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A B S T R A C T

In the present work, 4-amino salicylic acid (PAS) which is an oral antibiotic against tuberculosis is being
investigated for its potential “Green” effectivity in trapped conditions within nano sized good solubilizing drug
receptor. The process is totally “green” as no toxic materials, chemicals and solvent other than water has been
used throughout the encapsulation /complexation process. Cyclodextrin glycosyltransferase (3CGT) and its by-
product beta (β)-cyclodextrin (β-CD) usually act as nano sized good solubilizing agents for many drugs. In
aqueous medium both 3CGT and β-CD can create drug: receptor complex by encapsulating the drug into its nano
sized cavity and can increase the aqueous solubility of probe drug depending on the ionic strength. PAS was
initially screened by its drug likeness properties by ADMET analysis. Structural analysis and chemical reactivity
of PAS have been checked by density functional theory with basis set B3LYP/6-311G++*(d,p) in aqueous
environment. The electronic properties (atomic charges, electrostatic potential, and uv–visible absorption &
fluorescence analysis) have been studied to check the possibility of 1:1 complex formation between PAS: β-CD.
To understand the type and strength of interactions between PAS and receptor, molecular docking and molecular
dynamics simulations have been performed between PAS and cyclodextrin glycosyltransferase (3GGT). PAS has
shown strong interaction possibilities both as 1:1 inclusion complex (PAS: β-CD) and as PAS: 3CGT complex. Our
in-silico and experimental outcomes have recommended 4-amino salicylic acid’s better efficacy as a promising
inhibitor inside cyclodextrin nano-cavity for targeting tuberculosis.

1. Introduction

In the present day, about one-quarter of the world’s population is
estimated to be infected by bacterium Mycobacterium tuberculosis
(MTB) [1]. Tuberculosis (TB), a severe infectious disease primarily
impacting the lungs, can also target other organs like the kidneys, spine,
and brain. As per WHO reports, approximately 9.9 million cases of TB
were reported and 1.5 million people died globally only in 2020 [2–5].
The primary receptor for MTB is human. The infection used to spread by
air droplet nuclei from infected patient. In the developing countries like
India, Pakistan, Bangladesh etc., TB is one of the leading diseases which
has continued to bear the heaviest burden of the worldwide TB epidemic
over the past five years [6,7]. The best curative method for TB is known
as directly observed treatment, short course (DOTS) which is used
worldwide in tuberculosis prevention programmes, as well as eluci-
dating the biological properties of the disease’s etiologic agent [8,9].
Despite the availability of many effective drugs like: isoniazid,

rifampicin, pyrazinamide and ethambutol, TB continues to cause sig-
nificant morbidity and mortality, due to emergence of multidrug-
resistance (MDR) and extensively drug-resistance (XDR) [10,11].
Further, programmatic failure, lack of resources have also facilitated the
burgeoning of drug resistance [12]. New TB treatment regimens aimed
at new chemical entities against drug-resistant TB.

Many new small sized inhibitors have shown their promising
candidature as the potential drugs for shortening TB treatment in animal
models [13], clinical trials [14–16]. 4-amino salicylic acid is one of such
drug candidates having anti tuberculosis effect (Fig. 1a). In medical
industry the brand name of this drug is PASER or PAS [17]. The tuber-
culostatic effect of PAS was first reported in 1943 just after its invention
[18–21]. PAS was first used for the treatment of “Monaldi fistulas and
abscesses” [20]. Later on, it was used for pulmonary TB situations [21].
Salicylic acid of PAS can cause an increase of oxygen consumption and
carbon dioxide production by tubercle bacilli. The presence of amino
group in para position and salicylic acid can inhibit the growth of
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bacillus by causing 50 % to 75 % decrease in growth of tubercle bacilli at
a concentration of 10-5 M [22,23]. Pas has some side effects like nausea,
vomiting, diarrhoea, gastrointestinal intolerance and stomach pain,
which decreases patient compliance [24]. With the rise of multidrug-
resistant (MDR) strains of M. tuberculosis, PAS has emerged as a
crucial second-line antitubercular drug [25,26]. Despite being a top
anti-TB drug, the molecular and chemical mechanisms of PAS remain
unclear, and the causes of its gastrointestinal intolerance are still
undefined.

Comprehensive knowledge about any drug’s molecular composition,
including its chemical and biological properties, toxicity, and optical
and electronic properties, is essential for assessing its effectiveness
against the target disease. Additionally, reactivity descriptors help
define a drug’s solubility, permeability, and binding ability to its target.
Density functional theory (DFT) is one of the promising ab initio
computational method for providing excellent electronic, electrical, and
reactivity descriptors of diverse organic/inorganic probe compounds
[27,28]. For any orally consumable drug in liquid form, the problem
regarding the solubility and permeability could be addressed if the drug
is used in its nano sized dimension which is only possible by trapping the
probe drug inside nano sized good solubilizing receptor enzyme like
Cyclodextrin glycosyltransferases (3CGT) (Fig. 1b) or its by-product beta
(β)-cyclodextrin (β-CD) (Fig. 1c) [29]. Cyclodextrin glycosyltransferases
are α amylase family of bacterial extracellular enzymes that have the
unique ability to produce cyclodextrins (α(1->4) linked circular

