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      Notable antimicrobial functionality was found with different sugar esters which were also reported to inhibit the multidrug resistant 
pathogens along with promising antimicrobial efficacy, and drug-likeness properties. Recent black fungus outbreak, especially in India, 
along with COVID-19 surmounted the death toll and worsened the conditions severely due to lack of appropriate drugs. Hence, several 
glucofuranose type esters 4-8 were screened against black fungus related protein (2WTP). These molecules, optimized by DFT, showed 
good chemical and biological reactivity values especially with pathogens along with satisfactory ADMET profiles. With the good in vitro 
antifungal activities, these compounds were subjected for molecular docking against the protein of mucormycosis’s pathogens, known as 
black fungus, followed by calculation of inhibition constant, binding energy, and molecular dynamics of the protein-ligand complex. Also, 
logpIC50 or pIC50 was calculated regarding the data for QSAR study. The molecular docking showed that 5-8 had a good binding affinity  
(> -6.50 kcal mol-1) while 7 (-8.00 kcal mol-1) and 8 (-8.20 kcal mol-1) possessed excellent binding affinity. The inhibition constant and 
binding energy of the compounds were found very lower among others with stable complexes in 5000 ns in molecular dynamics. 
Considering all the results, sugar esters 7 and 8 are found to have promising drug properties. 
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INTRODUCTION 
 

Amongst the biomolecules carbohydrates are 
widespread in nature and involved in a plethora of 
biological activities [1]. In spite of good solubility and 
biological functions, several natural carbohydrate 
compounds possess relatively poor binding affinities [2] 
which indicated the necessity of their structural 
modification to improve applicability in various fields 
including drug candidates [3-5]. Modifications for acylation 
of  their  one  or  several  hydroxyl  groups   resulted  in  the 
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formation of carbohydrate esters, termed as sugar esters 
(SEs) [6-7], allowing these molecules to apply in diverse 
synthetic, biological, and pharmaceutical industries [8-11]. 
The SEs, thus produced, also exhibit enhanced chemical 
stability and these new compounds could replace their 
original carbohydrates for novel interaction with target 
enzymes carbohydrate for novel interaction with target 
enzymes showing significant biological interactions [12,13]. 
However, site selective synthesis of such esters has long 
been faced with several inherent challenges [14-16]. The 
major reason is due to the presence of many secondary 
hydroxyl groups with almost similar reactivity and produces 
a  mixture  of SEs instead of site selectivity [17]. During the 
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last century, several suitable methods for selective and 
regioselective esterification were established and could be 
used based on of necessity [18-23].  
    Of the synthetic and natural SEs many glucofuranose 
esters of alkyl-fumarates were reported as suitable for          
the medication of hyper-proliferative, inflammatory or 
autoimmune disorders [24] and can control their solubility 
with different hydrophobic alkyl chains [25]. Protected 
glucofuranose like 1,2,5,6-di-O-isopropylidene-D-glucose 
has been used as an intermediate for the synthesis of many 
natural and synthetic novel bioactive compounds [26-28]. It 
was shown that 3-O-acyl glucofuranoses (Figs. 1a-c), as 
synthesized by Catelani et al. [29], have the potentiality to 
regularize uncontrolled cell growth in erythroid tumor cells. 
Similarly, seprilose type compounds (e.g. 2) are established 
as drugs [30,31]. Additionally, incorporation of alkyl and 
aromatic based acyl groups with glucofuranose and other 
sugar skeletons were reported to increase their antimicrobial 
potentiality especially antifungal efficacy [32-35] and the 
activities were in some cases comparable to the standard 
antibiotics. 
      Black yeast-like fungi provide fascinating applications 
in biotechnology, bioremediation, agriculture, or medicine, 
but it was thought that their infectious abilities might harm 
these efforts [36]. For example, Najafzadeh et al. [36] 
reported that black fungal infection caused brain disease in 
the cats. The observation comes true where recent reports of 
infections with mucormycosis, i.e. black fungus the cats. 
The observation comes true where recent reports of 
infections with mucormycosis, i.e. black fungus [37,38], in 
COVID-19 patients worsen the pandemic situation, 
especially in India. Concurrent attacks of black fungus and 
COVID-19 highly lowers the body's immune defenses [39]. 
Although some drugs like steroids were used in COVID-19 
patients, black fungus reduces steroidal activity and further 
exacerbates the patient’s immune system [40]. In general, 
this soil fungus when goes in through a cut or a burn, can 
cause local infections; when it enters through the sinus, it 
can affect the eyes and eventually, the brain, leading to a 
fatal situation [41]. New drugs for the treatment of both 
these infectious diseases are highly expected. 
      As mentioned earlier that SEs possess better antifungal 
activities  their  efficacy  against  black  fungal  protein  was   

 
 

 
Fig. 1. Structure of glucofuranose ester 1 and 2. 

