential represent by different colors. Potential 
increases in the order red < orange < yellow < green < blue. 
Red color displays the maximum negative area, which shows 

a favorable site for an electrophilic attack, blue indicates the 
maximum positive area favorable for a nucleophilic attack, 
and the green represents zero potential areas.

Molecular docking and interaction analysis

Molecular docking is an important computational technique 
in structural biology and computer-aided drug design. The 
primary goal of molecular docking is to identify poten-
tial binding geometries of a putative ligand with a known 
three-dimensional structure with a target protein. Using the 
AutoDock Vina software, a series of MGP esters were stud-
ied in silico to highlight their possible binding energy and 
interaction modes with the active site of SARS-CoV-2 Mpro 
(Tables 9 and 10). The estimated binding energies of the 
binding site of the 6Y84 protein structure are summarized 
in Tables 8 and 9 for all the studied compounds. According 
to the outcomes obtained from docking screening, six esters 
(2–4 and 8–10) with the strongest binding energies were 
selected to describe the binding mode of the MGP inhibi-
tors. Comparatively, the aromatic esters were displayed a bet-
ter binding score than the aliphatic esters. The interactions 
between the inhibitor and bordering residues of SARS-CoV-2 
Mpro are illustrated in the 2D schematics, which they were 
obtained by importing docking results into the Discovery Stu-
dio Visualizer (Figs. 14 and 15) shows the amino acids par-
ticipated in the pattern of interactions between the ligand and 
enzyme with an important contribution to the total energy 
of interaction. Most of these interactions include hydropho-
bic contacts, Van der Waals interactions, hydrogen bonds, 
electrostatic, carbonyl, and one specific atom-aromatic ring 
and provide insight into understanding molecular recogni-
tion. Figure 14 depicted the docked conformation of the most 
active molecules (3 and 10) based on docking studies.

Table 5   Antifungal activities of the synthesized MGP esters in (%) of 
inhibition

The data are presented as mean ± SD and the values are represented 
for triplicate experiments. Statistically significant inhibition (p < 0.05) 
is marked with an asterisk (*) for test compounds and a double aster-
isk (**) for the reference antibiotic azithromycin
 NI No inhibition

Compound
no

Percentage (%) of inhibition

Aspergillus niger Aspergillus. flavus

2 67.44 ± 1.0 NI
3 75.56 ± 1.1* NI
4 84.44 ± 1.2* NI
5
6

74.11 ± 1.1* NI
82.22 ± 1.2* 86.67 ± 1.2*

7 64.45 ± 1.0 NI
8 66.67 ± 1.0 75.56 ± 1.1*
9 NI 72.22 ± 1.1*
10 92.22 ± 1.2* 87.78 ± 1.2*
Nystatin 66.40 ± 1.0** 63.10 ± 1.0**

Fig. 9   Antifungal activities of 
compounds (2–10)
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Fig. 10   Inhibition of fungal 
growth observed by compound 
10 against A) Aspergillus niger 
and B) Aspergillus flavus 

Fig. 11   SAR study of the MGP ester 10 against bacterial pathogens
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The results show that ester (10) is the most promising 
ligand (-8.7 kcal/mol), which is bound with SARS-CoV-2 
Mpro via many hydrophobic bonding and hydrogen interac-
tions. The binding site is mainly located in a hydrophobic 
cleft bordered by the amino acid residues CYS145, HIS41, 
HIS63, MET49, PHE294, GLY143, ARG298, and PRO252.

There are four hydrogen bond contacts with four various 
amino acids, CYS145, ARG298, HIS41, and GLY143, at 
distances of 2.865, 2.132, 2.905, and 2.320 Å, respectively. 
Compound (10) had an additional benzene ring in the MGP, 
providing a high density of electrons in the molecule indi-
cated the highest binding score. These findings indicated that 
modifying the –OH group and a long carbon chain/aromatic 
ring molecule increased binding affinity, whereas adding 
hetero groups like Br caused some fluctuations in binding 
affinities; however, modifying with halogenated aromatic 
rings increased binding affinity. The docked pose clearly 
showed that the drugs molecules bind within the active site 
of the SARS-CoV-2 Mpro macromolecular structure. Parent 
molecule MGP (1) exhibited interactions with the key resi-
dues of main protease CYS145 and HIS41 through hydrogen 
bonding within a closer bond distance (2.087 Å).