oligoglucosides) from starch. β-CD is one of the cyclic derivative of
cyclodextrin glycosyltransferase having 7 glucose units linked end to
end via α-1,4 linkages. In aqueous medium both 3CGT and β-CD can
create receptor: inhibitor (drug) complexation by encapsulating the
drug into its nano sized cavity and can increase the aqueous solubility of
probe drug depending on the ionic strength. The size/shape relation-
ship, number of hydrogen and hydrophobic interactions are some vital
parameters for the stability of receptor: inhibitor complex which can
easily modify the physical and chemical properties of the inhibitor
molecule mostly in terms of solubility, bioavailability, toxicity etc. Re-
ceptor: drug complexation can also decrease the gastrointestinal intol-
erance effect of the guest drug. To fight against microbial resistance,
especially for tuberculosis, a new therapeutic tool as “Green” nano
approach has already been under consideration as an effective approach.
For TB exposed mice, the known anti TB drug “Ethionamide” trapped
within nano cavity of β-CD has already shown significant decrease of the
micro bacterial burden in lungs of active TB patients [30]. It is already a
reported fact that in nanosized inclusion complex form, drugs can act
perfectly in terms of their solubility, stability, toxicity and antibacterial
activity [31]. Drug: β-CD complex can allow higher dosing into the body
part like lung, by increasing drug’s solubility [32,33]. Many research
works have reported that solubility, stability, and antibacterial activity
of the drug: CD inclusion complex formed by individual or combined
drugs [33]. Individual administration of CD nanoparticles also has
shown to have the anti-mycobacterial activity as it can disrupt cell

Fig. 1. (a) 4-amino salicylic acid (Obtained from Gaussian software), Receptor morphology (3CGT) (Obtained from Protein data bank), and (c) (β)-cyclodextrin
(β-CD) (Obtained from Protein data bank).
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surface lipid rafts and so easily respond to bacterial receptor cell inva-
sion [34]. So, nanotechnology can help to reduce administered dose by
targeting more efficiently towards infected macro-phages similarly as
generated by the first line reference drug Isoniazid [35]. The process is
totally “green” as no toxic materials, chemicals and solvent other than
water has been used throughout the encapsulation /complexation pro-
cess. Research reports suggest that unloaded poly β-CD has no impact on
normal bacterial pulmonary pathogens whereas it can easily create
impact on M.TB [36]. β-CD has low nephrotoxicity so can be used orally.
β-CD is the most commonly used CD in pharmaceutical formulations. For
the present study we have chosen both raw cyclodextrin glycosyl-
transferase enzyme (3CGT) and its product derivative β-CD as receptors
to check the effective reactiveness, selectivity of proposed inhibitor 4-
amino Salicylic Acid (PAS) as Anti-Tuberculosis Drug. The electronic
properties (atomic charges, electrostatic potential, and uv–visible ab-
sorption &fluorescence analysis) have been studied to check the possi-
bility of 1:1 complex formation between PAS: β-CD. To understand the
type and strength of interactions between PAS and receptor, molecular
docking and molecular dynamics simulations have been performed be-
tween PAS and 3GGT. We believe that the present work will help to
understand the mechanism of action of PAS in presence of nano-sized
drug carrier.

2. Materials and methods

2.1. Potential inhibitor 4-amino salicylic acid (PAS) and its preparation

PAS is a drug (C7H7NO3), which is used as an antibiotic against the
TB virus. In 1944, PAS was discovered, but it’s in vitro and in vivo ac-
tivity against TB was demonstrated in 1947 [18]. PAS is utilized as a
backup system. antimycobacterial agent generally reserved for treat-
ment of MDR and XDR TB [37]. Before testing the drug’s structural,
chemical and optical characteristics and also its ability of inhibition
mechanism, solubility, permeability, gastrointestinal intolerance, we
have done the virtual screening by “SWISS ADME software” (https
://www.swissadme.ch) and “ADMET” (https://vnnadmet.bhsai.org/).
For preliminary virtual drug screening, drug-likeness rules such as Lip-
inski’s rule of five (Ro5), Ghose filter, Veber’s rule, MDDR-like rule,
Muegge rule, and others are used [38,39]. The drug in ‘SDF’ format is
downloaded directly from PubChem (https://pubchem.ncbi.nlm.nih.
gov/) and for drug preparation the drug is converted to ‘PDB’ format
by using Auto Dock tools (https://vina.scripps.edu/) [40]. The Gauss
view 05 [41], Gaussian 09 software’s [42] are used to creation of mo-
lecular structure of drug and to optimized the drug’s molecular struc-
ture. A common 6-311G++*(d,p) basis set was employed using the
method B3LYP for optimization [43,44].

2.2. Potential target Macromolecular enzyme structure and preparation
of inhibitor

In the present work, we have used Cyclodextrin Glycosyltransferase,
a α amylase family of bacterial extracellular enzyme that have the
unique ability to produce β-CD from degraded starch by intramolecular
transglycosylation (3CGT) as the target enzyme structure. 3CGT is an
enzymatically produced cyclic derivative of starch made from partially
hydrolysed starch (maltodextrin). Seven alpha-(1->4) connected D-
glucopyranose units make up its structure (Fig. 1). The 3CGT’s 3D
structure is obtained from the Protein Data Bank (https://www.rcsb.
org). The water molecules existing in the structure are deleted
(Fig. 1). By using the Discovery studio 2020 ((https://discover.3ds.
com/discovery-studio-visualizer-download).), we have added polar
hydrogen in the β-CD structure and the extracted inbuilt ligand from it.
Then for further analysis the output of the β-CD structure is saved in PDB
format by using AutoDock and MGL software [40].

2.3. Computational method for structural analysis

The optimization of ground and excited structures of 4-amino sali-
cylic acid have been carried out using the Gaussian 09 program [42].
The ground state calculation was done with density functional theory
(DFT) using B3LYP correlation functional having 6-311G++*(d,p) basis
set [43,44]. While excited states calculation of molecule was performed
using TD-DFT. The Frontier molecular orbitals (FMOs) are simulated for
the PAS using Koopman’s theorem [45]. Other quantum mechanical
calculations, such as atomic charges (Mulliken and natural) and mo-
lecular electrostatic potential (MEP) surface mapping with electrostatic
potential surface, are produced by employing the optimized structure.

