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ABSTRACT: Lablab purpureus from the Fabaceae family has been reported to have
antiviral properties and used in traditional medical systems like ayurveda and Chinese
medicine and has been employed to treat a variety of illnesses including cholera, food
poisoning, diarrhea, and phlegmatic diseases. The bovine alphaherpesvirus-1 (BoHV-1) is
notorious for causing significant harm to the veterinary and agriculture industries. The
removal of the contagious BoHV-1 from host organs, particularly in those reservoir
creatures, has required the use of antiviral drugs that target infected cells. This study
developed LP-CuO NPs from methanolic crude extracts, and FTIR, SEM, and EDX
analyses were used to confirm their formation. SEM analysis revealed that the LP-CuO NPs
had a spherical shape with particle sizes between 22 and 30 nm. Energy-dispersive X-ray
pattern analysis revealed the presence of only copper and oxide ions. By preventing viral
cytopathic effects in the Madin—Darby bovine kidney cell line, the methanolic extract of
Lablab purpureus and LP-CuO NPs demonstrated a remarkable dose-dependent anti-
BoHV-1 action in vitro. Furthermore, molecular docking and molecular dynamics
simulation studies of bio-actives from Lablab purpureus against the BoHV-1 viral envelope glycoprotein disclosed effective
interactions between all phytochemicals and the protein, although kievitone was found to have the highest binding affinity, with the
greatest number of interactions, which was also validated with molecular dynamics simulation studies. Understanding the chemical
reactivity qualities of the four ligands was taken into consideration facilitated by the global and local descriptors, which aimed to
predict the chemical reactivity descriptors of the studied molecules through the conceptual DFT methodology, which, along with
ADMET finding, support the in vitro and in silico results.

H INTRODUCTION investigating conjunctivitis in a herd from Uttar Pradesh,” and
the overall prevalence was identified to be as high as 32.84%'°
in cattle with the reproductive disorder. Seroprevalence studies
have found the BoHV-1 infection to be widespread across all
Indian states.''

Although there are significant similarities in the pathogenic
mechanism of BoHV-1 and human herpesviruses, the former is
found to have a quicker replication cycle and the capability to
inflict lifelong damage in the host.'” Following an initial nasal
and vaginal infection, latency is established in the sacral
ganglia, which reactivate later during the lifetime of the
animal.”” The viral reactivation is regarded as a potential
source of semen contamination as well.'* Currently, BoHV-1 is

Bovine alphaherpesvirus 1 (BoHV-1), belonging to the a-
Herpesviridae family, is one of the eight herpesviruses that are
accountable for major economic damage in the cattle sector.'
Three distinct subtypes of the virus are named BoHV-1.1, 1.2a,
and 1.2b.” The genital variants of the virus are reported with an
incubation period of 2—6 days exhibiting clinical signs such as
recurrent micturition and minor genital infection.” Swollen
vulvae, tiny papules, and ulcers on mucosal surfaces, with
comparable lesions on bulls, are also commonly documented
in infected cattle. Secondary bacterial co-infections may be
noted, with uterine inflammation, transitory sterility, and pus-
filled vaginal discharge. The BoHV-1 infections are known for
their notoriety across the cattle industry with reports of nearly
a billion dollar losses in the United States alone.” ® Pourmahdi Received:  March 5, 2023
Borujeni et al. reported the seroprevalence of BoHV-1 to be Accepted: May 31, 2023
28.4%;” meanwhile, another study conducted by Lanave et al. Published: June 14, 2023
concluded that as many as 26 out of 59 lactating cows are

usually affected by an outbreak of bovine herpetic mammilitis.®

In India, BoHV-1 was first isolated and characterized while
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Figure 1. FTIR spectrum of as-prepared LP-CuO NPs showing significant stretching vibrations.

used as a disease model and substitute for herpesvirus infection
control in both humans and animals."”” Vaccination against
BoHV-1 infection was observed to be effective in the severity
control of clinical symptoms. Yet, prophylaxis has been
reported to confer limited protection against the infection.'®
Furthermore, chemical antiviral medications reportedly have
several drawbacks including toxicity and drug resistance
development, implying the need for novel, nontoxic antiviral
drugs with target-specific activity to reduce the viral load on
host organs and in reservoir animals."”'® Crude aqueous
extracts of leaves of Bumelia sertorum, Coffea arabica,
Endopleura uchi, Leandra purpurensis, Prunus myrtifolia, Psidium
cattleyanum, Symphyopappus compresses, and Uncaria tomentosa
displayed anti-BoHV-1 activity; however, the mechanism of
action of these extracts remain unidentified.'” Peumus boldus
also presented activity against BoHV-1 with 99% of
inhibition.”® Leaf extracts of Artocarpus heterophyllus demon-
strated an in vitro anti-herpesvirus effect.”’ Curcumin has been
confirmed to have antiviral activity against BoHV-1 by
impacting the lipid raft formation.””