 

 
Fig. 2. Glucofuranose 3 derived esters 4-8. 

 
studied computationally in considering the present situation. 
Glucofuranose 3 derived several SEs 4-8, as shown in         
Fig. 2, were previously synthesized, characterized, and 
tested against 10 human pathogenic bacteria and 7 fungi 
[42]. Some of these esters showed very well in vitro 
antifungal inhibition, which were comparable to that of the 
standard antibiotic fluconazole [42]. Thus, it is very much 
reasonable to study their binding affinity and binding 
energy against mucormycosis’s pathogens (black fungus; 
PDB ID: 2WTP) along with frontier molecular orbitals 
(FMO), chemical descriptors, drug-likeness, and ADMET 
properties. 

 
EXPERIMENTAL 
 
Preparation of Ligand and Calculation of Chemical 
Reactivity and Descriptors 

The DFT (density functional theory) functional was used 
for molecular optimization using the method vibrational 
frequency from the DMol code of material studio 08 [43-
45]. During the setting of the functionals in DMol code, the 
B3LYP functional and 6-31G++ basis set were used to get 
highly accurate results due to having the electronegative 
atom oxygen. After optimization, the analysis tools were 
used to design the  frontier  molecular  orbitals (HOMO and 
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LUMO), and the magnitude of HOMO, LUMO. The 
optimized molecular structures were saved for further 
computational work, such as molecular docking, molecular 
dynamic, and ADMET as pdf files. The magnitude                      
of chemical reactivity and descriptors are calculated                 
using related accepted equations. Such as- energy gap,                 
Δԑ = ԑLUMO – ԑHOMO; ionization potential, I = ˗ԑHOMO; 
electron affinity, A = ˗ԑLUMO; electronegativity,                      
χ = (I + A)/2; chemical potential, µ = ˗(I + A)/2; hardness, 
ղ  = (I - A)/2; electrophilicity, ω = µ2/2ղ ; softness, S = 1/ղ . 
 
Determination of the Data of ADMET and Lipinski 
Rule 
      Before the molecular docking study, the selected        
drugs were run on SwissADME online database 
(http://www.swissadme.ch) [46] for evaluating their 
Lipinski rule satisfaction. After full satisfaction of           
Lipinski rule, these were selected for molecular             
docking study. Besides, the ADMET properties were 
completed by the online database amdetSAR 
(http://lmmd.ecust.edu.cn/admetsar2) which is the most 
acceptable database for predicting the AMDET (absorption, 
distribution, metabolism, excretion, and toxicity) parameters 
[47,48]. 
 
Method for Molecular Docking 

The starting three-dimensional (3D) structure from 
Protein Data Bank (PDB) with ID: 2WTP was taken for 
docking [49]. After taking the proteins from PDB, these 
were viewed by the PyMOL software version V2.3 
(https://pymol.org/2/) [50]. All water molecules and 
unexpected ligands or heteroatoms were removed to get 
fresh protein, and it was saved as PDB files. The PyRx 
software was used for molecular docking in the term of 
AutoDock Vina. After the molecular docking, the docked 
complexes were taken Discovery Studio version 2017 for 
result analyses and view [51]. 
 
Molecular Dynamic 
      To perform molecular dynamic (MD) simulations, 
NAMD software was used to run interactively with live 
view or in batch mode on a desktop computer [52].         
MD simulation was devoted to underpining the docking          
best  fitting  and  stability  of ligand-protein completes up to 

 
 
5000 ns for holo-form (drug-protein) applying AMBER14 
force field [53]. In the presence of a water solvent, the total 
system was equilibrated with 0.9% NaCl at 298 K 
temperature. A cubic cell was propagated within 20 Å on 
every side of the process and periodic boundary 
circumstances during the simulation. After simulation, the 
root mean square deviation (RMSD) and root mean square 
fluctuation (RMSF) were analyzed using the visual 
molecular dynamics (VMD) software. 
 
Calculation Inhibition Constant (IC50) 
      The software packet MGLtool 1.5.6 was used in the case 
of AutoDock Vina calculation with adding polar hydrogens 
and selective active site of protein. Using this tool, 
inhibition constant (µM), ligand efficiency, internal energy 
(kcal mol-1), van der Waals-hydrogen bonding-desolvation 
energy (kcal mol-1), electrostatic energy (kcal mol-1), torsional 
energy (kcal mol-1), and unbound energy (kcal mol-1) were 
calculated for ligand-protein complex after docking. 

 
Calculation of QSAR 

The ChemoPy (python package) descriptors from 
ChemDes (chemical descriptors) database contain about 633 
descriptors to explain the biological profiles [23]. Using a 
genetic search algorithm and cross-validated by using the 
leave-one-out cross-validation method, the following 
equation was developed where the most eight descriptors, 
correlated with biological activity and molecular dynamic 
study, were characterized. Using multi-linear regression 
(MLR) equations, the model was built to predict the 
quantitative structure-activity relationship (QSAR) [54]. 