2.4. Molecular docking and molecular dynamics (MD) simulation

To investigate the interaction between target β-CD and inhibitor PAS,
we have used AutoDock 4.2 [40]. Molecular Graphics Laboratory (MGL)
tools are used to prepare target and inhibitor structures for molecular
docking. Molecular docking is a computational tool for calculating the
binding energy of an inhibitor: target complex structure in its optimized
form. The LINUX-based platform ‘‘GROMACS 5.1 Package [46] with
GROMOS43A2 force fields [47] is used for MD simulation to calculate
various thermodynamical parameters and binding energy of the inhib-
itor: target complex structure. Different thermodynamic parameters
[Potential energy (Epot), temperature (T), density (D), radius of gyration
(Rg), root-mean-square deviation (RMSD), root-mean-square fluctua-
tion (RMSF), solvent-accessible surface area (SASA), H-bonds, and
interaction energies (Gbind)] are the computed by using MD simulation.
According to the MD simulation protocol, TIP3P water model was used
for simulation, and 6Na + ions were applied to preserve the neutrality of
the inhibitor: target complex structure.

The MMPBSA (Molecular Mechanics Poisson-Boltzmann Surface
Area) approach [48] is obtained from the Adaptive Poisson-Boltzmann
Solver (APBS) and GROMACS packages are used to determine the
interaction free energies for the PAS: β-CD complex structure (ΔGbind).
After the MD simulation of the complex using the single trajectory
approach is finished, ΔGbind computation typically starts. For protein
and ligand complex ΔGbind can be written using the following equations
as:

ΔGbind,aqu = ΔH − TΔS ≈ ΔEMM +ΔGbind,solv − TΔS (1)

ΔEMM = ΔEcovalent +ΔEelectrostatic +ΔEVanderWaals (2)

ΔEcovalent = ΔEbond +ΔEangle +ΔEtorsion (3)

ΔGbind,solv = ΔGpolar +ΔGnonpolar (4)

where binding causes a change in − TS conformational energy, as well as
changes in solvation free energy, molecular mechanical energy in the
gas phase, covalent energy, electrostatic energy, and Van der Waals
energy changes. Covalent energy is the sum of polar and nonpolar
contributions, is the sum of bond, angle, and torsion.

2.5. Computational details

For MD simulations and associated energy calculations, a single
system with an HP Intel Core i5 − 1035G1 CPU, 8 GB of RAM, Intel UHD
Graphics, and a 512 GB SSD has been employed.

3. Results and discussion

3.1. Optimized structure

The most stable PAS structure in the ground state was optimised
using B3LYP/6-311G++*(d,p) level of theory (Fig. 1b). Table 1 shows
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the different bond lengths (Å) and bond angles (◦) of PAS. The optimized
structure of PAS shows a non-planar geometry with ground state elec-
tronic energy as − 346122.675 kcal/mol. PAS possess C1 point group
symmetry, which creates a high value of dipole moment of 5.23 Debye.
The high dipole moment value could boost the probe system’s bioac-
tivity [49], this is a characteristic of a medicine that makes it easier for
the drug and target to create a complex.

3.2. Charge analysis

Mulliken and natural charges of a system are important factors in
forecasting a molecule’s nucleophilic and electrophilic reactive regions.
PAS comprises electron donor and acceptor groups, any target structure
can be a part of a complex formed by PAS. Fig. 2 depicts different
Mulliken and natural charges computed for the PAS compound. Mul-
liken and natural charges for the PAS compound shows almost similar
results except some cases. According to the observed charge analysis, all

the oxygen atoms have negative charges. O2 and O3 atoms have more
negative charges (NBO: − 0.6107e and Mulliken: − 0.34077e) and (NBO:
− 0.74769e and Mulliken: − 0.34083e) than O1 atom (NBO: − 0.67668 e
and Mulliken: − 0.30067 e) (Supporting Document, SD 1, Fig. 2). All of
the hydrogen atoms have positive charges. It is observed that H17 and
H18 atoms have the highest positive charges than other hydrogen atoms.
Higher positive charges with H17 and H18 are due to their attachment to
electron-withdrawing oxygen groups. Carbon atoms in the PAS possess
both positive and negative charges. C5 atom possess the maximum
positive Mulliken charge of 1.101165e (SD 1, Fig. 2). While C6 atom
possess the maximum negative Mulliken charge of − 1.1973e. N4 atom
has the negative charge (NBO: − 0.77489 e and Mulliken: − 0.42294 e)
(SD 1, Fig. 2). The probe molecule’s versatile charge variations reflect
the molecule’s strong ability to accept/donate electrons, and hence the
system’s higher reactiveness toward charges. As PAS has both electron
donor and acceptor groups, it establishes its strong candidature to make
complex structure with target systems.

3.3. Frontier molecular orbital (FMO) analysis

Investigation of highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) are very much helpful in
defining the chemical stability or reactivity, and other associated elec-
tronic or chemical properties of probe molecules [50]. The electronic
energy gap (Eg) is the difference in energy between the HOMO and
LUMO orbitals of the probe molecule. The computed EHOMO and ELUMO
orbitals energies are shown in the Table 2.

In the context of Koopmans’ theorem, the following equations can be
used to compute various FMO-related molecular properties using the
EHOMO and ELUMO:

IP = − EHOMO (5)

EA = − ELUMO (6)

η =
ELUMO − EHOMO

2
, S =

1
η (7)

Table 1
Optimized parameter of PAS.

