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Abstract

The HIV-1 protease plays an essential role in the replication cycle of HIV-1;
therefore there is a direct need to develop novel inhibitors of the HIV-1 protease,
which can cease the viral replication. The present study targets the discovery
of potential inhibitors of HIV-1 protease from a set of phytochemicals. From
2505 phytochemicals, 108 compounds were docked, after screening, with
the HIV-1 protease to analyze their inhibitory potential against the protease.
DFT analysis was also conducted to study the reactivity of strongly docked
compounds. Out of 108 phytochemicals, 38 compounds showed binding
affinity greater than the desired threshold. Reactivity of these 38 inhibitors was
also high as compared to other compounds, based on the DFT results. These
results suggest that the selected 38 phytochemicals are drug candidates and they
have the potential to be effectively used against HIV in the future.

Keywords: HIV-1; protease; phytochemicals; molecular docking; DFT;
ADMET.

Introduction

The human immunodeficiency virus is the main cause of acquired
immunodeficiency syndrome around the world [ 1, 2]. HIV is predominately
a sexually transmitted disease globally, but infection can also be transmitted
from one person to another by blood, from mother to fetus etc. When a
virus invades, it replicates rapidly in the body. As the concentration of viral
load increases in the bodyj, it is followed by a steady decrease in the level of
CD4+ T lymphocyte [3]. As the immune system becomes weak, the body
is exposed to several opportunistic infections and neoplasm, which lead to
ultimate death. According to a report presented by UNAID (the Joint United
Nations program on HIV/ AIDS) in the year 2003, there were 5 million cases
of HIV infection around the world according to an estimated, while the death
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caused by HIV infection was 3 million. Because of the high mortality rate,
it was considered the 4™ main cause of mortality cases globally [4]. In 2016,
according to a report globally, approximately 36.7 million people were living
with HIV infection and around 1 million people died because of complications
of AIDS disease [5]. Therefore, the immediate challenge is to reduce the high
mortality and morbidity rate associated with AIDS disease.

The virus code for a protease named aspartic protease has a main role
in the assembly as well as maturation of virion [6, 7].Consequently, any
compound that will inhibit protease ultimately helps in keeping the virus in
its immature state. Protease can be inactivated by either introducing mutation
or using a chemical inhibitor. The virus with a dysfunctional protease will be
consequently non-infectious. The HIV protease inhibitors play an essential
role in rational drug design against the deadly disease AIDS [6]. Recently
the strategy used for the treatment of this viral infection is HAART (highly
active anti-retroviral therapy). Drugs are made for general use in case of HIV
infection on the basis of three groups such as protease inhibitors, nucleoside
and non-nucleoside inhibitors of the reverse transcriptase of the HIV-1 virus.
The prolonged application of these drugs is limited either because of their
toxic effect or development of drug resistance with the passage of time [8-10].
Despite the fact that the antiviral therapy used against HIV-1 infection is
effective, there is also an increase in drug resistance cases in infected patient
due to high mutation rate or virus and several severe side effects. Hence, there
is an immediate need for the search of new inhibitors against HIV-1 viral
proteins [11].

The HIV-1 protease can be used as a promising target for designing drugs
in antiviral therapy. The enzyme has an active site which can be said as an
open-ended cylinder. The active site contains hydrophobic amino acids and
the two catalytic sites of aspartic acids. Friedman et al. [12] reported that
flavonoid compounds like C,, fullerene have the ability to bind with the active
site of HIV-1 protease. The C,; has almost the same radius as compared to
the cylinder radius of the active site of the HIV-1 protease, and also the Cg,
molecule is hydrophobic; thus, there is a high chance of interaction with the
active site of the virus. Kinetic analysis of C,, derivative named bis- C,, with
the HIV-1 protease exhibits a mode of inhibition [13].