Here, pIC50 (Activity) = −2.768483965 +  
0.133928895 × (Chiv5) + 1.59986423 × (bcutm1) 
+ (−0.02309681) × (MRVSA9) + (−0.002946101) ×  
(MRVSA6) + (0.00671218) × (PEOEVSA5) + (−0.1596341
5) × (GATSv4) + (0.207949857) × (J) +  (0.082568569) ×   
(Diameter). 
 
RESULTS AND DISCUSSION 
 
Synthesis and Optimized Structure of 
Glucofuranose 3-8  
      Initially,   bisacetone   D-glucose   was   prepared   from 
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D-glucose, which was subjected to selective 5,6-O-
isopropylidene deprotection and produced compound 3 (Fig. 
2). Direct regioselective stearoylation of 3 under several 
reaction conditions gave 4. Stearoate 4 was then converted 
to 3,5-di-O-acylates 5-8 with four different acylating agents 
[42]. 
      In computational chemistry, it is essential to determine 
the stable configuration of any molecular structure. The 
optimized structures of glucofuranoses 3-8, obtained from 
the DFT B3LYP functional and 6-31G++ basis set, are 
added in Fig. 3. The optimized structures of these molecules 
indicated that they have almost the same symmetry. These 
optimized stable structures are the root of all other computer 
aided studies.  
 
Molecular Orbitals and Chemical Reactivity 
Descriptors 

The chemical descriptors generally carry a special 
significance for any organic compound or biologically 
active molecule. The magnitude of ԑLUMO, ԑHOMO and 
energy gap (Δԑ), ionization potential (I), electron affinity 
(A), chemical potential (µ), electronegativity (χ), hardness 
(ղ ), electrophilicity (ω) and softness (S) of the six 
molecules 3-8 are presented in Table 1. These data were 
calculated by DFT functions.  

The smaller the energy gap Δԑ the greater the reactivity 
for a molecule. Here, the addition of ester group(s) 
gradually decreased Δԑ than the non-ester 3, and thus, these 
esters 4-8 can easily participate in chemical reactions [55-
57]. The highest electrophilicity index ω value for 7  
(13.573 eV) and 8  (15.534 eV)  indicated  them as  stronger 
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Fig. 3. DFT optimized structures of glucofuranose 3-8  

                (without H atoms). 
 

 
electrophiles among the compounds. From Table 1, it can be 
seen that the lowest value of softness is found for non-ester 
3 (0.196 eV), whereas with the addition of ester groups, as 
in 4-8, its softness increased (~0.300 eV) and inversely 
hardness decreased. Overall, the ester compound’s (4-8) 
hardness decreased by ~1.5-2.0 eV than the glucofuranose 
3. Thus, according to the maximum hardness principle, 
these compounds 4-8 should be more reactive, should have 
better biological activity, and have greater acceptability to 
use as medicine against any pathogens [58,59]. 
 
Frontier Molecular Orbital: HOMO and LUMO 
      The DFT method has been used to determine the 
HOMO and LUMO orbital diagrams. HOMO generally  
refers  to  the  maximum  amount  of  electron density in the 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Frontier Molecular Orbitals and Reactivity Descriptor Analysis of 3-8 
  

Mol ԑLUMO 
(eV) 

ԑHOMO 
(eV) 

Δԑ 
(eV) 

I 
(eV) 

A 
(eV) 

µ 
(eV) 

η 
(eV) 

χ 
(eV) 

ω 
(eV) 

S 
(eV) 

3 -0.697 -10.902 10.205 10.90 0.697 -5.799 5.102 5.799 3.295 0.196 
4 -1.595 -8.093 6.522 8.093 1.595 -4.844 3.249 4.844 3.611 0.307 
5 -1.571 -7.774 6.203 7.774 1.571 -4.672 3.101 4.672 3.519 0.322 
6 -1.311 -7.665 6.463 7.665 1.311 -4.488 3.177 4.488 3.169 0.314 
7 -2.556 -5.856 1.701 5.856 2.556 -4.206 0.850 4.206 10.405 1.176 
8 -7.705 -13.232 5.527 13.23 7.705 -10.468 3.527 10.468 15.534 0.283 

Mol = molecule  (compound);  LUMO = lowest  unoccupied  molecular  orbital; HOMO = highest  occupied  molecular 
orbital. 
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part of the molecule where an electrophile can easily attack. 
From the following pictures (Fig. 4), it can be seen that the 
HOMO part extends on the furanose and hydroxyl group. 
So, as these are electronegative atoms i.e. oxygen(s), those 
regions are more likely to have HOMO orbitals. This study 
clearly showed that this conceptual knowledge about 
HOMO from the frontier molecular orbital after analysis of 
their optimized structures. The term LUMO, on the other 
hand, refers to the lack of electrons where an electron 
withdrawing group or nucleophilic group can easily be 
added. From Fig. 4, it is seen that the LUMO of these 
molecules is associated in the alkyl group/part(s).  
 