Bond Bond length(Å) Bond Bond angle (◦)

O1-H17 0.97 H17- O1-C6 109.35
O1-C6 1.35 O1-C6-C5 124.12
C6- C 8 1.39 O1-C6-C8 115.78
C5- C6 1.41 C5-C6-C8 120.09
C5- C11 1.46 C6-C8-H12 117.90
C5- C9 1.41 H12-C8-C7 120.89
C5- C11 1.46 C8-C7-N4 120.70
C11-O3 1.38 C7-N4-H16 121.85
C11-O2 1.20 C7-N4-H15 120.93
O3-H18 0.96 C7-C10-H14 119.12
C9-H13 1.03 H14-C10-C9 120.47
C9-C10 1.37 C10-C9-H13 120.27
C10-H14 1.08 C10-C9-C5 122.38
C10-C7 1.41 C9-C5-C6 117.67
C7-N4 1.37 C9-C5-C11 116.93
N4-H15 1.00 C5-C11-O2 126.84
N4-H16 1.00 C5-C11-O3 113.43
C7-C8 1.39 C11-O3-H18 107.04
C8-H12 1.08 C6-C5-C11 125.39

Fig. 2. Mulliken and natural charges distribution of the PAS.
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μ =
EHOMO + ELUMO

2
(8)

χ =
(IP+ EA)

2
(9)

ω =
u2

2η (10)

The computed value of band gap (Eg) for PAS is observed as 4.814 eV
(Table 2). A moderate value of Eg, indicates good chemical reactiveness
and positive optically polarizable nature of PAS. The electron affinity
(EA) is calculated as − ELUMO, while the ionisation potential (IP) is
calculated as − EHOMO. IP and EA, are useful in evaluating the electro-
negativity (χ), hardness (η) and electrophilicity Index (ω), which are
useful in determining the molecule’s reactivity and intramolecular
charge transfer capability within the molecule or towards its neigh-
bouring environment For our probe system, high value of IP (6.128 eV)
and χ (3.721 eV) confirms the higher reactivity of PAS towards other
medium. Normally on the basis of ω, probe system’s reactivity param-
eter can be categorised. It is a mild electrophile if its value is less than
0.8 eV, a moderate electrophile if it is between 0.8 and 1.5 eV, and a
heavy electrophile if it is beyond 1.5 eV. In the present case the PAS has
a high value of ω as 2.860 eV, indicating its high electrophile existence.
The higher value of chemical potential (μ) of − 3.721 eV also indicates
PAS as a strong electron-withdrawing agent [51]. Chemical hardness (η)
is defined as the difference between ionisation energy and electron af-
finity that measures the system’s tolerance throughout the changing of
its electronic distribution. It explains the molecule’s resistance to
deformation following a chemical reaction. Higher values of η > 2 can be

interpreted as good chemical stability. PAS has shown the value of η as
2.407 eV which shows its restriction towards charge transfer by
opposing the change in electron density distribution, or reduction in
polarizability within the system. In contrast to η, the chemical softness
(S) appeared to show its opposite nature (0.415 eV-1) than η. S is utilized
to demonstrate the molecule’s chemical reactivity [52]. Lower the value
of S, higher is the chemical stability of probe system as molecule with
low value of S cannot be easily deformed or get dissociated without
proper perturbation like environmental effect.

We have also viewed the gross population of HOMO–LUMO molec-
ular orbitals for PAS (Fig. 3). In PAS, the local shifts and uniform dis-
tribution of the orbitals across the geometries make up the system
(Fig. 3). Within the functional groups, the orbitals in PAS appeared to
change. The green surface appears to take the place of the red one, and
vice versa. This further supports PAS’s chemical reactivity by demon-
strating that charge transfer took place between the atoms of the rele-
vant amine, hydroxyl, and acid groups. All the FMO related parameters
and HOMO–LUMO molecular orbitals pointed PAS’s higher reactivity
towards its target environment.

3.4. Molecular electrostatic potential (MEP) analysis

MEP is the constant electrostatic potential surface map of the probe
system. The MEP surface is used to identify the molecule’s electrophilic
and nucleophilic reactive sites. The various colours in the MEP depict
the various electrostatic potential areas, such as red colour indicates
electron-rich sites, orange colour indicates partly negative charge, yel-
low colour indicates marginally electron-rich areas and blue colour in-
dicates positive charge. Red, orange, yellow and blue colour in MEP
represents the reactive site of the probe system while green colour in the
surface indicates neutral site which does not take part in the chemical
reaction. MEP surface of PAS is shown in the Fig. 4. Red colour in the
MEP surface of PAS shows electron rich regions over the O2 atom, which
shows the oxygen atom’s lone pair of electrons in O2. Yellow colour
around O1 represents marginally electron-rich area. The electrophilic
areas, which are also known as electron-poor areas, are shown by the
blue colour of hydrogen atoms such as H17, H18, H15 and H16. The zero
potential or neutral regions are shown at the centre of the PAS. Both
electrophilic and nucleophilic areas are present within PAS structure
demonstrates the possibility of favourable chemical reactions between
PAS and its neighbouring target environment.

Table 2
The calculated electronic properties of the PAS (all values are in eV and S is in
eV− 1).

S.No. Molecular Properties Values

1. HOMO energy − 6.128
2. LUMO energy − 1.314
3. Energy gap (Eg) 4.814
4. Ionization potential (IP) 6.128
5. Electron affinity (EA) 1.314
6. Chemical Potential (μ) − 3.721
7. Electronegativity (χ) 3.721
8. Electrophilicity Index (ω) 2.860
9. Softness (S) 0.415
10. Hardness (η) 2.407

Fig. 3. HOMO, LUMO of molecular orbitals for PAS molecule.
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3.5. Drug-Likely properties of PAS

We have also done the virtual screening our probe PAS as a probable
drug. Drug-Likely Properties of PAS includes some necessary parameters
(structural, chemical characteristics, inhibition mechanism protocols,
solubility, permeability, gastrointestinal intolerance etc) and drug-
likeness rules (Lipinski’s rule of five (Ro5), Ghose filter, Veber’s rule,
MDDR-like rule, Muegge rule etc) for a proposed drug. All of these
mentioned parameters and validity of rules have been computed by Auto
Dock tools (https://vina.scripps.edu/), Gauss view 05, Gaussian 09,
“SWISS ADME” (https://www.swissadme.ch) and “ADMET” (https://
vnnadmet.bhsai.org/) softwares. For verifying drug likeness properties
a rule of thumb or ‘Ro5’ plays an important role. Molecular weight less
than 500, H-bond acceptor less than 10, H-bond donor less than 5,
Moriguchi octanol–water partition coefficient (MLOGP) less than 4, and
molar refractivity between 30 and 140 are the filters for Ro5 (Table 3).
The Ro5-following medicines that have the necessary pharmacological
characteristics can be considered as prospective candidates for vocally
active medications in humans [53]. PAS follows all potential rules and
lipophilicity index perfectly. PAS also follows other required rules such
as; Veber, Ghose, Egan and Violate etc. (Table 3). From the ADMET
analysis, we observed that PAS has good bioavailability, solubility.
There is no cytotoxicity associated with it, and a daily intake of 4405 mg
is the highest recommended amount.

