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ABSTRACT 
Monosaccharide esters have great importance in the field of carbohydrate chemistry because of its effective-

ness in the synthesis of biologically active products. As a consequence, the chemistry and biochemistry of car-

bohydrate derivatives are an essential part of biochemical and medicinal research. Modification of the hydrox-

yl (-OH) group of monosaccharides by acylation increases their biological activity. In this study, we have opti-

mized a monosaccharide molecule, methyl β-D-galactopyranoside (MGP, 1), and some of its acylated esters 

employing density functional theory (DFT). All designed esters are optimized at the B3LYP/3-21G level of 

theory. Electronic energies, enthalpies, Gibbs free energies, heat capacity, entropy, molar refractivity, polariza-

bility dipole moments, HOMO-LUMO gaps, density of states (DOS) and molecular electrostatic potential 

(MEP) of these modified compounds are also investigated in the subsequent analysis. Then compound (8), 

which showed a positive test on EAC cell, was subjected to molecular docking analysis with human poly 

[ADP-ribose] polymerase1 protein 4ZZZ to investigate the molecular interactions widely. Finally, ADMET 

analysis hints that modified derivatives of MGP (1) are less toxic and have improved pharmacokinetic proper-

ties than those of the parent drug. 
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1. INTRODUCTION 

Carbohydrates (named also sugars or saccharides) 

are the most abundant biomolecules in nature and 

they are often conjugated with proteins 

(glycoproteins) or lipids (glycolipids). These mole-

cules play different roles in the cells, and for this 

reason, recent studies are focused on carbohydrates 

as a selective mediator in the molecular recognition 

processes. They are involved in physiological and 

pathological events and a variety of intra- and extra-

cellular events. In most of the cases, the initial con-

tacts of saccharides with cells take place at cell-cell 

and cell-matrix level [1, 2]. However, modifications 

to the regular cell glycosylation pattern are often 

observed during pathological conditions, for exam-

ple in inflammation and cancer development. There-

fore, glycans have become a topic of major interest 

to develop diagnostic tools or therapeutic drugs [3, 

4]. Several carbohydrate-based drugs are currently 

being used to treat several diseases; the most illus-

trative examples are antibiotics and antivirals [5]. 

For decades, aminoglycosides, inhibitors of bacteri-

al protein synthesis, have been used as antibiotics 

especially for infections by aerobic Gram-negative 

bacteria [6]. Glycans are also related to metabolic 

drugs e.g., diabetes mellitus type I [7] and type II 

diabetes [8]. 

 

To date, several sugar-based drugs have already 

been developed and currently employed as thera-

peutics, diagnostics, vaccines, and many more are 

expected to come in the next few years. Glycan di-

versity depends on the monosaccharides (basic unit 

of saccharide) which are made by, on the linkages 

that connect monosaccharides (glycosidic linkage), 

and on other factors such as the anomeric effects, 

the orientation of all the torsional angles [9, 10], and 

the intramolecular hydrogen bonding between adja-

cent OH groups [11]. Therefore, it is of paramount 

importance to predict and characterize their confor-

mational and structural properties in a systematic 

manner. Computational techniques have proven to 

be essential in this aspect [12]. 

 

In this study, we have modified the hydroxyl (-OH) 

group of methyl β-D-galactopyranoside (MGP, 1) 

(Fig. 1) by some acyl substituents (including aro-

matic and heteroaromatic group) [13] and these 

modified esters are optimized to realize their ther-

mal, electrical stability and biochemical behavior 

based on quantum mechanical methods. The free 

energy, enthalpy, entropy, heat capacity dipole- mo-

ment, HOMO-LUMO gap, DOS plot, polarizability, 

molar refractivity, and molecular electrostatic po-

tential have been calculated to compare their ther-

mal and chemical characteristic. Compound (8), 

which showed a positive result on test with EAC 

cell i.e. anti-cancer activity [13] was subjected to 

molecular docking to understand the nonbonding 

interactions, binding affinity, and binding mode 

with the receptor protein (4ZZZ). Finally, pharma-

cokinetic enumeration has been performed to com-

pare their absorption, metabolism, and toxicity. The 

prime intention of our investigation was to under-

stand the thermodynamic, molecular orbital, binding 

mode, molecular electrostatic potential, physico-

chemical and, ADMET properties (MGP, 1) and its 

esters. 

