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Currently, methyl-B-D-galactopyranoside (MDG) esters have become a focus of attention due to
their promising biological and pharmacokinetic properties and could be a good choice in unraveling the
global issue of pathogenic multidrug resistance. Structural modification of MDG can improve its mode of
biological activity. In line with these efforts, a series of previously synthesized MDG esters were de-
signed and evaluated by Prediction of Activity Spectra for Substances (PASS), molecular docking simu-
lation, and pharmacokinetic depiction. Encouraging PASS activity was observed for several aliphatic and
aromatic MDG esters, and antibacterial efficacy was more promising than other features. In support, mo-
lecular docking studies were performed against the macrolide phosphotransferase enzyme MPH to identi-
fy a potential allosteric binding site for these esters. Molecular docking indicated that the shape of the
MDG esters and their ability to form multiple electrostatic and hydrogen bonds with the active site corre-
sponds to the binding modes of other minor-groove binders. Pharmacokinetic predictions were also per-
formed to evaluate the absorption, metabolism, and toxic properties of MDG esters. These findings
demonstrate that MDG esters are promising for use as biocompatible antibacterial agents in the future.

Keywords: methyl-f-D-galactopyranoside; MDG; molecular docking; antibacterial agent;
pharmacokinetics; PASS

MNPEABUAYBAIA CO PASS, MOJIEKYJICKO ITPUIIOJYBAIE U ®APMAKOKWHETUYKHU
HNCIIUTYBAIBA HA BUOAKTUBHU I'AJIAKTOIIMPAHO3UAHN ECTEPU CYIICTUTYUPAHU
CO AIINJI KAKO AHTUBAKTEPUCKHU CPEJICTBA

Bo mocnenHo Bpeme ectepute Ha MeTHi-B-D-ramakromupanosun (MDG) ce Bo doxycor Ha
BHUMaHHE 1OpaJy HUBHUTE MOTEHINjATHH OMOJIOIIKY U (apMaKOKMHETHYKH CBOjCTBA M MOYKHO € Jia ce
Ha 100ap mar jja ro pemar riio0aqHHOT MMpoOiIeM Ha OTIIOPHOCTA Ha IATOT€HH MUKPOOPTaHU3MH CIpeMa
moBeke nekoBu. CTpykTypHa mpomena Ha MDG Moske 1a ja mogoOpu HeroBaTa OMOJIOIIKa aKTUBHOCT. Bo
COTJIACHOCT CO OBHE HANopH Oea JM3ajHHUpPaHu U €BATyHPaHH CepHja IPETXOJHO CHUHTETH3UPAHU EeCTepPH
na MDG co npeaBuayBame Ha CIEKTPH Ha akTHBHOCT Ha cyrcrtanuuu (PASS), co cumynanuja Ha
MOJICKYJICKO TIPHUIIOjyBame, Kako W co (apMaKOKMHETHYKH WCIHTYBama. belie po0ueHa HajiexkHa
akTHBHOCT Ha PASS 3a Hekoisiky anundarndnu u apomaTndnu ectepu Ha MDG, npu mTo HajucrakHara
Oeme aHTHOakTepuckaTa e(pUKAacHOCT. 3a mojApiika Oea W3BENEHM W CTYAUM HA MOJEKYJICKO
NIpUIIOjyBame co MukponuaeH ¢ochoponpernocen (MPH) ensum 3a na ce nneHTHUKYBa NOTEHIM]jaTHA
aJIOCTEpHA TI0JI0K0A 3a CIOjyBamke Ha OBHE ecTepr. MOJIEKYJICKOTO TPHII0jyBamke YKaXKyBa JeKa OOJHUKOT
Ha ectrepure Ha MDG 1 HHBHaTa CIOCOOHOCT J1a 00pa3yBaar NOBEKE €JIEKTPOCTATHYHH U BOJOPOIHH BPCKH
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CO aKTHMBEH LIEHTap COOBETCTBYBa HA HAYMHHTE Ha IPUIIOjyBame¢ HA JAPYTU CPEJCTBA 3a CBP3YBambe BO
nomajuTe *xJeboBu. bea u3BpeHN 1 (hapMaKOKMHETHYKH NpEBHIYBamka 3a Jia Ce OJpeaT arcopIiiyjara,
MeTaboIM3MOT M TOKCHYHOCTA Ha OBHE ecTepH. PesynraTure moKakyBaaT neka ecrepure Ha MDG ce
HaJIeKHU 32 YIOoTpeda Kako OMOKOMITATHOIMHY aHTHOAKTEPHUCKHU CPEACTBa BO WIHMUHATA.