Additionally, GLY143 and THR111 interactions were 
found because of the unique interaction of the branched 
alkyl chain with the pyranose ring. Acyl chain substituted 
esters (5–6) revealed a binding score than (2–4) with the 
main protease indicating the ligand’s burying in the receptor 
cavity. Despite having fluctuating binding affinity, they also 

Table 6   Prediction of 
antimicrobial activity of the 
MGP esters using PASS

Biological Activity

Compounds Antibacterial Antifungal Antioxidant Anti-carcinogenic

Pa Pi Pa Pi Pa Pi Pa Pi

1 0.541 0.013 0.628 0.016 0.403 0.041 0.731 0.008
2 0.528 0.014 0.669 0.012 0.530 0.005 0.769 0.006
3 0.558 0.012 0.675 0.011 0.461 0.008 0.675 0.010
4 0.551 0.012 0.673 0.011 0.463 0.008 0.614 0.012
5 0.551 0.012 0.673 0.011 0.463 0.008 0.614 0.012
6 0.551 0.012 0.673 0.011 0.463 0.008 0.614 0.012
7 0.387 0.017 0.603 0.018 0.348 0.017 0.454 0.024
8 0.538 0.013 0.704 0.009 0.542 0.005 0.764 0.006
9 0.362 0.040 0.388 0.052 0.263 0.032 0.299 0.058
10 0.453 0.021 0.652 0.013 0.337 0.018 0.499 0.019

Table 7   Molecular formula, 
molecular weight, electronic 
energy (E), enthalpy (H), Gibb’s 
free energy (G) in Hartree and 
dipole moment (µ, Debye) of 
MGP esters

Compounds MF MW E H G µ

1 C7H14O6 194.18 -722.2093 -722.2084 -722.2608 4.7712
2 C21H40O7 404.54 -1342.8611 -1342.8602 -1342.9634 3.1549
3 C27H46O10 530.65 -1798.2291 -1798.2281 -1798.3510 4.1724
4 C33H58O10 614.81 -2032.6637 -2032.6627 -2032.8045 2.0463
5 C69H130O10 1119.76 -3441.0244 -3441.0234 -3441.2673 2.7996
6 C75H142O10 1203.92 -4109.6415 -4109.6404 -4109.8433 3.6310
7 C78H82O7 1131.48 -3891.2733 -3891.2722 -3891.3894 5.0938
8 C48H58O10 794.97 -2600.9142 -2600.9132 -2600.0807 7.4419
9 C42H58O13S3 867.10 -3784.1678 -3784.1665 -3784.3561 17.5358
10 C42H49O10Cl3 820.19 -3741.0534 -3741.0525 -3741.5631 5.1168

Table 8   Energy (eV) of HOMO, LUMO, Gap (∆), hardness (η) and 
softness (S) of MGP esters

Compounds HOMO LUMO Gap ( Δ
�
) η S

1 -6.1918 1.3761 7.5679 3.7839 0.2643
2 -9.0384 -3.1165 5.9219 2.9609 0.3377
3 -8.9195 -3.1413 5.7782 2.8891 0.3461
4 -8.8462 -3.0529 5.7933 2.8966 0.3452
5 -8.7679 -3.3715 5.3964 2.6982 0.3706
6 -8.0634 -3.9527 4.1107 2.0553 0.4865
7 -8.3964 -3.0967 5.2997 2.6498 0.3773
8 -8.7320 -2.9792 5.7528 2.8790 0.3473
9 -6.4538 -2.2378 4.2160 2.1080 0.4743
10 8.7212 -3.5957 5.1255 2.5627 0.3902
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interact with the catalytic binding of the main protease such 
as CYS44, CYS145, HIS41, HIS246, PHE294, GLN110, 
GLN189, ARG298, GLU166, SER144, MET276, THR199, 
PRO293, ILE106, LEU187, and GLY143. In addition, these 
esters exhibited diverse non-bonding interactions such as 
conventional hydrogen bond, pi-alkyl, alkyl bond, pi-sigma 
with the active site of the main protease. Again, the aromatic 
substituents were increased the binding energy in the case of 
esters (8–10; −8.3, −8.5, and −8.7 kcal/mol).