Fig. 1 Chemical structure of the methyl β-D-

galactopyranoside (MGP, 1). 

 

2. MATERIALS AND METHODS 

2.1. Designing and Optimization of MGP Esters 

In computational chemistry, quantum mechanical 

methods are widely used to calculate thermal, mo-

lecular orbital and molecular electrostatic properties 

[14]. Geometry optimization and further modifica-

tion of all MGP (1) esters are carried out using the 

Gaussian 09 program [14]. Density functional theo-
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ry (DFT) with Beck’s (B) [15] three-parameter hy-

brid model, Lee, Yang, and Parr’s (LYP) [16] corre-

lation functional under 3-21G basis set has been em-

ployed to optimize and predict their thermochemical 

and molecular orbital properties. Dipole moment, 

enthalpy, free energy, entropy, heat capacity, molar 

refractivity, and polarizability were calculated for 

all the compounds. Besides this, electrostatic poten-

tial calculated for MGP (1) and its four esters. Fron-

tier molecular orbital features HOMO (highest occu-

pied molecular orbital), LUMO (lowest unoccupied 

molecular orbital) were counted at the same level of 

theory. For each of the MGP (1) esters, HOMO-

LUMO energy gap, hardness (η), and softness (S) 

were calculated from the energies of frontier HO-

MO and LUMO as reported considering Parr and 

Pearson interpretation of  DFT and Koopmans theo-

rem [17] 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). 

 

 

 

 

 

2.2. Preparation of Protein and Molecular Dock-

ing 

The three-dimensional crystal structure of human 

PARP1 (PDB ID: 4ZZZ) was retrieved in pdb for-

mat from the protein data bank [18]. All hetero at-

oms and water molecules were removed using 

PyMol (version 1.3) software packages [19]. Swiss-

Pdb viewer software (version 4.1.0) was employed 

for energy minimization of the protein [20]. Then 

optimized drugs were subjected for molecular dock-

ing study against human PARP1 protein (4ZZZ). In 

computer-aided drug design, molecular docking 

simulation can predict the binding affinity and mode

(s) of ligand with target protein [21]. In fine, molec-

ular docking simulation was rendered by PyRx soft-

ware (version 0.8) [22] considering the protein as 

macromolecule and the drug as ligand. Autodock-

Vina was employed for docking analysis, and Auto-

Dock Tools (ADT) of the MGL software package 

was used to convert pdb into a pdbqt format to input 

protein and ligands. The size of the grid box in Au-

toDockVina was kept at 52.1251, 58.4212, and 

61.7939 Å  for X, Y, Z directions respectively. After 

the completion 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 nonbonding interactions between ligands 

and amino acid residues of receptor protein [23]. 

 

2.3. Pharmacokinetic Parameters Analysis  

To check the pharmacokinetic parameters and tox-

icity of the modified MGP (1) esters and parent 

compound, the admetSAR server was utilized [24]. 

All the latest and most extensive manually curated 

data predicted by admetSAR with help of structure 

uniformity search methods for various chemicals 

linked with known ADMET schemes. For ADMET 

analysis, the admetSAR program was used in which 

96000 matchless compounds with 45 types of AD-

MET-associated parameters, proteins, and organ-

isms have been cautiously curated from a massive 

number of diverse literature. Although it is quite 

difficult to verify all of these compounds and to 

know whether this program included thymidine-

based drugs or not, well known Pt-based cisplatin 

and carboplatin as well as metal-based drugs ap-

proved in the FDA and in clinical trials as test can-

didates to verify our MGP (1) esters. Moreover, 

some physicochemical properties (molar refractivi-

ty, molecular weight) are also calculated from the 

swissADME server.   