Although ART (Anti-retroviral therapy) has been proved to be effective in
slowing down the rate of HIV replication in the body, there are also serious
side-effects in infected patients. The therapy may lead to lipodystrophy (LD).
Lipodystrophy can be characterized by loss of fat in peripheral areas of the
body. Central fat will then have started to accumulate, resulting in thin arms
and legs, facial pads and pot belly; symptoms that left the patient stigmatized
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[14]. To avoid these side-effects, there is a need for producing non-nucleoside
inhibitors. It would be rational to assume that the compounds extracted from
plants having the non-nucleoside properties, can be used in anti-retroviral
treatment [ 15].

Tewtrakul er al. [16] reported the extraction of four flavonoids
(phytochemicals) from the rhizome of plant named Boesenbergia pandurata
Holtt, which were tested for the inhibition of HIV-1 Protease. The four
compounds separated were pinostrobin, cardamonin, pinocembrin and
alpinetin. The result showed that cardamonin have inhibitory activity against
HIV-1 protease with the inhibitory concentration of 50 % (IC,,) of 31 ug/ml.

Screening of a vast variety of drugs in-vitro or in-vivo as potent inhibitors
against several diseases is a costly and laborious task. With the advancement in
the field of bioinformatics, i7 sillico analysis by using different computational
methods is a highly efficient and cost-effective method. The phytochemicals
hold a vast prospective to cure various bacterial and viral diseases. Screening
of phytochemicals by computational method helps to screen the various
phytochemical with high certainty and efficiency. The main objective of
this study is to screen different phytochemicals as potential inhibitors against
HIV-1 protease.

Material and methods

Screening for phytochemicals collection

By surveying different literature sites and retrieving information about
the compounds extracted from plants from various sites, a total of 2505
phytochemicals were studied. Screening for phytochemicals collection were
based on their properties in lowering the effects of many health-related
issues. These natural compounds having medicinal properties like anti-viral,
antibacterial, anti-fungal can be really helpful in treatment of several diseases
[17]. The phytochemicals of specific plants were searched through literature,
2d and 3d structures of these compounds were obtained through PubChem.

Molecular docking and estimation of binding energy

To determine how these phytochemicals interact with HIV-1 protease on its
active site, docking was performed using Auto Dock Tools and Auto Dock
Vina. Through docking, binding properties of these compounds were studied.
The protein structure of HIV-1 protease was taken from the RCSB PDB. The
structures of HIV-1 protease and ligands were visualized through Chimera
software. The model of the HIV-1 protease was prepared for docking by using
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Auto Dock Tools, and polar hydrogen bonds were added to optimize the
interaction occurring between phytochemicals and HIV-1 protease. A 3D
grid for HIV-1 protease with a size of 16x12x14 A was designed to describe
the search space for phytochemicals [ 18, 19].

ADMET and drug-like properties

The phytochemicals were screened on the basis of their ADMET
characteristics (absorption, distribution, metabolism, excretion and toxicity)
and drug-like properties by using web-based predictor, pre ADMET server.
Screening of different pharmacological and pharmacokinetics properties like
gastrointestinal absorption (GI), solubility, blood-brain barrier permeability
(BBB) of these naturally occurring compounds were studied. This i silico
tool was used for the screening of lead compounds that have the potential to
be used as therapeutic drugs against HIV-1 protease. The standards set for the
screening of phytochemicals were: Solubility: High, GI absorption: High
or moderate, BBB-permeability: No, Lipinski’s violation: 0, Toxicity: 0/Nil
[20]. Lipinski’s rule of five was used to determine the drug-likeness properties
of the phytochemicals.

DFT analysis

Density functional theory (DFT) analysis was done to study the
phytochemicals reactivity properties and how efficiently they act when used
against HIV-1 protease. The study was performed by using HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital)
energies. The AE (band energy gap) calculation was performed using the
expression E; o - E qomo- The Avogadro was used to prepare the input file,
which is a chemical analyzer tool [21] and all the energy calculations were
performed using the program named ORCA [22].