Interestingly, these esters interacted with the similar 
binding site of main protease and CYS145, GLY143, 
HIS41, PHE294, THR26, THR199, and MET49 resi-
dues for all. THR199 and THR26 displayed the minimum 
bond distance of 1.868 Å and 1.840 Å amongst all the 
interactions. So, these outcomes clear that, due to hav-
ing high electron density, aromatic substituents can easily 
increase the binding ability and the antiviral ability of the 
MGP esters. Along with PHE294, all the esters displayed 

the maximum π- π interactions with the GLN110 and 
MET276, denoting the tight binding with the active site. 
Reports suggest that PHE294 is considered as the princi-
pal component of the pi-alkyl, pi-sigma, pi-cation, and pi-
anion responsible for the accessibility of small molecules 
to the active site. Binding energy and binding mode were 
improved in esters (2–4 and 8–10) because of significant 
hydrogen bonding. It was observed that the alterations 
of the − OH group in MGP exalted the π–π interactions 
with the amino acid chain on the binding site. In con-
trast, their polarity improvement resulted in the formation 
of hydrogen bond interactions. The maximum numbers 
of H-bonds were observed for esters (2, 4, 6, 8, and 10), 
with CYS145, HIS41, GLY143, and GLU166 residues. 
Hydrogen bonds executed a vital function in shaping the 
specificity of ligand binding with the receptor, drug design 
in chemical and biological processes, and molecular rec-
ognition and biological activity [62]. It has already been 

Fig. 12   Molecular orbital distribution plots of HOMO–LUMO including the density of states of MGP ester (2) at DFT/ B3LYP/3-21G
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reported that ten commercial medicines possibly form 
H-bonds with key residues of 2019-nCoV main protease 
[63]. Hydrogen bond surface and hydrophobic surface of 
ester (10) with the protein were consequently represented 
in Fig. 16. We observed from the blind docking study of 
all MGP esters with the SARS-CoV-2 protease like the 
standard drug Remdesivir. The above-mentioned residues 
generally surround the molecules as the standard drug, 

suggesting that this molecule may prevent the viral repli-
cation of SARS-CoV-2.

The distance of the ligands and the change in accessi-
ble area of the two important catalytic residues (CYS145 
and HIS41) within the protease’s active site is shown in 
Table 9. Although the blind docking studies reveal that 
all the molecules can act as potential agents for COVID 
treatments, but from the estimated free energy of binding 

Fig. 13   Map of the molecular electrostatic potential of MGP esters (2, 3, 4, and 8)

Table 9   Binding energy of the 
MGP esters against Mpro 6Y84

H Conventional Hydrogen Bond, C Carbon Hydrogen Bond, A Alkyl, PA Pi-Alkyl, PS Pi-sigma, PAn Pi-
Anion, PCa Pi-Cation, PDH Pi-Donor Hydrogen Bond, PPS Pi-Pi Stacked

Compounds Binding affinity Interaction types Compounds Binding affinity Interaction types

1 -5.9 H 6 -6.0 H, C, PS, A, PA
2 -8.1 H, C, PA 8 -8.3 H, C, PAn, PCa, A, PA
3 -8.5 H, C, A, PA 9 -8.5 H, PAn, A,
4 -8.2 H, A 10 -8.7 H, A, PA
5 -6.5 H, A, PA Remdesivir -10.5 H, A, PA
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values could infer that the ester (10) with the highest 
negative minimum binding energy value −8.7 kcal/mol 
amongst all the studied esters could be the best possible 
SARS-CoV-2 inhibitor. In fine, it was resolved that most 
of the selected MGP esters showed promising activities 
and might develop effective antiviral drugs against the 
SARS-CoV-2.

