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Abstract: Background: In tremendously effective antiretroviral therapy for Human Immunodeficiency Virus 1 (HIV1)
infections, integrase inhibitors are essential drugs. Resistance resulting from mutations, on the other hand, poses a threat to the
medication’s long-term efficacy in HIV-1 infected people. Purpose: The current study utilized in silico techniques, we searched
for phytochemicals or compounds that can inhibit the activity of the integrase enzyme. Material & Methods: Compounds were
collected from databases, and potential candidates were screened using pharmacokinetics and structure-based virtual screening
methodologies. The compounds were docked, and the binding affinity was evaluated to set the cut-off value for selecting
compounds. When compared to standard drugs, some compounds had a higher binding affinity. Molecular dynamics
simulation was then used to gain insight into the stability of the complexes, revealing two lead compounds, Withaferin and
Isatin, indicating that these compounds have potency for drug development. These compounds were further investigated for
their toxicity, indicating that Isatin was safe among the two. Conclusion: Thus, the study showcased that Isatin is a suitable
drug candidate, and we hope that the findings of this study will be useful in the development of an antiviral drug against
integrase enzyme.
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1. Introduction

In 1983, the HIV virus was isolated and recognized for the  categorized into types, groups, subtypes, circulating

first time, and since then about 75.7 million people have been
infected with HIV and 32.7 million have died due to AIDS-
related illnesses (https://www.avert.org/global-hiv-and-aids-
statistics). The virus is believed to have spread to humans
from non-human primates in Africa via cross-species
transmission [1]. Multiple transmissions have occurred since
then, but the effects have been wildly disparate; some have
resulted in global pandemics, while the others appear to have
caused little or no human spread. The HIV virus is

recombinants forms (CRFs), and unique recombinants forms
(URFs) using phylogenetic analysis of the isolates taken from
patients living across diverse geographic regions [2]. HIV- 1
strains are divided into three lineages: group M, group N, and
group O. These lineages appear to be the result of a separate
transmission from central African chimps. HIV-2 has
originated from the sooty mangabey monkeys in West Africa.
The main HIV pandemic is caused by HIV- 1 group M
strains, which is thought to have evolved into genetic
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subtypes after being introduced to humans. HIV-1 groups N
and O are extremely rare, occurring only in Cameroon in
Central Africa [3]. The prevalence and the spread of HIV-2
has decreased as observed since the last 30 years [4]. Today,
HIV/AIDS is one of the most serious public health threats.
HIV encodes three essential viral enzymes: viral protease,
reverse transcriptase, and integrase. (Figure 1) The drugs for
the AIDS treatment include protease inhibitors, reverse
transcriptase inhibitors, co-receptor inhibitor, fusion inhibitors,
and the newly added integrase inhibitors [5-7]. Inhibitors of
the viral protease enzyme and non-nucleoside and nucleoside
inhibitors of the reverse transcriptase are used for the treatment
of infection in combinations known as HAART (highly active
antiretroviral therapy). HAART has undeniably had a positive
impact on treatment of HIV infection, but resistance to these

classes of inhibitors has diminished their efficacy, driving the
search for new inhibitors [8].

Integrase is the enzyme responsible for integrating the
viral DNA into the host chromosome [9]. Integration begins
by cleaving the viral DNA 3’ends, which then attacks the
host DNA (tDNA), which is later followed by DNA repair.
The 3’ processing and DNA integration occur in an active
site that requires the presence of two Mg2+ cofactors
following 3’ processing. This active site becomes a target of
the drug family integrase strand transfer inhibitor (INSTI)
[10]. In spite of intensive research on HIV integrase, only
four FDA-approved drugs currently exist against the
integrase enzyme; ‘Raltegravir, Elvitegravir, Cabotegravir
and Dolutegravir’ (http:/ www.fda.gov), which are
administered along with other antiretroviral medications.
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Figure 1. Proteins distributed in the HIV-1 genome. Figure created using NC_001802.1.

They block the strand transfer reaction; thus, they are also
referred as Integrase strand transfer inhibitors (INSTI) [5-7].
These drugs are generally well tolerated, although side-effect
profiles differ between drugs. People who experience adverse
effects with one INSTI may tolerate an alternative drug in
this class; however, switching from one INSTI to another
may result in new side effects [11]. Integrase is one of the
most crucial enzymes required for the viral replication,
making it a reasonable target for antiviral agents and thus
recent research has focused on new integrase inhibitors
including those targeting non-catalytic sites of HIV integrase
[8, 12].

