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Preface to ”Spectroscopic, Thermodynamic and
Molecular Docking Studies on Molecular
Mechanisms of Drug Binding to Proteins”

Protein–ligand interactions essentially play a significant role in various biological functions, such

as signal transduction, cell regulation, and immune response. Both the exogenous and endogenous

molecules interact with proteins, and understanding of these interactions is therefore central to

understanding biology at the molecular level. Hence, protein–ligand recognition and binding is

essential in drug discovery development. The structural information of proteins and protein–ligand

complexes by various methodologies, such as molecular modelling, molecular dynamics, and

cheminformatic approaches, are very helpful for a competent analysis of such complexes and to

provide greater insights in the molecular mechanisms of these interactions. Current progress in

experimental methodologies for identifying and characterizing ligand binding sites on protein targets

has provided biological insights that are significant for drug discovery. In addition, an advancement

in new hardware, software and chemoinformatic technologies, the in silico approaches in drug design

nowadays is one of the central scientific fields in the pharmaceutical industry.

A Special Issue in Molecules was guest edited by us and collected 15 research articles which

focused on various aspects of protein ligand interactions using wide range of experimental and

computational tools. We are grateful to Jessica Wang, Section Managing Editor of MDPI who

provided a dedicated and wonderful professional support for organizing this work. I hope that this

reprint makes for interesting reading and will be useful to fellow scientists and graduate students

interested in protein–ligand interactions.

Tanveer A. Wani, Seema Zargar, and Afzal Hussain

Editors
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1. Introduction

Molecular recognition, which is the process of biological macromolecules interacting
with each other or various small molecules with a high specificity and affinity to form
a specific complex, constitutes the basis of all processes in living organisms. Proteins,
an important class of biological macromolecules, realize their functions through binding
to themselves or other molecules. Protein–ligand interactions play an important role
in most biological processes, such as signal transduction, cell regulation, and immune
response. Therefore, the study of protein–ligand interactions continues to be very important
in life science fields. Since the recognition of their importance at the beginning of the
20th century, investigations into binding parameters have received significant attention,
and understanding of these interactions is therefore central to understanding biology at the
molecular level. Moreover, knowledge of the mechanisms responsible for protein–ligand
recognition and binding also facilitates the discovery, design, and development of drugs.

Quantifying the binding of chemical entities to a protein is an important early screen-
ing step during drug discovery and is of fundamental interest for estimating safety margins
during drug development. Current progress in experimental and computational methods
for identifying and characterizing ligand binding sites on protein targets has provided
biological insights that are significant for drug discovery. In addition, because the aim of
rational drug design is to make use of knowledge of the structural data and protein–ligand
binding mechanisms to optimize the process of finding new drugs, an in-depth under-
standing of the nature of molecular recognition/interactions is also of great importance.
For a deeper understanding of the molecular recognition between a protein and its ligand,
physicochemical mechanisms underlying the protein–ligand interaction, the binding kinet-
ics, the basic thermodynamic concepts and relationships relevant to protein–ligand binding,
and the driving forces/factors of binding and enthalpy–entropy compensation are investi-
gated using experimental and theoretical methods and using various techniques such as
isothermal titration calorimetry (ITC), surface plasmon resonance (SPR), and fluorescence,
circular dichroism, and UV absorption spectroscopy.

2. Contributions

Fourteen research papers covering various aspects of drug development that help in
understanding an interaction of various ligands to proteins were published in this Special
Issue. These studies investigated the molecular mechanisms and structural changes in
target proteins involved in the interaction with various viruses and bacteria. In addition,
drug–protein interactions, drug–drug interaction mechanisms, anti-glycating and antioxi-
dant activity, binding affinity, network-pharmacology-driven investigations, and targeted
anticancer treatments were also investigated.

1
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Proteins are essential biological macromolecules and have enormous importance in all
physiochemical process. The native or folded forms of proteins are necessary to perform
their biological functions. Pharmacologically profiling drugs offers an understanding of
the interactions of vital therapeutic drugs or their derivatives with either plasma or target
tissue proteins. In medicinal chemistry, studies pertaining to plasma proteins and drug
binding are attracting researchers across the globe because these studies provide a platform
to study drugs’ behaviors and actions, thereby delineating their transport and distribution
characteristics in the circulatory system. The simultaneous administration of two or more
drugs might lead to competition between the two drugs to bind to a similar site. The
conformation of the protein binding pockets can be altered on interaction with ligands,
thereby influencing the binding of other ligands to the same binding pockets. These studies
will help in understanding the various binding mechanisms involved in the interaction
between various ligands and proteins.

Respiratory syncytial virus (RSV) is a lower respiratory tract pathogen that causes
pneumonia and bronchiolitis in children, especially those younger than five years of age.
There is no licensed vaccine or any therapeutics available against RSV. The only available
preventive measure is the injection of a monoclonal antibodies cocktail (palivizumab) spe-
cific to the fusion glycoprotein, which may decrease the severity of disease and rate of hos-
pitalization in infants. In the their study, Hamza et al. [1] examined the structural changes
in ectodomain G protein (edG) in a wide pH range. The absorbance results revealed that
protein maintains its tertiary structure at physiological and highly acidic and alkaline pH.
Fluorescence quenching, molecular docking, and MD simulation studies suggested strong
binding between the edG and heparan sulfate. The study suggested that heparan-sulfate-
mimicking compounds can be used to target the effective host–pathogen interaction.

Oxidative stress is an imbalance between ROS production and antioxidant defense,
which causes cell damage at high levels. The ROS and their pathophysiological effects
depend on the concentration, type, and specific production site. When ROS are at a high
level, they react with DNA, proteins, cell membranes, and other molecules, causing cellular
damage and producing other more reactive radicals. Zargar and Wani [2] investigated
protection given by quercetin against CCl4-induced neurotoxicity in rats. In addition
to various biochemical parameters, the authors also used VirtualToxLab to study the
interaction between quercetin and various proteins to understand the molecular basis of
the protective potential of quercetin against carbon tetrachloride toxicity on rat brains. The
authors also hypothesized a possible mechanism for quercetin protection against CCl4
toxicity in the rat brain.

Human serum albumin (HSA) is a major transporter and the most abundant protein in
the plasma. It exhibits ligand-binding capabilities, acting as a warehouse and transporter of
many endo- and exogenous compounds. Shamsi et al. [3] investigated Huperzine A (HpzA),
a natural sesquiterpene alkaloid (Huperzia serrata) used in various neurological conditions,
including Alzheimer’s disease (AD), binding to HSA using advanced computational ap-
proaches such as molecular docking and molecular dynamic (MD) simulation, followed by
fluorescence-based binding assays. The binding of HpzA with HSA showed an appreciable
binding affinity and many intermolecular interactions. MD trajectory analyses (i.e., RMSD,
RMSF, Rg, SASA, and hydrogen bonding) suggested that the HSA–HpzA docked complex
was quite stable with minimal conformational alterations. Fluorescence-based binding as-
certained the actual binding affinity between HpzA and HSA, suggesting that HpzA binds
to HSA with a significant affinity. The results provide a basis for setting up an experimental
platform and information regarding the mechanism of HpzA interactions with has.

Simultaneous administration of two or more drugs might lead to a competition be-
tween the two drugs to bind to a similar site present on the serum albumin. The interaction
between erlotinib (ERL) and bovine serum albumin (BSA) was studied in the presence of
quercetin (QUR), a flavonoid with antioxidant properties, by Wani et al. [4]. Quercetin
may interfere with the binding of the other concomitantly used drugs, impacting their
pharmacokinetics and displacing them from their albumin binding sites, leading to higher
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free drug fractions of ERL in the system in the presence of QUR. Such interference may
lead to a toxic or a subtherapeutic response of the drug in the presence of QUR. The pres-
ence of quercetin in the BSA-ERL system reduces the binding constant of the BSA-ERL
system to almost half of what was observed in its absence. Thus, co-administration of QUR
and ERL might influence the pharmacokinetics of ERL and needs to be investigated by
in vivo studies.

Globally, hepatitis E accounts for an estimated mortality rate of –3.3% in the infected
population. HEV has a genome of –7.2 kb plus-stranded RNA with a 5′-methylguanine
(m7G) cap accorded by guanylyltransferase (GTase) and methyltransferase (MTase). RNA
capping is essential for the viruses’ evasion of the host immune system and to produce other
viral proteins by protecting the viral mRNA from nucleases. In the case of HEV, the 5′ m7G
cap has been demonstrated to play an additional role, increasing infectivity in non-human
primates and cultured hepatoma cells. Despite being an important enzyme, few studies
have examined the functional and structural aspects of the HEV MTase. In the present
study, Hooda et al. [5] cloned, expressed, and purified MTase spanning 33–353 amino acids
of HEV genotype 1. The activity of the purified enzyme and the conformational changes
were established through biochemical and biophysical studies. This study suggested an
indispensable role of Mg2+ in MTase activity and stability. This work also established the
optimal experimental conditions helpful for the screening of inhibitor libraries against HEV
MTase to identify potential inhibitors.