Kayunu 360poBu: Metmi-f-D-ranakrommpanosnn; MDG; MOIEKyICKO IIPHUIIOj yBake;

AaHTHOAKTEPHCKH CpencTBa; papMakokuHeTnka, PASS

1. INTRODUCTION

Food contamination caused by microorgan-
ism activity has a serious effect on human health,
particularly via digestive diseases.t? With the ex-
pansion of the use and abuse of antibiotics, in-
creasing numbers of drug-resistant strains have
emerged in the clinic. Common harmful bacteria
are Escherichia coli, Staphylococcus aureus, Ba-
cillus subtilis, and Salmonella typhimurium, while
one example of common harmful fungi is Aspergil-
lus flavus.®® To prevent contamination, industries
use antimicrobial agents to preserve their products
by inhibiting microorganism activity. However,
some antimicrobial agents are toxic and are also
non-biodegradable, thus raising other problems for
human consumption.® The discovery of new drugs
is now focused on drug targets such as enzymes or
receptors. Macrolide phosphotransferase carrier
protein of the E. coli species is one of the attractive
targets in E. coli-associated diseases. Macrolide 2'-
phosphotransferase [MPH(2")] was purified 90-fold
from an erythromycin-resistant strain of E. coli,
and its enzymatic properties were investigated and
radical changes to the erythromycin scaffold test-
ed.” MPH(2") is an inducible intracellular enzyme
that shows high levels of activity with 14-member-
ring macrolides and extremely low levels with 16-
member-ring macrolides. Again, Gram-negative
bacteria comprise the majority of microbes that
cause infections and are resistant to pre-existing
antibiotics. The complex cell-wall architecture
contributes to their ability to form biofilms, which
are often implicated in hospital-acquired infec-
tions.2 Monosaccharide esters have attracted many
researchers globally due to their biocompatibil-
ity.>1% They are especially developed in the biolog-
ical and pharmaceutical fields for their antimicro-
bial, antioxidant, etc. properties.’**?> For a long
time, carbohydrates have been a very attractive
topic for scientists due to their immense im-
portance in biological systems including in viral
and bacterial infections, cell growth and prolifera-
tion, cell-cell communication as well as immune
response.’®!* They are the source of metabolic en-
ergy supply, but also for the fine-tuning of cell—-

cell interactions and other crucial processes. It was
found from the literature survey that a large number
of biologically active compounds also possess aro-
matic, heteroaromatic, and acyl substituents.>’
The benzene, substituted benzene, and also nitro-
gen-, sulfur-, and halogen-containing substituents
are known to enhance the biological activity of the
parent compound.82! It is also known that if an
active nucleus is linked to another active nucleus
the resulting molecule may possess greater poten-
tial for biological activity.???6 Moreover, selective
acylation of carbohydrates and evaluation of mi-
crobial activities reveal that in many cases the
combination of two or more heteroaromatic nuclei
and acyl groups enhances the biological activity
manifold over its parent nucleus. In a recent study,
some methyl-p-D-galactopyranoside (MDG) esters
are found to be potential inhibitors against cancer
cell protein [ADP-ribose] polymerasel.?’
Therefore, in the present work, a series of
MDG esters were designed to investigate their anti-
microbial mode through their biological prediction,
molecular docking interaction, and pharmacokinetic
and toxicity analysis. Antimicrobial screening was
performed for all esters with the prediction of their
Prediction of Activity Spectra for Substances
(PASS) properties. Further, MDG esters were em-
ployed for molecular docking against macrolide
phosphotransferase (MPH) enzyme (PDB: 5igi;
http://dx.doi.org/10.1016/j.str.2017.03.007) to un-
derstand their nonbonding interactions, binding
mode, and antibacterial efficacy. Finally, pharma-
cokinetic enumeration was performed to compare
their absorption, metabolism, and toxicity. This
inherent investigation revealed the potentiality of
MDG esters as antibacterial agents that will be of
great benefit for future antimicrobial research.

2. EXPERIMENTAL

2.1. PASS prediction

The online web application PASS
(http://www.pharmaexpert.ru/passonline/) was em-
ployed to calculate the antimicrobial activity spec-
trum of the selected MDG ester.?® Firstly, struc-
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tures of the MDG esters were drawn, and then
changed into their Simplified Molecular Input Line
Entry Specification (SMILES) formats by using
SwissADME free online applications
(http://www.swissadme.ch), which are renowned
in determining antimicrobial spectra using the
PASS web tool. PASS outcomes are revealed by
Pa (probability for active molecule) and Pi (proba-
bility for inactive molecule) scores. Having poten-
tialities, the Pa and Pi scores vary in the range
0.00-1.00; usually, Pa + Pi # 1, as these potentiali-
ties are predicted freely.

2.2. Geometry optimization

In computer-based drug design, the calcula-
tion of thermal, molecular orbital and molecular
electrostatic features are widely performed based
on quantum mechanical methods. Geometrical cal-
culations and subsequent alteration of MDG esters
were performed employing the Gaussian 09 pro-

Psi (degrees)

gram.?® Optimization of all MDG esters were car-
ried out by employing density functional theory
(DFT) force field with Beck’s (B) three-feature
hybrid model and Lee, Yang and Parr’s (LYP) cor-
relation functional, applying the basis set 3-21G.