The development of novel molecular scaffolds with high
binding affinity and selectivity for the target, as well as a
suitable pharmacokinetic profile is one of the key goals in
drug discovery. To identify new inhibitors, virtual screening
protocols have been proposed such as docking,
pharmacophore mapping, and shape-based screening (SBS)
[13]. Molecular docking can be used for screening of the
potential molecules acting against the HIV integrase from a
large dataset and based on the docking studies, the identified
potent molecules can be subjected to pharmacokinetics and
drug-likeness studies. The goal of molecular docking is to
find realistic binding geometries for a proposed ligand with a
known target site; this is carried out by characterizing the
binding site, correctly aligning the ligand in the binding site,
and estimating the strength of the ligand- receptor complex
interaction [14]. The potent chemical molecules identified
through molecular docking are more likely to progress to the
next stage of the drug development process. Thus, in vitro
and in silico approaches are now widely used to investigate

the pharmacokinetics of new chemical entities and molecular
modelling have been most widely used tool to optimize leads
in drug development [15].

Most drugs in the market nowadays are either derived
from natural sources or are semi- synthetic in origin.
Some analogues of the natural compounds for some new
targets in HIV-1 may be developed as the new anti-HIV
drugs. Thus, natural molecules could be a promising
alternative for developing a novel drug. The use of
phytochemicals to be explored as anti-HIV agents could
be another viable option [16]. In consideration of these
studies, we have performed a molecular docking study of
ligands against HIV integrase. The further information
from this study would be helpful to explore a new
compound, which could be very useful for further refined
and lead optimization process in the development of HIV
integrase antiretroviral drugs.

2. Material and Methods
2.1. Protein Retrieval

This analysis was based on the 3D structure of HIV-1
Integrase Protein as it plays an essential role in viral
replication and integration of viral genome into the host [17].
The 3-D structure of the Integrase Protein was obtained from
the RCSB PDB data repository in PDB format. The PDB id
of the selected structure is 6JCF.
(https://www.rcsb.org/structure/6JCF) [18]. The 3D structure
of the Integrase protein can be observed in (Figure 2).
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Figure 2. 3-Dimensional structure of the Integrase Protein of HIV-1 Virus.
2.2. Ligand Retrieval

In this study, 2099 ligands were selected, out of which 99
were antiviral drugs derived from Dr Duke’s Drug Bank
database [19] and 2000 ligands were phytochemicals
retrieved from Indian Medicinal Plants, Phytochemistry and
Therapeutics (IMPPAT) database [20]. The 3-D SDF files of
these compounds were collected from the PubChem
database. (https://pubchem.ncbi.nlm.nih.gov/) [21].

2.3. ADME Analysis

Swiss-ADME (http://www.swissadme.ch/) [22] webserver
was utilized for screening purposes on the basis of Lipinski’s
rule of five. The ADME analysis provides prediction of the
in vivo behavior of a ligand thus indicating its potential to be
a viable drug candidate. In order to qualify as a ligand, a
compound should have a molecular mass of less than 500
Daltons, an octanol-water partition coefficient (log P) that
does not exceed 5, less than 10 H-bond donors, no more than
5 hydrogen bond donors (the total number of Nitrogen-
Hydrogen and Oxygen-Hydrogen bonds) [22, 23].

2.4. Bioavailability Radar

The bioavailability radar of the shortlisted drugs
candidates following Lipinski’s rules were retrieved using the
Swiss-ADME which was centered on physicochemical
indices suitable for oral consumption such as LIPO,
Lipophilicity: -0.7 < XLOGP3 < +5; SIZE, Molecular size:
150 g/mol < mol. wt. < 500 g/mol; POLAR, Polarity: 20 A2
< TPSA <130 A2; INSOLU, Insolubility: 0 < Log S (ESOL)
< 6; INSATU, Instauration: 0.25 < Fraction Csp3 < 1; FLEX,
Flexibility: 0 < Number of rotatable bonds < 9. The colored
zone within the radar is the physicochemical space which
indicates oral bioavailability. Any deviation from these
parameters on a large scale suggests that the ligand cannot be
orally consumed [22].

2.5. Protein and Ligand Preparation

Protein: The 3D Structure of integrase protein was selected
for molecular docking analysis using UCSF Chimera 1.15
tool [24]. The water molecules were removed, Kollman
charges and polar hydrogen atoms were added to the protein
molecule, and finally the charged protein molecule was saved
in PDB format.