The inhibition of glycation has also been shown to be beneficial in the treatment of
diabetic complications. The medicinal properties of garlic (Allium sativum) are well docu-
mented and were further investigated by Khan et al. [6] as a natural plant phytochemical
that can prevent glycation with fewer adverse side effects. Biophysical, biochemical, and
molecular docking investigations were conducted to assess the antiglycating, antioxidant,
and protein structural protection activities of garlic. Garlic extract exhibited significant
levels of protection in protein structural stabilization against glycation. This research
significantly supports the numerous therapeutic properties of garlic and addresses the
question of the interdependence of various biological activities and their antioxidant capac-
ity. The authors also suggested to include garlic into any existing preventative or treatment
approach for glycation-induced health complications in diabetic patients.

Quetiapine (QTP) is a second-generation (short-acting atypical) antipsychotic drug of
dibenzothiazepine (class) used to treat schizophrenia, acute bipolar disorder, and major
depression in adolescents and adults. In their study, Zargar et al. [7] investigated the
binding of QTP to human serum albumin (HSA). The QTP–HSA binding interactions
showed moderate binding affinity of QTP toward HSA and involved hydrogen bonding
and hydrophobic interactions. The also showed the complex formation between QTP and
HSA and a static quenching mechanism. The QTP binding region at subdomain IB of HSA
was investigated. This study is expected to help understand the drug’s mechanisms and
pharmacokinetics for further clinical research and novel drug delivery systems.

Donor–acceptor complexation plays an important role, especially in the field of bio-
chemical energy transfer processes. The formation of brilliantly colored CT complexes that
absorb visible light is frequently linked to charge transfer interactions between electron ac-
ceptors and donors. In biological systems, mechanisms requiring molecular complexation
and structural recognition include drug design, enzyme catalysis, and ion exchanges via
lipophilic membranes. Alamri et al. [8] investigated a typical antipsychotic drug, Haloperi-
dol’s (HPL), solid charge transfer (CT) products with 7,7,8,8-tetracyanoquinodimethane
(TCNQ) and picric acid (PA). The findings of the study suggest that [(HPL)(TCNQ)] coupled
with serotonin and dopamine more efficiently than HPL alone. In addition, [(HPL)(TCNQ)]–
dopamine had a higher binding energy value than HPL–dopamine. The molecular dynamic
simulation at 100 ns demonstrated that the [(HPL)(TCNQ)]–dopamine complex had a more
stable interaction with the dopamine receptor than the HPL–dopamine complex.

Khan et al. [9] investigated the binding of caffeic acid and coumaric acid with α-
amylase and analyzed the effect of these compounds on the formation of advanced glycation
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end-products (AGEs). Caffeic and coumaric acid bind with α-amylase and also inhibit
the formation of AGEs to a certain extent. Caffeic acid possesses more inhibitory activity,
which could be due to its planarity and hydrogen bonding potential. Van der Waals and
hydrogen bonding are the major forces in polyphenols–protein interactions. Molecular
docking, along with fluorescence quenching and synchronous fluorescence, displayed the
ability of phenolics to form stable complexes with amylase. Moreover, these phenolics
decrease AGE formation by inhibiting fructosamine. Furthermore, the oxidation of proteins
boosted the effect of glycation; caffeic and coumaric acid, on the other hand, attenuate it
by protecting thiol and carbonyl groups. The authors suggest more research on similar
structures along with in vivo studies to design inhibitors for diabetic complications.

Belal et al. [10] implemented the repurposing of various FDA-approved ophthalmic
medications for targeting MMP-2 and MMP-9 to establish a treatment outline for kerato-
conus (KC), a primary cause of corneal ectasia. Although the exact etiology and pathogenic
mechanism are unknown, environmental and genetic variables are considered to play a
role in the disease’s progression. The authors selected a group of thirty-two FDA-approved
drugs and subjected them to virtual screening through docking against MMP-2 and MMP-9
proteins to identify the most promising inhibitors as a proposed computational mechanism
to treat KC. The results indicate that some drugs may have potential activities against these
proteins, opening the field to further biological studies. The docking results showed the
ability of atenolol and ampicillin to accommodate well into the active sites of MMP-2 and
MMP-9, respectively. Molecular dynamic simulations and MM-GBSA calculations point
to the stability of the binding of both drugs to the respective enzyme, thus adding to the
potential of both compounds in KC management. These encouraging findings pave the
way for additional clinical investigations to confirm such theoretical findings.

Zhang et al. [11] employed HPLC-MS and network pharmacology to identify the
active components and key signaling pathways of DGS. Transgenic zebrafish and HU-
VECs cell assays were used to evaluate the effectiveness of DGS. A total of 37 potentially
active compounds were identified that interacted with 112 potential targets of CAD. Fur-
thermore, PI3K-Akt, MAPK, relaxin, VEGF, and other signal pathways were determined
to be the most promising DGS-mediated pathways. The findings of the study suggest
that DGS may exert proangiogenic and vasodilatory effects through the activation of the
VEGF/VEGFR2/Akt/Erk/eNOS signaling pathway. Molecular docking and molecular
dynamics suggest that salvianolic acid C may be a key component in exerting angiogenic
and vasodilatory effects.

NIMA-related kinase7 (NEK7) plays a multifunctional role in cell division and NLRP3
inflammasone activation. Any mutation or atypical expression of NEK7 leads to the devel-
opment of cellular oncogenesis and may provoke a fatal inflammatory response, causing
the tumorigenesis of multiple organs. These findings lend testimony to the involvement of
NEK7 in the progression and development of numerous deadly diseases.

NEK7 is a promising therapeutic target for preventing and treating NEK7-related
diseases. A few medications have recently been developed to target the NEK7-mediated
inflammasome pathway, but the mechanism and treatment outcomes are not specific and
consistent. Aziz et al. [12] focused on the virtual screening of 1200 benzene sulphonamide
derivatives retrieved from the PubChem database by selecting and docking validation of the
crystal structure of NEK7 protein (PDB ID: 2WQN). The compounds library was subjected
to virtual screening using Auto Dock Vina. The binding energies of screened compounds
were compared to standard dabrafenib. This study utilized deep learning models for the
prediction of binding affinity, pIC50, and ADMET properties. Among the studied com-
pounds, 762 showed good binding affinity and demonstrated a promising ADMET profile.
Molecular dynamics simulations determined the protein–ligand complex was stable.

The increased incidence of tuberculosis cases and drug-resistant strains prompted re-
searchers to identify novel drug targets and natural therapeutics with lesser toxicity. There-
fore, three medicinal plants, Achyranthes aspera (A. aspera), Calotropis gigantea (C. gigantea),
and Calotropis procera (C. procera), were investigated by Beg et al. [13] for their potential
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therapeutic intervention in Tuberculosis. The plants’ extracts were tested against different
mycobacterial strains. A. aspera aerial and C. gigantea flower ash were found to be active
against the M. tuberculosis H37Rv ATCC 27294 strains with an MIC value of 64 mg/L.
A multitarget assessment study was used to identify the possible mycobacterial target
proteins. Ten proteins, viz., BpoC, RipA, MazF4, RipD, TB15.3, VapC15, VapC20, VapC21,
TB31.7, and MazF9, were found in the intersection of two categories, viz., available PDB
dataset proteins and proteins classified in virulence, detoxification, and adaptation. In
silico characterization identified TB15.3 (Rv1636) in the intersection of the PPI network,
which are the universal stress proteins. The MD simulation was used to determine the
stability and accuracy of the complex. The results showed that the complex of β-amyrin
and Rv1636 was a stable complex, and the protein did not undergo unfolding during the
simulation run. This study established a significant bridge in the field of mycobacterial
biology in the targeting of Rv1636, a universal stress protein of mycobacteria, through
natural phytoconstituents.
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Abstract: The emergence of drug resistance and the limited number of approved antitubercular drugs
prompted identification and development of new antitubercular compounds to cure Tuberculosis (TB).
In this work, an attempt was made to identify potential natural compounds that target mycobacterial
proteins. Three plant extracts (A. aspera, C. gigantea and C. procera) were investigated. The ethyl
acetate fraction of the aerial part of A. aspera and the flower ash of C. gigantea were found to be
effective against M. tuberculosis H37Rv. Furthermore, the GC-MS analysis of the plant fractions
confirmed the presence of active compounds in the extracts. The Mycobacterium target proteins, i.e.,
available PDB dataset proteins and proteins classified in virulence, detoxification, and adaptation,
were investigated. A total of ten target proteins were shortlisted for further study, identified as
follows: BpoC, RipA, MazF4, RipD, TB15.3, VapC15, VapC20, VapC21, TB31.7, and MazF9. Molecular
docking studies showed that β-amyrin interacted with most of these proteins and its highest binding
affinity was observed with Mycobacterium Rv1636 (TB15.3) protein. The stability of the protein-ligand
complex was assessed by molecular dynamic simulation, which confirmed that β-amyrin most firmly
interacted with Rv1636 protein. Rv1636 is a universal stress protein, which regulates Mycobacterium
growth in different stress conditions and, thus, targeting Rv1636 makes M. tuberculosis vulnerable to
host-derived stress conditions.