3.6. Absorption analysis

The electrical structure and reactivity of materials determine their
optical characteristics. Fig. 5 shows the computed UV–Vis spectrum of
PAS molecule in water environment and Table 4 shows the measured
absorption excitation energies (E) and oscillator strength (f). The most
intense peaks for PAS molecule are observed at 285.53 nm with f is
0.4543 for the S0 → S1 transition. S0 → S1 transition has the main
contribution for the formation of strong absorption band. A weak ab-
sorption is observed for S0 → S2 transition at 274.49 nm with f value as
0.0863. A moderate absorption is also observed for S0 → S3 transition at
243.79 nm with f value of 0.1713. Computed spectrum is obtained from
single PAS, so possibility of intermolecular effect is not observable in
simulated absorption data. New strong and wide redshifted absorption
bands of PAS are observed between 300–380 nm in its aqueous phase
experimentally [54]. Appearance of absorption peaks at higher wave-
length side indicate the possibility of intermolecular interactions be-
tween PAS and external environment.

To check the possibility of intermolecular interactions of PAS in
presence of nano-sized environment, we have used beta-cyclodextrin
(β-CD) as the nano sized target environment. T o identify the

possibility of formation of intermolecular inclusion complex between
PAS and β-CD (PAS: β-CD), the binding of affinity of the PAS with target
nano sized β-CD environment have been checked experimentally by
steady state uv–vis absorption and fluorescence analysis from pure apo
PAS and from PAS in presence of increasing concentration of β-CD in
aqueous environment. The binding affinity of PAS towards β-CD has
been verified by the calculation of equilibrium constant (K) by using
Benesi-Hildebrand equation with experimental data. Presence of car-
boxylic group (–COOH) as a supporting functional group attached with

Fig. 4. Molecular electrostatic potential map of the molecule PAS.

Table 3
Physical and chemical, drug-like, lipophilic, water-soluble, and pharmacokinetic
characteristics, as well as medicinal chemistry and PAS toxicity.

PAS

Physiochemical Properties Water Solubility

Molecular
Formula

C7H7NO3 Log S (SILICOS-IT) − 0.82

Molecular Weight 153.14 g/
mol

class Soluble

Hydrogen Bond
Donor

3 Solubility 2.31e + 01 mg/ml;
1.51e-01 mol/l

Hydrogen Bond
Acceptor

3 Pharmacokinetics

Topological Polar
Surface Area

83.55 Å2 Gastrointestinal
absorption

High

Molar Refractivity 39.83 BBB permeant No
Lipophilicity P-gp substrate No
Log Po/w (iLOGP) 0.84 CYP1A2 inhibitor No
Log Po/w (XLOGP3) 1.32 CP2C19 inhibitor No
Log Po/w (WLOGP) 0.68 Log Kp (skin

permeation)
− 6.30 cm/s

Log Po/w (MLOGP) − 0.70 Drug Likeness
Log Po/w (SILICOS-
IT)

0.02 Lipinski Rule Yes; 0 violation

Consensus Log Po/
w

0.43 Ghose Filter No; 3 violations:
MW<160,
MR<40, #atoms
< 20

Medicinal
Chemistry

Veber (GSK) Rule Yes

PAINS (Pan Assey
Interference
Structures)

0 alert Egan (phatmacial)
Filter

Yes

Brenk 1 alert:
aniline

Muegge (Bayer)
Filter

No; 1 violation:
MW<200

Leadlikeness No; 1
violation:
MW<250

Bioavailability
(Abbott) Score

0.56

Toxicity
Cyto-toxicity No
MRTD(mg/day) 4405
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PAS, has been created a favourable condition to initiate intermolecular
interaction with the external environment. In presence of increased
concentration of β-CD, PAS shows a negligible decrement in the ab-
sorption intensity with no shift in the band position (Fig. 6). Decrement
in the absorbance in presence of β-CD may be due to intermolecular
interaction between PAS and β-CD with the formation of PAS: β-CD
complex. Appearance of lower wavelength band around ~ 300 nm may
appear due to π → π* transition due to the formation of PAS: β-CD
complex. Higher wavelength absorbance around ~ 380 nm may appear
due to n → π* transition from nonbonded oxygens of carboxylic groups
of PAS.

The emission spectra of pure PAS, and in presence of increasing

concentration of β-CD have been shown in the Fig. 7. By exciting the
molecule at 290 nm Pure PAS shows dual emission bands. At 415 nm,
the intensity of the higher energy emission band is stronger than that of
the lower energy emission band, which is weaker at 490 nm. An
increased concentration of β-CD (keeping the concentration of PAS
fixed) the lower energy peak intensity at ~ 490 nm has shown an
increment with the decrement in the higher energy peak intensity at ~
415 nm which includes an iso-emissive point at 445 nm. In presence of
β-CD both the emission peak intensities of PAS are observed to be
increased or decreased without any shift in the band positions. Presence
of iso-emissive point at 445 nm indicates the formation of new type
complex between PAS and β-CD in aqueous environment. The geomet-
rical representation of β-CD and PAS: β-CD complex is shown in the
Fig. 8. To verify what type of PAS: β-CD complex formation and corre-
sponding equilibrium, we have used Bensai-Hildebrand plot followed by
Equation (11). The Benesi-Hildebrand method is a mathematical tech-
nique that is used to calculate the equilibrium constant K and the stoi-
chiometry of non-bonding interactions [55].