Results

ADMET results

All the 2505 phytochemicals were screened for their ADMET properties
to determine if these compounds have the potential to produce any adverse
side-effects in humans. Out of 2505 phytochemicals, a total 1061 compounds
violated the Lipinski’s rule. The remaining 1689 phytochemical were further
screened on the basis of BBB (Blood-brain barrier) permeability. A total of
756 compounds were non-BBB permeable. Among these 756 compounds,
650 phytochemical exhibited high GI absorption and optimum solubility.
Phytochemicals were further screened to check toxicity and carcinogenicity
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effects, and in the end, 108 phytochemicals were finally selected on the basis
of their drug-likeness and ADMET properties.

Docking of phytochemicals with HIV-1 protease

In silico docking of all the 108 phytochemicals were done against HIV-1
protease to find out the binding energy and Ki (inhibitory constant) values
based on their complex geometry. The results exhibited that all 108
phytochemicals expressed different characteristics while interacting with the
HIV-1 protease. Different drugs reported previously and listed in Table 1
were docked, and the highest binding affinity was set as the threshold for
screening docked compounds, i.e, -7.9 kcal/mol. Out of 108 phytochemicals,
38 compounds showed binding affinity values greater than -7.9 kcal/mol
and exhibited great potential in inhibiting the HIV-1 protease. The 38
compounds included Cannflavin, AmyrisinC, EryvarinP, Xylan, Fumaric
acid, SigmoidinA, Derrisin, AmyrisinB, 3-oxo-14-deoxy-andrographolide,
Oxysanguinarine, Paracrine, IsoerysenegalenseinE, Emodin, Ascorbic
Acid, Raddeanine, Menisdaurin, Lenticin, IsosilybinA, Diprenyleriodictyol,
SilybinA, Riboflavin, Fumaritine N-oxide, Feruloyltyramine, Wighteone,
Robustone, SchizolaenoneB, Narlumidine, Luteolin, SigmoidinB, EryvarinM,
Narlumicine, Hydroxymunduserone, Mundulinol, Adenosine, IsosilybinB,
Praline, Cirsimaritin and Pyridoxine (Fig. 1; Table 2).

DFT analysis and band energy gap results

The DFT result showed that the 38 selected phytochemicals exhibited
high reactivity. The low energy values ranging from 0.112 kcal/mol to
0.166 kcal/mol proved their high reactivity properties. The values of E; ;0
and E;oy0 Were also low, exhibiting the fact that lower band energy gaps
result in high affinity of the inhibitors for the target protein HIV-1 Protease.
Among the 38 chemicals, AmyrisinC showed the highest reactivity against
the HIV-1 protease, because the band energy exhibited was the lowest among
all of the 38 phytochemicals, i.e, 0.112 kcal/mol (Table 2).

Discussion

HIV-1 protease is an important enzyme in the replication cycle of Human
immunodeficiency virus (HIV), without it, the virion is not able to mature.
The natural compounds have the potential to treat AIDS. HIV-1 protease
inhibitors are widely studied as anti-AIDS drugs [23]. Clinical studies of these
naturally occurring compounds also showed that these phytochemicals are
safe for human consumption [24]. The natural compounds are also preferred
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Table 1. HIV synthetic inhibitors against HIV-1 Protease and their Binding
affinity (kcal/mol).

COMPOUND BINDING AFFINITY (kcal/mol)
Lopinavir -7.9
Ritonavir -7.7
Tipranavir -5.5
Darunavir -5.1
Nelfinavir -4.6
Emtricitabine -4.5