Numerous researchers have established the role of plants
and their phytoconstituents in the prevention of viral entry,
multiplication, and release as well as their immune-boosting
nature.”>~*’ Although in vitro and in vivo experiments have
been traditionally used for drug discovery in the past, drug
failure has been seen in the majority of situations (40—60%)
due to an absence of appropriate pharmacokinetic features on
absorption, distribution, metabolism, excretion, and toxicity
(ADME/Tox) % and they are time-consuming, expensive, and
inaccurate. Clinical trial success is only 13% despite the
substantial financial and time commitments needed for
medication development, and there is a high drug attrition
rate.”” With the advent of bioinformatics, chemical informatics,
and omics,””*" in silico techniques or computer-aided
therapeutic target identification techniques have been gaining
prominence as they intensely minimize the range of
experimental targets, shorten the drug discovery and develop-
ment cycle, and lower the experimental cost by combining big

data with computational approaches. Leading pharmaceutical
companies and researchers have accelerated the drug discovery
and development process by using computer-aided drug
discovery tools in early studies and lowering costs and failure
rates in the latter stage.”” Researchers can gain a better
understanding of the molecular interactions and binding
affinities between the target protein and plant compounds by
utilizing CADD. In light of the recent coronavirus pandemic,
several phytocompounds have also been evaluated for their
anti-SARS-CoV-2 activity by in silico approaches.”*~* Many
researchers have explained the biological results of various
experiments including anticancer and antiviral effects by
molecular docking studies, which aid in a better understanding
of the mechanism involved.***'~* Natural compounds have
also been found to effectively bind to the surface glycoprotein
of the herpesvirus via virtual screening. Researchers have also
identified potential drug talt;gets in bovine herpesvirus 4 using
computational techniques.”

Lablab purpureus (LP), from the Fabaceae family, is
considered one of the most domesticated species of legumes
and has recently gained popularity owing to its versatile,
multifunctional biomedical properties. The plant bioactives
have been widely used in traditional medicinal practices such
as ayurveda and Chinese medicine to treat a range of ailments
such as cholera, food poisoning, uterine inflammation,
diarrhea, and phlegmatic disorders.*” However, LP remains
underutilized owing to its unpopularity, as compared to the
other legumes, presumably due to its antinutritional factors
and unappetizing nature. Nevertheless, the LP phytochemicals
have now garnered scientific interest and are being researched
concerning their potential biomedical properties including but
not limited to antioxidant, anti-inflammatory, anticancer,
antiviral, antifungal, and antibacterial effects.** ™7 In silico
and in vitro investigations have reported dolichin, an antifungal
chitinase-like compound, to be efficient in the inhibition of the
human immunodeficiency virus-1 (HIV-1) by acting on the
reverse transcriptase and glucosidase enzymes.”®”” Luteolin
has been observed to inhibit the in vitro viral entry and the
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action of neuraminidase enzyme in influenza (Influenza virus
A/Fort Monmouth/1/1947 (HIN1)).%° The lablab agglutinin
known as Flt3 receptor-interacting lectin (FRIL), a mannose-
binding macromolecule, was found to possess the ability to
bind to the human immunodeficiency viral (HIV) glycoprotein
and promote the formation of the viral syncytium, resulting in
the reduction of the viral load.”" The ubiquity of LP plant
phytochemicals and their potential utility in antiviral treatment
is quite evident. Notwithstanding, there is a need for a better
understanding of the mechanistic basis of the antiviral potential
of LP phytochemicals.

Drug delivery via nanocarriers aids to overcome numerous
challenges accompanying the traditional system of antiviral
drug administration.””®* Green-synthesized metal/metal
oxide nanoparticles (NPs), such as copper/copper oxide and
silver/silver oxide NPs, prepared using phytocompounds, have
gained popularity in recent years. Such NPs are usually less
harmful, generally regarded as safe (GRAS), than their
synthetic cousins, and are found to have an extensive range
of medical applications alongside growing academic interests.
A potential antiviral strategy currently under investigation is
the discovery of efficient green-synthesized NP drug delivery
systems that exploit viral access into cells via diverse cell-
membrane receptors.®’

While LP has been reported to possess an antiviral
significance, there are very few studies conducted on NPs. In
similar studies, green-synthesized zinc NPs have been reported
to inhibit BoHV-1 infection in vitro.> Both zinc and silver NPs
of crude olive leaf extracts, as well as honey, demonstrated
minimal cytotoxicity and capacity to control or inhibit the
bovine alpha herpesvirus in vivo in the rabbit model.”®
Although green-synthesized NPs have attracted great attention
in the last decade, there is a lack of studies concerning the
biological activity of green-synthesized copper oxide NPs of
LP. Investigations focused on understanding the mechanism of
their antiviral activity against latent BoHV-1 to identify highly
effective drugs and delivery systems are critical. The novelty of
the current study is that it investigates and compares, for the
first time, the antiviral activity of LP methanol extracts and
green-synthesized copper oxide NPs against BoHV-1, followed
by molecular docking studies of reported phytochemicals
against BoHV-1 proteins to identify the potential antiviral
agents.