1
I − I0

=
1

K(I1 − I0)[Xn+]
+

1
(I1 − I0)

(11)

where I0 is the emission intensity of apo PAS, I1 represents the emission
intensity of PAS in presence of maximum concentration of β-CD (20
mM). I is the fluorescence intensity of PAS in presence of variable β-CD
concentrations (10 mM to 19 mM). The Bensai-Hildebrand plot is
appeared to be straight line which validated 1:1 complexation between
PAS and β-CD (Fig. 9) with an equilibrium association constant (K) value
4.8 x 103 M− 1.

3.7. Analysis of molecular docking result

After checking the possibility of complexation between PAS and β-CD
through absorption and emission data, molecular docking of PAS with
the parent cyclodextrin glycosyltranferases receptor 3CGT were per-
formed to validate the formation PAS: 3CGT complex further by Vina
Auto Dock. The outcomes of the molecular docking were examined
using Discovery Studio Visualizer software [56]. All the poses for PAS
with their binding energy, dreiding energy, dipole moment, number of
hydrogen bonded and electrostatic interactions and inhibition constant
has shown in SD 2. The basis of the best pose selection is the number of
hydrogen bonded and hydrophobic interactions, binding energy,
dreiding energy and lowest inhibition constant value of the complex at

Fig. 5. Computed UV–visible spectra of PAS molecule.

Table 4
UV–visible absorption data of PAS molecule.

Absorption Theoretical
Transition λ (nm) E (eV) (f)
S0 → S1 285.53 4.3423 0.4543
S0 → S2 274.49 4.5168 0.0863
S0 → S3 243.79 5.0857 0.1713

Fig. 6. Absorption spectra of apo PAS in aqueous solution phase and PAS with
increasing concentration of target β-CD (10 mM to 20 mM).

Fig. 7. Emission spectra of apo PAS, and PAS in presence of increasing β-CD
concentration (10 mM to 20 mM).

S. Sharma et al.
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300 K (room temperature). Number of hydrogen bonded and hydro-
phobic interactions always play a key role in identifying the inhibitor:
receptor complexation [57] as larger the number is the measure of sta-
bility of energetically favoured ligand in a suitable pocket of the envi-
ronment of receptor structure. In the present case, we have observed
maximum number of conventional hydrogen bonds (hydrogen bonds
between two atoms) for docked PAS: 3CGT complex structure in position
3. Hydrogen bonded interactions appeared between 3CGT (Residues:
LYS47, HIS98, ARG375, ASP371) and PAS (atoms: O, H) (Fig. 10a-c,
Table5, SD2). For the same pose maximum number of hydrophobic in-
teractions were also observed between 3CGT (Residues: HIS98, TRP101)

and PAS (Fig. 10, Table5). Lower value of dreiding energy (63.35) and
binding energy (− 5.1 kcal/mol) for pose 3 also validated the stronger
interaction between PAS and 3CGT (SD2). All the above mentioned
docking results clearly indicates that PAS can be easily bind inside the
favorable pocket of receptor 3CGT and can form a stable PAS: 3CGT
complex. To calculate inhibition constant, we have used the below
mentioned equation:

Ki = eΔG/RT (12)

where the universal constant is R, the binding affinity is G, and the
temperature is T (300 K). Lowest inhibition constant value (1.8 × 10-4

M) for pose 3 of PAS: 3CGT structure validated the stronger interaction
of inhibitor PAS towards the receptor 3CGT.

3.8. Molecular dynamics (MD) simulation

In silico-based MD simulation approach can provide a detailed
perspective in the growth of highly efficient mechanism of action for
chemical leads for the development of drugs against various viral dis-
eases [38,58]. Through molecular dynamics the most probable structure
of the receptor: inhibitor (drug) inclusion complexes and their mecha-
nism of interactions, stability of complex formation can be easily pro-
posed. Simulated data can easily demonstrate whether the inhibitory
effect of proposed drug can be retained after forming complexation with
the receptor. For the present study, with the aim to understand the
promising antitubercular activity of PAS, MD simulation was performed
to support the mode of action, interaction and preferred active binding
sites of the PAS: 3CGT complex. The MD simulation study of PSA: 3CGT
complex structure along with bare 3CGT were performed for 50000 ps
time scale. Through the use of numerous thermo dynamical parameters
including RMSD, RMSF, and binding energy estimates, all the trajec-
tories were examined in order to comprehend the stability and fluctu-
ations of these complex structures. Before MD simulation, we have
compared and analysed the minimum potential energy (Epot) of

Fig. 8. Geometrical representation of β-CD and PAS: β-CD complex.

Fig. 9. Benesi-Hildebrand plot for PAS in presence of varying concentration of
β-CD (10 mM to 20 mM).
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stabilised structures of bare 3CGT and PSA: 3CGT complex (SD 3a and
Table 6). The average Epot of bare 3CGT and for PSA: 3CGT complex
were obtained at same order as − 3.0 × 10-5 kcal/mol for PAS and − 2.5
× 10-5 kcal/mol for PSA: 3CGT (SD 3a, Table 6). Epot values of the same
order justifies the better possibility of complexation between PSA and
3CGT. After reaching the minimized energy state, initial stabilities of
each structure were verified in the situation of equilibrium (NVT and
NPT) for essential parameters: Temperature (T), density (D), pressure
(P), and volume (V) for 100 ps trajectory (SD 3b-d). After all above
mentioned verification MD simulation was performed with fully equil-
ibrated state upto the time scale of 50000 ps and several thermo

dynamical parameters were obtained for both apo 3CGT and PSA: 3CGT
complex.