Ligand: Bioactive compounds which satisfied the
Lipinski’s rule of five were chosen as ligands, and their
structures were obtained from PubChem databank in SDF

format. PyRx Virtual Screening Tool was utilized to generate
structure variations, to optimize and minimize energy of the
ligands [25].

2.6. Molecular Docking

The molecules following Lipinski’s rule of five were
subjected to molecular docking. The selected ligand
structures were docked with the Integrase protein of HIV-1
virus using Auto Dock Vina [26]. The Auto Dock Vina
software carries out the prediction of bound confirmation
based on free binding energies, which was calculated on the
basis of the empirical force field. The docking analysis was
performed using the Auto Dock Vina via docking protocol
PyRx Virtual Screening Tool. This evaluation helped in
narrowing down the potential ligands exhibiting high binding
affinity with the protein as probable inhibitors.

2.7. Analyzing and Output Visualization

The docking pose having the lowest free binding energy to
the corresponding protein was analyzed using Biovia Discovery
Studio Visualizer [27]. The ligands showing ideal binding
energy (above 7.5 kcal-mol—1) were selected and analyzed via
2- and 3-dimensional protein-ligand complexes, and based on
their intermolecular interactions, such as hydrogen bonding,
hydrophobic interactions, Van-der Waal forces, alkyl bonds, pi-
alkyl bonds, sigma bonds, pi-sigma bonds, pi-cation bonds, pi-
anion bonds, and pi-pi T-shaped bonds.

2.8. Molecular Dynamics Simulations

The molecules exhibiting higher binding affinity were
subjected to WEBGRO, which is a highly autonomous online
platform, for performing molecular dynamics simulation to
study the interactions established by these ligands with their
target protein. GROMACS simulation package is utilized for
performing fully solvated molecular dynamics simulations
[28]. Molecular dynamics simulations confirm and calculate
the stability, fold, and interactions of the docked proteins.
The simulations were performed at 100 ns. The MD
simulations parameters were kept as follows Forcefield:
GROMOS96 43al, Water model: SPC, Box Type: Triclinic,
Salt Type: NaCl, Neutralization with 0.15M salt; Energy
Minimization parameters- Integrator: Steepest Descent,
Steps: 5000, Equilibration, and MD run Parameters-
Equilibration Type: VT/NPT, Temperature (K): 300, Pressure
(bar): 1.0, MD integrator: Leap-frog, Simulation time (ns):
100 (max allowed 100nsec), Approximate number of frames
per simulation: 1000, Webgro: time 100 ns. The
conformational changes seen in the structural level integrity
of docked complexes were analysed using root mean square
deviation (RMSD).

2.9. Toxicity Prediction

Toxicity prediction was performed for the drugs showing
zero violations of the Lipinski’s rule to evaluate the safety of
drugs for human consumption The absorption, distribution,
metabolism, excretion, and toxicological characteristics of the
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compounds employed in this study were calculated (ADMET).
ProTox-II, a virtual lab for predicting small molecule’s
toxicity, and ADMET 2.0 were used for the analysis. The
drugs were uploaded to the server which gave results
exhibiting the toxicity prediction. ProTox II tool [29] was used
to calculate the toxicity profiles, toxicity class, and LD50
values of the shortlisted phytochemicals. Based on the LD50
value of 3700 dataset compounds, it determines the toxicity of
the compound and categorizes the query drug into six broad
groups, with Class I being extremely toxic and Class VI being
safest. This server also specifies the prescribed mg/kg value of
the medication for consumption. ADMET 2.0, an integrated
online platform for accurate and comprehensive predictions of
ADMET properties, [30] was also used to determine certain
toxicity parameters which are required for a molecule to
qualify as an ideal drug. The parameters evaluated through
ADMET includes Herg Blockers, H-ht, DiliAmes toxicity, Eye
irritation, Rat oral acute toxicity, Fdamdd, Skin sensitization,
Carcinogenicity, Eye corrosion, Respiratory toxicity, and
Environmental toxicity.

3. Result and Discussion

For decades, finding a cure for HIV has been difficult. To
stop the virus from spreading in the host, numerous
compounds have been explored against specific components
of the virus. The concept of using a known phytochemical to
develop cure for the disease is intriguing [31]. The enzymes
encoded by the virus are viral protease, reverse transcriptase,
and integrase. HIV integrase is a rational target for treating
HIV infection and preventing AIDS. The HIV integrase (IN)
enzyme is a 32-kDa protein encoded by the pol gene of the
virus [32]. The 3D structure of the HIV-1 Integrase Protein,
which is required for viral replication and integration of the
viral DNA into the host, was retrieved in PDB format from
the RCSB PDB data repository. In this study, we have
investigated the binding of different inhibitors to the enzyme
using computational docking approaches.