Keywords: A. aspera; β-amyrin; C. gigantea; C. procera; GC-MS; Minimum inhibitory concentration
(MIC); Molecular docking; MD simulations; Tuberculosis (TB)

1. Introduction

Tuberculosis (TB) is primarily caused by Mycobacterium tuberculosis (M. tuberculosis) and
considered to be an airborne disease that spreads through sneezing (air borne fine droplets),
direct contact, and sharing personal daily use items [1]. Many attempts have been made to
control and cure TB and its related critical consequences. However, several factors complicate
the treatment strategy, such as the emergence of multidrug resistance against established
drugs due to regular mutations, patients having poor access to drugs, long-term therapy, poor
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patient adherence, and severe dose-dependent side effects [2]. These factors have resulted in
progressive growth of latent and active TB cases annually, as reported by the World Health
Organization in 2021 (WHO, 2021). The WHO estimated that there were approximately
9.9 million TB cases in 2020, wherein there were about 1.3 million with HIV-negative and
0.214 million with HIV-positive cases [3–5]. Notably, the disease affects patients of all ages,
the elderly, and the immunocompromised [6,7]. Circulating TB strains are now resistant
to a variety of therapeutic combinations and because the discovery of novel drugs takes
time, an alternative approach to provide adjuvants that can boost antibiotics potency is to
be considered. It was reported that bacterial susceptibility to antibiotics increases with the
co-administration of some natural products [8–10].

In this study, we investigated three medicinal plants, Achyranthes aspera (A. aspera),
Calotropis gigantea (C. gigantea) and Calotropis procera (C. procera), for their potential ther-
apeutic intervention in TB. A. aspera is a widely known weed in many southeast Asian
countries. The plant has been used as a folk medicine in Australia, Kenya, and India,
since ancient times. In India, it has been used to treat dropsy, hydrophobia, snake bites,
ophthalmic, and cutaneous diseases [11–13]. As a part of the Amaranthaceous family, it is
also used to treat asthma, kidney stones, skin diseases, and epilepsy [14]. Previous stud-
ies have also reported it as being antidepressant, antioxidant, anxiolytic, anticonvulsant,
antihyperglycemic, antiallergenic, anti-obese, hypolipidemic, and hepatoprotective [15–19].

Calotropis is a common wasteland weed, commonly known as milkweed or swallow-
wort [20]. It is a member of the Asclepiadaceae family (Milkweeds), which has almost
2000 species globally and has a common place in the tropics, and subtropics, but is rare
in cold climates [21]. Traditionally, Calotropis has been used to cure common ailments,
such as cold, asthma, vomiting, and diarrhea. The dried whole plant is a tonic, expec-
torant, depurative, and anthelmintic, according to Ayurveda. Asthma, bronchitis, and
dyspepsia are treated with the powdered root. Paralysis, arthralgia, swellings, and inter-
mittent fevers can be treated with the leaves and its flowers, due to its bitter, digestive,
astringent, stomachic, anthelmintic, and tonic properties. Moreover, it is a well-known
homoeopathic remedy [22].

C. procera is an Asclepiadaceae shrub native to Egypt. It has purgative, antibacte-
rial, anthelmintic, anticoagulant, antipyretic, anti-inflammatory, analgesic, and neuro-
muscular blocking properties [23–27]. The plant’s extract has physiological effects on
cardiac, soft, and skeletal muscular tissues. In traditional medicine, the genus Calotropis
is used to treat leprosy, ulcers, tumors, liver, and piles problems. It also has potential
anticancer effects [28]. The key phytoconstituents are practically found in every Calotropis
species. However, the relative distribution in individual plants can vary depending upon
environmental conditions [29–32].

The increased incidence of TB cases and drug resistant strains prompted us to iden-
tify novel drug targets and natural therapeutics with lesser toxicity. Considering the
broad spectrum of biological properties of A. aspera, C. gigantea and C. procera medicinal
plants, we investigated the effect of their phytoconstituents on mycobacterial proteins and
their survival.

2. Results
2.1. Identification and Procurement of the Plant Materials

The aerial and root parts of A. aspera, and flowers of C. gigantea and C. procera were
collected from the burial ground in Shahjahanpur, Uttar Pradesh. They were identified by
their flower and inflorescence. C. gigantea and C. procera contain white and purple flowers,
respectively, as the major phenotypic differentiation [33,34].

2.2. Preparation of Plant Extracts

The plant was dried in shade followed by cutting into small pieces and grinding into
fine powder. The dried powdered material of aerial and root parts were 1500 g and 300 g,
respectively. The dried powdered material of the flower parts of C. procera, C. gigantea
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and C. gigantea ash were 200 g each. The flower ash was obtained by burning the flowers
in petroleum ether. The powder of A. aspera was soaked in methanol (10 times w/v) and
the powders of C. procera and C. gigantea were soaked in methanol (5 times w/v), at room
temperature, for 10 days and 5 days, respectively, depending upon the weight of the
powders. The extracted content was first filtered by Whatman filter paper (150 mm) and
then evaporated using a Heidolph rotary evaporator. The crude methanol extract was
successively fractionated in various solvents, i.e., hexane, ethyl acetate, ethanol and water,
in order of their increasing polarity [35,36]. Total yield of the extractable components (EC)
from A. aspera (aerial and root parts), C. procera (flower), C. gigantea (flower) and C. gigantea
(flower ash) in various solvents are shown in Table 1.

Table 1. Total yield of the extractable components (EC) from A. aspera (aerial and root parts) C. procera
(flower), C. gigantea (flower) and C. gigantea (flower ash).

S. No. Extracted Fractions of
A. aspera Aerial Part (1.5 kg) EC (in g) Extracted Fractions

A. aspera of Roots (300 g) EC (in g)

1 Methanol 58.85 Methanol 39.93
2 Aqueous 54.60 Aqueous 35.86
3 Hexane 7.14 Hexane 1.82
4 Ethyl acetate 3.18 Ethyl acetate 0.93
5 Ethanol 1.73 Ethanol 0.46

Extracted fractions of
C. procera Flower (200 g) EC (in g) Extracted Fractions

C. gigantea Flower (200 g) EC (in g)

1 Methanol 13.26 Methanol 11.33
2 Aqueous 10.83 Aqueous 9.66
3 Hexane 1.02 Hexane 3.82
4 Ethyl acetate 3.56 Ethyl acetate 3.33
5 Ethanol 1.20 Ethanol 1.26

Extracted fractions
C. gigantea Flower (200 g) EC (in g)

1 Methanol 12.56
2 Aqueous 9.89
3 Ethyl acetate 3.69

2.3. Phytochemical Screening of Plant Extracts

Phytochemical tests of each extract fraction were performed as mentioned in the
method section for alkaloids, tannins, saponins, terpenoids, and organic acids. The phyto-
chemical screening of A. aspera, C. procera and C. gigantea plant extracts in various fractions
showed the presence of alkaloids, tannins, saponins, terpenoids, and organic acid, as
reported in literature [37,38] (Table 2).

Table 2. Phytochemical screening of alkaloids, tannins, saponins, and terpenoids present in the
various plant fractions.

S. No. Phytochemicals Methanol Aqueous Ethanol EtOAc Hexane

Aerial Part Extracts of Achyranthes aspera

1 Alkaloids + − + − −
2 Tannins + − − + −
3 Saponins − − + + −
4 Terpenoids + − + − −

Roots Extracts of Achyranthes aspera

1 Alkaloids + + − + −
2 Tannins + − + + −
3 Saponins + + + − −
4 Terpenoids − + − + −
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Table 2. Cont.

S. No. Phytochemicals Methanol Aqueous Ethanol EtOAc Hexane

Flower Extracts of Calotropis procera

1 Alkaloids + + + − −
2 Tannins + + + + +
3 Saponins + − − − +
4 Terpenoids − + − + +

Flower Extracts of Calotropis gigantea

1 Alkaloids − + + + −
2 Tannins + − − − −
3 Saponins + + − − +
4 Terpenoids + − − + −

2.4. Detection of Total Flavonoid Content (TFC) of Plants

Flavonoids are secondary metabolites having multiple physiological activities in plant
development, pigmentation, and UV protection, and in defense and signaling pathways
between plants and microbes [39,40]. The total flavonoid contents of A. aspera (aerial and
root), C. procera, C. gigantea and C. gigantea ash parts were analyzed in water, methanol, ethyl
acetate, ethanol, and hexane fractions, as shown in Figure 1. The highest TFC was found in
the root-based ethyl acetate fraction (103.76 ± 14.8 mg RE g−1) and the aerial ethanol fraction
(97.61 ± 10.65 mg RE g−1). Similarly, the highest TFC was found in the ethyl acetate fraction
of C. gigantea ash (184.28 ± 11.64 mg RE g−1), followed by the ethyl acetate fractions of
C. gigantea (112.48 ± 4.28 mg RE g−1) and C. procera (118.89 ± 0.44 mg RE g−1).

Figure 1. Total flavonoid content determination (a) A. aspera (b) C. gigantea and C. procera.