B RESULTS

FTIR Analysis. The formation of as-prepared LP-CuO NPs
was confirmed by infrared spectroscopy (Figure 1). Significant
IR stretching bands were observed in the IR spectrum. The
stretching band noticed at 568 cm™' (band number 25 in
Figure 2) was credited to the distinctive narrow and sharp
stretching vibrations of CuO, which revealed the presence of
CuO in the prepared sample. It is noteworthy to mention that
the absorption bands noticed between 1642 and 1376 cm™
were ascribed to the aromatic unsaturation (C=C) of the
plant material. Moreover, an intense band at 964 cm™' was
detected, due to C—O stretching from phytochemicals.
Furthermore, the presence of a broad band around 3453
cm ™! was the distinctive absorption for O—H—O of water and
—OH stretching of ethanolic species.

SEM Analysis. The surface morphology of the obtained
LP-CuO NPs was investigated by SEM analysis (Figure 2). It is
evident from the SEM image that the mean particle size of the
as-obtained LP-CuO NPs was about 22—30 nm with a
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Figure 2. SEM image of LP methanolic seed extract-derived LP-CuO
NPs.

spherical shape and they have good homogeneity and
appropriate separation. However, a small amount of agglom-
eration was observed, which may be owed to the formation of
aggregation.

EDX Analysis. Figure 3 depicts the energy-dispersive X-ray
pattern, aiding in the assessment of elemental composition
(i.e, oxygen 34.67% and copper 65.33% by mass) of the as-
prepared LP-CuO NPs. The outcomes from EDX analysis
established that copper and oxide were the only ions existing in
the as-prepared material with the equal ratio as demarcated at
the period of experimentation.

Cytotoxicity Assay. The cytotoxicity of LP-CuO NPs and
the LP extract on MDBK cell lines was evaluated with the
crystal violet assay. Results of the toxicity assay on MDBK cells
indicated that among the tested samples, the least toxicity was
found in the LP extract with a maximum nontoxic
concentration (MNTC) of 1200 ug/mL, whereas LP-CuO
NPs showed slightly higher toxicity with MNTC 800 pg/mL
(Figure 4).

Viruses were treated with test samples in multiple dilutions
lower than the MNTC.

Inhibition of CPE was observed in 25, 50, 100, 250, 500, and
750 pug/mL concentrations of LP extracts, LP-CuO NPs, and
CuO NPs observed after 48 h of treatment. The antiviral
activity of the LP extract, CuO NPs, and LP-CuO NPs against
BoHV-1 CPE showed a substantial reduction (p-value <0.05)
(Figure S). The outcome of the assay is presented as the
percentage of plaque inhibition from mean values from
triplicate experiments. 79.8% plaque inhibition was induced
at concentrations of 750 ug/mL of the LP extract, while 87.4%
inhibition was observed due to CuO NPs at the same
concentration, whereas LP-CuO NPs showed 100% plaque
inhibition at 750 uL/mL and 99% inhibition at 500 uL/mL
with 42.7% inhibition at 50 pg/mL.

The graph represents a substantial reduction in viral CPE in
all treatment groups. Concentration- and time-dependent
inhibition of BoHV-1 could be demonstrated by these test
samples. In comparison, the cells treated with LP-CuO NPs
showed the highest efficiency against viral load.

Molecular Docking Studies. Assessment of the binding
mode and steadiness of the ligand with bovine herpesvirus 1
glycoprotein D (PDB ID: 6LSA) was accomplished using the
PyRx module of AutoDock Vina. The binding conformation of
ligands was investigated using docking analysis. The binding
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Figure 3. EDX spectrum of the as-prepared LP-CuO NPs.
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conformation of the chemical(s) to the protein was discovered,
and the conformation with the lowest binding energy was
obtained. In comparison to higher energy values, lower energy
scores demonstrated a better protein-ligand binding affinity.
Compared to the standard drug dexamethasone, the ligand

kievitone had the highest affinity (—8.9 kcal/mol), with the
greatest number of interactions (4) with 6LSA, of all the four
selected molecules (Figure 6A—E).

Molecular Dynamics Simulations. Based on the results
of docking, we selected glycoprotein for molecular dynamics
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Figure 6. The detailed representation of 3D interactions obtained between the protein 6LS9 with respective ligands. (A) Dolichin A, (B) luteolin,

(C) 2-hydroxygenistein, (D) kievitone, and (E) brassinolide.

simulation. The simulation was carried out on the
glycoprotein-unbound system as well as on systems bound to
kievitone and dexamethasone, in order to study the dynamic
behavior of the protein. We also performed simulations on the
glycoprotein bound with its experimentally validated inhibitor
for comparison. Quality checks were performed on the
simulated systems to ensure their validity, and the results
showed that the parameters were stable throughout the
simulation period. The simulations did not result in any
significant alterations in the density, temperature, volume,
kinetic/potential/total energies, and pressure of the unbound
and lead ligand/standard inhibitor—bound protein/protein
complex during the 20 ns simulation period. The RMSD and
RMSEF of the complexes did not show any significant deviation
in comparison to the unbound protein, except for a significant
reduction in RMSF values in the Kievitone-bound glycoprotein
complex. Solvent-accessible surface area analysis showed that
Kievitone binding did not affect the SASA value significantly in
comparison to the standard drug. Hydrogen bond formation
analysis showed that kievitone binding favored H-bond
formation in comparison to dexamethasone binding to the
glycoprotein during the simulation period. The results are
presented in Figure 7.