2.3. Preparation of macromolecule and molecular
docking simulation

The antibacterial activity of the synthesized
esters was further analyzed by the molecular dock-
ing approach. All docking simulations were per-
formed using Molecular Operating Environment
software (MOE 10.2004; Chemical Computing
Group Inc.,, Montreal, Quebec, Canada;
http://www.chemcomp.com). Energy minimiza-
tions were carried with an Root-Mean-Square De-
viation (RMSD) gradient of 0.05 kcal mol A
with an MMFF94X force field, and the partial
charges were estimates. Result analysis and visual-
izations were performed with ligplot+v1.4.5.%

- o
9% 135 180

Phi (degrees)
d

Fig. 1. (a) Three-dimensional structure of the receptor Macrolide 2'-phosphotransferase type I; (b) the MPH macrolide binding site;
(c) Ramachandran plot for the macrolide phosphotransferase enzyme (PDB: 5igi); and (d) LigPlot image of the ligand-macrolide
phosphotransferase enzyme (PDB: 5igi) complex in 2D view as predicted by PDB sum
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The structure of MPH in the docking study
was downloaded from Protein Data Bank (PDB:
5igi; Fig. 1a), co-crystallized with azithromycin.3
Molecular docking of all esters at the active site of
MPH?32 was performed to investigate their binding
interactions with amino acids (Fig. 1b). The en-
zyme was prepared for docking studies by remov-
ing water molecules and hydrogen atoms that were
added to the enzyme. The MOE Site Finder was
used to select the active sites in the enzyme along
with the elimination of the co-crystallized ligand,
and docking was then performed with the designed
MDG esters.

For ligand preparation, Marvin Sketch soft-
ware® was used to draw the structure of selected
compounds. The structures were converted to 3D
and the energy minimized by the MMFF94 func-
tion. The triangle matching algorithm was selected
from MOE for docking the esters into the active
sites of the selected proteins. The PDB sum online
server was also used to check the validation of the
MPH (PDB: 5igi) with Lig-plot (Fig. 1c) and Ra-
machandran plot (Fig. 1d), which revealed that
93.70 % residues were in the allowed region and
no residues were missed.

2.4. Pharmacokinetic properties and toxicity

The prediction of Absorption, Distribution,
Metabolism Excretion and Toxicity (ADMET)
properties in drug development is important to
prevent drug failure in the clinical stages. For this
reason, the best-identified esters were evaluated
using pkCSM?** for their in silico pharmacokinetic
parameters: their absorption in the human intestine,
percolation of the blood-brain barrier and the cen-
tral nervous system, the metabolism, indicating the
chemical biotransformation of a drug by the body,
their total clearance and the toxicity levels of the
molecules. The drug-likeliness of a molecule is
expressed by Lipinski’s rule of five parameters
(molecular weight <500 Da, no more than five hy-
drogen-bond donors, no more than 10 hydrogen-
bond acceptors, and logP should not be greater
than 5). Lipinski’s rule of five properties were ob-

tained from the SwissSADME server (wWww.swis-
sadme.ch/index.php). Prediction of the drug-
likeness of the designed MDG esters was also as-
sessed by rule-based filters from Lipinski, Ghose,
Veber, and Egan, and the synthetic accessibility
difficulty scale was 1-10.

3. RESULTS AND DISCUSSION

In the present study, 11 MDG esters were
modified with different aliphatic and aromatic
chains (2-12; Table 1) and geometrical optimiza-
tion was attempted to realize their mode of antimi-
crobial behavior. Initially, biological activities of
partially acylated esters were predicted using the
PASS web tool. The observed activities were then
rationalized by calculating their physicochemical,
toxicity, molecular docking properties, in combina-
tion with in silico pharmacokinetic and drug-
likeness properties. Selective alteration of a certain
hydroxyl group is important in carbohydrate chem-
istry because the resulting acylation products might
provide useful precursors for the synthesis of novel
and bioactive products. Moreover, the designed
acyl esters might have great antibacterial effective-
ness as versatile intermediates in the synthesis of
various other antibacterial drugs of fundamental
importance.

3.1. Structural identification of designed
MDG esters

Atomic identification and structural varia-
tion of substituted MDG esters are displayed in
Tables 1 and 2. Different aliphatic (lauroyl and
myristoyl) and aromatic (4-bromobenzoyl, 4-
nitrobenzoyl, 4-tert-butylbenzoyl, 4-chlorobenzoyl,
and 3-chlorobenzoyl) groups were subjected to
modification of hydroxyl (-OH) group of MDG to
observe the variation in biological activities.

The modified MDG esters 4 and 10, which
contained the maximum numbers of heavy and
rotatable atoms, exhibited excellent antibacterial
activity in PASS and molecular docking analysis.
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Table 1
Chemical structural views of MDG esters with SMILES
Compound Chemical structure SMILES
1 COC10C(CO)C(0)C(0)C10
H,o™ =
Methyl B-D-galactopyranoside
2 B COC10C(COC(=0)C2=CC=
C(Br)C=C2)C(0)C(0)C10
H.c™ 2
Methyl 6-O-(4-bromobenzoyl)-B-D-galactopyranoside
3 Eirs CCcCccececececececece(=o)ocic
(COC(=0)C2=CC=C(Br)C=C2)
tts] CH, OC(OC)Cc(OCc(=0)cceecececce
W\’ o, CCC)C10C(=0)CCCCCCCCC
o :O:r'\/\/\/\/\/ cc
o
o o™ !
He)
- B:
)\/\/\/\/\/ o
o H
he " g
Methyl 6-O-(4-bromobenzoyl)-2,3,4-tri-O-lauroyl-p-D-galactopyranoside
4 3B CCcccececececececececec(=o0)oc

C(COC(=0)C2=CC=C(Br)C=C2)

0C(OC)C(OC(=0)CCCCCCCC

CCC)C10C(=0)CCCCCCCCC
ccee

Methyl 6-O-(4-bromobenzoyl)-2,3,4-tri-O-myristoyl-p-D-galactopyranoside
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Table 1 continues
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Methyl 6-O-(4-bromobenzoyl)-2,3,4-tri-O-(3-chlorobenzoyl)-p-D-
galactopyranoside