Pharmacokinetics: Drug-likeness Study 
      Christopher A. Lipinski proposed a well-known rule  
(rule of five) in 1997 for drug-like molecules based on the 
five parameters such as drug molecule should have- (i) less 
than 5 hydrogen bond donors (HBD), (ii) less than 10 
hydrogen bond acceptors (HBA), (iii) more than three 
number of rotatable bonds (NBR), (iv) molecular mass  
(MW) less than 500 Daltons, and (v) octanol-water partition 
coefficient (logPo/w) is not greater than 5 [60]. The HBD, 
HBA, NBR, MW, logPo/w, and Lipinski rule violation of 
the glucofuranose compounds are presented in Table 2. It is 
found that almost all glucofuranose molecules 3-8 mostly 
obeyed the Lipinski rule. Also, these compounds (except 
mesylate 6) possess a topological polar surface area 
below140 Å². All these factors are in favor of better drug- 
likeness properties of  these glucofuranose  esters. It  should 
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Fig. 4. Frontier molecular orbitals diagram for HOMO and  

             LUMO of glucofuranose 3-8. 
 
 
be noted that for pharmacokinetic properties of all the 
compounds 3-8 are compared with standard antifungal 
drugs like fluconazole (9) and amphotericin B (10).   
 
Pharmacokinetics: ADMET Studies 
      The bursting short form of ADMET is the absorption, 
distribution, metabolism, excretion, and toxicity which are 
estimated as the fundamental parts of any drug development 
program. In order to minimize the price tag and 
consumption of time, the prediction of ADME data helps to 
design a new drug  molecule  before the  chemical synthesis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Table 2. Data of Lipinski Rule, Pharmacokinetics and Drug-likeness of 3-8 
 

Lipinski rule 
Mol HBD HBA NBR 

TPSA 
(Å²) 

logPo/w 
logKp 

(cm s-1) Result Violation 
MW BS GIA 

3 03 06 02 88.38 -0.54 -7.84 Yes 0 220.22 0.55 High 
4 02 07 20 94.45 5.67 -3.62 Yes 0 486.68 0.55 High 
5 0 09 24 106.59 6.56 -3.71 Yes 1 570.76 0.55 Low 
6 0 11 24 157.49 6.01 -4.81 No 2 642.86 0.17 Low 
7 0 09 26 224.56 8.76 -1.60 No 2 710.01 0.56 Low 
8 0 09 30 106.59 8.52 -2.28 No 2 654.91 0.17 Low 
9 01 09 05 26.71 0.66 -8.21 Yes 0 316.35 0.55 High 
10 12 18 03 319.61 -0.65 -11.94 No 3 924.08 0.17 Low 

 Note: For rigorous  comparison 9 (fluconazole) and 10 (amphotericin B) are included in the study; TPSA = topological   
 polar surface area; logKp for skin permeation; BS = Bioavailability Score; GIA = gastrointestinal absorption. 
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and clinical trial phase. As a result, the situation of drug 
discovery has been changing rapidly and dramatically with 
the blessing of computational tools. Table 3 represents the 
data of ADME parameters of the glucofuranose molecules.  

First of all, all molecules have a positive response to 
blood brain barrier, and it is opposite for CYP450 2C9 
substrate and CYP450 1A2 inhibitor. The value of Caco-2 
permeability is about from -0.7302 to -0.7880. Moreover, 
they can show the positive result for P-II glycoprotein 
substrate (except 6) and P-I glycoprotein inhibitor  (except 3  
       
 
 
 
 
 
 
 
 
 
 
 
 

 
 
and 6). Also, the subcellular localization for all tested 
molecules is found to be the mitochondria. 
      Toxicity. In silico techniques satisfy the increasing need 
for rapid safety assessment of chemicals for both industries 
and regulatory agencies, and are used throughout the world. 
The toxicity of the glucofuranose esters and standard drugs 
for acute and non-acute species, tested on rats and fish, were 
obtained by an online database for computational 
prediction, and are mentioned in Table 4.  
      It  is observed  that  all  drugs  have   more  solubility  in 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

         Table 3. ADME Properties of 3-10 
 

Mol HIA C2P BBB 
P-I 
GpI 

P-II 
GpS 

Renal 
OCT 

Sub-cellular 
localization 

CYP450 
2C9 

Substrate 

CYP450 
1A2 

Inhibitor 
3 0.5922 -0.7302 Yes No Yes 0.9388 Mitochondria No No 
4 0.7222 -0.7308 Yes Yes Yes 0.9043 Mitochondria No No 
5 0.8208 -0.7345 Yes Yes Yes 0.8673 Mitochondria No No 
6 0.7609 -0.7858 Yes No No 0.8798 Mitochondria No No 
7 0.9350 - 0.5728 Yes Yes Yes 0.7765 Mitochondria No No 
8 0.8208 -0.7880 Yes Yes Yes 0.8673 Mitochondria No No 
9 0.9079 -0.7320 Yes No Yes 0.5785 Mitochondria No No 
10 0.9664 - 0.8681 No No Yes 0.9491 Mitochondria No No 

         HIA = human intestinal  absorption; C2P = caco-2  permeability; BBB = blood  brain  barrier; GpI = glycoprotein   
         inhibitor; GpS = glycoprotein substrate; OCT = organic cation transporter. 
 