A total of 2099 ligands were chosen, Out of those 99
Ligands were selected from Dr Duke's Drug Bank database
and the remaining 2000 were selected from the Indian
Medicinal Plants, Phytochemistry and Therapeutics (IMPPAT)
database [19, 20]. The compounds chosen were flavonoids,
organic compounds, alkaloids, polyphenols, terpenoids,
carboxylic acids, steroids, quinones, carbohydrates, benzene
and derivatives, and lipids and fatty acids.

3.1. Evaluation of Pharmacokinetic and Pharmacological
Properties

Lipinski’s rule of five was used to determine a compound’s
drug likeness. Lipinski’s rule of five, which is based on
lipophilicity, molecular weight, and hydrogen donor-acceptor
bonds predicts the absorption and the penetration of drug.
The absorption of the drug into the system, distribution,
metabolism, and then the excretion of the drug is based on
this rule [32]. For enhanced selectivity and drug-like
physicochemical qualities, the properties of the molecule

must be in accordance with the rule of five. The molecule
should have H bond acceptors < 10, H bond donors < 5,
molecular weight of < 500 and Log P < 5, indicating high
lipophilicity [33]. The interaction between the drug and the
membrane is affected when these rules are violated. Smaller
lipophilic molecules have a higher permeability, furthermore,
when the drug molecule has a positive charge, passive
diffusion is preferred since it has a better interaction with the
cell membrane [34]. Lipinski's rule of five was used to
determine the drug-likeness of 2099 bioactive compounds in
this study. As observed in (Figure 3), 15.86% of the
compounds were flavonoids, 14.48% were organic
compounds, 14.15% of the compounds were not classified
into any group, whereas the remaining compounds included
alkaloids, polyphenols, terpenoids, carboxylic acids, steroids,
quinones, carbohydrates, benzene and derivatives, and lipids
and fatty acids which accounted for 6.86, 3.67, 13.24, 5.96,
5.81, 1.24, 6.38, 7.38, and 4.95%, respectively. As shown in
(Figure 4), 41.50% of the compounds followed Lipinski's
rule of five, while 24.73, 15.01, 11.62, and 7.15% disobeyed
one, two, three, and four rules, respectively. Compounds that
violated one or more of Lipinski's rules were excluded from
the study, and only 871 compounds were further investigated.

Classification of drugs

I 6.86% 144 Alkaloids

I 3.67% 77 Polyphenols

B 15.86% 333 Flavonoids

B 13.24% 278 Terpenoids

[ 5.96% 125 Carboxylic acids

I 14.48% 304 Organic compounds
B 5.81% 122 Steroids

W 1.24% 26 Quinones

I 6.38% 134 Carbohydrates

I 7.38% 155 Benzene and dervatives
I 4.95% 104 Lipids and fatty acids
3 14.15% 297 Others

Total=2099

Figure 3. Classification of the drugs.

Number of Violations

I 41.50% 871 zero
I 24.73% 519 one
71 15.01% 315 two
B 11.62% 244 three
W 7.15% 150 four

Figure 4. Distribution of drugs based on Lipinskis rule of five.

3.2. Bioavailability Radar and Toxicity Prediction

Following the ADME analysis, molecular docking, and
molecular dynamic stimulations, all the 871 compounds were
further investigated for their toxicity profile. An expository
tool- Bioavailability radar- was used to elucidate the drug-
likeness of the compound. To detect drug-likeness, the tool
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predicts the Dbioavailability radar based on six
physicochemical properties: size, solubility, lipophilicity,
flexibility, polarity, and saturation [35]. Because of its
convenience of administration, cost-effectiveness, less
sterility limitations, and flexibility in design of dosage, oral
ingestion is convenient and widely used mode of drug
delivery in the patients. As a result, many drug manufacturers
are more likely to produce bioequivalent oral drug
formulations [36]. However, around forty percent of new
drug compounds have poor water solubility, thus making oral
administration difficult due to high intra- and inter-subject
variability, low bioavailability, and a lack of dose design.
When it comes to the production or research on a new oral
drug, low aqueous solvency is a major concern. For these
oral drugs, limited water dissolvability and high lipophilicity
limit the therapeutic effect. It is recommended to increase the
therapeutic efficacy of the drug by increasing the
bioavailability and decreasing interpatient changeability in
plasma level concentrations [37]. A drug that has low
aqueous solubility will also have low saturation solubility,
thus its bioavailability will be low. To interact with the lipid
membrane, a medication should have sufficient lipophilicity.
A deviation from these parameters shows that the ligands are
not orally bioavailable [38, 39]. All the 871 compounds
studied were found to be orally bioavailable. Safety of the
drug, which includes a variety of toxicities and side effects, is