“oit COC10C(COC(=0)C2=CC=C
) (Br)C=C2)C(OC(=0)C2=CC=C
=O@ (CI)C=C2)C(OC(=0)C2=CC=C

_ (Cl)C=C2)C10C(=0)C1=CC=

b c(clyc=ct
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H3C’/ -9)\@
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PRt

Methyl 6-O-(4-bromobenzoyl)-2,3,4-tri-O-(4-chlorobenzoyl)-p-D-
galactopyranoside

COC10C(COC(=0)C2=CC=C
(Br)C=C2)C(OC(=0)C2=CC(Cl)
=CC=C2)C(OC(=0)C2=CC(Cl)
=CC=C2)C10C(=0)C1=CC=CC

(Cl)=C1

o, COC10C(COC(=0)C2=CC=C
.. (Br)C=C2)C(OC(=0)C2=CC=C
cH, (C=C2)C(C)(C)C)C(OC(=0)C2
=CC=C(C=C2)C(C)(C)C)C10C
(=0)C1=CC=C(C=C1)C
(C)exe

Methyl 6-0-(4-bromobenzoyl)-2,3,4-tri-O-(4-t-butyIbe;lzoyl)-B-D-
galactopyranoside

COC10C(COC(=0)C2=CC=C
(C=C2)N(=0)=0)C(0)C(0)C10

Methyl 6-O-(4-nitrobenzoyl)-p-D-galactopyranoside

Maced. J. Chem. Chem. Eng. 41 (1) 47-64 (2022)



PASS prediction, molecular docking and pharmacokinetic studies of acyl-substituted bioactive galactopyranoside esters 53

Table 1 continues
9 "6“"“% 0. CCCCCCCCCCCC(=0)0C1C
(COC(=0)C2=CC=C(C=C2)N
(=0)=0)OC(OC)C(OC(=0)CCC
CCCCCCCC)C10C(=0)CCCC
cCcccecee

-

)\/\/\/\/\/ o
(]
H:,C/ .-9

Methyl 2,3,4-tri-O-lauroyl-6-O-(4-nitrobenzoyl)-p-D-galactopyranoside

10 B 5, CCCCCCCCCCCCCC(=0)0C
TSR C(COC(=0)C2=CC=C(C=C2)N
i (=0)=0)0C(0C)C(OC(=0)CCC
CCCCCCCCCC)C10C(=0)CC
ccceeceeee

Methyl 2,3,4-tri-O-myristoyl-6-O-(4-nitrobenzoyl)-p-D-galactopyranoside

COC10C(COC(=0)C2=CC=C

11
(C=C2)N(=0)=0)C(OC(=0)C2=
CC=CC(CI)=C2)C(OC(=0)C2=
CC(Cl)=CC=C2)C10C(=0)C1=
CC(Cl)=CC=C1

o 0‘5‘\

Methyl 2,3,4-tri-O-(3-chlorobenzoyl)-6-O-(4-nitrobenzoyl)-B-D-
galactopyranoside

COC10C(COC(=0)C2=CC=C

12 D\N/C‘
(C=C2)N(=0)=0)C(0OC(=0)C2=
CC=C(Cl)Cc=C2)C(0C(=0)C2=
CC=C(CI)C=C2)C10C(=0)C1=
Ccc=c(clc=C1

i

Chalt}

Methyl 2,3,4-tri-O-(4-chlorobenzoyl)-6-O-(4-nitrobenzoyl)-B-D-
galactopyranoside
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Table 2
Molecular formula, formula weight and atomic identifications of MDG esters
Molecular Formula Number Number.of Number of  Number of  Number of
Compounds formula weight of heavy aromatic rotatable H-bond H-bond
9 atoms heavy atoms atoms acceptors donors
1 C7H1406 194.18 13 0 2 6 4
2 C14H1707Br 377.18 22 6 5 7 3
3 Cs0Hs3010Br 924.09 61 6 41 10 0
4 Cs6Hos010Br 1008.25 65 6 45 10 0
5 CssH26010BrCls 792.84 49 24 14 10 0
6 CssH26010BrCls 792.84 49 24 14 10 0
7 Ca7Hs3010Br 857.82 58 24 17 10 0
8 C14H1709N 343.29 24 6 6 9 3
9 CsoHs3012N 890.19 62 6 41 12 0
10 Cs6Hos012N 974.35 68 6 47 12 0
11 CasH26012NCl3 758.94 51 24 15 12 0
12 CasH26012NCl3 758.94 51 24 15 12 0

3.2. Evaluation of antimicrobial activities: PASS

The prediction of antimicrobial spectrum
was performed by applying the PASS web server
to all the MDG esters 2-12. The PASS results are
guoted as Pa and Pi and are displayed in Table 3. It
was manifest from Table 3 that MDG esters 2-12
showed 0.60 < Pa < 0.69 for antibacterial, 0.47 <
Pa < 0.55 for antifungal, 0.29 < Pa < 0.43 for anti-
oxidant and 0.29 < Pa < 0.56 for anti-carcinogenic
activities. These results revealed that these mole-
cules were more efficient against bacteria than

against fungal pathogens. Attachment of additional
aliphatic acyl chains (C12 to C14) increased anti-
bacterial activity (Pa = 0.669) of MDG 1 (Pa =
0.669), and the insertion of CI- and Br-substituted
aromatic groups also resulted in reasonable im-
provements. The same scenario was observed for
antioxidant activity, where acyl chain esters re-
vealed improved values over the halo-benzoyl es-
ters. However, ester 8, which has the 4-
nitrobenzoyl group, exhibited the highest antioxi-
dant activity (Pa = 0.433). We also tried to predict
the anti-carcinogenic parameter of these esters.