 
Table 4. Aquatic and Non-aquatic Toxicity 

 

Mol 
AMES 
toxicity 

Carcin-
ogenicity 

Water 
solubility 

(logS) 

Plasma protein 
binding 

Acute oral 
toxicity 

(Kg mol-1) 

ORA 
Toxicity 
(LD50)  

(mol Kg-1) 

Fish toxicity 
(pLC50) 
(mg l-1) 

T. Pyriformis 
toxicity 

(logµg l-1) 

3 No No -0.801 0.179 2.464 1.9593 2.4984 -0.1810 
4 No No -2.822 0.932 2.733 2.6187 1.6374 0.9125 
5 No No -3.568 0.728 2.532 1.9834 0.8075 0.8324 
6 No No -3.311 0.732 3.033 2.5040 1.3050 0.6288 
7 No No -4.82 0.756 3.587 2.2031 -0.5120 1.1619 
8 No No -3.568 0.757 2.485 1.9834 0.8075 0.8324 
9 Yes No -2.292 0.720 3.033 2.5490 1.9190 0.2811 
10 No No -3.091 0.653 3.013 2.2357 1.5706 0.4977 

 Mol = molecule (compound); ORA = oral rat acute. 
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water medium and possess variable values while compound 
7 showed the highest tendency in water solubility (-4.82), 
and 10, 8, 6, and 5 stayed around -3.0 to -3.5. As a result, 
these samples (3 to 10) are conceptually toxic due to high 
water solubility where the pLC50 score is about 2.498310 to 
-0.3597 mg l-1 as aquatic species, especially fish. But, the 
positive and strong side of these carbohydrate drugs is their 
non-AMES toxicity and non-carcinogenicity. Again, the 
toxicity profiles of glucofuranose esters (4-8) are 
comparable to the standard drugs 9 and 10 (Table 4), and 
hence they are comparatively safe to use. 
 
Molecular Docking Studies 

The recent outbreak of mucormycosis, due to black 
fungus, showed symptoms like blackening or discoloration 
over the nose, blurred or double vision, chest pain, 
breathing difficulties, and coughing blood. Rhizopus, 
Mucor, and Lichtheimia (formerly Absidia) species are the 
most common members of the order Mucorales that cause 
mucormycosis, accounting for 70 to 80% of all cases which 
have been occurring in India during the SARS-CoV-2 
pandemic. Among these, the Rhizomucor miehei species is 
the most powerful pathogen for causing mucormycosis. 
Thus, the Rhizomucor miehei protein [49] was selected for 
the study for evaluating their computational evaluations 
using molecular docking, QSAR, molecular dynamics 
(MD), and related studies. 

Molecular docking studies were conducted to find the 
binding site of protein regarding the active site of the 
protein, and provide evidence for the binding affinity of 
drug compounds with protein as macromolecules [61,62]. 
As the protein-ligand interaction plays a significant role in 
structural based drug designing, the H bonds, halogen 
bonds, van der Waal bonds, and hydrophobic bonds are the 
main key factor for binding the active site of protein to form 
docking score as binding affinity where the docking score 
above 6.00 kcal mol-1 has been considered as a standard drug 
[62-64]. These predicted binding and docked energies are 
the sum of the intermolecular energy and the torsional free-
energy, and the docking ligand's internal energy, 
respectively. In this perspective and due to the better 
antifungal nature of 4-8 [42] their binding affinities were 
calculated against mucormycosis’ pathogens (black fungus; 
PDB ID: 2WTP; Table 5).  

 
 

(a) (b) 

(d) (c) 

 
Fig. 5. Different  docking  pose  for  8: (a) ligand in  protein  
            pocket; (b) 2D diagram of protein ligand interaction;  
           (c) H bonding pose of protein  ligand interaction; (d)  
           hydrophobic     bonding    pose   of   protein   ligand  

            interaction. 
 
 
It is seen that the binding affinity of 7 (-7.80 kcal mol-1) 

and 8 (-8.20 kcal mol-1) are higher than the standard value. 
For more specific study about these compounds, the 
standard antifungal drug fluconazole (9) was docked against 
the same protein and obtained the binding affinity in             
-6.50 kcal mol-1 which is also much lower than the value of  
7 and 8 (Fig. 5) and is slightly lower than 4-6. In general, 
the binding affinities for auto docking of compounds 3-6 are 
about -6.02 to -6.80 kcal mol-1 which is found to be standard 
in terms of theoretical and conceptual docking protocol. 
Moreover, the number of hydrophobic bonds is greater than 
the number hydrogen of bonds except for 5 and 7. The 
standard Amphotericin B (10) showed the highest binding 
affinity (-10.00 kcal mol-1).  
 