because as compared to other chemically synthesized drugs, these compounds
do not produce any side effect. Phytochemicals are usually obtained from
different parts of the plant and include alkaloids, flavonoids, tannins and
terpenoids. The HIV-1 protease has been also targeted by using different
phytochemicals obtained from various plants. Phytochemicals obtained
from the plant named Mappia foetida have been proved to have anticancer
properties and antiviral activity. The compounds obtained from this plant
can also effectively inhibit the HIV-1 Protease [23]. The 38 phytochemicals
selected after 17 silico study showed that they have the capability to act as
an effective drug against different diseases. These phytochemicals have been
reported in different studies because of their effective inhibitory effects against
a number of diseases. For example, Cannflavin isolated from plant Cannabis
sativa L. is a flavonoid that has been identified to have numerous health
benefits. It has been reported to have antiviral properties, anti-inflammatory
effects, cardioprotective, anticancer activities, antioxidant and antimicrobial
effects. This compound can be used in the future for the effective drug
designing against HIV-1 Protease [25]. Emodin has been previously reported
to have antifungal and anti-bacterial properties. Emodin was also found to
be efficiently active against fungal spore germination [26]. Several other
phytochemicals reported in this study like Wighteone (flavonoid) [27],
SchizolaenoneB (flavonoid) [28], Narlumidine, papraline and Narlumicine
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Figure 1. Interaction of (a) Cannflavin (b) AmyrisinC and (c) EryvarinP with
HIV-1 Protease.

(alkaloid) [29], Mundulinol (flavonoid) [30] and Hydroxymunduserone
(isoflavone) [31], etc. have also been reported in different studies exhibiting
various medicinal effects. Hence, the phytochemicals with its immense
potentials can be used in making novel drugs against various diseases.

In this study, different phytochemicals and their potential to be used
as inhibitors against HIV-1 protease have been studied with the help
of bioinformatics tools. Computer-aided software like Autodock tools,
orca, Avogadro and pre-ADMET server were used to find the binding
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Table 2. Binding affinity, Ki values and DFT based analysis of phytochemicals
against HIV-1 Protease (Based on docking results and ADMET)
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affinity, reactivity, ADMET properties of phytochemicals. These tools are
really helpful for the i silico analysis of thousands of drugs and their
pharmacological properties without the need of labs and the need of spending
alot of money on finding and extracting these desired derivatives from various
plants [32].
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ADME /tox properties are widely studied to determine that either the drug
candidate will reach its targeted action site or not and any toxic effect
of these compounds at its particular therapeutic dose. The drug-likeness
properties and toxicity of these phytochemicals were checked with the help
of an online bioinformatics tool, preADMET server [33]. In this study,
pharmacokinetic properties of phytochemicals were effectively evaluated
to prevent any associated side-effects in humans. The compounds which did
not violate the Lipinski’s rule of five were further screened. Lipinski rule
consists of a set of five rules devised by Lipinski which predict the probability
of failure or success of drug whether it is safe to be actively used as a human
drug [34]. The drug should be orally available and the bio-availability of the
drug will likely to happen if the drug candidate obeys 3 out of five rules of
Lipinski, which are as followed: molecular weight should be below 500; there
should be less than ten acceptor and not more than 5 donors of hydrogen
bond; and the partition coefficient (clogP) should be below five [35]. Out of
2505, a total of 108 compounds fulfilled the criteria provided by Lipinski’s
rule of 5. The ADME profile of these phytochemicals showed the potential
of these compounds as drug candidates against HIV-1 protease.

The docking study was carried out to study the binding properties and
interaction of these natural compounds on the active site of protease and
to evaluate their inhibitory activity. The synthetic drugs like lopinavir,
ritonavir and tipranavir, which have been used previously against HIV were
also docked and compared with the phytochemicals. The comparison method
was primarily adopted to determine the potentials of these phytochemicals to
be used as HIV-1 protease inhibitors as compare to already available chemically
synthesized drugs. After comparing, 38 compounds with binding affinity
values ranging from -9.7 to -8.0 (kcal/mol) were selected, greater than the
highest binding affinity value exhibited by a synthetic compound lopinavir
(-7.9 kcal /mol).

The DFT (density functional theory) is an 7 silico method based on quantum
mechanics used to study the electronic structures. The DFT is one of the
best methods to calculate the orbital energy values of various compounds
[36]. In this study, the HOMO and LUMO energies were calculated. The
energy difference between HOMO and LUMO is important for the stability
of the structure and the difference is called the energy gap [37]. The energy
gap of both the HOMO and LUMO energies indicates that the interactions
taking place within a molecule due to charge transfer, particularly have
an effect on the biological activity of the molecule [38]. If the energy gap
between both the LUMO and HOMO is small as in the case of these
phytochemicals (0.112-0.166 kcal /mol), it means that molecules reactivity is
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high. While the molecules exhibiting high energy gap means that reactivity is
low [39].Therefore, the energy gap values of these molecules exhibited high
potential to be used as novel drugs against HIV-1 protease.