Table 3
Prediction of antimicrobial activity of the MDG esters using PASS
Compounds Antimicrobial activity
Antibacterial Antifungal Antioxidant Anti-carcinogenic
Pa Pi Pa Pi Pa Pi Pa Pi
1 0.541 0.013 0.628 0.016 0.667 0.004 0.765 0.005
2 0.633 0.015 0.507 0.016 0.441 0.009 0.546 0.023
3 0.669 0.012 0.529 0.014 0.340 0.018 0.557 0.040
4 0.669 0.012 0.529 0.014 0.340 0.018 0.557 0.040
5 0.614 0.017 0.514 0.024 0.294 0.024 0.549 0.085
6 0.617 0.017 0.518 0.021 0.314 0.021 0.554 0.062
7 0.618 0.017 0.529 0.021 0.402 0.012 0.536 0.046
8 0.630 0.015 0.538 0.013 0.433 0.013 0.561 0.043
9 0.666 0.012 0.558 0.012 0.336 0.018 0.383 0.034
10 0.666 0.012 0.558 0.012 0.336 0.018 0.383 0.034
11 0.609 0.018 0.471 0.019 0.292 0.024 0.292 0.062
12 0.612 0.017 0.488 0.018 0.306 0.018 0.315 0.053
Azithromycin 0.964 0.000 0.723 0.009 - - 0.517 0.008
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Therefore, PASS determination resulted in
0.29 < Pa < 0.56 for anti-carcinogenicity, which
revealed that the MDG esters had greater potential
as anti-carcinogenic agents than as antimicrobials.
Significantly, antibacterial, antifungal, antioxidant,
and anti-carcinogenic properties of MDG esters
with saturated acyl chains (3, 4 and 9, 10) were
found more promising than the halo-benzoyl and
4-nitrobenzoyl esters (5-8 and 11, 12).

3.3. Molecular docking studies

Protein synthesis occurs on macromolecular
machines called ribosomes. Bacterial ribosomes
and the translational machinery represent one of
the main targets of antibiotics in the cell.®

As a macromolecular docking target for the
esters described in this report, we selected the mac-
rolide enzyme phosphotransferase (MPH). The 2D
structures of the synthesized ligand molecules were
converted to energy-minimized 3D structures and
further used for in silico protein—ligand docking.
Excellent binding affinity is demonstrated by the
minimal energy score needed for complex for-
mation between the ligand and the receptor. Very
low energy suggests the burying of the ligand in
the receptor cavity. To compare the binding mode
with a known drug, the reference ligand azithro-
mycin was also docked at the same site of the
MPH. All the sequences are displayed in Figure 2.
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Fig. 2. Multiple sequence alignment of the closest homologs of MPH (PDB: 5igi)

All docked esters fitted in the active site of
MPH and the resulting energy scores (S), as well
as amino acid interactions, are listed in Figure 3
and Table 4. In all the docking poses, the chemical
nature of the residues at the binding sites within 3
A of the bound ligands were polar, positively
charged residues (His205, Argl76, Arg269, and
Arg224), aromatic hydrophobic residues (Tyr289,
Tyr276, Tyr202, Phe280, and Phe272), and ali-
phatic hydrophobic residues (Leu201, Leu 32,

Maced. J. Chem. Chem. Eng. 41 (1) 47-64 (2022)

Leu97, Ala516, 11e230, lile205, 1le218, Gly108
Asp200, Asp219, Gly33, Serl09, and Thr276).
According to molecular docking analysis, the es-
ters 3-7 and 9-12 favored ligands that had scoring
ratings of —11.50 to —8.12 kcal/mol. The score val-
ue for the above-mentioned standard compound
(azithromycin) was lower than those of our esters
(binding energy —8.10 kcal/mol), reflecting that
they could bind well with the receptor macrolide
enzyme MPH.
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Fig. 3. 2D interaction diagram of the synthase esters and the standard drug azithromycin in the active sites of type |
macrolide 2'-phosphotransferase (PDB: 5igi)

Table 4

Binding energy of designed MDG esters and the standard drug azithromycin

Binding energy

Binding energy

Compounds (keal/mol) Compounds (keal/mol)
1 —4.38 7 ~8.99
2 -5.50 8 -5.86
4 ~11.11 10 ~11.51
5 -8.31 11 -8.11
6 -9.01 12 -8.64
Azithromycin -8.10

The ester 10 possessed the highest binding af-
finity (—11.50 kcal/mol) with the target protein
compared to all other esters, confirming its strong
binding interactions with the target protein, as
shown in Figure 4; it appears that the presence of
myristoyl chain substituted at R, allowed for the

potentiation of strong hydrophobic interactions with
Asp219, Asn30, Gly33, 1le38, Serl09, Leu32,
Glu222, Leu279, Glu22, Asp162, Tyr36, Met96 and
Thr101 in the active site of MPH and the formation
of two hydrogen bonds with His205 and Asp200.
This reference ligand formed a hydrogen bond with
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Tyr289 and the binding interaction of azithromycin-
5igi is not an exact match with that of MDG esters-
5igi due to differences in the structure.