Conceptual DFT Studies. Table 1 presents the computed
global reactivity descriptors, calculated using the approach

described below together with the custom CDFT software
tool.” =7

It can be inferred that brassinolide was the least reactive of
the ligands, followed by dolichin A and kievitone, with 2'-
hydroxygenistein and luteolin being the most reactive ligands,
taking into consideration the global hardness 7, which is
considered as a thorough quantity of the electron density
deformation and chemical reactivity due to the HOMO-—
LUMO gap. The electron-donating capacity w— is considered
an added imperative measure for ligands as compared to their
electron-accepting power @w+. A comparison of both these
factors for each molecule found the highest electron-donating
power in luteolin followed by 2’-hydroxygenistein, kievitone,
and with the lower values for brassinolide and dolichin A. The
balance between the resistance of a particle against switching
electron density with the environment and an electrophile’s
propensity to attain additional electron density is represented
by the electrophilicity index (@).”

By comparing the electrophilicities of a number of
substances employed in Diels—Alder processes, an electro-
philicity measure for identifying organic molecules as ranging
from strong to marginal was theorized as follows: ® > 1.5 eV
for the first, 0.8 < @ < 1.5 eV for the second, and @ <0.8 eV for
the final instance.”*~’ Thereby, except for brassinolide and
dolichin, Table 2 suggests that all other selected ligands may be
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Figure 7. Molecular dynamics simulation. (A) RMSD, (B) RMSF, (C) SASA, and (D) hydrogen bond plots of kievitone (blue) and

dexamethasone (orange) bound to glycoprotein 6LSA (green).

Table 1. Predicted Global Chemical Reactivity Descriptors for the Ligands Selected (All but S in eV, S in eV™!)

molecule

brassinolide
dolichin A
2'-hydroxygenistein
kievitone

luteolin

X
3.6991
3.3175
3.8880
3.8184
4.1918

n
6.3441
4.9489
3.7492
4.3127
3.7277

(0]

1.0784
1.1119
2.0159
1.6904
2.3568

S N o ot Aw*
0.1576 1.9214 4.4030 0.7038 5.1068
0.2021 3.0006 4.1919 0.8744 5.0663
0.2667 3.0299 6.2102 2.3222 8.5324
0.2319 2.8177 5.5596 1.7411 7.3007
0.2683 2.8369 7.0425 2.8507 9.8933

Table 2. Interaction Details of All Six Ligands with the 6LS9
Protein

sl binding energy ( hydrogen bond forming
no. ligand name kcal/mol) amino acid residues
1 dolichin A 73 GLY-115, TYR-24, LYS-
222, ASP-138
2 luteolin —8.1 ASP-138, PRO-238, TYR-
239
3 2-hydroxygenistein -7.6 TYR-239, ASP-137, PRO-
238
4 kievitone —-8.2 PRO-237, THR-136, ASP-
138, ARG-157
S brassinolide 7.2 ASP-138, PRO-238, LYS-
222

potent electrophiles. Local analogs of the global reactivity
descriptors have also been developed to comprehend the
alterations in chemical reactivity between the atoms in the
molecule. The Fukui functions and the dual descriptor, which
relate to the electronic densities of the neutral, positive, and
negative species, are among these local reactivity descriptors
defined as nucleophilic Fukui function (NFF) = pN + 1(r) —
pN(r), electrophilic Fukui function (EFF) = pN(r) — pN —
1(r), and dual descriptor (DD) = (0 f (r)/d N)v(r), relating to
the electronic densities of the neutral, positive and negative
species.77_86

NFF stands for nucleophilic attack-prone molecular system
sites, whereas EFF stands for electrophilic attack-prone
molecular system sites. Although it has been demonstrated
that the DD can clearly distinguish between nucleophilic and
electrophilic sites, both the NFF and the EFF have been
successfully used to identify reactive regions.**™*° Figure 8
depicts graphical representations of the DD.

The sections on the ligands where DD deviates from 0
reflect chemical reactivity variances and may be distinguished
using a graphical representation even though there is
considerable overlap between the various locations within
the ligands.

Computational Pharmacokinetics Report. Table 3 lists
the bioactivity scores for the five ligands, which are indicators
of how well the molecules behave or engage with various
receptors.

While a molecular structure with a bioactivity score ranging
from —0.50 to 0.00 is expected to have moderate biomedical
activity, one with a value of more than 0 is most likely to
exhibit strong biological activities. If the bioactivity score is less
than —0.50, the molecular system is considered inactive. The
intriguing findings from Table 3 demonstrate that, except for
dolichin A, all five ligands were found to behave as kinase and
enzyme inhibitors.