Calculation of Inhibition Constant 

In the case of molecular docking, five other parameters, 
such as inhibition constant (Ki), intermolecular energy, 
electrostatic energy, torsion energy, unbounded energy of 
docked protein-ligand complex were also determined by 
AutoDock tools. It should be noted that the Ki is directly 
proportional to binding energy, and theoretically, it is 
expressed as IC50. The IC50 or inhibition constant 
demonstrated ranging from 16.04 to 58.66 µM (Table 6). 
The  compounds  3-8  had  a   smaller   value  of   inhibition  
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constant where the standard value is 80.08 µM. In addition, 
the standard antifungal drug, fluconazole, had Ki value of 
40.10 µM and binding energy of -4.42 kcal mol-1. Finally, it 
could be said from the docking poses and docking scores 
obtained from Table 6 that the tested compound 7 and 8 are 
highly active molecules against black fungus. 

The docking poses were ranked in keeping with their 
docking scores and both the ranked list of docked ligands 
and their corresponding binding pose [65]. The docking 
pose completely depends on the binding positions of the 
ligand with the enzyme shown in Fig. 5. Moreover, the 
binding energy of the individual compound was calculated 
using the formula: Binding energy = A + B + C - D [A = 
intermolecular  energy  +  van  der  Waals  energy  (vdW)  + 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

hydrogen bonds + desolvation energy + electrostatic energy 
(kcal mol-1); B = total internal energy (kcal mol-1); C = 
torsional free energy (kcal mol-1); D = unbound system’s 
energy (kcal mol-1)]. Due to the close proportional 
relationship of binding energy and inhibitor constant, it is 
illustrated in Table 5 and found that the lower inhibitor 
constant has the lower binding energy. Thus, lower binding 
energy or inhibitor constant (20.11 and 16.04 µM) was 
obtained for both 7 and 8 which are lower (better) than the 
standard 9 and close to the standard 10. 

 
Protein-ligands Interaction and Active Sites 

In a protein, how many active sites of amino acid 
residues are  present  and,  where  they  are  associated  with 

          Table 5. Data of Binding Energy and Name of Interacted Ligand for Protease (2WTP) 
 
Ligand 
 

Binding affinity 
(kcal mol-1) 

No. of H 
bond 

No. of hydrophobic 
bond 

No. of van der 
Waal bond 

Total bonds 

3 -6.02 05 06 Absent 11 
4 -6.60 03 07 Absent 10 
5 -6.80 06 02 Absent 08 
6 -6.50 04 07 Absent 11 
7 -7.80 03 04 Absent 07 
8 -8.20 05 06 Absent 11 
9 -6.50 03 02 01 06 
10 -10.00 03 02 Absent 05 

 
 
          Table 6. Data from the Auto Dock Vina and Inhibition Constant 
 

IE 
(A)  

EE  TIE 
(B)   

TE 
(C)  

UE 
(D)  

BE  Ligand 
 

Inhibitor constant 
(µM) 

Ligand efficiency 

(Kcal mol-1) 
3 58.66 -0.29 -5.88 -0.29 -2.56 1.49 -2.56 -4.39 
4 42.65 -0.11 -10.30 -0.06 -2.76 6.56 -2.76 -3.73 
5 22.77 -0.10 -11.08 0.01 -3.26 7.16 -3.26 -3.92 
6 44.30 -0.11 -11.83 -0.02 -4.27 7.16 -4.27 -4.67 
7 20.11 -0.11 -11.68 -0.10 -3.42 7.16 -3.22 -4.72 
8 16.04 -0.10 -10.93 -0.23 -5.95 8.98 -5.95 -1.95 
9 40.10 -0.11 -11.53 -0.12 -3.27 7.16 -3.27 -4.42 
10 16.00 -0.10 -10.10 -0.20 -2.40 7.98 -4.40 -0.12 

          IE = intermolecular  energy;  EE = electrostatic  energy;  TIE = total internal  energy; TE = torsional energy;  
         UE = unbound energy; BE = binding energy. 
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drug or ligand is calculated by the Discovery Studio 
analysis. After the literature review of protein (2WTP) the 
active sites were found GLU-99, TRP-157, and TRP-65. 
First of all, auto docking was performed against the protein 
for getting the binding affinity and block of the binding site 
(Table 5). Analysis showed that all of the drugs selected 
were able to block active sites of amino acid residues GLU-
99 and TRP-157 (Table 7), and the drugs could form strong 
hydrogen bonds with a lower bond distance (around 2.40        
to 3.02 Å).  Also,  the  residue  TRP-157  has multiple weak  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
hydrophobic bonds. Finally, it could be revealed from the 
binding interaction discussion regarding the binding pose 
and score that all selected compounds can show the high 
binding capacity of black fungus protein (2WTP) while the 
compounds 7 and 8 are superior to standard drug 
fluconazole (9). The hydrogen bond was created with the 
oxygen atom of ligand present in the side chain of furanose 
ring, and the hydrophobic bonds were created for non-polar 
ends, such as benzene ring and alkyl chain. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  Table 7. Protein and Ligands Interaction with Amino Acid Residues and their Bond Distance 
 