Withaferin Isatin

4,8-Dihydroxysesamin

38

still the most pressing concern during drug development. To
avoid significant financial losses later in the process of drug
development, computational methods and approaches can be
used which have proven to be more advantageous over in
vitro and in vivo studies [40]. The shortlisted molecules were
subjected to additional testing using the PROTOX -II
webtool for toxicity analysis. The parameters used for the
evaluation of the compounds were: Toxicity class (Oral
toxicity), Predicted LD50, Hepatotoxicity, Carcinogenicity,
Immunotoxicity, Mutagenicity, and Cytotoxicity.

Considering the bioavailability radars (Figure 5) of the
best ligands and the toxicity profile, (Table 1) it can be
deduced that Isatin is a potential candidate for drug
development, and it can be used for the treatment of HIV
infection. In comparison to other ligands, it has a high LD50
value (1000 mg/kg) and shows the maximum number of
hydrogen bonds with the receptor. However, it possesses
carcinogenicity, which makes it unsuitable for oral
consumption. Further analysis needs to be carried out to
reduce its carcinogenicity for making it a potential lead
molecule for formulation development. Withaferin,
Cladospirone bisepoxide, and 4,8-Dihydroxysesamin are
bioavailable, and they also show the presence of hydrogen
bonds. Thus, they can be used to treat HIV infection, but the
dosage of those molecules must be calculated because they
possess toxicity and carcinogenicity.
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Figure 5. Bioavailability Radar diagram of the best ligands.
Table 1. Toxicity prediction of the best ligands.

. Hepato- Carcino- Immuno- Muta- Cyto- Conventional
Ligands Class LD 50 (mg/kg) toxicity genicity toxicity genicity toxicity hydrogen bonds
Withaferin 3 300mg/kg Inactive Inactive Active Inactive Active 4
Isatin 4 1000mg/kg Inactive Active Inactive Inactive Inactive 4
Gummadiol 3 1500mg/kg Inactive Inactive Active Inactive Inactive -
Cladospirone bisepoxide 2 34mg/ kg Inactive Active Inactive Active Inactive 3
Paulownin 3 1500mg/kg Inactive Inactive Active Inactive Inactive -
4,8-Dihydroxy-sesamin 3 1500mg/kg Inactive Active Inactive Inactive Inactive 2
Diosbulbin D 3 280mg/kg Inactive Inactive Active Inactive Inactive -
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3.3. Molecular Docking

Molecular docking is one of the most successful and
common structure-based in silico strategy for predicting
the interactions between molecules and their biological
targets. It is usually performed by first predicting the
molecular orientation of a ligand within a receptor, and
then using a scoring function to estimate their
complementarity [41, 42]. It selects the best protein-ligand
pair based on their binding affinity and assists the drug
developer in moving forward with testing the most
promising drug candidate. The bioavailable ligands were
used to perform molecular docking with the HIV integrase
enzyme. (Table 2) shows the binding energy values for the
top 7 ligands, their binding energies indicate that they
have a good affinity for the target enzyme; integrase.
Whereas (Table 3), shows the binding energy values of the
drugs used for the treatment of HIV. As observed from the
(Figure 6), the phytochemicals have same and, in some
cases, even higher binding energies as compared to the
drugs used in the treatment of HIV. The phytochemicals
withaferin, isatin, gummadiol, and cladospirone
bisepoxide have a higher affinity than the drugs used for
the treatment currently, their binding energies are -8.3, -8,
-7.7, and -7.7, respectively. The binding energies of the
drugs dolutegravir, cabotegravir, elvitegravir, and
raltegravir are -7.2, -7.6, -6.6, and -7.2, respectively. The
phytochemicals with higher binding energies might have
more hydroxyl groups, which generate hydrogen bonds
with the target protein indicating that they have a
favorable interaction with the target. Also, bonds such as
alkyl and pi-alkyl promote the hydrophobic interaction of
ligands in the receptor’s binding pocket. The pi-sigma
bond introduces stabilizing charges that allow the drug to
intercalate into the receptor’s binding sites. All negative
atoms, such as chlorine atoms, are balanced by the pi-
cation bond. These bonds play an important role in the
structural binding and free energies of the ligands with
their respective targets [38, 43]. Considering the best
ligands, the binding affinity was in the range of — 8.3 to —
7.6 (Table 2 and Figure 6), suggesting that Withaferin (-
8.3) is a better candidate as compared to the other ligands.
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Figure 6. Comparative binding energy of the best ligands and the drugs
currently employed for the treatment of HIV.