The ADMET study evaluates the pharmacokinetics of a
medicine. Predicting a drug’s fate and its properties on the
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Dolichin A

Kievitone

Luteolin

Figure 8. Dual descriptor of the selected ligands. Left: DD > 0, right:
DD < 0.

body, such as the amount of a medication consumed orally and
the amount that is retained within the gastric system, is a
crucial fragment of the medication development process.
Inadequate absorption could cause nephrotoxicity and neuro-
toxicity, much like how it would affect distribution and
metabolism. Understanding the reactivity of a drug molecule
inside a living entity is the aim of this study. The ADMET
analysis is thus one of the vital elements of in silico design. The
calculated ADMET pharmacokinetic profile of the selected
ligands is represented in Table 4.

Interesting results can be seen in the computed ADMET
profiles of the ligands predicted employing the pkCSM
platform, with brassinolide and luteolin showing higher
intestine absorption than the other ligands. Additionally, all
the ligands are possible substrates for cytochrome P-450
isoforms. Only brassinolide, in contrast to the other ligands,
has the potential to be a P-gp I inhibitor, meaning that none of
the other ligands will operate as P-gp II inhibitors. The fact
that none of the ligands will be hERG I inhibitors while
dolichin A, 2'-hydroxygenistein, and luteolin may be hERG II
inhibitors is intriguing. The central nervous system pene-

trability of these compounds was exceedingly poor, as
indicated by the predicted values of logBB and logPS.

B DISCUSSION

Historically, therapeutic plants have been used to treat an
assortment of illnesses, including communicable ailments that
affect both humans and animals. As much as 70—80% of the
globe’s populace is reported to be using herbal remedies.”’
Utilization of herbal plants and their extracts to promote
healing, raise energy, reduce symptoms, support the immune
system, and lengthen and improve the quality of animal lives
presented a new chance to elevate the practice of veterinary
medicine.”® Some researchers propose that the reason for in
vitro viral inactivation may be due to the protein coat being
preferentially bound by the polyphenols. Tannins and alkaloids
have also been reported to have antiviral properties.”””" The
greatest economic losses are caused by abortions resulting in a
significant loss of economic and valuable genetic potential.*®
Acyclovir, famciclovir, and fenbendazole are common examples
of traditional synthetic medications that have been reported to
have inhibitory effects against BOHV-1 when taken alone or in
conjunction with natural products.”’ The probable antiviral
activity of a fungal secondary metabolite, 3-O-methylfunicone
produced by Talaromyces pinophilus, has been reported.”” In
addition to inhibiting BoHV-1, Guazuma ulmifolia and S.
adstringens also prevented the production of viral proteins in
cell cultures.”® Various plants Azadirachta indica, Pteris vittata,
Mitragyna parvifolia, and Ocimum sanctum have been observed
to contain powerful inhibitors of the BoHV-1 virus, providing
nearly 85% defense against it."”

One of the most difficult tasks facing medical science is the
creation of antiviral medicines. CuO NPs display unique
properties and could function as a cutting-edge treatment for
viral infection. Metal NPs’ antiviral properties have drawn a lot
of research interest in recent times. Notwithstanding, the exact
mechanism behind their activity is still unknown. When used
as antimicrobial agents, metal NPs like silver and gold NPs
have garnered a lot of interest due to their effective repressive
action against a variety of viruses.”*”> Metal NPs may interact
with viral surfaces, interfere with viral attachment, prevent
viruses from entering cells, interact with viral genomes, prevent
viruses from replicating, inhibit protein synthesis, and prevent
viruses from assembling and releasing virions as potential
mechanisms for their antiviral activity.”””> Contrary to other
metals, copper is a trace metal that is vital to human health and
is important to the functioning of all living things.”® Copper is
thought to be harmless for people, as established by the use of
copper intrauterine devices extensively for a long time in
gynecology.”’

The maximal nontoxic concentrations of both the crude
methanol extracts, CuO NPs, and the LP-CuO NPs were
examined in the MDBK cell line. BOHV-1’s cytotoxic effect was

Table 3. Predicted Bioactivity Scores for the Five Studied Ligands

property brassinolide dolichin
GPCR ligand 0.20 0.39
ion channel modulator 0.08 0.08
protease inhibitor 0.28 0.03
nuclear receptor ligand —0.28 —0.04
kinase inhibitor 0.57 0.75
enzyme inhibitor 0.48 0.71