Hydrogen bond Hydrophobic bond Compound 
(ligand) Interacting residue of amino acid Distance 

(Å) 
Interacting residue of 

amino acid 
Distance 

(Å) 

Van der 
Waals bond 

3 GLU-189; GLU-189; GLU-189; 
GLU-99; SER-98 

2.94; 2.17; 
2.30; 2.40; 

2.27 

TRP-157; TRP-157; 
PHE-245; PHE-245; 
PHE-230; PHE-154 

5.71; 4.70; 
5.19; 3.71; 
4.51; 3.85 

Absent 

4 GLU-99; GLU-99; GLU-99 2.55; 2.09; 
3.02 

TRP-65; TRP-65; 
TRP-157; PHE-245; 
PHE-230; PHE-230; 

PHE-154 

2.50; 5.27 
5.86; 4.02; 
4.75; 4.88; 

4.33 

Absent 

5 GLU-99; GLU-99; PHE-154; TPR-
157; TPR-157; SER-98 

2.36; 2.48; 
2.57; 2.54; 
1.91; 2.63 

PHE-38; VAL-134 3.53; 4.35 
Absent 

6 TPR-157; TPR-157; TPR-157; 
GLU-99 

2.66; 2.38; 
2.99; 2.76 

PHE-245; PHE-230; 
PHE-154; PHE-28; 
TPR-157; TPR-157; 

TPR-157 

4.71; 4.53; 
5.20; 4.48; 
6.53; 4.47; 

4.59 

Absent 

7 ARG-103; GLU-189 3.33; 3.76 ARG-103; TYR-102; 
GLU-99; PHE-38; 

ALA-39 

5.03; 5.07; 
3.45; 3.71; 

3.52 
Absent 

8 GLU-189; GLU-99; ASN-152; 
SER-98; TRP-157 

2.56; 2.87; 
3.07; 2.61; 

2.55 

VAL-42; ALA-39; 
TRP-157; GLU-242; 
PHE-230; PHE-154 

4.45; 3.53; 
3.93; 3.73; 
5.25; 5.13 

Absent 

9 GLU-99; GLU-99; GLU-99 2.51; 2.01; 
1.83 

GLU-189; PHE-38; 
GLU-189 (fluorine 

bond) 

3.75; 5.56; 
4.46 - 

10 TYR-136; TYR-102; TYR-237 2.97; 3.37; 
2.97 

PHE-38; VAL-10 5.37; 4.73 
Absent 

 Note. TRP = Tryptophan, ASP = Aspartic acid, GLU = Glutamic acid, LEU = Leucine, THR = Threonine, ASN = Asparagine,    
 GLN = Glutamine,  PHE = Phenylalanine, ILE = Isoleucine,  ARG = Arginine,  VAL = Valine, SER = Serine, PRO = Proline,    
 GLY = Glycine, HIS = Histidine, LYS = Lysine, TRP = Trypsine, CYS = Cysteine, MET = Methionine. 
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Molecular Dynamics 
The molecular dynamics (MD) imply various phases 

evaluating the force field study of molecular interaction and 
its stability. However, it is one of the superior ways to 
determine the stability of the protein-ligand complex after 
docking. After simulating the molecular dynamics, it 
informed about the RMSD and RMSF values in the protein-
ligand complex. The universally accepted value of these two 
parameters is considered below 2.0 Å with any variable 
[66,67]. If more than that, then all these complexes lose 
their  stability  after  entering the biological system, and it is 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

considered as non-binder [68,69]. The RMSD was found 
that when there was no interaction between them, their 
value was close to 2.4 Å (Fig. 6a) and it was slightly 
decreased after the formation of the hydrogen bond ranging 
about 2.2 Å (Fig. 6c). Thus, it can be said that hydrogen 
bonding is not sufficiently responsible for their stability. In 
the second one, it stayed below around 0.7 Å in case of 
protein backbone interaction with amino acid residue 
interaction with respect to both time and amino acid 
skeleton. A similar trend was found for RMSF. However, 
all molecules are highly stable in protein ligand complex 
form in the water system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 

(d) 

(b) (c) 

(f) 

(i) (h) 
(g) 

(e) 