Molecular dynamics simulation

The molecular dynamics simulation was conducted to 
understand the structural stability of the complexes. 
The root mean square deviations of the C-alpha atoms 
of the complexes were analyzed to understand the flex-
ible nature of the complexes. Figure 17(A) indicates that 
all complexes had an initial upper trend which might be 
responsible for the flexible nature of the complexes. How-
ever, the complexes were stabilized after 15 ns times and 
maintained integrity throughout the simulations times. 
Also, all complexes had RMSD less than 2.5 Å for the 

whole simulations times, indicating the complexes’ stable 
nature. The solvent-accessible surface area of the simula-
tions systems was explored to understand the changes in 
the protein surface area where the higher SASA (solvent 
accessible surface area) defines the expansion of the sur-
face area. In contrast, the lower SASA is related to the 
truncated nature of the complexes. Figure 17(B) indicates 
that all complexes had a similar SASA trend and did not 
fluctuate much. Compound 10 had a lower SASA than 
the other complexes, indicating the complexes’ truncated 
nature. The radius of gyrations of the complexes defines 
the mobile nature of the complexes. Figure 17(C) indicates 
that the complexes all complexes had a similar Rg trend 
did not much fluctuate except for MGP ester 10. This trend 
defines the stable nature of the complexes. The hydrogen 
bond pattern of the systems was similar for all of the esters 
and did not deviate much in the simulation trajectories, 
which correlate with the complex’s stability. The root 
mean square fluctuations defines the flexible nature of the 
complexes across the amino acid residues. Figure 17(D) 

Table 10   Non-bonding interaction data of MGP esters against Mpro 6Y84

Main protease 6Y84 Main protease 6Y84

Hydrogen bond Hydrophobic bond Hydrogen bond Hydrophobic bond

Compounds Residues Distance
(Å)

Residues Distance
(Å)

Comp Residues Distance
(Å)

Residues Distance
(Å)

1 THR111 3.085 6 ARG298 2.214 PHE294 3.578
THR111 2.244 ASP295 3.435 ILE249 5.149
GLY143 3.363 CYS145 2.094 VAL202 3.944
HIS41 2.078 GLU166 1.254 PRO293 4.099
CYS145 2.990 VAL297 3.841
CYS145 2.872 ARG298 4.337

VAL303 4.346
PHE294 4.895

2 CYS145 2.618 TYR237 4.895 8 CYS145 2.722 HIS41 4.351
HIS41 3.637 MET49 4.705 THR26 1.840 ASP289 3.834
GLU166 2.461 GLY143 3.537 MET49 3.999
ASP289 3.637 TYR237 3.570 LEU287 4.984

3 GLY143 1.803 CYS145 5.452 9 CYS145 2.997 ASP289 4.047
HIS41 3.596 PRO168 4.081 ARG131 3.067 GLN189 5.491
CYS44 3.562 HIS41 5.182 THR199 1.868

4 THR199 2.844 MET276 5.299 10 CYS145 2.865 PRO252 4.091
CYS145 3.078 LEU287 5.281 ARG298 2.132 HIS41 3.881
SER144 3.694 HIS246 2.365 HIS41 2.905 HIS63 3.655
PHE294 4.251 GLN110 3.710 GLY143 2.320 MET49 4.993

PHE294 5.027
5 ARG298 2.331 ILE106 4.993 Remdesivir ASP295 2.334 ASP295 4.223

CYS145 2.3015 PHE294 3.478 CYS145 2.698
PHE294 4.459 GLN110 2.268

THR111 2.203
THR111 2.358
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indicates that the complexes’ stable nature. The hydro-
gen bond of a biological system requires assessment to 
evaluate the bonding and structural change in the com-
plex. They play a key role in giving the structural integ-
rity of the systems. The five simulated complexes had a 
solid hydrogen bonding pattern as lesser aberrations were 
observed. The number of hydrogen bonds between solute 
and solvents was calculated in Fig. 17(E). The simulation 
time’s initial and final phases also had the firm hydrogen 
bond as they did not fluctuate either.

The pharmacokinetic profile and toxicity analysis

The pkCSM ADMET descriptors algorithm protocol 
was used to predict the pharmacokinetic properties of 
the compounds, such as ADME, and toxicity. Mem-
brane permeability [indicated by the colon cancer cell 
line (Caco-2)], intestinal absorption, skin permeability 
thresholds, and substrate or inhibitor of P-glycoprotein 
are all factors that influence drug absorption. A value of 

intestinal absorbance less than 30% indicates poor absorb-
ance. Table 11 shows that all of the esters have excellent 
absorption with more than 30. Skin permeability is an 
important factor to consider when improving drug effi-
cacy, and it is especially important in the development of 
transdermal drug delivery. A molecule will barely pene-
trate the skin if log Kp is more than − 2.5 cm/h [63]. From 
Table 10 it can be seen that the skin permeability (Kp of 
MGP esters is −2.278 cm/h (< −2.5). Therefore, it can be 
predicted that all esters have good skin penetrability. For 
the pkCSM predictive model, high Caco-2 permeability is 
translated into predicted log Papp values > 0.90 cm/s [33]. 
As Table 10 shows, the value of Caco-2 permeability (log 
Papp) of the MGP esters ranged from −4.2 to −2.3 cm/s, 
log Papp < 0.9 cm/s, so it is predicted that these have low 
Caco-2 permeability.