 

2.4. Strategies and Optimization of Designed 

MGP (1) Esters  

 The newly modified esters of MGP (1) used in this 

study were designated according to the reactions 

scheme. MGP (1) and its esters (2-10) were desig-

nated and optimized in the quantum mechanical 

method. In the Fig. 2 represented the optimized 

structure of MGP (1) esters.  
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Fig. 2 Optimized structure of MGP (1) and its esters (2-

10). Optimized with DFT-B3LYP/3-21g. 

 

3. RESULTS AND DISCUSSION 

3.1. Characterization 

We have modified a group of MGP (1) esters (Fig. 3) and 

attempt to performed computational study to realize the 

mode of their different properties. Gaussian 09 is a way 

of molecular modeling program which consents to devel-

op and analyze diverse molecular structures and deter-

mine their thermophysical, thermo-chemical, frontier 

orbital, and molecular electrostatic potential. To perform 

this work, core i7 computer and Gaussian 09 software 

were employed and the optimized structures are provided 

in Fig. 2. To setup reactivity computing based on Gaussi-

an 09, molecular symmetry is a very potent tool. Molecu-

lar optimization revealed that all modified derivatives 

containing more than one symmetry axis. The molecules 

belong to the class asymmetry, and non-planar and they 

have two or more elements of symmetry and the plane of 

the molecule. 

Fig. 3 Chemical structures of the MGP (1) esters 2-10. 

 

3.2. Thermochemical Analysis 

Usual alterations of the molecular structure significantly 

influence the structural properties including thermal and 

molecular orbital parameters. Spontaneously of a reaction 

and stability of a product can be elucidated from the free 

energy and enthalpy values [25]. Highly negative values 

are more suitable for thermal stability. In computational 

molecular modeling, the dipole moment influences non-

bonded interactions hydrogen bond formation smoothly. 

Binding property can also be improved by the increasing 

of dipole moment [26]. Table 1 represents the thermo-

chemical properties of methyl β-D-galactopyranoside and 

it’s all synthesized esters. The highest free energy is (-

3655.5316 Hartree) observed for ester 10 which also 

showed the highest enthalpy (-3655.3896 Hartree), high-

est electronic energy (-3655.3906 Hartree) and the high-

est dipole moment (15.7081Debye). 
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In Table 2 represents some other thermophysical 

properties where the compound (8) showed the high-

est value for molar refractivity, polarizability, heat 

capacity, and entropy. Presence of bulky acylating 

groups also suggesting the possible improvement of 

polarizability. In Table 1 and Table 2, the values of 

all the properties increase with the increase of molec-

ular weight from compound (2) to (8) and these esters 

contain long-chain acyl substituents. This analysis 

may reveal that with the increased molecular weight 

of MGP (1) esters, their stability may increase. But in 

the case of compound (9) and (10), which heteroaro-

matic ring showed the highest value for energies than 

the long-chain acyl substituents. In a word, all the 

esters showed better characteristics than the parent 

molecule (1). 

  

3.3. Molecular Orbitals Analysis 

The frontier molecular orbitals are the most important 

orbitals in a molecule and they are considered to char-

acterize the chemical reactivity and kinetic stability 

(Table 3). These frontier molecular orbitals are 

known as the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital 

(LUMO) (Fig. 4). 

Table 1. Molecular formula, Molecular weight (g/mol), Electronic energy, enthalpy, Gibbs free energy 

(Hartree) & dipole moment (Debye) of MGP (1) esters 

Compounds 
no. 