A

22690

2'-hydroxy genistein kievitone luteolin
—0.18 0.09 —0.02
—-0.53 0.04 —0.07
—-0.64 —0.05 —0.22
—-0.04 0.00 0.26
0.29 0.69 0.39
0.08 0.48 0.28
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Table 4. Computed ADMET Pharmacokinetic Profile of the Five Studied Ligands

property model brassinolide

absorption HIA 79
P-gp substrate
P-gp I inhibitor
P-gp II inhibitor -

distribution logBB -0.89
logPS -2.49

metabolism CYP2D6 substrate -
CYP3A4 substrate +

CYP1A2 inhibitor -
CYP2C19 inhibitor -
CYP2C9 inhibitor -
CYP2D6 inhibitor -
CYP3A4 inhibitor -
OCT?2 substrate -
AMES toxicity -
hERG 1 inhibitor -
hERG 1I inhibitor -

excretion

toxicity

dolichin A 2’-hydroxy genistein kievitone luteolin
94 77 75 84
+ + + +
-0.80 -1.14 -1.1§ -1.15
-2.31 -2.36 -3.13 -2.47
+ + + +
+ + -
+ - -
+ - +
+ + + -
+ + - +

demonstrated by the rounding and ballooning of the cells, as
well as by the formation of clusters of spherical cells occurring
in a grape-like arrangement, around the opening of the cell line
monolayer. The maximal nontoxic concentration was deter-
mined to be the dose at which no degenerative changes in the
cell culture were seen. Since their greater concentrations were
unable to cause toxicity in the cells, both the extract and LP-
CuO NPs appeared to be quite safe for in vivo research.
Compared to the LP extract and CuO NPs, LP-CuO NPs
showed a greater reduction in the viral cytopathic effects (P <
0.05). Hence, our findings suggest that LP-CuO NPs displayed
a substantial repressive effect on the action of BoHV-1 at a
non-cytotoxic concentration, demonstrating their potential as
antiviral therapeutics.

Bovine herpesvirus 1 (BHV-1) has similar biological
properties to HSV-1, is essential for virus-induced cell fusion
and efficient virus entry, and is an important health concern to
the livestock industry.”® BoHV-1 surface glycoproteins have a
part in the virus’s capacity to adhere to cell membranes and
fuse with them. Nectin-1, herpesvirus entry mediator, and 3-O-
sulfated heparan sulfate (3-OS HS) are three biological
receptors that the BoHV-1 glycoprotein gD interacts with.”
The virus attaches to the cell and merges with the cell
membrane as a result of the gD protein’s interaction with the
receptors. This protein can be utilized as a target protein to
look for medicines that prevent HSV-1 infection in its early
stages. The second goal of this study was to learn more about
how phytocompounds of LP with antiviral capabilities can
effectively inhibit the BoHV-1 through in silico studies. In
silico approaches based on bioinformatics tools and software
have sped up the development of new drugs to block important
viral proteins and treat viral infections. The envelope
glycoprotein of BoHV-1 was used as the target protein in
this work, and five phytocompounds, luteolin, brassinolide,
dolichin A, kievitone, and 2-hydroxygenistein, previously
identified in LP with antiviral and anti-inflammatory activities,
were docked to determine the binding mode with the lowest
binding energy. Interestingly, kievitone demonstrated an
extraordinarily high binding affinity toward the target protein.
It was shown with molecular docking that the ligands can block
BoHV-1 infection by directly networking with the viral gD
protein and interfering with virus adsorption. Molecular

dynamic simulations also demonstrated that kievitone binding
favored H-bond formation in comparison to standard drug
binding to the glycoprotein during the entire simulation
period.

In the current scenario, several studies have indicated
hundreds of phytochemicals as potential inhibitors of BoHV-1
target proteins. However, most of the studies do not identify or
predict a single phytochemical as an inhibitor. Prediction of
common inhibitor potential drugs could reduce a lot of time
and wealth in the course of finding a suitable phytotherapeutic
compound. Therefore, our study stands exceptional in the class
of similar studies.

B CONCLUSIONS

The outcomes of the current study proved the dose-dependent
antiviral activity of crude methanolic LP seed extracts and their
copper oxide NPs against BoHV-1 in vitro. Furthermore, to
prove the findings obtained from antiviral activity, in silico
molecular docking interaction studies were conducted to
ascertain the efficiency of the LP phytochemicals against the
envelope glycoprotein of the BoHV-1 virus. The ligand
kievitone exhibited the lowest binding energy and highest
binding affinity toward the selected protein, thus supporting
the in vitro findings and confirming the presence of a potent
anti-BoHV-1 agent in LP.

The DFT calculations aimed to predict the chemical
reactivity descriptors of the studied molecules through the
conceptual DFT methodology support the in vitro and in silico
results. Thus, all this information implies the need for further
in vivo validation, isolation, and identification of bioactive
molecules responsible for the observed antiviral activity of
Lablab purpureus phytochemicals to be developed into potent
antiviral agents for veterinarian therapeutic applications.

B MATERIALS AND METHODS

Seed Procurement and Extraction. Fresh seeds of LP
were collected from Hunsur district, Karnataka, India,
authenticated at the Indian Institute of Horticultural Research,
cleaned under tap water, and dried in shade. The seeds were
then powdered using a blender and subjected to Soxhlet
extraction according to Prasad et al. for 4 h at 60 °C.!?
Experimentally, 20 g of powdered seeds bound in muslin cloth
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was placed in the thimble and phytochemicals were extracted
using 200 mL of 99% methanol as a solvent. The resultant
suspension collected in the round-bottom flask was cooled,
filtered, and Rota-evaporated to obtain dry extracts. The
extract yield was recorded and stored in an air-tight container
at =20 °C.