2.5. Detection of Total Polyphenolic Content (TPC) of Plants

Polyphenolic compounds are key constituents, known to protect plants from reactive
oxygen species. This feature enables the extracts to act as reducing agents and as free
radical scavengers [39,40]. The total phenolic content (TPC) of A. aspera (aerial and root),
C. procera, C. gigantea and C. gigantea ash parts were analyzed in water, methanol, ethyl
acetate, ethanol, and hexane fractions, shown in Figure 2. The highest TPC was found in the
ethyl acetate fraction of A. aspera i.e., 15.1 ± 0.36 mg GAE g−1 and 18.27 ± 0.56 mg GAE g−1

in the aerial and root parts, respectively. C. gigantea, C. gigantea ash and C. procera showed
the highest TPC measures (in mg GAE g−1) in the ethanol fraction (36.47 ± 0.93), the ethyl
acetate fraction (37.45 ± 0.94), and the ethyl acetate fraction (25.85 ± 0.22), respectively.

2.6. Minimum Inhibitory Concentrations (MICs)

Extract codes 3 and 23 of the ethyl acetate fractions of A. aspera aerial and C. gigantea
flower ash were found to be active against the M. tuberculosis H37Rv ATCC 27294 strains,
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respectively, having an MIC value of 64 mg/L. The rest of the extracts were inactive against
tuberculosis and non-tuberculosis strains and showed the MIC value > 64 mg/L. None of
the compounds screened were active against non-tuberculous Mycobacterium. The known
anti-tuberculosis drugs for virulent strains, such as isoniazid, rifampicin, streptomycin,
ethambutol showed significant MIC against M. tuberculosis H37Rv, and levofloxacin (drug
used for avirulent strains) showed significant MIC values against all the tested avirulent
strains [41,42] (Table S1).

Figure 2. Total Flavonoid content determination (a) A. aspera (b) C. gigantea and C. procera.

2.7. Gas Chromatography-Mass Spectrometry (GC-MS) Studies

To get the chemical profile of the phytoconstituents, GC-MS analysis of the ethyl acetate
plant extracts was performed, due to these having the occurrence of highest TPC and TFC
contents. The chromatogram obtained from GC-MS analysis of the ethyl acetate fractions
of A. aspera and C. gigantea plants showed 87 and 68 peaks, respectively. The height of the
individual peak resembled the comparative concentration of the compound in the extract.
The GC-MS analysis chromatogram is shown in Figure 3. The studied chromatogram peak
identified the phytochemical constituents from the ethyl acetate fractions of the aerial part
of A. aspera (Table S3) and the flower ash of C. gigantea (Table S4).

2.8. Assessment of Multitarget Signature Mtb Proteins: An In-Silico Approach

Mycobrowser was analyzed for the availability of genes or proteins responsible for
mycobacterial virulence and these were categorized into virulence, detoxification, and
adaptation categories [43]. The Venn-diagram used to categorize V.D.A category and
known Mtb PDB structure proteins is provided in the supporting material (Figure S1).
The PDB structures were assessed by employing different in silico methods (Table 3). The
crystal structures of the selected M. tuberculosis H37Rv proteins (PDB: 7LD8, 4Q4N, 5XE2,
4LJ1, 1TQ8, 4CHG, 5WZ4, 2JAX, 5SV2, 6L2A) [44] are provided in Figure S2.

Table 3. Assessment of multitarget signature Mtb proteins based on virulence, detoxification, and
adaptation category.

S. No. Rv No. Name PDB ID Information Ref.

1 0554 BpoC 7LD8 Possible peroxidase BpoC (Non-essential
gene for in vitro growth of H37Rv) [45]

2 1477 RipA 4Q4N Peptidoglycan hydrolase; (essential gene
for in vitro growth of H37Rv) [46]

3 1495 MazF4 5XE2 Possible toxin MazF4 (non-essential gene
for in vitro growth of H37Rv) [47]

4 1566c RipD 4LJ1 Possible Inv protein (non-essential gene for
in vitro growth of H37Rv) [48]
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Table 3. Cont.

S. No. Rv No. Name PDB ID Information Ref.

5 1636 TB15.3 1TQ8
Iron-regulated universal stress protein

family protein TB15.3 (non-essential gene
for in vitro growth of H37Rv)

[49]

6 2010 VapC15 4CHG Toxin VapC15 (Non-essential gene for
in vitro growth of H37Rv) [50]

7 2549c VapC20 5WZ4 Possible toxin VapC20 (non-essential gene
for in vitro growth of H37Rv) [51]

8 2623 TB31.7 2JAX
Universal stress protein family protein
TB31.7 (non-essential gene for in vitro

growth of H37Rv)
[52]

9 2757c VapC21 5SV2 Possible toxin VapC21 (non-essential gene
for in vitro growth of H37Rv) [53]

10 2801c MazF9 6L2A Toxin MazF9 (non-essential gene for
in vitro growth of H37Rv) [54]

Figure 3. GC-MS chromatogram of ethyl acetate fractions of (a) A. aspera (aerial) and (b) C. gigantea
(flower ash). TIC* indicates Total Ion Chromatogram.
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2.8.1. Physiochemical Parameters

Mycobacterial virulent proteins are the major factors that aid in pathogenesis. The
amino acid sequence of virulent proteins was obtained from the Mycobrowser database [55].
The Protparam tool was used to calculate the physicochemical parameters for these proteins,
as shown in Table S4 [56]. The physiochemical parameter of the proteins calculated as the
isoelectric points (pIs) of Rv1477, Rv1495, Rv1566 and Rv2801c were greater than 7 (pI > 7),
which means these proteins had more basic amino acids. The instability index value was
also calculated and four unstable proteins (Instability index > 40) were found, viz. Rv1477,
Rv1566c, Rv2010, and Rv2623. The calculated aliphatic index of some of these proteins were
very high, which means they were thermostable. The GRAVY (grand average hydropathy)
value was also determined, which indicated that Rv0554, Rv1636, Rv2010, and Rv2623 were
polar, and rest of the six proteins were non-polar (Figure 4a).

Figure 4. The selected virulence, detoxification, adaptation (VDA) category of M. tuberculosis H37Rv
proteins. (a) Physiochemical parameters of VDA proteins (b) Functional classification of VDA proteins
(c) Subcellular localization of VDA proteins and (d) Secondary structure analysis of VDA proteins.

2.8.2. Functional Classification

The protein targets were classified functionally under three categories, viz. virulence
factors, proteins involved in metabolism, and those involved in cellular processes, and
were regarded as an effective target for emerging TB treatments [43]. VICMpred webserver
predicted six proteins involved in metabolism, three in cellular processes, and one protein
as a virulence factor (Rv0554) [57–60]. The comprehensive analysis of these functional
proteins is shown in (Figure 4b).
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2.8.3. Subcellular Localization

For forecasting a protein’s function, it is crucial to know where it is located. We used the
TBpred server in this investigation to predict localization, which is based on the support vector
machine (SVM)-based subcellular localization prediction of the mycobacterial protein [61,62].
The protein’s location in the cytoplasm, integral membrane, lipid anchoring, and secretory
pathways is predicted. The cytoplasmic proteins (Rv1636, Rv2010, Rv2549c, Rv2623, Rv2757c),
integral membrane proteins (Rv0554, Rv1477, Rv1566, Rv2801c), and lipid anchored proteins
(Rv1495) are displayed in (Figure 4c). The prediction accuracy was 86.62%.

2.8.4. Secondary Structure Prediction

The two-dimensional (2D) structure prediction was performed by the SOPMA web-
server for all the ten proteins. The SOPMA server is a straightforward and accurate method
for predicting the 2D structure of a protein. The predicted 2D structures with default
parameters were set to analyze the structural patterns of the proteins. The structural studies
concluded that these proteins have more alpha helix regions compared to extended strands
in beta-sheet. The details of these predicted 2D structures are given in Table S6 and the
schematic representation of the 2D representation is in Figure 4d.

2.8.5. Phylogenetic Analysis

Phylogenetic analysis of all ten selected genes was conducted using the Mega11 pro-
gram. The homologs in different mycobacterial species were analyzed and the pathlengths
were specified for each interaction, and are shown in Figure 5.

Figure 5. Phylogenetic tree depicting the relationships between virulence categories proteins in
M. tuberculosis H37Rv.
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2.8.6. PPI Network Analysis

The protein-protein interaction (PPI) network analysis was done using the STRING
v11.0 database. The input proteins showed a confidence score of 0.6–0.9. In the first
category of “betweenness, closeness, radiality and degree”, there were 3 genes found in
the intersection (Rv1636, Rv2623 and Rv1566). In the second category of “betweenness,
closeness, stress and degree” only one gene (Rv1636) was found in the intersection, as
shown in Figure 6.

Figure 6. Network analysis: (a) PPI network of the selected ten virulent genes which were involved in
significant pathways comprised a total number of 93 nodes and 101 edges. (b) Venn plot showing the
intersection of degree-based radiality category found 3 genes. (c) Venn plot showing the intersection
degree-based stress category found 3 genes.