Table 2. Binding Energy of HIV integrase with top 7 phytochemicals as
ligands.

Sr. No Ligand Binding Energy n(AG) (kcal/mol)
1 Withaferin -8.3

2 Isatin -8

3 Gummadiol -1.7

4 Cladospirone bisepoxide — -7.7

5 Paulownin -7.6

6 4,8-Dihydroxysesamin -7.6

7 Diosbulbin D -7.6

Table 3. Binding Energy of HIV integrase with drugs currently used for
treatment.

Sr. No Ligand Binding Energy n(AG) (kcal/mol)
1 Dolutegravir -1.2
2 Cabotegravir -7.6
3 Elvitegravir -6.6
4 Raltegravir -7.2

3.4. Molecular Dynamics Simulations

The WEBGRO server was used to evaluate the stability of
the top seven inhibitor-integrase complexes. Molecular
dynamic simulation was performed to investigate the RMSD
and RMSF values of the selected inhibitors. The Root Mean
Square Deviation (RMSD) is the measure of the average
distance between atoms of two superimposed molecules. It
can be used to evaluate the stability of a given system. The
Root Mean Square Fluctuation (RMSF) is a measure of
atoms or group of atoms’ displacements relative to a
reference structure, averaged over the number of atoms
present. It is used to evaluate the stability of a structure over
the duration of simulations [44]. A high RMSF value
indicates the protein structure’s flexibility, the presence of
loops, or the loose bonding between the molecules, whereas a
low value indicates stability as well as the presence of
secondary structures such as sheets and helices. The Solvent
Accessible Surface Area (SASA) is the surface area of a
protein-ligand complex that interacts directly with solvent
molecules. The rise in the values indicates relative expansion,
and lower values imply more stability. Hydrogen bonds are
important in determining the specificity of ligand binding.
They are regarded as an important parameter in drug
designing because they play a role in drug metabolism, and
absorption.

Withaferin has a binding energy of — 8.3 kcal/mol. It has
two types of bonds: the conventional hydrogen bond and the
alkyl bond. LYS A-185, GLU A-198, ASN A-184 formed the
conventional hydrogen bond. PHE 181, TYR 83, and VAL
201 of the A chain formed an alkyl bond with the ligand.
(Figure 7) The RMSF plot (Figure 8a)) shows that the
molecule has higher RMSF values indicating that the protein
has loops or turns. The value of the radius of gyration (Rg)
indicates the stability of the complex, which can be
correlated to the compactness of the structure. (Figure 8b))
The solvent accessible surface area plot shows fluctuations
during binding of the ligand. (Figure 8c)) A maximum of
four hydrogen bonds can be seen between the receptor and
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Withaferin. (Figure 8d)) The RMSD plot for the receptor in
complexation with Withaferin (Figure 8e)) was observed, it
showed equilibria between 25 to 70 ns and it was in the range

a) b)
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of 1.35 to 1.65 A. This molecule can be further investigated
for drug development due to the presence of hydrogen bonds
and overall stability of the complex.

Figure 7. 2D interaction plot of Withaferin docked in the binding pockets of integrase enzyme. 3D representation showing the position of Withaferin within the

cavity of integrase enzyme.

(a) RMS fluctuation

a8 — T T T

DRG afier Isq fit 1o Protein

(b)

Radius of gyration (total and around axes)

L6 T T T

RMSD

. Mj /M H 1 | (e)l

N S
g 0 100 150 200 250 300 15

Solvent Accessible Surface
(©)

RMSD (nm)
T

ss i o = Toul]

[A] o

B

1 gt AT S )
T s 4
. \
14 L 1 L I
L . ! . A 20000 40000 6ODDD  BOOOD  Let0S
el Time (ps)
Residue

T

Hydrogen Bonds

— Hydrogen bonds

I

Arca (nmz)

=
P

i I n 1 L 1 . 1 L
0T 200000 40000 60000  BX0O0  lot0S
Time (ps)

L
100 150 200
Time (ns)

Number

AR HN“

e

Figure 8. RMSF plot of the receptor-Withaferin complex. The Radius of Gyration plot of the receptor-Withaferin complex. The Solvent Accessible Surface area
plot of the receptor-Withaferin complex. Hydrogen bonding pattern of the receptor-Withaferin complex. RMSD study plot of the receptor-Withaferin complex.