Green Synthesis of LP Phytochemical-Infused Copper
Oxide Nanoparticles (LP-CuO NPs). LP-CuO NPs were
prepared by mixing 0.5 g of prepared LP seed methanolic
extract dissolved in 5 mL of methanol and 45 mL of 10 mM
copper sulfate dehydrate solution with constant magnetic
stirring at 60 °C for 6 h. The blue-colored solution turned
green over a period of 4 h, and finally, a dark-brown precipitate
was collected upon centrifugation. The sediment was carefully
collected, washed with distilled water, and air-dried.
Furthermore, to confirm the presence of NPs, the air-dried
sediment was subjected to characterization.'®"

Cell Culture. The cell culture was carried out according to
Ansari et al,'”” wherein 2 X 10° cells of the Madin—Darby
bovine kidney (MDBK) cell line were cultivated in minimum
essential medium (MEM) with antibacteria, 100 units/mL of
penicillin, and 100 pg/mL of streptomycin and incubated at 37
°C in the presence of carbon dioxide (5%).

Cytotoxicity Assay. Evaluation of cytotoxicity of the
methanolic LP seed extract and CuO NPs and LP-CuO NPs
was performed by the crystal violet method according to
Feoktistova et al.'”> The experiment was conducted in a 96-
well plate. The MDBK cells were seeded for 24 h at 37 °C with
5% CO, to enable the adhesion of cells to wells, following
which the culture medium was recanted. For determining the
MNTC for the antiviral assay, the cells were then added with
100 pL of fresh MEM (Merck), with Earle’s salts and L-
glutamine, without sodium bicarbonate, supplemented with
different concentrations of LP-CuO NPs (ranging from S to
1200 ug/mL) and incubated for 48 h in triplicates.

After incubation, the contents of the well were aspirated and
the washing procedure was repeated and then stained with 50
UL of 1% solution of crystal violet and incubated for 20 min.
The crystal violet was then removed, and wells were washed
and air dried. Following this, 200 uL of methanol was added to
each well and set aside for 20 min, following which the
absorbance was measured at 570 nm.

A similar procedure was repeated using different concen-
trations of LP extracts (ranging from S to 1200 yg/mL) and
CuO NPs (not bound to the plant material, ranging from $ to
1200 pug/mL) for evaluation of their cytotoxicity. MDBK cells
free of the sterile NPs of LP seed extracts were used as
controls. 100% viability was allocated to the mean absorbance
of the control cells.

Antiviral Assay. The antiviral potency of LP seed
methanolic extracts, CuO NPs, and LP-CuO NPs was
evaluated by determination of inhibition of plaque formation
according to Ansari et al.'”> Monolayers of MDBK cells were
subjected to infection with the BoHV-1 (2 X 10° PFU/cell)
and incubated at room temperature. Varied concentrations (at
least five dilutions less than MNTC) of the test samples (LP-
CuO NPs, LP extracts, and CuO NPs) were added to these
wells and incubated for 2 days at 37 °C. The medium was then
aspirated, and the wells were rinsed with sterile phosphate-
buffered saline. 500 L of methanol was added to each of the
wells and re-aspirated after 15 min. These cells were then fixed
with formalin (10%) prior to being subjected to staining with
200 pL of 1% solution of crystal violet for 45 min. The stained

cells were washed, and the plaques were then observed under
the microscope. Calculation of the percentage of reduction in
plaque was relative to the amount of plaque formation in the
absence of the tested compounds. Virus-infected cells were left
untreated to be used as control.

Library and Macromolecule Preparation. The structure
of the envelope glycoprotein was obtained in PDB format from
the PDB database (ID: 6LSA). The PYMOL (Schrodinger
version 2.4) tool was used to remove water molecules and
examine the structure for prior attached ligands in the three-
dimensional structure (Figure 9) and saved in the .pdb format

Figure 9. The three-dimensional structure of envelope glycoprotein
(PDB ID: 6LS9).

for additional validation. The online GalaxyWEB tool (http:/ /
galaxy.seoklab.org/) was used for protein refinement and
optimization, following which active sites were predicted with
the use of the CASTp server online.'"*

Ligand Optimization. The chemical structures of potent
LP phytochemicals were retrieved from the PubChem database
(https:/ /pubchem.ncbi. nlm.nih.gov/). Sdf-formatted files of
luteolin, brassinolide, dolichin A, kievitone, and 2-hydrox-
ygenistein (PubChem CID: 5280445, 115196, 44257432,
188458, and 5282074, respectively) were transformed into
.pdb files using the OpenBabel 1 (v2.4.1) (https://sourceforge.
net/projects/openbabel/files/openbabel/2.4.1/ (accessed on
18 June 2022))and ArgusLab software [V 4.6.0], adhering to
the instructions in the ligand preparation.'®®

Protein Validation. The protein structure validation and
evaluation of amino acid residues in the allowed and favored
regions was performed using PROCHECK (https: //www.ebi.
ac.uk/thornton-srv/software/PROCHECK/) to obtain the
Ramachandran plots. The protein selected for the present
study, BHV-1 glycoprotein D (PDB ID: 6LSA), was found to
be fit for molecular docking as they had a higher number of
residues in the favored region.