Molecular 
formula 

Molecular 
weight 

Electronic 
energy 

Enthalpy 
Gibbs free 

energy 
Dipole mo-

ment 

1 C7H14O6 194.18 -722.2093 -722.2084 -722.2608 4.7712 

2 C12H22O7 278.30 -991.2505 -991.2495 -991.3208 3.8025 

3 C18H28O10 404.41 -1446.5981 -1446.5972 -1446.6928 4.0591 

4 C21H34O10 446.49 -1563.7944 -1563.7934 -1563.8927 4.1739 

5 C24H40O10 488.57 -1681.0208 -1681.0198 -1681.1321 3.1126 

6 C39H70O10 698.97 -2267.0782 -2267.0773 -2267.2356 2.5455 

7 C54H100O10 909.37 -2853.1492 -2853.1482 -2853.3563 3.3707 

8 C60H112O10 993.53 -3249.3087 -3249.3078 -3249.4455 5.3101 

9 C33H31Cl3O10 693.95 -3390.6553 -3390.6543 -3390.7839 5.0127 

10 C30H34O13S3 698.78 -3655.3906 -3655.3896 -3655.5316 15.7081 

Table 2. Molar refractivity (Å3), Polarizability (a.u.), Heat capacity (cal/mol-kelvin), Entropy (cal/mol-kelvin) 

and Total energy (Hartree) 

Compounds Molar Refractivi-
ty 

Polarizability Heat capacity Entropy Total energy 

1 40.47 85.3296 49.303 110.240 -722.4470 

2 64.36 138.3413 77.785 149.967 -991.6197 

3 93.58 201.4366 113.232 201.255 -1447.0918 

4 108.00 232.8350 123.704 208.931 -1564.3807 

5 122.42 263.6293 140.956 236.339 -1681.6970 

6 194.52 415.4296 212.121 333.346 -2268.2077 

7 266.63 570.1433 283.525 437.868 -2854.7312 

8 295.47 631.8790 314.425 469.859 -3250.0814 

9 168.31 383.7566 166.283 272.731 -3391.2924 

10 161.98 424.9966 191.798 298.880 -3656.0891 
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The electronic absorption relates to the transition 

from the ground to the first excited state and 

mainly described by one electron excitation from 

HOMO to LUMO [27]. Kinetic stability increas-

es with the increase of the HOMO-LUMO gap. 

As a result, the removal of electrons from ground 

state HOMO to excited state LUMO requires 

more energy. Table 3 represents the values of 

orbital energies, along with the two global chem-

ical descriptors, hardness, and softness, which 

are also calculated for all compounds. The high-

est softness was observed for the compound (9). 

Compound (9) also showed the lowest HOMO-

LUMO gap (4.3552 eV) and hardness 

(2.1776eV), indicating the molecule is more re-

active than other compounds, according to 

Hoque et al [28, 29]. On the other hand, com-

pound (3) showed the highest HOMO-LUMO 

gap (6.8730 eV) which less than our parent com-

pound MGP (1) (7.5679 eV) which indicates that 

ester (3) closely stable as parent compound (1). 

Fig. 5 represents the density of states (DOS) plot 

for the highest and lowest energy gap of the 

modified derivatives.  

Fig. 4 Molecular orbital distribution diagram of 

HOMO & LUMO of (1) and ester (3). 

 

In Fig. 4, the LUMO diagram of the compound 

(3) showed that the electron was localized at the 

modified acylating group regions only, while the 

HOMO diagram showed that the electron was 

localized on the upper part of both the monosac-

charide ring and acyl substituents. 

Table 3. Energy (eV) of HOMO, LUMO, energy gap, hardness and softness of esters 

Compounds εHOMO εLUMO Gap Hardness (η) Softness (S) 

1 -6.1918 1.3761 7.5679 3.7839 0.2643 

2 -6.5189 -0.0474 6.4715 3.2357 0.3091 

3 -7.0076 -0.1346 6.8730 3.4365 0.2909 

4 -6.7812 -0.1806 6.6006 3.3003 0.3031 

5 -6.8892 -0.1690 6.7202 3.3601 0.2976 

6 -6.9978 0.1268 6.8710 3.4355 0.2911 

7 6.8974 -0.4283 6.4691 3.2345 0.3092 

8 -6.4016 -1.8344 4.5672 2.2836 0.4379 

9 -6.2307 -1.8755 4.3552 2.1776 0.4593 

10 6.7488 -1.7865 4.9623 2.4812 0.4031 
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3.4. Molecular Electrostatic Potential (MEP) 

Analysis 

Molecular electrostatic potential (MEP) is globally 

preferred as a map of reactivity that exhibits the most 

probable region for organic molecules to performing 

electrophilic and nucleophilic reactions of charged 

points like reagents [30]. It helps to interpret the bio-

logical recognition process and hydrogen bonding 

interaction [31]. MEP counter map provides a simple 

way to predict how different geometry could interact. 