2.8.7. Structural Classification of the Selected VDA Proteins

Rv0554 is an integral part of the menaquinone regulatory operon in Mycobacterium.
Menaquinone is a crucial factor in the mycobacterial electron transport chain [45]. Rv1477 is
a mycobacterial resuscitation promoting factor interacting protein (RipA) and participates in
the cleavage of peptide cross linkages between peptidoglycans similar to other cleavage en-
zymes, such as OwlT and Spr in B. subtilis and E. coli, respectively [46]. Rv1495 is designated
as mazEF, which is a subcomponent of the type II toxin–antitoxin system in mycobacte-
ria [47]. Rv1566c (RipD) is a predicted peptidoglycan specific peptidase of the NlpC/p60
family. The unusual peptide linkages of Mycobacterium i.e., L-D and D-D and other iso-
peptide linkages makes the peptide resilient to cleavage by mycobacterial peptidases [48].
Rv1636 is a universal stress protein (USP) in M. tuberculosis. In M. tuberculosis, it is classified
into class I USP, based on the presence of only a single conserved domain of USP, which is
of similar size to UspA. CAMP is bound to Rv1636, which regulates the signaling associated
with the cAMP molecule [49]. Rv2010 of M. tuberculosis codes for VapC-15 toxin. These
proteins belong to the PIN domain family proteins and contain ribonuclease activity [50].
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Rv2549c is designated as VapC20 of M. tuberculosis and along VapB, it forms VapBC toxin
antitoxin complex [51]. Rv2623 is a universal stress protein of M. tuberculosis, that helps
mycobacteria in different stress conditions and is also important for mycobacterial growth
and persistence [52]. Rv2757c of M. tuberculosis codes for VapC-21 toxin. These proteins also
belong to the PIN domain family proteins and contain ribonuclease activity [53]. Rv2801c
encodes for the MazF-mt1 protein of M. tuberculosis. MazF is a known component of the
MazEF toxin–antitoxin system in many prokaryotic cells [54].

2.8.8. Validation of the Selected Proteins’ Structures

The PROCHECK server was used to validate the models, and a Ramachandran plot
of the projected models revealed that the modeled structure of mycobacterial virulence
proteins had ~90% residues in the most favored region, indicating the modeled structure
was good [63,64] (Table 4).

Table 4. Ramachandran plot statistics of selected virulent category proteins.

S. No. Protein Most
Favoured Region

Additional
Allowed Region

Generously
Allowed Region

Disallowed
Region

1 Rv0554 92.1% 7.5% 0.0% 0.4%
2 Rv1477 92.5% 6.9% 0.0% 0.6%
3 Rv1495 95.3% 4.7% 0.0% 0.0%
4 Rv1566c 98.0% 2.0% 0.0% 0.0%
5 Rv1636 91.0% 9.0% 0.0% 0.0%
6 Rv2010 94.2% 5.0% 0.0% 0.7%
7 Rv2549c 95.8% 4.2% 0.0% 0.0%
8 Rv2623 74.5% 22.7% 1.8% 0.9%
9 Rv2757c 96.7% 3.3% 0.0% 0.0%
10 Rv2801c 94.8% 5.2% 0.0% 0.0%

2.8.9. Molecular Docking

The molecular docking analysis was performed by using InstaDock v1.0 software, New
Delhi, India (https://hassanlab.org, accessed on 1 April 2022), ChemBioDraw Ultra 14.0, in-
house python script and Discovery Studio as mentioned in the experimental section [65–69].
It included the fundamental orientations between the receptor and the ligands (plant extract
phytoconstituents). The 10 shortlisted proteins were used for molecular docking in order
to explain how these proteins interact with the phytoconstituents identified in the ethyl
acetate aerial part of A. aspera and flower ash extract of C. gigantea. The high negative
docking score (binding free energy, kcal/mol) indicated that their binding was steady. In
Table S7, the comparative analysis of docking results on the multitarget proteins is provided.
The docking scores are shown in Figure 7. The 2D structure of the phytoconstituents is
provided in Figure S3. The selected top hit phytoconstituents had binding free energies
ranging from −7.5 to −10.6 kcal/mol, and the correspomding proteins were chosen for
further studies. β-amyrin (PubChem CID: 225689) was found to have higher binding free
energies against Rv1636, Rv1566, Rv2549c, and Rv1495 proteins. The 3D crystal structures
of VDA proteins, showing different conformational changes, were identified and structural
analysis was carried out using a PyMOL visualizer (Figure 8).

2.8.10. Determination of the Selected Phytoconstituents’ Drug Abilities

The drug-likeness properties of the selected phytoconstituents were assessed using
the Swiss ADME, pkCSM and PASS webservers [70–72]. The top 10 hit compounds’ physic-
ochemical or drug likeness properties demonstrated that most of the phytoconstituents
followed Lipinski’s rule. All the selected compounds’ physiochemical parameters are
shown in Table 5. The ADMET properties of the identified phytoconstituents were fur-
ther investigated in order to rule out any potentially harmful patterns in the molecular
structures (Table 6).
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Figure 7. Comparative docking score analysis of the VDA proteins against top hit phytoconstituents.

Figure 8. Docking interaction analysis: 2D structural representation of Protein-ligand complexes
having pi-Alkyl bonds (purple) and Hydrogen bond (green) along with interacted residues.
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Table 5. The physicochemical properties of the selected top hit compounds.

PubChem ID Name #M.W. #Rot. Bond #HBA #HBD LogP

225689 Beta-Amyrin 426 0 1 1 4.74
500213 Handianol 426.72 4 1 1 5.17
584269 - 472.79 5 0 0 5.88
6436660 Dehydroergosterol 394.63 4 1 1 4.68
124061 Olean-12-ene-3, 22-diol 442.72 0 2 2 4.65
605144 - 468.75 3 2 0 4.95
92158 Lupenone 424.70 1 1 0 4.54

345510 Beta-Amyrenyl acetate 468.75 2 2 0 5.19
91537342 24-Norursa-3, 12-diene 394.68 0 0 0 4.76

91692798 Stigmasta-4,7,22-triene-3.
alpha.-ol 410.67 5 1 1 4.70

#M.W. (Molecular Weight (Da); #Rot. bond (Rotatable bond); #HBA (hydrogen bond acceptor); #HBD (hydrogen
bond donor).

Table 6. ADMET properties of the top hit selected compounds.

PubChem ID
Absorption Distribution

(BBB/CNS
Permeation)

Metabolism
(CYP2D6
Inhibitor)

Excretion
OCT2

Substrate

Toxicity
A/H/SGI abs. W.S.

225689 93.733 −6.531 No No No No
500213 95.248 −5.762 No No No No
584269 97.43 −4.664 No No No No
6436660 94.999 −7.112 No No No No
124061 92.522 −6.351 No No No No
605144 98.182 −5.878 No No No No
92158 98.467 −5.828 No No No No
345510 97.342 −6.649 No No No No

91537342 95.778 −6.925 No No No No
91692798 95.604 −6.696 No No No No

GI abs. (Gastrointestinal absorption percentage); W.S. (Water Solubility (log mol/L); BBB/CNS permeation (blood
brain barrier/central nervous system); Toxicity A/H/S (toxicity AMES/Hepatotoxicity/Skin sensitization).

A prediction of structure activity relations (SARs) was performed, by a machine learn-
ing program using the PASS online webserver, to investigate the biological activities of the
selected phytoconstituents. β-amyrin was shown to have multiple biological activities, such
as insulin promoter, caspase-3 stimulant, transcription factor NF kappa B stimulant, muco-
membranous protector, hepatoprotection, apoptosis agonist, antineoplastic, oxidoreductase
inhibitor, membrane integrity antagonist, and chemoprevention, with a Pa score ranging
from 0.903 to 0.977. The biological activity predictions of all the ten phytoconstituents are
provided in Table S8.

Moreover, β-amyrin, in combination with lupeol, was reported to have antibacterial
activity, including antimycobacterial activity. The mixture of both compounds showed
modest antibacterial activity against most of the bacteria, with MIC of 62.5 µg/mL,
for Staphylococcus aureus, Pseudomonas aeruginosa, Mycobacterium fortuitum and
Mycobacterium smegmatis. β-amyrin is abundantly found in plants with varied pharmaco-
logical activities. The compounds revealed after GC-MS analysis were used for molecular
docking analysis with 10 shortlisted proteins. The docked complexes showed that most of
the proteins had significant binding affinity with β-amyrin. Thus, β-amyrin was selected
for further MD simulation study.

2.9. MD Simulation

The structural conformational stability of a protein-ligand was investigated using
molecular dynamics (MD) simulation. The structural insight of Rv1636 and Rv1636 with
β-amyrin in water at 298 K was analyzed. RMSD, RMSF, Rg, SASA, and funnel energy of
landscape (FEL) were tracked throughout 50 ns [73–76].
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2.9.1. Average Potential Energy of System

The average potential energy of Rv1636 and Rv1636_β-amyrin complex were moni-
tored to ensure that the system was equilibrated. A constant fluctuation for each system
at constant temperature (298 K) and pH (7.0), indicated a steady and accurate MD simu-
lation. The average potential energy of Rv1636 was −0.061205 × 107 kJ/mol and for the
Rv1636_β-amyrin complex it was −1.48416 × 107 kJ/mol.

2.9.2. Root Mean Square Distance (RMSD)

The interaction of a ligand with a protein can result in considerable conformational
change in the structure. The RMSD was measured as a function of time with respect to the
initial conformation and is illustrated in Figure 9a. The RMSD average value for Rv1636
was 0.71379 nm and for the Rv1636_β-amyrin complex it was 0.61481 nm. The RMSD plot
evidently implied that the Rv1636 and Rv1636_β-amyrin complexes were stable during
the simulation time frame till 45 ns, but after 45 ns there was some hindrance showing
fluctuation in the Rv1636_β-amyrin complex, as compared to Rv1636.