 
Fig. 6. Various graphs for protein vs compounds. RMSD: (a) Time vs. no bond; (b) Time vs protein skeleton; (c) Time vs.  
          Hydrogen bond; (d) Amino acid vs. No bond; (e) Amino acid vs. back bond; (f) Amino acid vs. H bond. RMSF: (g)  

            Amino acid vs. No bond; (h) Amino acid vs. back bond; (i) Amino acid vs. H bond. 
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Structure Activity Relationship (SAR) 

The structure activity relationship (SAR) study is added 
to describe the most important outcome of this study. Based 
on the structural change(s) the compound 4-8 were designed 
by alkyl chain, mesyl, and benzoyl group with benzofuran 
for the replacement of hydroxyl group (furanose) and is 
considered the most powerful tool for evaluating the 
medicinal quantity of organic compound. The SAR of these 
compounds could be found, at first, in views of binding 
energy and binding affinity considering the 2D ligand-
protein interactions. Standard compound 10 showed the 
highest binding affinity and binding energy among all other 
compounds, and the main reason is that there is a large alkyl 
chain. On the other hand, the sample 8 showed the highest 
binding energy and binding affinity due to its alkyl chain 
containing 17 carbon atoms and two 4-carbon alkyl groups. 
From the 2D structure of docking, it can be found that there 
are many hydrophobic bonds formed which are basically 
responsible to bind the protein more than the other 
compounds. This fact is also supported by the fact that 
compound 8 exhibited IC50 (16.04 µM) similar to standard 
amphotericin B (10, 16.0 µM). All other esters have higher 
binding affinity as compared to antifungal drug fluconazole 
(9). Thus, according to SAR, alkyl ester 8 might be the 
significant antifungal molecule. In the next step, this SAR 
phenomenon has been justified in terms of QSAR study 
with pIC50 values for specification. 

 
QSAR and PlogIC50 

For mathematical and statistical relations of biological 
activity  of  drug  molecules,  quantitative  structure-activity  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

relationship (QSAR) plays a significant role in predicting 
the quantity of drug in a successful outcome for a drug 
design process. It had reported that a multiple linear 
regression-based statistical QSAR model was developed by 
evaluating the computational IC50 values from the ChEMBL 
database. This obtained IC50 value is the equivalent to pIC50 
[-log(IC50)]. It is revealed that the ChEMBL was built by 
over a million chemical entities, and derived from the eight 
most acceptable biological descriptors, such as hiv5, 
bcutm1, MRVSA9, MRVSA6, PEOEVSA5, GATSv4, J, 
and diameter. In addition, the IC50 value is completely 
related to its structural chain and this value is changed with 
the change of its chain. With increasing the molecular mass, 
the value IC50 is increased but it must keep below 10.00 to 
become an effective drug. From Table 8, it has been found 
that the pIC50 is near 4.4424 to 7.5742.  It is noted that the 
value of pIC50 for standard drugs is around 4.0 to 10. The 
drugs 3 and 9 showed the pIC50 around 4.450 which is 
considered the best drugs in terms of pIC50. 

 
CONCLUSIONS 
 

The recent outbreak of black fungus along with COVID-
19 deteriorated the pandemic situation. In this respect, 
several glucofuranose based sugar esters (SEs) having 
suitable molecular orbitals and chemical reactivity 
descriptors were docked against black fungus related protein 
2WTP. The benzoyl (7) and pentanoyl (8) esters showed 
promising binding affinity and binding energy. Also, the 
inhibition constant (Ki or IC50; 16.04 to 58.66 µM) of these 
compounds  favors  their  anti-black  fungal  activities.  The  

 
 
 
 
 
 
 
 
 
 
 
 
 

    Table 8. QSAR Parameters for 3-10 
 

Drug Chiv5 bcutm1 MRVSA9 MRVSA6 PEOEVSA5 GATSv4 J Diameter pIC50 
3 1.231 3.828 0.0 0.0 0.0 1.029 2.046 8.0 4.4424 
4 3.203 3.835 5.969 0.0 96.815 1.015 1.374 26.0 6.5784 
5 3.686 3.855 17.908 0.0 96.815 1.108 1.594 26.0 6.4303 
6 4.659 4.602 26.206 0.0 96.815 1.146 1.672 26.0 7.5742 
7 4.385 3.896 5.969 60.664 133.213 1.221 1.153 27.0 6.9036 
8 4.133 3.86 17.908 0.0 123.504 1.274 1.75 28.0 6.8483 
9 2.228 3.795 0.0 21.485 0.0 1.106 1.708 9.0 4.4598 
10 4.918 3.853 11.939 85.064 98.912 0.862 1.710 25.0 6.4742 
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root mean square deviation (RMSD) and root mean square 
fluctuation (RMSF) of the compound-protein complex were 
found stable after 500 ns. These results in corroboration          
of their safe drug-likeness properties, especially for 
compounds 7 and 8, established these SEs as highly 
promising drug candidates for black fungus related diseases.    
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