Drug specificity, such as metabolization, and complex stabilisation
are studied from the interaction involving hydrogen bonds between a
drug and a receptor [59]. From the MD simulation result (Fig. 11 and
Table 5,6) it can be observed that PAS: 3CGT complex structure has six
intermolecular hydrogen bonds which validated the molecular docking
result. Larger number of H-bonded interaction justifies better stability of
complex structure. Similarly Radius of gyration (Rg) of a complex
structure with respect to the backbone receptor reflects its compactness
[60]. Smaller the difference from reference structure better is the pos-
sibility of compactness of complex structure. The average Rg for the apo
3CGT backbone was obtained as 2.6 nm within the range of 2.5 – 2.61
nm whereas for PAS: 3CGT it was 2.53 nm within a range of 2.48 – 2.56
nm (Fig. 12). Perfect similarity of PAS: 3CGT with respect to its back-
bone validated the compactness of PAS: 3CGT structure.

RMSD is a parameter that is used to assess the stability of an inhibitor
and its conformational deviation with respect to receptor backbone of
receptor during simulation process [61]. RMSD analysis revealed that
PAS: 3CGT complex is stable across the 50000 ps simulation period with
an average value of 0.25 nm with respect to the reference 3CGT back-
bone having an average value of 0.35 nm (Fig. 13, Table 6). Low

Fig. 10. a) binding energies pas, b) donor: acceptor surface for best pose in terms of h-bond interaction c) possible types of interaction in pose for pas: 3cgt.

Table 5
For the docked structure of PAS with receptor protein 3CGT, various interaction
parameters.

Ligand Binding
affinity
(kcal/
mol)

Hydrogen
bonded
interaction
(donor:
acceptor,
distance in
\AA)[Type of
bond]

Hydrophobic
bonded
interaction
(donor:
acceptor,
distance in
\AA) [Type of
bond]

Dreiding
energy
(ligand)

Inhibition
Constant
(M)
Ki=

PAS − 5.1 (A:LYS47:HZ2:
PAS:O, 2.79)
[Conventional
Hydrogen
Bond](A:
LYS47:HZ2:
PAS:O, 1.76)
[Conventional

Hydrogen
Bond](A:
HIS98:HD1:
PAS:O, 2.25)
[Conventional

Hydrogen
Bond](A:
ARG375:HH21:
PAS:O, 2.29)
[Conventional

Hydrogen
Bond]
(:PAS: H A:
ASN94:OD1,
2.35)
[Conventional
Hydrogen
Bond](:PAS: H
A:ASP371:
OD1, 1.84)
[Conventional

Hydrogen
Bond]

(A:HIS98:
PAS, 4.63)
[Pi-Pi
Stacked](A:
TRP101: PAS,
5.25)
[Pi-Pi T-

shaped](A:
TRP101: PAS,
5.02)
[Pi-Pi T-

shaped]

63.35 1.8 × 10-4

Table 6
MD simulations results for receptor protein 3CGT in its apo state and for the PAS:
3CGT, complex structure.

S.
No

Parameter Apo protease (3CGT) PAS: 3CGT
Mean Range Mean Range

MD Simulation Result
1. SR Columbic

Interaction Energy
(kcal/mol)

NA NA − 2.8 2.3- − 6.4

2. SR LJ Interaction
Energy (kcal/ mol)

NA NA − 21.9 − 10.9-
− 28.2

3. RMSD (nm) 0.35 0.15 – 0.5 0.165 0.05 –
0.35

4. Inter H-Bonds NA NA 6 0–10
5. Radius of gyration

(nm)
2.6 2.5 – 2.61 2.53 2.48 –

2.56
6. SASA (nm2) 237.5 219–––256 46 40–––51
MM/PBSA Results
7. Potential Energy

(kcal/mol)
− 3.0
× 10-5

NA − 2.5 × 10-

5
NA

10. Binding energy
(ΔG) (kcal/mol)

NA NA − 19.96
0.09

NA

11. Van der Waal
Energy (ΔEvdw)
(kcal/mol)

NA NA –23.020.07 NA

12. Electrostatic
Energy (ΔEelec)
(kcal/mol)

NA NA − 3.90.03 NA

S. Sharma et al.
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fluctuation and lower values of RMSD are very good in sign in terms of
system’s stability [62]. RMSF is also used to examine the residue-by-
residue fluctuations in PAS: 3CGT complex. RMSF identifies a re-
ceptor’s flexible area and examines the parts of structure that vary in
relation to the overall structure. A larger value of RMSF indicates the
more flexibility throughout the MD simulation, whereas a lower RMSF
value shows strong system stability. The average RMSF values for apo
3CGT, and PAS: 3CGT complex were noted as 0.12 and 0.10 respectively
(Fig. 14, Table 6). To quantify the strength of the non-bonded in-
teractions between PSA and 3CGT, we have computed the nonbonded
interaction energies (Coulombic and Lenard Jones) between them. With
the aid of colour contour depiction, Fig. 15a,b shows the variation of
Coulombic interaction energy and Lenard Jones interaction energy with
regard to time. Columbic interaction energy for the PAS: 3CGT complex
is observed as − 2.8 kcal/mol while Lennard-Jones interaction energy is
− 21.9 kcal/mol (Table 6). Above results conclude that during the
complex formation, the Lennard-Jones interaction energy had a greater
influence than the Coulombic interaction.