Figure 9. Structural dynamics of universal stress protein (Rv1636) upon β-amyrin binding as a
function of time. (a) RMSD plot of Rv1636 in complex with β-amyrin. (b) RMSF plot of Rv1636 in
complex with β-amyrin. (c) Structural compactness and folding Rv1636 upon β-amyrin. (d) SASA
plot of Rv1636 as a function of time before and after β-amyrin binding. (e) The time evolution of
projections of trajectories on both EVs. The free energy landscapes of free Rv1636 protein (f) The free
energy landscapes of free Rv1636 with β-amyrin.
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2.9.3. Root Mean Square Fluctuation (RMSF)

The RMSF of the Rv1636 and Rv1636_β-amyrin complexes were displayed as a func-
tion of residue number to obtain the average fluctuation of all residues throughout the
simulation time (Figure 9b). The RMSF revealed that residual fluctuations existed in vari-
ous regions. These residual fluctuations were observed to be reduced when Rv1636 and
β-amyrin was bound, rather than when the Rv1636 protein was alone.

2.9.4. Radius of Gyration

Rg is the RMS distance between a group of atoms and their collective center of mass,
and it is linked to a protein’s tertiary structure stability. It is one of the most extensively used
criteria for determining the compactness of a protein structure. The values of Rg of Rv1636
and the Rv1636_β-amyrin complex were 1.42461 nm and 1.43199 nm, respectively. A minor
increase in the Rg values of the Rv1636_β-amyrin complex was directly in agreement with
the RMSF values. The Rg plot suggested that Rv1636 protein was stably folded with the
R1636_β-amyrin complex, as shown in Figure 9c.

2.9.5. Solvent Accessible Surface Area (SASA)

Solvent accessible surface area (SASA) analysis was performed to investigate protein
folding behavior and stability. While studying the plot, no significant changes in SASA
values were observed during the simulation time, suggesting a stable complex. The SASA of
native protein was found to be 72.4474 nm2 and the SASA of the protein-β-amyrin complex
was 70.9425 nm2. A slight decrease in the average SASA signified enhanced packing of the
protein-ligand complex, which could also be correlated with the Rg (Figure 9d).

2.9.6. Free Energy Landscape (FEL)

The free energy landscape mechanism was used to define the protein folding into
native conformation and protein denaturing landscapes. The two PCs were used to design
the FELs and energy minima of Rv1636 and the Rv1636_β-amyrin complex. C-alpha
atoms were focused to project the conformational sampling of Rv1636 and the Rv1636_β-
amyrin complex, as illustrated in Figure 9e,f. The FEL plot showed that the binding
of β-amyrin to Rv1636 slightly distorted the complex size and position of the phase’s
minimum. A deep blue plot in Rv1636 free landscape signified the conformation with less
energy towards native conformation. The plot showed that Rv1636 showed single global
minima confines with single basin. On the other hand, the Rv1636_β-amyrin complex also
showed single global minima but with more than 1 basin. Finally, this FEL study concluded
that the binding of β-amyrin to Rv1636 did not cause protein unfolding throughout the
simulation run.

3. Discussion

The medications used for TB were beneficial in the past but, at present, the insuffi-
ciency of these medications has raised the need for the identification and discovery of novel
therapeutics. A. aspera is a widely known medicinal plant with various anti-bacterial activi-
ties. The plant is famous for its contents of alkaloids, saponins, carbohydrates, glycosides,
flavonoids, tannins, and triterpenoids [11,12]. C. gigantea is also a traditional medicinal herb,
used to cure common ailments, such as fevers, cough, cold, asthma etc. [20]. The root bark
is an expectorant, febrifuge, anthelmintic, depurative, and laxative. Asthma, bronchitis,
and dyspepsia are treated with the powdered root. Paralysis, arthralgia, swellings, and
intermittent fevers can all be treated with the leaves. The flowers have a range of proper-
ties, being bitter, digestive, astringent, stomachic, anthelmintic, and tonic [22] and make a
well-known homoeopathic remedy [22]. C. procera is a shrub with purgative, anthelmintic,
anticoagulant, palliative (for respiratory and blood pressure disorders), antipyretic, anal-
gesic and neuromuscular blocking properties [24]. The family members of this plant are
high in cardiac glycosides [25,26].
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The aerial and root parts of A. aspera and the flowers of C. gigantea and C. procera
are widely grown, and are commonly used herbal medications [33]. The plants are
distinguished through the different appearances of their flowers [34]. The plant parts
were used to prepare the extracts in hexane, ethyl acetate, ethanol, methanol and water.
The phytochemical analysis showed the presence of flavonoids, alkaloids, phenol, an-
thraquinone, terpenoids, tannins, steroids, saponins, carbohydrates, glycosides in the
extracts [35]. Many flavonoids are key components of medicinal plants and are em-
ployed in the regulation of inflammation and cancer prevention, due to their ubiquity
in the human diet [40]. The highest total flavonoid content in A. aspera was found in
the root ethyl acetate fraction (103.76 ± 14.8 mg RE g−1) and the aerial ethanol fraction
(97.61 ± 10.65 mg RE g−1). The highest TFC was found in the ethyl acetate fraction of
C. gigantea ash (184.28 ± 11.64 mg RE g−1) (Figure 1). The total polyphenolic content of
the plant aerial and root parts was analyzed in water, methanol, ethyl acetate, ethanol and
hexane fractions. Polyphenols are important components of plants as they defend plants
from reactive oxygen species [39]. The highest TPC was found in the ethyl acetate fraction
i.e., 15.1 ± 0.36 mgGAE g−1 and 18.27 ± 0.56 mgGAE g−1 in the aerial and root parts of
A. aspera, respectively (Figure 2). The flavonoid and phenolic content of the extracts was
higher in the ash of C. gigantea, indicating heating the extracts caused solubilization of
these organic compounds. M. tuberculosis H37Rv ATCC 27294, M. fortuitum ATCC 6841,
M. abscessus ATCC 19977 and M. chelonae ATCC 35752 were used to determine the mini-
mum inhibitory concentrations of the extracts against the mycobacterial strains. A. aspera’s
aerial ethyl acetate fraction (3) and C. gigantea’s flower ash ethyl acetate fraction (23) was
found to be active against the M. tuberculosis H37Rv ATCC 27294 strain with an MIC
value of 64 mg/L. The non-tuberculous bacteria showed the maximum growth against all
extracted compounds (Table S1). Anti-tuberculosis drugs, such as isoniazid, rifampicin,
streptomycin, and ethambutol, with MIC values of 0.03 mg/L, 0.3 mg/L, 1 mg/L, and
1 mg/L, respectively, were used as positive control [41,42].

As the ethyl acetate fraction of A. aspera and C. gigantea plants were the most effective
fractions in containing the flavonoid, phenolic content and bacteriostatic effects against
M. tuberculosis H37Rv, it was further analyzed by GC-MS for the detection of various
phytoconstituents (Figure 3). The presence of the compounds, as confirmed in the GC-MS
analysis, are listed in Tables S3 and S4.