Molecular Docking Interaction. The inhibition potential
of the selected ligands was evaluated by performing molecular
docking with the prepared protein using AutoDock Vina
(v.1.2.0.)."°° To validate the addition of hydrogen molecules
and add the necessary charge, the ligand(s) and protein .pdb
formats were converted to .pdbqt formats. Thereafter, the
active sites were identified and assigned and a grid box was
created to cover the binding sites. The best possible models
were picked out of the available poses and models, which had a
range of binding affinities and RMSD values. Using the
software Discovery Studio (v21.1.0.20298, Dassault Systemes)
[https://discover.3ds.com/discovery-studio-visualizer-

https://doi.org/10.1021/acsomega.3c01478
ACS Omega 2023, 8, 22684—22697


http://galaxy.seoklab.org/
http://galaxy.seoklab.org/
https://pubchem.ncbi
http://nlm.nih.gov
https://sourceforge.net/projects/openbabel/files/openbabel/2.4.1/
https://sourceforge.net/projects/openbabel/files/openbabel/2.4.1/
https://www.ebi.ac.uk/thornton-srv/software/PROCHECK/
https://www.ebi.ac.uk/thornton-srv/software/PROCHECK/
https://discover.3ds.com/discovery-studio-visualizer-download
https://pubs.acs.org/doi/10.1021/acsomega.3c01478?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01478?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01478?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01478?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

download (accessed on 18 June 2022)], interactions were
visualized in the .pdb format. The binding residues were
obtained to confirm the best docking poses.

Molecular Dynamics Simulations. The top protein and
ligand combinations were chosen for molecular dynamics
simulation using force field parameters from the CHARMM?36
and CGenFF sets. The protein complexes were converted into
.psf files, and trajectory files were obtained for further
refinement. Cubic water boxes with transferable intermolecular
potential and three-point water molecules were used to solvate
the selected complexes, ensuring a safe distance of 10 A
between the protein target and the corners of the box. Short-
range nonbonded interactions were computed with a 10 A
cutoft distance while long-range electrostatic associations were
determined using the particle mesh Ewald method. The
approximate results in an explicit solvent were obtained using
the generalized born molecular mechanics surface area
method. The simulation was carried out using NVT dynamics
with a constant amount of substance, volume, and temper-
ature. The temperature was set to 300 K, and the simulation
was run for 100 ns with 1000 steps.

Conceptual DFT Studies. A conceptual DFT method-
ology was used for the determination of the Kohn—Sham (KS)
method, and the lowest unoccupied and highest occupied
molecular orbitals (LUMO and HOMO) and orbital,
molecular, and electronic energies of the ligands were
studied.””~*>"?”"1% The molecular mechanics were calculated
with the MMFF94 force field to determine the conformers of
the studied ligands using the MarvinView 17.15 from
ChemAxon.'"'~1"*

Following this, a preoptimization of the geometry and
frequency calculation was achieved with the DFTB (Density
Functional Tight Binding) methodology, with a further
geometry re-optimization, frequency analysis, and calculation
of the electronic properties and chemical reactivity descriptors
achieved using the model chemistry based on the combination
of the MN12SX density functional with the Def2ZTZVP basis
set.”7°%!15 This determination was aided by the Gaussian 16
software and the SMD solvation model as it has been formerly
evidenced to verify the “Koopmans in DFT” proce-
dure®™7>"'® a5 means of corroboration of the nonappearance
of imaginary frequencies to look for steadiness.

Computational Pharmacokinetics Analysis. The phar-
macokinetics of ligands are important during new drug
development/discovery, and hence, individual indices, ie.,
Absorption, Distribution, Metabolism, Excretion, and Toxicity
(ADMET) factors, were studied in silico using Chemicalize
[https://chemicalize.com/].""” Further information on the
pharmacokinetic parameters was obtained using the canonical
SMILES [https:/ /biosig.unimelb.edu.au/pkesm/ ] and other
molecules with a similar structure to the studied ligands using
Molinspiration software [https: //www.molinspiration.com/ ]
to predict the bioactivity ratings. Prediction of the most
probable molecular protein target was performed using the
SwissTargetPrediction [http: //www.swisstargetprediction.ch/ ]
webtool."'®

Statistical Analysis. The results of experiments, executed
in triplicate, were stated as mean + SEM. To compare the
differences between the LP extracts, LP-CuO NPs, and CuO
NPs, the data were entered into the GraphPad Prism 8.0
software and subjected to one-way ANOVA followed by
Tuckey’s test. A p-value lower than 0.05 was regarded as
significant.
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