For the discovery of oral administrative drugs, solubility 
is one of the major descriptors. Highly water solubility was 
useful for delivering sufficient active ingredients in a small 
volume of such pharmaceutical dosage. These values water 

Fig. 14   Docked conformation of ester (3) at inhibition bounding site of 6Y84 (a) and Docked conformation of ester (10) at inhibition bounding 
site of 6Y84 (b)
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solubility is given in log (mol/l) (Insoluble ≤  −10 < poorly 
soluble <  −6 < Moderately <  −4 < soluble <  −2 < very solu-
ble < 0 ≤ highly soluble). From the results that appear in 
Table 11, it was observed that the esters tested are soluble. 
Distribution volume (Vd) is a pharmacokinetic parameter 
reflecting the tendency of an individual substance to either 
linger in the plasma or redistribute to another tissue compart-
ment. According to Pires et al. [64] VDss is considered low if 
it is below 0.71 L/kg (log VDss <  −0.15) and high if it is above 
2.81 L/kg (log VDss > 0.45 It can be shown from Table 12 that 
the value of MGP esters VDss ranged from −1.249 to 0.035, 
with only esters (3 and 9–10) having a VDss value of <  −0.15. 
Blood–brain partitioning and brain distribution are critical 
properties for drugs targeting the CNS. The esters tested a 
logBB <  −1 considered poorly distributed to the brain.

From Table 12 it can be seen that the logPS (the CNS per-
meability) value of MGP esters ranges from –1.42 to −4.20, 
logPS <  −3, so it can be predicted that esters (4–6 and 8) 
are unable to penetrate the CNS. Furthermore, it can be seen 
from Table 12 the log CLtot value of MGP esters ranges 
from 0.25 to 2.46 ml/min/kg, and from those values can be 
predicted the rate of excretion of the compound.

Metabolism is predicted based on the Cyp (cytochrome 
P450) models for substrate or inhibition (Cyp1A2, Cyp2C19, 
Cyp2D6, and Cyp3A4).  Table  13 shows that all MGP 
esters have no effect on or inhibition of all enzymes except 
CYP3A4, implying that all esters in the body are metabo-
lized by the P450 enzyme. The bioactivity radar charts of 
the MGP esters (Fig. 18) revealed that all candidates had 
promising pharmacokinetic profiles.

Fig. 15   Non-bonding interactions of compound (3 and 10) with the amino acid residues of 6Y84 generated by Discovery Studio

Fig. 16   Hydrogen bond surface 
(a) and hydrophobic surface (b) 
of 6Y84 with ester (10)
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Fig. 17   The molecular dynamics simulation trajectories from 100-ns 
simulation time, here (A) root mean square deviation of the C-alpha 
atoms; (B) solvent-accessible surface area of the docked complex to 

understand the change in protein area; (C) Radius of the gyration of 
the complexes (D) root mean square fluctuation and (E) hydrogen 
bond of the complexes
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The model provided by pkCSM pharmacokinetics pre-
dicts the total clearance log(CLtot) of a given compound 
in log(ml/min/kg). The larger the CLtot value of the com-
pound, the faster the excretion processes. The results of the 
compounds are described in Table 14, and their high LD50 

values (1.66 to 2.89) suggest that the compounds are lethal 
only at very high doses. The negative result in the AMES 
test suggests that the compound could not be mutagenic. 
The results also suggest that all esters tested may not inhibit 
the hERG channel and may not have skin sensitization.