The mycobacterial proteins were categorized into virulence, detoxification, adaptation
(VDA) categories, and the proteins having known structural information. The VDA cate-
gory is a vast family of proteins that participates in maintaining mycobacterial metabolism
and, therefore, targeting these proteins would be an asset in targeting mycobacterial
cells [43]. After the evaluation of the complete mycobacterial database, 238 proteins were
found to belong to the VDA category and 135 proteins had available structural information
in the RSCB-PDB databank. In Table 3, a counteractive study on these proteins led to the
determination of 10 proteins, which were Rv1477, Rv1495, Rv1566, Rv2801c, Rv2010, Rv2623,
Rv0554, Rv1636, Rv2549c, and Rv2757c [44]. Rv0554 is an integral part of the menaquinone
regulatory operon in Mycobacterium. Menaquinone is a crucial factor in the mycobacterial
electron transport chain. There are many genes that were identified, which participate in
the menaquinone biosynthesis pathway and the operon is present between Rv0534c and
Rv0558. A gene known as yfbB in E. coli is known as menH and Rv0554 in M. tuberculosis
and was predicted to encode an enzyme with a similar function to menH. Structurally, it
was categorized in the alpha beta hydrolase fold of E. coli and is the only protein which
is located nearest to the M. tuberculosis menaquinone synthesis pathway [45]. Rv1477 is a
mycobacterial resuscitation promoting factor interacting protein (RipA) that participates in
the cleavage of peptide cross linkages between peptidoglycans similar to other cleavage
enzymes, such as OwlT and Spr in B. subtilis and E. coli, respectively. Rv1477 was found to
colocalize at bacterial septa with resuscitation promoting factor B (RpfB). This protein is
important for mycobacterial growth as the depletion strains of this protein in M. smegmatis
showed abnormal phenotype and decreased growth pattern and, therefore, this protein is a
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wonderful candidate for drug target strategies [46]. Rv1495 is designated as mazEF, which
is a subcomponent of type II toxin antitoxin system in mycobacteria. Out of 7 homologs of
mazF which are identified in M. tuberculosis, four homologs comprise endoribonuclease ac-
tivity. MazF acts as a toxin and it recognizes and cleaves to the intracellular RNA sequence
in a ribosome-independent manner. As it is a sequence specific ribonuclease, it inhibits
translation with a lesser degree than other non-specific toxins. Previous studies have also
reported extracellular death factor functioning in mediated quorum sensing [47]. Rv1566c
(RipD) is a predicted peptidoglycan specific peptidase of NlpC/p60 family. The unusual
peptide linkages of Mycobacterium i.e., L-D and D-D and other iso-peptide linkages makes
the peptide resilient to cleavage by mycobacterial peptidases. However, during the cell
division process, the mycobacterial cells produce specific peptidases that weaken these
linkages and help in generation of daughter cells. Rv1566c is such a specific peptidase. The
known specific peptidases in mycobacterium are RipA and RipB, which cleave the peptide
stem between D-glutamic acid and meso-Dap residue. Rv1566c containing peptidoglycan
specific peptidase domain has 52% and 51% similarity with the RipB and RipA proteins,
respectively. The Rv1566c is the first example of a peptidase domain, which binds to
the peptidoglycan in a non-catalytic manner, and this feature is specific to mycobacteria
only [48]. Rv1636 is a universal stress protein (USP) in M. tuberculosis. In M. tuberculosis it is
classified into class I USP, based on the presence of only a single conserved domain of USP
which is of similar size of UspA. Rv1636 amino acid sequence contains the GXXG-9X-G-S/T
conserved domain. The exact role of Rv1636 in stress condition is yet to be detected but it
was predicted that this protein might exclusively be expressed in hypoxia and other stress
conditions. One interesting feature of Rv1636 is its cAMP binding activity. The significant
fraction of intracellular cAMP bound to Rv1636 regulates the signaling associated with the
cAMP molecule [49]. Rv2010 of M. tuberculosis codes for VapC-15 toxin. These proteins
belong to the PIN domain family proteins and contain ribonuclease activity. VapC toxin is
deleterious to cells, but its effect gets neutralized by VapB antitoxin. This protein works in a
similar manner to T4 RNase and Mja FEN-1 endonuclease. VapBC complex is a significant
toxin–antitoxin system and an important participator in mycobacterial metabolism [50].
Rv2549c is designated as VapC20 of M. tuberculosis and along VapB it forms the VapBC
toxin–antitoxin complex. VapC20 interacts with its cognate partner VapB20 to form a stable
complex. Both proteins in their individual states are present in dimer states, which form
stable homo-tetramers or homo-octamers upon interaction. Rv2623 is a universal stress
protein of M. tuberculosis that helps mycobacteria in different stress conditions. This protein
is also important for mycobacterial growth and persistence. Rv2623 protein is a highly
induced protein of mycobacteria in response to stress conditions, such as hypoxia and
nitrosative stress, which the bacteria face in infected host cells. Apart from its role as a USP,
this protein also has the ability to bind ATP. Rv2623 also interacts with Rv1747, which is an
ABC transporter protein and helps in exporting lipo-oligosaccharides to negatively regulate
mycobacterial growth [52]. Rv2757c of M. tuberculosis codes for VapC-21 toxin. These
proteins belong to the PIN domain family of proteins and have ribonuclease activity. VapC
toxin is deleterious to cells, but its effects become neutralized by VapB antitoxin. VapC21
is similar in function to the other known VapC proteins of M. tuberculosis [53]. Rv2801c
encodes for MazF-mt1 protein of M. tuberculosis. MazF is a known component of MazEF
toxin–antitoxin system in many prokaryotic cells. MazEF is part of the TA system that forms
persister cells of M. tuberculosis. M. tuberculosis has ten such MazEF proteins from numbers
1 to 10 and all MazF proteins are RNases. MazF-mt1 specifically cleaves mRNA. MazF
family members play important roles in antibiotic and immune tolerance mechanisms [54].

In silico characterization was performed to determine the secondary structure, polarity,
instability index and localization of all the selected 10 proteins. Rv1477, Rv1566c, Rv2010,
and Rv2623 were found to be unstable proteins, based on their instability indices, which
were based on protein sequence information. Rv2010 and Rv2623 were categorized into
polar proteins and, therefore, these proteins might be more vulnerable towards surrounding
nature (Figure 4a) [56]. Rv0554 was also found to be a non-essential gene for mycobacterial
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growth, but it is listed as an important virulence factor that codes for a peroxidase. Most of
the proteins participated in mycobacterial metabolism (Figure 4b) [57]. Rv1495 was found
to be a lipid anchored protein, and it is a probable toxin (MazF4). Rv1636, Rv2010, Rv2549c,
Rv2623, Rv2757c are cytoplasmic proteins and, therefore, components of the secretory
system of mycobacteria (Figure 4c) [58]. The secondary structure analysis showed that most
of the regions of the proteins were comprised of an alpha helical pattern, which confirmed
the stable structural state of the proteins (Figure 4d) [59].

The phylogenetic analysis was performed by Mega11 program and showed close
proximity of Rv1636 of M. tuberculosis H37Rv and Mycobacterium bovis Rv1662, where both
code for USP TB15.3. M. tuberculosis H37Rv Rv1636, M. marinum 2440, Mycobacterium bovis
1662, M. leprae 1390, M. smegmatis mc2155 3811 showed significant identity percentages
among their USP domain (Figure 5) [60]. The protein interaction was determined by
STRING server and properties like betweenness, closeness, radiality, stress and degree were
used as the parameters for the interactive analysis. The analysis configured three proteins
Rv1636, Rv2623 and Rv1566 in betweenness, closeness, radiality, and degree category,
whereas Rv1636 was the only protein which was highlighted in the stress parameter
(Figure 6) [61,62].

Molecular docking studies were executed to determine the highly interactive com-
pound for their binding capacity with the proteins. The structure of the compound is
mentioned in (Figure S3). β-amyrin (PubChem CID: 225689) was found to have higher
binding free energies against Rv1636, Rv1566, Rv2549c, and Rv1495 proteins (Figure 7).
β-amyrin strongly integrated with most of the proteins and the interaction involved the
pi-alkyl bonds, and hydrogen bonds (Table S7, Figure 8). The ADMET properties confirmed
that shortlisted and highly interactive compounds can be a putative drug candidate, as
they passed all the qualifying parameters (Tables 5 and 6) [70–72]. Most of the proteins
showed high and significant binding affinity with β-amyrin, and, thus, it was selected for
further analysis [77].

Rv1636 protein was found to be the top candidate in all the examinations (interaction,
docking, biological process etc.), and, therefore, this protein was further analyzed for its
stability with β-amyrin by molecular dynamic simulation. The RMSD plot showed that the
protein and its complex were stable in the initial period till 45 ns, but started to experience a
little destabilizing after 45 ns (Figure 9a). This destabilization might be due to the change in
the protein structure, as in the instability index Rv1636 was found to be an unstable protein.
The RMSF plot showed instability in most of the residues, whereas the complex showed lesser
fluctuation as compared to the protein alone (Figure 9b) [73–75]. The SASA result suggested
that the binding of β-amyrin to the protein stabilizes the complex (Figure 9d) and this stability
was further confirmed by Rg plot (Figure 9c) and FEL, which also confirmed the compactness
and folding of the protein in complex form with β-amyrin (Figure 9e,f) [76].

4. Materials and Methods
4.1. Plant Collection and Identification

The medicinal plants Achyranthes aspera, Calotropis gigantea and Calotropis procera were
collected from a burial ground in Shahjahanpur, Uttar Pradesh, India. The plants were
identified by their flowers and inflorescence and the authenticity of these medicinal plants
was established from previous literatures [33,34].

4.2. Plant Extraction

A. aspera aerial and root parts, as well as C. gigantea and C. procera flowers, were
carefully cleaned with running tap water and then with sterile autoclaved water. The
material was shade-dried, indelicately pulverised with a motor and pestle, and then
extracted. Using a Soxhlet extractor, a weighed amount (500 g) of the substance was
extracted using solvents of different polarity, including water, methanol, hexane, ethyl
acetate, and ethanol. Nearly 48 extraction cycles were completed, under reduced pressure
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and at a controlled temperature, using a rotatory evaporator. The extracts were then
concentrated, dried, packaged, and kept in a refrigerator at 4 ◦C for use [35,36].

4.3. Secondary Metabolite Identification

To identify various phytoconstituents, all extracts were subjected to a preliminary
phytochemical examination using conventional techniques. Many antioxidants, such as
alkaloids, terpenoids, saponins, and other compounds with varied pharmacological effects,
were found in the plants [37,38].

4.3.1. Alkaloids Presence: Mayer’s Reagent Test

An amount of 5000 µL of extract solution was warmed in a water bath with 2% HCl,
and some droplets of Mayer’s reagent was added. The sample was examined for the
existence of turbidness or yellow precipitation.

4.3.2. Tannins Presence: Ferric Chloride Test

An amount of 500 µL of plant extract was added to 1000 µL of distilled water and some
droplets of ferric chloride were mixed in. The presence of a green black colour showed the
presence of tannins.

4.3.3. Saponins Presence: Frothing Test

An amount of 1000 µL plant extract was added to 4000 µL of distilled water and shaken
vigorously. The appearance of foam showed the presence of saponins, which persisted for
at least 15 min.