Isatin has binding energy — 8 kcal/mol and displays
altogether three types of interactions. LYS 188, LYS 186, and
GLU 157 of the chain A displayed alkyl and pi-anion bonds,
respectively. ARG 199, ALA 196, LYS 186 of the A chain
formed conventional hydrogen bonds. (Figure 9) The RMSF
plot (Figure 10a)) displays that the molecule has higher
RMSF value, but the values are lower than Withaferin. The
value of the radius of gyration (Rg) shows stability with

some fluctuations. (Figure 10b)) The solvent accessible
surface plot shows slight fluctuations but has stability
overall. (Figure 10c)) Four hydrogen bonds can be seen
between the receptor and Isatin. (Figure 10d)) In the
receptor-Isatin complex, the RMSD values (Figure 10 e))
were in the range 4.5 — 5.0 A with some fluctuations. The
equilibration of the complex was observed between 25 to 100
ns. Isatin can be a promising candidate for drug development
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and further studies can be carried out to elucidate the activity
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Figure 9. 2D interaction plot of Isatin docked in the binding pockets of integrase enzyme. 3D representation showing the position of Isatin within the cavity of

integrase enzyme.
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The binding energy of Gummadiol is — 7.7 kcal/mol. It
displays different types of interactions, which includes
carbon hydrogen bond, pi-alkyl bond and alkyl bond. LYS
127 of the A chain formed a carbon hydrogen bond. A chain
residue CYS 130 forms pi-alkyl bond. A chain residues VAL
113, PHE 121, ILE 135, LYS 127, and LUS 136 interact with
ligand by forming alkyl bonds. (Figure 11) The RMSF plot
(Figure 12a)) shows that Gummadiol has higher RMSF
values. The radius of gyration (Rg) plot shows fluctuations

and does not attain stability throughout the simulation.
(Figure 12b)) The solvent accessible surface area plot
displays significant fluctuations. (Figure 12c¢)) No hydrogen
bonds were formed between the receptor and Gummadiol.
(Figure 12d)) The receptor-Gummadiol complex showed
RMSD (Figure 12e)) values in the range 0.75— 2.90 A with
multiple fluctuations. The equilibration of the complex was
observed between 10— 45 ns.
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Figure 11. 2D interaction plot of Gummadiol docked in the binding pockets of integrase enzyme. 3D representation showing the position of Gummadiol within
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Cladospirone bisepoxide has binding energy — 7.7
kcal/mol and displays altogether two types of interactions.
GLN 177 and ASN 184 of the chain A formed conventional
hydrogen bonds. TYR 83 of the A chain formed pi-pi T-
shaped bond. (Figure 13) The RMSF plot (Figure 14a))
shows that the molecule has higher RMSF value. The radius
of gyration (Rg) plot shows considerate fluctuations. (Figure

14b)) The solvent accessible surface area plot also shows
fluctuations throughout the simulation. (Figure 14c))
Cladospirone bisepoxide forms three hydrogen bonds with
the receptor. (Figure 14d)) The RMSD plot for the receptor in
complexation with Cladospirone bisepoxide (Figure 14e))
was observed, it showed equilibria between 10 to 60 ns, and
it was in the range of 2.4 to 3.3 A with some fluctuations.
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The binding energy of Paulownin is — 7.6 kcal/mol. It
displays different types of interactions, which includes
carbon hydrogen bond, pi-alkyl bond, amide pi-stacked bond,
and pi-cation bond. ALA 86 of the A chain formed a carbon
hydrogen bond. A chain residue VAL 180 forms pi-alkyl
bond. A chain residue GLY 197 interacts with ligand by
forming amide pi-stacked bond. Finally, LYS 185 of the A
chain formed a pi-cation bond (Figure 15) The RMSF plot
(Figure 16a)) shows that the molecule has low RMSF value,
indicating that structure might contain sheets and helices.