The MEP of the title compound is obtained based on 

the B3LYP with basis set 3-21G optimized result and 

shown in Figure 5. The prime significant of MEP is 

that it simultaneously displays positive, negative, and 

neutral electrostatic potential regions as well as mo-

lecular size, shape by color grading, and very helpful 

in the study of molecular structure with physico-

chemical features relationship [32]. Molecular elec-

trostatic potential (MEP) was calculated to forecast 

the reactive sites for electrophilic and nucleophilic 

attack of the optimized structure of MGP (1) esters 3, 

6, 9, and 10 (Fig. 6). The different colors of electro-

static potential indicate different values. Potentiality 

of attacking zone decreases in the sequence of blue ˃ 

green ˃ yellow ˃ orange ˃ red. The maximum nega-

tive area is displayed by red color where electrophiles 

can easily attack and the maximum positive area indi-

cated by blue color which is suitable for nucleophilic 

attack. Moreover, the green color showed the zero 

potential zones. 

Fig. 6 Molecular electrostatic potential map of MGP 

(1) esters of 3, 6, 9, and 10. 

Fig. 5 DOS plot and HOMO-LUMO energy gap of the compounds (3) and (9). 
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3.5. Molecular Docking Analysis 

As compound (8) showed anti-cancer activity on 

EAC cell [13], that’s why it subjected to molecu-

lar docking against receptor protein 4ZZZ to 

check its binding mode. Molecular docking anal-

ysis reveal that, compound (8) showed higher 

binding affinity (-6.9 kcal/mol) than the parent 

compound MGP (1). It has been seen from the 

structural contrast compound (8) has four addi-

tional acyl substituents in the monosaccharide 

ring, providing a high density of electron in the 

molecule leading to the highest binding affinity 

(Fig. 7). To predict the shape and behavior of 

molecules nonbonding interactions are often-

times used (Fig. 8). Among all sorts of nonbond-

ing interactions such as CH/O, CH/N, and CH/π, 

the CH/O is the most noted interaction found in 

the drug-protein interactions. Parent MGP (1) 

molecule showed interactions with glycine moie-

ty of the protein including one intensive interac-

tion within shorter distance 2.11116Å. Besides, 

methionine and tyrosine interactions are ob-

served where methionine exhibited a closed dis-

tance (2.14398 Å) interaction due to the interac-

tion of branched alkyl chain with monosaccha-

ride ring. In contrast with parent molecule (1), 

compound (8) exhibited mostly hydrophobic in-

teractions such as alkyl and Pi-Alkyl. Again, 

compound (8) showed most interactions in the 

case of glutamine with a closed distance 2.37494 

Å. Moreover, hydrogen and hydrophobic both 

types of interaction observed in the case of de-

rivative (8). From molecular docking analysis, 

the major and common residue of 4ZZZ active 

site is Met890 and Tyr907 from diverse non-

bonding interactions with the ligand in Table 4. 

Fig. 7 Docked conformation of ester 8 at inhibi-

tion bounding site of 4ZZZ. 

Table 4. Binding affinity (kcal/mol) and nonbonding interactions of MGP (1) and ester (8) 

Compounds Protein Binding affinity Residues in contact Interaction types Distance  (Å) 

  

  

1 

  

  

4ZZZ 

  

  

-4.6 

GLY888 
Conventional H-

Bond 
2.11116 

TYR907 
Conventional H-

Bond 
2.94769 

MET890 
Conventional H-

Bond 
    2.3132 

MET890 
Conventional H-

Bond 
2.14398 

  

  

8 

  

  

4ZZZ 

  

  