Further to scrutinize the binding affinity and key interactions be-
tween the guest PSA and 3CGT as receptor/ target for the inhibitor PSA,
binding energy of PSA: 3CGT complex has been computed in fully
equilibrated state by using MMPBSA method for the time scale of 50000
ps. MMPBSA is an efficient free energy simulation method to model
molecular recognition. By MMPBSA method, binding energy of the in-
hibitor: receptor interactions have been computed by using equations
(1–4) by calculating Van der Waal energy (Evdw) and electrostatic energy
(Eelectrostatic) represented in Table 6. For best binding pose 3 of PAS:
3CGT has shown the best inhibitor to receptor binding affinity with the
value of Evdw as –23.020.07 kcal/mol and Eelectrostatic as − 3.90.03 kcal/
mol (Table 6, Fig. 16). The binding energy value for the PAS: 3CGT was
obtained as − 19.96 0.09 kcal/mol.

To check the stages of binding affinity of PAS towards 3CGT, the
structural positions of PAS inside 3CGT have been studied for variable
time trajectories from initial time (0 ps) and final (50000 ps) time frames
(Fig. 17a). Fig. 17b represents the superposition of both binding phases.
It is observed that PAS was initially outside of the binding site (green, 0
ps), but by the end of the simulation, it had moved closer to the binding
cavity, with a little rotation and change in the functional group’s posi-
tion (red, 50000 ps). The initial and final frames of the ligand-bound
receptor’s perfect structural superimposition show very little change
at the ligand binding region (Fig. 17 b). Only the ligand orientation has
been changed throughout simulation for maximal convergence. Addi-
tionally, a slight tilt in the ligand position during simulation implies that
PAS was properly bound at the 3CGT binding site (Fig. 17).

Fig.11. Intermolecular H-bond counts for the protein–ligand complex between
PAS and 3CGT for different time points, from 0 ps to 50000 ps.

Fig. 12. For time trajectories from 0 ps to 50000 ps, the total radial gyration for
apo 3CGT and the PAS: 3CGT complex.

Fig. 13. RMSD (Root Mean Square Deviation) plots for receptor protein in the
apo state 3CGT and in complex (PAS: 3CGT) with receptor protein 6LU7 up to
50000 ps.

Fig. 14. Root mean square fluctuation (RMSF) graphs for apo state of receptor
protein 3CGT and in complex (PAS: 3CGT) with receptor protein 3CGT up to
50000 ps.

S. Sharma et al.
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3.9. Principal component analysis and free energy landscape

We have employed principal component analysis (PCA) to determine
the collective motion of the apo 3CGT and bound ligand with receptor
3CGT. PCA is employed to gain a deeper comprehension of the structural
and conformational alterations in protein brought on by the binding of
an inhibitor to a receptor. The eigenvectors (overall direction of motion
of the atoms) and eigenvalues of the receptor’s Cα atom are used in the
PCA investigation (atomic contribution of motion) [63]. Analyzing
conformational sampling of systems also involves tracing the covariance
matrix for backbone atom locations. In the present paper, we have also
computed the covariance trace value. For the apo 3CGT’s covariance
trace value was found to be 21.8 nm2, while the PAS: 3CGT complex had
a lower covariance trace value of 17.9 nm2. Overall, PCA analysis
demonstrated that binding of pas to 3CGT resulted in a significant shift
in the overall motion of 3CGT, indicating that the conformational space
of 3CGT is compressed (Fig. 18 (a–c)).

Fig. 19 (a,b) shows the energy minima landscape of unbound 3CGT
and PSA: 3CGT complex with the free energy landscape (FEL) is
compared to the first principal components PC (RMSD). For both ex-
amples, ΔG ranges from 2 to 10 kcal/mol (Fig. 19). The apo 3CGT and
PAS: 3CGT complex’s stability is indicated by the minimal variation of
energy area and size.

4. Conclusion

Salicylic acid derivatives are probably best known for their diver-
se pharmacological properties. Some of the most important biological
activities of salicylic acid derivatives include anti colitis, anti-ulcer etc
activities. Among all salicylic acid derivatives, PAS has been attracted
too much attention for its effective anti-tuberculosis activities. For this
work, our initial step was to research the detailed structural parameters
of PAS theoretically. We have observed PAS shows quite large variation
of charge and dipole moment in its stable configuration. The high charge
variation between its two charged moieties creates the reactiveness and
the possibility of charge transfer of PAS towards its neighbouring
environment. The chemical reactiveness of the ligand drug PAS was
verified by using FMO parameters and HOMO to LUMO charge transfer.
The possibility of charge transfer was further confirmed by contribution
of lone pairs and π bonds in UV–vis spectra. All of the above mentioned
factors suggested the PAS’s reactivity, and thus its potential ability to
bind to neighbouring environment for present case as drug carrier target
receptor β-CD. Luminescence, molecular docking and MD simulation
studies have revealed the stronger binding for PAS towards raw cyclo-
dextrin glycosyltransferase enzyme and its product derivative β-CD.
High value of association constant (K) 4.8 x 103 M− 1 in aqueous envi-
ronment validated the1:1 inclusion complex between PAS: β-CD. Simi-
larly, high binding affinity (− 5.1 Kcal/mol), a low inhibition constant
(1.8 × 10-4), presence of maximum number of non-bonded interactions
including several other thermodynamic parameters like Epot, RMSD,
RMSF, Rg, SASA energy, interaction energies, ΔGbind have also estab-
lished the strong binding between PAS and 3CGT. Exact matching of
number of hydrogen bonded interactions of PAS: 3CGT complex from
molecular docking and MD simulation data validate the existence of
strong binding force of the 1:1 PAS: 3CGT complex formation. Perfect
resemblance of RMSD and RMSF values of PAS: 3CGT complex and apo
3CGT demonstrated the suggested drug’s entire inheritance inside re-
ceptor site. We hope that the chemical reactivity of PAS presented in
present work is expected to be relevant in TB drug discovery and
development. The present in-silico and experimental research output on
the drug PAS as an inhibitor towards nano-sized capping reagent β-CD as
drug carrier will help researchers to characterise the “Green” behaviour
of probe drug molecule in the nano dimensional binding region of target
receptors including their whole biological processes.
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