Table 11   Prediction of in silico absorption of MGP esters

Compounds Water solubility 
(log mol/L)

Caco-2  
permeability

Intestinal 
absorption

Skin  
permeability

1 0.067 -0.211 32.866 -3.391
2 -2.925 0.768 55.591 -2.760
3 -4.161 0.893 66.873 -2.728
4 -3.741 0.897 64.976 -2.735
5 -2.892 0.543 100 -2.735
6 -2.892 0.471 100 -2.735
7 -2.892 0.317 100 -2.735
8 -3.013 1.108 83.366 -2.735
9 -2.896 0.431 80.158 -2.735
10 -3.029 0.894 86.803 -2.735

Table 12   Prediction in silico of 
distribution and execration of 
MGP esters

Compounds Distribution Execration

Vdss BBB permeability CNS permeability Total Clearance Renal 
OCT2 
substrate

1 0.035 -0.881 -4.670 0.686 No
2 -0.552 -1.211 -3.772 1.839 No
3 -0.039 -1.789 -3.486 1.561 No
4 0.315 -1.923 -2.682 1.743 No
5 -1.249 -2.699 -1.498 2.366 No
6 -0.884 -2.828 -1.428 2.464 No
7 0.009 -1.541 -3.234 0.252 No
8 -0.733 -1.829 -2.619 1.064 No
9 -0.102 -3.062 -4.201 0.588 No
10 -0.121 -2.387 -3.353 0.384 No

Table 13   Prediction of in silico of metabolism of MGP esters

Compounds Cyp1A2 Cyp2C19 Cyp2D6 Cyp3A4

1 No No No No
2 No No No No
3 No No No Yes
4 No No No Yes
5 No No No Yes
6 No No No Yes
7 No No No Yes
8 No No No Yes
9 No No No Yes
10 No No No Yes

286 Glycoconjugate Journal (2022) 39:261–290



1 3

Conclusions

In this work, we have presented a computational study toward 
the identification of new inhibitors of SARS-CoV-2 where 
molecular docking studies have been performed on a series 
of monosaccharide (MGP) esters, a promising anti-SARS-
CoV-2 agent. The most significant properties for biological 
chemistry, chemical reactivity and frontier orbital studies 
like PASS, HOMO, LUMO, gap and molecular electrostatic 
potential in molecules were optimized to be indicated as an 

excellent drug molecule. All the designed MGP esters have 
energy gaps lower than MGP and the modified esters were 
more reactive than the parent drug. Insertion of various ali-
phatic and aromatic groups in MGP structure can signifi-
cantly improve their mode of biological behavior. PASS pre-
diction of the MGP esters 2–10 showed 0.36 < Pa < 0.55 for 
antibacterial, 0.38 < Pa < 0.70 for antifungal, 0.26 < Pa < 0.54 
for antioxidant and 0.29 < Pa < 0.76 for anticancer activi-
ties expressing antimicrobial and antitumor potency of the 
modified esters. Molecular docking simulation exhibited 
that, many of these esters showed notable binding interac-
tions and binding energy with SARS-CoV-2 Mpro. Six MGP 
esters (2–4 and 8–10) showed in silico potent ability to fight 
SARS-CoV-2. Furthermore, molecular dynamics simulation 
study confirms the binding stability of docked complex in a 
trajectory analysis i.e., the protein–ligand complex is highly 
stable in any biological system. In fine, these esters were ana-
lyzed for their pharmacokinetic properties. The combination 
of toxicity prediction, in silico ADMET prediction, and drug-
likeness had promising results as most of the designed mol-
ecules possessed improved kinetic parameters, maintained 
all drug-likeness rules as well as showed an interesting result 
in terms of biological activity. Finally, this research will be 
useful to understand the chemical, thermal, physicochemical, 
biological and pharmacokinetic properties of MGP esters. 
Further studies should be performed in vitro and in vivo to 
assert these esters as drug candidates to treat SARS-CoV-2.

Fig. 18   Bioactivity radar Charts of the MGP esters where FLEX: Flexibility, LIPO: Lipophilicity, INSATU: Insaturation, and INSOLU: Insolu-
bility

Table 14   Prediction in silico of toxicity of MGP esters

Compounds AMES 
toxicity

Herg1 
inhibition

LD50 Skin  
sensitization

1 No No 1.533 No
2 No No 1.895 No
3 No No 2.092 No
4 No No 1.666 No
5 No No 2.486 No
6 No No 2.485 No
7 No No 2.482 No
8 No No 2.600 No
9 No No 2.521 No
10 No No 2.899 No
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