-6.9 

GL N759 
Conventional H-

Bond 
2.37494 

GLN759 C-H Bond 3.38979 

MET890 Alkyl 4.52133 

LYS903 Alkyl 4.88986 

LEU985 Alkyl 4.55185 

TYR907 Pi-Alkyl 4.92231 
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3.6. ADMET Analysis 

Pharmacokinetic properties have been enumerated to compare the absorption, metabolism, and toxicity 

of all modified MGP (1) esters. AdmetSAR calculation (Table 5) predicts these monosaccharide deriv-

atives are non-carcinogenic and possess category III oral toxicity, so MGP (1) esters can be suggested 

to be relatively harmless for oral administration. All drugs are P-glycoprotein non-inhibitor where P-

glycoprotein inhibitor can obstruct the absorption, permeability, and retention of the drugs. All drugs 

exhibit favorable positivity allowing for the blood-brain barrier. However, all the MGP (1) esters have 

shown weak inhibitory characteristics for human ether –a go-go-Related Gene (hERG). Inhibitory 

characteristic of hERG can lead to long QT syndrome [33], that’s why further investigation is required 

on this aspect. 

Fig. 8 Non-bonding interactions of MGP (1) and ester (8) with the amino acid residues of 4ZZZ generated by 

Discovery Studio. 

Table 5. Pharmacokinetic properties of MGP (1) esters 

Compound  No. BBB 
Human intesti-

nal absorption 

P-glycoprotein 

inhibitor 
hERG Carcinogen 

Acute oral 

toxicity 

1 +(0.8193) +(0.9782) NI(0.9612) WI(0.5371) NC(0.9857) III 

2 +(0.8193) +(0.9782) NI(0.9612) WI(0.5371) NC(0.9857) III 

3 +(0.9479) +(0.6389) NI(0.5963) WI(0.5051) NC(0.9000) III 

4 +(0.9532) + (0.4042) NI(0.7355) WI(0.4495) NC(0.8714) III 

5 +(0.9634) + (0.4042) NI(0.7641) WI(0.4627) NC(0.8714) III 

6 +(0.9667) + (0.4042) NI(0.7949) WI(0.4091) NC(0.8714) III 

7 +(0.9693) +(0.8102) NI(0.7553) WI(0.3916) NC(0.9143) III 

8 +(0.9667) + (0.4042) NI(0.7641) WI(0.6682) NC(0.8714) III 

9 +(0.9606) +(0.9208) NI(0.8798) WI(0.9007) NC(0.8857) III 

10 +(0.9732) +(0.8513) NI(0.8510) WI(0.8055) NC(0.8429) III 

+ = Positive, I = Inhibitor, NI = Non-Inhibitor, WI = Weak Inhibitor, NC = Non-Carcinogenic, III = Category III includes compounds with LD50 greater 
than 500 mg/kg but less than 5000 mg/kg. 
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CONCLUSION 

In this study, the intrinsic stability, thermochemical 

features and biochemical interactions of monosaccha-

ride MGP (1) and its modified esters are studied. The 

most important properties for biological chemistry, 

thermophysical properties, chemical reactivity, and 

molecular orbital study like HOMO, LUMO, HOMO

-LUMO gap, and molecular electrostatic potential in 

molecule were optimized which indicates that it may 

a potential drug molecules. Most of the modified 

monosaccharide derivatives have the HOMO-LUMO 

gap closer to MGP (1) and have exalted pharmacoki-

netic properties than the parent molecule (1). That’s 

why it may be said that some modified compounds 

were may more reactive than thymidine, as the 

showed lower HOMO-LUMO gaps and some may 

stable like MGP (1). The electrostatic potential map 

showed probable electrophilic and nucleophilic at-

tacking zone of some derivatives. Besides that, the 

docked complex of ester (8) and 4ZZZ shows a better 

binding affinity with significant nonbonding interac-

tions than the parent structure. ADMET analysis sug-

gested that the modified esters were less toxic and 

have improved pharmacokinetic scheme than the par-

ent drug. Finally, this study may be useful to realize 

the thermochemical, physicochemical, biological, 

and pharmacological properties of MGP (1) esters. 
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