The value of the radius of gyration (Rg) shows instability of
the receptor-Paulownin complex. (Figure 16b)) The solvent
accessible surface area plot also shows fluctuations
throughout the simulation. (Figure 16c)) Paulownin does not
from hydrogen bonds with the receptor. (Figure 16d)) The
RMSD plot for the receptor in complexation with Paulownin
(Figure 16e)) was observed, it showed multiple fluctuations
and did not attain stability throughout the simulation time.
This can be attributed to the conformational changes that the
receptor-Paulownin complex induce.
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Figure 15. 2D interaction plot of Paulownin docked in the binding pockets of integrase enzyme. 3D representation showing the position of Paulownin within

the cavity of integrase enzyme.
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4,8-Dihydroxysesamin has a binding energy of — 7.6
kcal/mol. It has five types of bonds: the conventional
hydrogen bond, carbon hydrogen bond, pi-alkyl bond,
alkyl bond and the pi-anion bond. TYR A-83, ASN A-184
formed the conventional hydrogen bond. GLU 87, TYR
83, PHE 181, and GLY 197 of the A chain formed carbon
hydrogen bonds with the ligand. LYS 185 and VAL 180 of
the A chain formed pi-alkyl and alkyl bonds, respectively.
GLU A-85 forms a pi-anion bond with the target. (Figure
17) The RMSF plot (Figure 18a)) shows that the molecule

has higher RMSF values indicating that the protein has
turns or loops. The radius of gyration (Rg) plot shows
overall stability with some fluctuations. (Figure 18b)) The
solvent accessible surface plot shows considerable
fluctuations. (Figure 18c)) 4,8-Dihydroxysesamin forms
two hydrogen bonds with the receptor. (Figure 18d)) In the
receptor-4,8-Dihydroxysesamin complex, the RMSD
values (Figure 18e)) were in the range 1.2 — 2.0 A with
some fluctuations. The equilibration of the complex was
observed between 20 to 80 ns.
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Figure 19. 2D interaction plot of Diosbulbin D docked in the binding pockets of integrase enzyme. 3D representation showing the position of Diosbulbin D
within the cavity of integrase enzyme.
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Diosbulbin D has a binding energy of — 7.6 kcal/mol. It
shows three different types of interactions: pi-donor hydrogen
bond, alkyl bond, and pi-sigma bond. The A chain’s ASN 184
residue forms pi-donor hydrogen bond. The residue involved
in the formation of alkyl bond is LYS 185 of the chain A. VAL
180 of the A chain forms pi-sigma bond. (Figure 19) The
RMSF plot (Figure 20a)) shows that Diosbulbin D has higher
RMSF values. The radius of gyration (Rg) plot shows slight

fluctuations. (Figure 20b)) The solvent accessible surface area
plot displays significant fluctuations. (Figure 20c)) No
hydrogen bonds were formed between the receptor and
Diosbulbin D. (Figure 20d)) The RMSD plot for the receptor
in complexation with Diosbulbin D (Figure 20e)) was
observed, it showed multiple fluctuations and did not attain
stability, this can be due to the conformational changes that the
receptor-Diosbulbin D complex induce.
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Figure 20. RMSF plot of the receptor-Diosbulbin D complex. The Radius of Gyration plot of the receptor-Diosbulbin D complex. The Solvent Accessible
Surface area plot of the receptor-Diosbulbin D complex. Hydrogen bonding pattern of the receptor-Diosbulbin D complex. RMSD study plot of the receptor-

Diosbulbin D complex.

4. Conclusion

Despite the availability of drugs that can be used to control
the HIV infection and even reduce viral transmission, HIV
remains a primary cause of death and a public health threat
for millions of people throughout the world. In silico
screening of bioactive molecules was carried out to identify
the novel inhibitors for HIV-1 integrase enzyme. These
screenings reduce the time taken to develop new drugs. The
current study highlights the importance of the efficacy of in
silico screening and its success in identifying HIV inhibitors
that are effective against integrase enzyme.

The pharmacokinetic properties of the selected ligands
were evaluated in the first round of screening, which was
done using Lipinski’s rule of five. This aided in the
identification of the compounds, among the long list of
phytochemicals, which could be further investigated. Using
AutoDock technologies, computational analyses were
conducted on selected phytochemicals. Molecular docking
results revealed the best binding confirmation of ligands.
Withaferin, Isatin, and Gummadiol had good binding

affinity while interacting with integrase enzyme. The
RMSF, Radius of gyration, Hydrogen bonding pattern, and
RMSD plot indicate that Isatin is the best among the seven
selected ligands. The toxicity and the druggability of the
ligands were further investigated in order to identify the
most promising possibilities with high bioavailability and
low toxicity. The toxicological prediction indicated that
Isatin is safe when compared to other drugs and given in
lower concentrations. As a result, in silico analysis expands
the possibilities for drug development, furthermore,
experimental tests must be conducted to confirm the
efficiency of Isatin.
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