Although differing in size and varying in
substitutions, the MDG esters bind to the MPH
enzyme in a similar location, adopt similar con-
formations, and interact with the enzymes in a sim-
ilar manner (Fig. 3). Analysis of the binding site
revealed that the synthesized ligands are stabilized
by a variety of favorable interactions including
polar interactions and hydrogen bonds, and most
were hydrophobic interactions (Table 5).

2D interactions of esters 5, 9, 11, and 12,
presented in Figure 4a, showed that the ester car-

bonyl oxygen formed hydrogen bonds with
Arg224, Tyr289, His205, and Asp200. These hy-
drogen-bond interactions are close enough to sup-
port di-substituted MDG fragments in the inner
groove of the MPH active site. Hydrogen- and hy-
drophobic-bond surfaces of MPH (PDB: 5igi) with
ester 10 are displayed in Figure 4b. The chain hy-
drocarbons in the R position of esters 3 and 4 in-
teract with side chains of the core subdomain and
linker, including Tyr298, Thr276, Glu222, and
Asp200 (Fig. 5). The phenyl ring (position R, of
esters 10 and 11) interacts with the helical subdo-
main of the C-terminal lobe, notably Phe280,
Asp200, and Glu222 (Fig. 5).

Fig. 4. (a) The synthase esters in the active sites of type | macrolide 2'-phosphotransferase (PDB: 5igi);
and (b) Hydrogen- and hydrophobic-bond surface of MPH (PDB: 5igi) with ester 10

Fig. 5. (a) The docked 2D pose of ester 4 with MPH (PDB: 5igi). (b) The docked 2D pose of ester 10 with MPH (PDB: 5igi)

Maced. J. Chem. Chem. Eng. 41 (1) 47-64 (2022)
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The results of the antibacterial activity and
docking studies revealed that the substitution of the
hydroxyl group in position Rz by bulky groups is
favorable for increasing the antibacterial activity;
this could be explained by the hydrophobic interac-
tions in the MPH active site (Fig. 5). Comparison
of results of esters 1, 3, and 6 shows the apparent

Table 5

dependency between inhibition potency of these
compounds and their propensity to bind to this
pocket. From the docking study, we predicted that
MDG esters 3—7 and 9-12 would possess better
antibacterial activity than the standard drug due to
the good binding affinity with the target protein
and could be used as potential antimicrobial drugs.

Molecular docking, binding scores, and binding interaction of the synthase esters and the standard drug
azithromycin in the active sites of type | macrolide 2'-phosphotransferase (PDB: 5igi)

Compounds ~ Binding energy  H.pond DISE;.FICE Interaction hydrophobic
(kcal/mol) (A)
3 -10.11 Lys158 2.81 Phe280, Thr276, Asp200, Gly273, Gly199, Phe272, 11e230,
Arg224 3.30 Arg150, Glu22, Asp35, Tyr289
Arg269 2.90
4 -11.11 Ty289 3.17 Phe280, Thr276, Asp200, 11e38, Arg224, Glu22, Asp35,
Tyr289, His205.Tyr202, 1le40, Thr28, Tyr277, Arg269
5 -8.31 Tyr289 3.35 Phe280, Asp200, Ser221, Tyr36, Arg52, His205, Asp219,
Asn30, Gly33, 11e38, Ser109, Leu32, Glu222
7 -8.99 kel wxx Met273, GIn296, Tyr277, Thr276,Phe272, Gly199, Arg269,
Arg224,Ala234, Asp200, Tyr202, Met103
9 -10.33 His205 2.97 Asp219, Asn30, Gly33, 11e38, Ser109, Leu32, Glu222,
Asp200 2.97 Leu279, Glu22, Asp162, Tyr36, Met96, Thr101
10 -11.51 11105 2.90 Phe280, Asp200, Ser221, Tyr36, Arg52, His205,
Asp219,Thr101, Tyr202, 11e218, Thr28, Tyr277, Met108
11 -8.11 Tyr202 3.61 Leu201, Tyr277, Thr277, Thr276, Asp200, Glu222,
Phe280, Asp25
12 -8.64 Arg224 3.06 Phe280, Thr276, Asp200, Glu22, Asp35, Ser221, Tyr36,
Arg269, Lys158, Lys62
Azithromycin -8.10 Tyr289 3.59 Gly204, Met103, Ser109, GIn10, 1le105, Tyr202, Gly108,

Tyr3, Asp209, Phe280, Arg52

NB; Tyr = Tyrosine, Cys = Cysteine, Gly = Glycine, His = Histidine, Arg = Arginine, Leu = Leucine, Met = Methionine,
Ile = Isoleucine, Ala = Alanine, Asn = Asparagine, Thr = Threonine, Ser = Serine, GIn = Glutamine, Phe = Phenylalanine,

Lys = Lysine, Glu = Glutamic acid, Asp = Aspartic acid.