Conclusion

Medicines produced through natural sources are of utmost importance, since
from the past, medicines obtained through plants play a major contribution
in providing a beneficial effect in many health-related problems. Until now,
it has been proved that the plants have a huge potential and can be used in
treating many deadly diseases. This study was aimed at targeting the HIV-1PR
for discovering new drugs by using computer-aided methods. In this study,
out of 2505 phytochemicals obtained from different plants having different
medicinal properties, 108 compounds showed drug-likeness properties. After
comparison with the synthetic drugs, 38 compounds were selected, the
highest binding atfinity value was -9.7 kcal/mol shown by the Cannflavin
against HIV-1 protease. The DFT analysis also further proved their high
reactivity against HIV-1 protease, as the band energy values exhibited by these
phytochemicals were the lowest (0.112-0.166 kcal /mol). These phytochemicals
have the potential and can be used in the future for drug designing against
HIV-1 protease.
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Busqueda de propiedades farmacolégicas de unién y
reactividad de fitoquimicos selectivos con potencial

inhibidor de la proteasa VIH-1

Resumen: La proteasa del VIH-1 juega un papel esencial en el ciclo
de replicacién del VIH-1; por tanto, existe una necesidad directa de
desarrollar nuevos inhibidores de la proteasa del VIH-1, con los que
se pueda detener la replicaciéon viral. El presente estudio apunta al
descubrimiento de inhibidores potenciales de la proteasa del VIH-1 a
partir de un conjunto de fitoquimicos. A partir de 2505 fitoquimicos,
se acoplaron 108 compuestos, después del tamizaje, para analizar su
potencial inhibitorio contra la proteasa del VIH-1. Se llevé a cabo
también un analisis DFT para estudiar la reactividad de compuestos
fuertemente acoplados. De los 108 fitoquimicos evaluados, 38
compuestos mostraron afinidad de unién mayor que la del umbral
deseado. Los resultados del analisis DFT mostraron que la reactividad de
esos 38 inhibidores fue también alta, comparada con otros compuestos.
Estos resultados sugieren que los 38 fitoquimicos seleccionados son
candidatos a medicamentos, y tienen potencial para ser usados con
efectividad contra el VIH en el futuro.

Palabras clave: VIH-1; proteasa; fitoquimicos; acoplamiento molecular;
DFT; ADMET.
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Examinando as propriedades de ligagao farmacolégica
e reatividade de fitoquimicos seletivos como potenciais
inibidores de protease HIV-1

Resumo: A protease HIV-1 possui um papel essencial no ciclo de
replicagio do HIV-1, havendo, portanto, uma necessidade direta de
desenvolver novos inibidores de protease HIV-1, os quais podem cessar a
replicagao viral inibindo a protease. O presente estudo visa a descoberta
de potenciais inibidores de protease HIV-1 a partir de um conjunto de
fitoquimicos. De 2505 fitoquimicos, 108 compostos foram analisados
por docking apds uma triagem com protease HIV-1 para avaliar seu
potencial de inibi¢ao frente a protease. Também foi realizada analise
por DFT para estudar a reatividade dos compostos que presentaram
forte acoplamento. Dos 108 fitoquimicos, 38 compostos apresentaram
afinidade de ligagdo maior ao limite desejado. A reatividade de estes 38
inibidores também foi elevada quando comparada a outros compostos,
baseado nos resultados por DFT. Estes resultados sugerem que os 38
fitoquimicos selecionados poderiam ser candidatos a farmacos, com
potencial eficiéncia frente a HIV no futuro.

Palavras-chave: HIV-1; protease; fitoquimicos; docking molecular;
DFT; ADMET.
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