3.4. Prediction of the pharmacokinetic properties
and toxicity

In an attempt to predict the pharmacokinetic
properties such as the ADMET of the compounds,
we used the pkCSM ADMET descriptors algo-
rithm protocol. Drug absorption depends on vari-
ous factors, including membrane permeability [in-
dicated by the cell line of colon cancer (Caco-2)],
intestinal absorption, skin permeability thresholds,
substrate or inhibition of P-glycoprotein. A value
of intestinal absorbance below 30 % suggests poor
absorbance. According to the results in Table 6, all
compounds show excellent absorption, with ab-
sorption values of >30.

Skin permeability is an important considera-
tion in improving drug efficacy and is of particular
interest in the development of transdermal drug
delivery. A molecule will barely penetrate the skin
if logKp is > —2.5 cm/h.*® From Table 6 it can be
seen that the skin permeabilities, Kp, of all MDG
esters were —2.731 cm/h (< —2.5). Therefore, it can
be predicted that all derivatives would show good
skin penetrability. For the pkCSM predictive mod-
el, high Caco-2 permeability is translated into pre-
dicted logPapp values of >0.90 cm/s.* As Table 6
shows, the value of Caco-2 permeability (log Papp)
of the MDG esters ranged from —4.1 to —2.3 cm/s,
i.e., logPapp < 0.9 cm/s, so it is predicted that these
have low Caco-2 permeability.
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Table 6
In silico prediction of absorption of MDG esters
Compounds Water solubility Caco-'2' Intestir]al Skin. )
(log mol/l) permeability absorption permeability
3 -2.931 0.850 100 -2.735
4 -2.735 0.778 100 -2.735
5 -2.931 0.850 100 -2.735
7 —2.892 -0.691 100 -2.735
9 -2.91 -0.691 100 -2.735
10 -2.89 —0.852 100 -2.735
11 —2.952 0.486 88.709 -2.735
12 —2.962 0.486 88.691 -2.735

In the discovery of orally administered
drugs, solubility is one of the major descriptors.
High water solubility is useful for delivering active
ingredients in sufficient quantity in a small volume
of pharmaceutical dosage. The values of water sol-
ubility are given in log(mol/l) (insoluble <-10 <
poorly soluble < —6 < moderately soluble < 4 <
soluble < —2 < very soluble < 0 < highly solu-
ble).2¢-38 The results are shown in Table 6 and sug-
gest that the tested esters are soluble.

Distribution volume (\Vd) is a pharmacokinet-
ic parameter reflecting the tendency of an individual
substance to either linger in the plasma or to be re-
distributed to another tissue compartment. Accord-
ing to Pires et al.* VDss is considered low if it is
below 0.71 I/kg (log VDss < —0.15) and high if it is
above 2.811/kg (log VDss > 0.45); it is shown in
Table 7 that the VDss-value of MDG esters ranged
from —1.66 to —0.7, with only one compound having
a VVDss-value of <-0.15 (ester 7).

Table 7
In silico prediction of distribution and excretion of MDG esters
Distribution Excretion
Compounds BBB CNS Total Renal OCT?2
VDss permeability permeability clearance substrate

3 —0.964 -2.382 -1.932 0.987 No

4 -1.492 -2511 -1.862 1.178 No

5 -0.964 -2.361 -1.944 0.955 No

7 -0.014 -4.900 -1.782 0.500 No

9 -1.288 —2.697 -2.096 1.668 No

10 -1.661 -2.827 -2.026 -1.761 No

11 -0.784 -2.627 —2.551 -0.114 No

12 -0.784 -2.627 -2.551 -0.114 No

The blood-brain partitioning and brain dis-
tribution are critical properties for drugs targeting
the central nervous system. Compounds showing
logBB < -1 are considered poorly distributed in
the brain. From Table 7 it can be seen that the
logPS (the central nervous system, CNS, permea-
bility) value of MDG esters ranges from —1.7 to
-2.5, i.e., logPS < -3 which predicts that all de-
rivatives of the compound would be unable to pen-
etrate the CNS. It can be seen in Table 7 the log

Maced. J. Chem. Chem. Eng. 41 (1) 47-64 (2022)

CLtot value of MDG esters ranges from —-1.7 to
1.6 ml/min/kg; from those values can be predicted
the rate of excretion of the compound. Metabolism
is considered based on the CYP models for sub-
strate  or inhibition (CYP2D6, CYP1A2,
CYP2C19, and CYP3A4). It was established (Ta-
ble 8) that all MDG esters do not affect or inhibit
all the enzymes, so it can be concluded that all the
esters tend to be metabolized in the body by the
P450 enzyme.
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Table 8

In silico prediction of metabolism of MDG esters

Table 9

In silico prediction of toxicity of MDG esters

Compounds CyplA2 Cyp2C19 Cyp2D6 Cyp3A4
3 No No No No
4 No No No No
5 No No No No
7 No No No No
9 No No No No
10 No No No No
11 No No No No
12 No No No No

The model provided by pkCSM pharmaco-
kinetics predicts the total clearance log(CLtot) of a
given compound in log(ml/min/kg). The larger the
CLtot value of the compound, the faster the excre-
tion processes. The results for the esters are de-
scribed in Table 9, and their high LD50 values
(2.3-2.5) suggest that they are lethal only in very
high doses. The negative result in the AMES test
suggests that the compounds could not be muta-
genic. The results also suggest that all compounds
tested may not inhibit the hERG channel and may
not cause skin sensitization.

Table 10

Compounds tgql?:y inﬂii)ﬁgtlilt)n LD50 sens?tli(égtion
3 No No 2.392 No
4 no no 2.442 no
5 No No 2.375 No
7 No No 2.482 No
9 No No 2.403 No
10 No No 2.458 No
11 No No 2.522 No
12 No No 2.522 No

LD50 = Lethal Dose 50 (oral rat acute toxicity; mol/kg)

The modified MDG esters were also evalu-
ated with the SwissADME web tool for their drug-
likeness, which is crucial for rational drug design.
Generally, drug-likeness is evaluated using
Lipinski's rule of five.** The MDG esters 2 and 8
fulfill all the conditions of Lipinski's rule of five
(Tables 10 and 11).

Drug-likeness prediction of the MDG esters based on Lipinski, Muegge Ghose, Veber, and Egan

Molecular

Compounds weights HBA Lipinski Muegge Veber Egan Ghose
1 194.18 6 Yes No Yes Yes No
2 377.18 7 Yes Yes Yes Yes Yes
3 924.09 10 No No No No No
4 1008.25 10 No No No No No
5 792.84 10 No No No No No
6 792.84 10 Yes Yes No No No
7 857.82 10 Yes Yes No No No
8 343.29 9 Yes Yes No No No
9 890.19 12 No No No No No
10 974.35 12 No No No No No
11 758.94 12 Yes Yes No No No
12 758.94 12 Yes Yes No No No
Azithromycin No No No No No

HBA = Hydrogen-bond acceptor

However, topological polar surface area
(TPSA) is likewise employed as a contributing fac-
tor for oral absorption and blood-brain barrier
permeation capacity; the screened drug-likeness of
a molecule should have a TPSA of 20-130 A2. The
SwissADME web tool prediction revealed that on-
ly esters 8-12 violated this TPSA standard and all

others esters 2—7 are anticipated to be orally bioa-
vailable. In addition, Pan-assay Interference
(PAINS) tests revealed no violation by these MDG
esters. PAINS are chemical compounds that often
give false-positive results in high-throughput
screens.
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Table 11
Lipinski's properties of modified MDG esters
Compounds ooicviity - seore a0 S retraenity
1 4.30 0.55 0 99.38 1.00 40.47
2 4.15 0.55 0 105.45 0.50 77.80
3 8.49 0.17 0 123.66 0.80 251.23
4 9.04 0.17 0 123.66 0.81 270.45
5 5.04 0.17 0 123.66 0.20 181.75
6 5.48 0.17 0 123.66 0.20 181.75
7 6.99 0.17 0 123.66 0.40 224.53
8 4.17 0.55 0 151.27 0.50 78.93
9 8.9 0.17 0 169.48 0.80 247.54
10 9.22 0.17 0 169.48 0.82 276.38
11 5.58 0.17 0 169.48 0.20 182.87
12 5.52 0.17 0 169.48 0.20 182.87
Azithromycin 8.91 0.17 0 108.08 0.97 8.91

Csp3 = “the ratio of sp® hybridized carbons over the total carbon count of the molecule (Fraction Csp3)”
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Therefore, all new MDG esters designed
showed a somewhat standard value and were ac-
ceptable regarding the persistence of the drug in
the body. Moreover, it is necessary to examine
whether the predicted compounds are nontoxic
because this plays a critical role in drugs selection.
Bioactivity radar charts of the MDG esters (Fig. 6)
revealed the promising pharmacokinetic profiles of
all candidates. Overall, the new molecules de-
signed present good pharmacokinetic properties.
The designed esters were also evaluated for their
synthetic accessibility, and the synthetic accessibil-
ity values for all designed MDG esters were be-
tween 4 and 9; therefore, it may be suggested that
they are easily synthesized.

4. CONCLUSIONS

In this study, several monosaccharide fatty-
acid (i.e., MDG) esters were analyzed successfully
in silico for their antimicrobial, molecular docking,
pharmacokinetic, drug-likeness, and toxicity prop-
erties. Insertion of various aliphatic and aromatic
groups in the MDG structure could significantly
improve their biological activity mode. PASS pre-
dictions of the MDG esters 2-12 were 0.60 < Pa <
0.69 for antibacterial and 0.47 < Pa < 0.55 for anti-
fungal activity which revealed the antibacterial
potency of the modified esters. However, molecu-
lar docking was effectively employed to suggest
the best antibacterials against macrolide phos-
photransferase enzyme MPH. The MDG esters
showed an interesting range of binding affinity, of
-5.50 to —11.51 kcal/mol, and including several
non-covalent interactions, such as hydrogen-
bonding, hydrophobic, and electrostatic interac-
tions. These blind molecular docking analyses may
provide a potential approach for the application of
antibacterial drugs as expected inhibitors of macro-
lide phosphotransferase enzyme MPH. Finally,
these esters were analyzed for their pharmacokinet-
ic properties, which revealed that the combination
of toxicity prediction, in silico ADMET prediction,
and drug-likeness were promising because most of
the designed molecules showed improved kinetic
parameters and conformed to all drug-likeness
rules as well as presenting interesting results in
terms of biological activity. So, it could be con-
cluded that most of the antibacterials showed
promise and could be used in the design of effec-
tive antibacterial drugs against macrolide phos-
photransferase enzyme MPH. In this promising
investigation, more in vitro and in vivo drug-
likeness studies, such as nontoxic concentration

toward healthy cells, may be conducted in the near
future.
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