4.3.4. Terpenoids Presence: Salkowski Test

Intp 5000 µL extract solution and 2000 µL of chloroform, 3000 µL sulphuric acid was
carefully added. The formation of a layer with a greyish colour indicated the presence
of terpenoids.

4.4. Total Flavonoid Content (TFC)

The TFC of the medicinal plant extracts was determined by the aluminum chloride
calorimetric method [39]. A 100 µL solution of 2% aluminum chloride in methanol was
added to 100 µL of extract samples. The solution was incubated for 30 min at room
temperature (RT) and the optical density was measured at 415 nm. Before adding the
aluminum chloride solution, a pre-plate reading was taken. The standard curve was
built using five different Rutin concentrations. Extract TFC was measured in mg Rutin
equivalents per gram of extract [40].

4.5. Total Polyphenolic Content (TPC)

The TPC of the medicinal plant extracts was estimated by slightly changing the Folin-
Ciocalteu method used by Siddhuraju et al. [39]. A pre-plate reading was taken and
after that 20 µL of each plant extracts were added to 110 µL of ten times diluted newly
made Folin-Ciocalteu reagent. After that, 70 µL of sodium carbonate solution was added
and incubated for 30 min at RT and the optical density (absorbance) was determined at
765 nm. Gallic acid (GA) was used as a standard to plot standard curves with five different
concentrations. The medicinal plant extract TPC was quantified in milligram (mg) of GA
equivalents per gram (g) of extract [40].

4.6. Minimal Inhibitory Concentration (MIC) Assay

The mycobacterial strains used were M. tuberculosis H37Rv ATCC 27294, M. fortuitum
ATCC 6841, M. abscessus ATCC 19977 and M. chelonae ATCC 35752. The mycobacterial
strains were cultured in Middlebrook 7H9 enriched (Difco, Becton, NJ, USA) 10% Oleic
acid, Dextrose, 0.2% glycerol, BSA and 0.05% Tween-80 supplemented medium.

24



Molecules 2022, 27, 4581

The antibacterial susceptibility testing was performed using a broth microdilution
technique. Stock solutions of plant extracts and control substances at 10 mg/mL in DMSO
were prepared and kept at −20 ◦C. Bacterial cultures were put into appropriate media and
their absorbance was measured at OD600, before diluting the culture to reach a concentration
of 105 CFU/mL. The plant extracts were evaluated in a two-fold serial dilution method
from 64 to 0.5 mg/L, with 2.5 µL of every individual concentration added in each well of
Elisa plate. Each well contained bacterial culture around 97.5 µL with the test drug and
associated controls. Resazurin-based dye (Thermo Fisher, Waltham, MA, USA) was applied
to visually identify active phytoconstituents. The lowest concentration of active substance
that prevented observable development after an incubation period was established as
the MIC of the active plant extracts. The MIC experiment was done in triplicate and
independently on duplicate samples for each drug. The MIC 96 well (Elisa) microtiter
plate was incubated for non-tuberculous mycobacteria for 24–48 h and slow growers for
7 days [41,42].

4.7. GC-MS Analysis of Plant Extracts

The ethyl acetate fraction of A. aspera aerial part and the C. gigantea flower part
were analyzed using Shimadzu GCMS-QP2010 Ultra, furnished with a Flame Thermionic
Detector (FTD detector), to identify the chemical composition of the fractions. Helium gas
was employed as the carrier with a 0.7 mL min−1 flow rate. The injection temperature
was 260 ◦C, and the preliminary column temperature of 100 ◦C was kept for two minutes
before ramping to 250 ◦C at a rate of 10 ◦C min−1 and hold on for 19 min before increasing
to 290 ◦C at a rate of 10 ◦C min−1. A solvent delay of 3.5 min was used. Mass spectra
were documented in the range of 40–650 m/z and compounds were recognized by using
NIST11 Library.

4.8. Determination of the Target Proteins: Using In Silico Approaches

To study the mycobacterial target, the proteins of virulence, detoxification, adaptation
(VDA) functional category and proteins having PDB structures from the mycobacterial
database were selected and an array of in silico analysis was performed. The mycobacterial
genome database Mycobrowser was analyzed for the availability of genes responsible
for mycobacterial virulence and categorized into virulence, detoxification, adaptation
category [43]. M. tuberculosis H37Rv genome had a total 4173 proteins, out of which
238 proteins belonged to virulence, detoxification, adaptation category. On the other hand,
the RSCB-PDB databank contained PDB structures of 135 M. tuberculosis H37Rv proteins
excluding repeated or mutated ones, which were categorized in the mentioned categories
(Figure S1). The co-integrative analysis of both these categories showed that there were
10 VDA functional category proteins, having PDB structures that were also present, and
these 10 proteins were, therefore, present in both categories. We employed various bioinfor-
matics tools which might empower experimental work to identify the prospective targets
of this bacterium and illuminated the efficacy of significant regulators of mycobacterial
pathways (Table S2) [44].

4.8.1. Retrieval of the Protein Sequence

The sequence of M. tuberculosis H37Rv proteins was obtained from the Mycobrowser
(Mycobacterial browser) online database, consisting of different types of pathogenic and
non-pathogenic mycobacterial strains in a repository for genomic and proteomic compre-
hensive analysis [55].

4.8.2. Physiochemical Parameters

The proteins identified were investigated for their physiochemical properties. The
ProtParam server was used for calculating the theoretical parameters, such as molecular
weight, amino acids, pI, instability index etc. [56].
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4.8.3. Functional Classification

The primary identifying mechanism for understanding bacterial pathogenesis in
prokaryotes is the distinction of virulent and non-virulent proteins. The VICMpred online
prediction server was used for functional classification of bacteria using a bi-layer cascade
SVM approach, which applies the sequence information for the prediction of different
virulent factors. The VICMpred webserver used amino acid sequence in a pattern-based
approach that showed extremely important values of functional classification (median
values > 1.0) [57].

4.8.4. Subcellular Localization

Protein localization is an important aspect in identifying new drug targets. Since no
information regarding the subcellular localization of these protein sequences was available,
the TBpred webserver was used to predict the localization of selected proteins. Multiple
prediction approaches for analyzing the localization of mycobacterial proteins were used
to predict the presence of protein, whether in membrane, cytoplasm, lipid-anchored and
secreted categories, based on the scores [58].

4.8.5. Secondary (2D) Structure Prediction

The SOPMA webserver was used to predict the 2D structure of target proteins. This
online server is simple and accurate, and predicts different characteristics in secondary
structure, such as alpha-helix, beta turns, extended strands or random coil region [59].

4.8.6. Phylogenetic Analysis

Distant and close relatives of virulence proteins were searched in the Mycobrowser
database. The boundaries of these genes were specified through the Pfam database and
multiple sequence alignments were performed. Phylogenetic analysis was performed by
the Mega11 server neighbor joining method [60].

4.8.7. Virulent Genes Regulating Network Analysis

A protein-protein interaction network of virulent proteins was established using
STRING v11.5 database, accessed on 7 January 2022 (https://string-db.org/) and visualized
by using STRING application, available in Cytoscape. A cutoff score of 0.6–0.9 was selected
that showed interaction with high confidence. The studied genes were further analyzed
by enrichment analysis by setting a significant statistical threshold less than 0.05. The
resulting proteins were then classified by four intrinsic factors, such as “betweenness,
closeness, radiality and degree” and betweenness, closeness, stress, and degree. The
top virulent proteins were ranked using these factors by the CytoHubba application in
the CytoScape [61,62].

4.8.8. Retrieval of the 3D Protein’s Structure

The PDB structure of all the available proteins were retrieved from the RCSB Protein
Databank (PDB ID: 7LD8, 4Q4N, 5XE2, 4LJ1, 1TQ8, 4CHG, 5WZ4, 2JAX, 5SV2, 6L2A) [45–54].
Out of these ten proteins, only Rv1477 was essential for in vitro growth of M. tuberculosis
H37Rv (PDB ID: 4Q4N). The 3D structure of these proteins was visualized by using
PyMOL (Figure S2).

4.8.9. Validation of the Selected Protein’s Structure

The model validation of a protein structure was performed by SAVES6.0 webserver,
that estimated various characteristics, especially the stereo-chemical feature of a protein
structure by residue geometry. SAVES6.0 server had PROCHECK, and analyzed the
Ramachandran plot. It endorsed the protein structure on the premise of ϕ, ψ values of an
individual deposit. The inclusive structure geometry established the validation score of the
Ramachandran plot for a protein structure depending on number of amino acids present in
favored, allowed, and disallowed regions [63,64].
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4.8.10. Molecular Docking

Molecular docking studies were carried out in order to identify the top hit phytocon-
stituents present in the aerial part extract of A. aspera (ethyl acetate fraction) and flower
part of C. gigantea (ethyl acetate fraction) [65]. The three-dimensional (3D) crystal structure
of target proteins (PDB: 7LD8, 4Q4N, 5XE2, 4LJ1, 1TQ8, 4CHG, 5WZ4, 2JAX, 5SV2, 6L2A)
was retrieved from RCSB PDB and refined before performing molecular docking. Binding
sites/pockets were determined by using CASTp 3.0 server, which examined the geometric
and topological properties of the protein structures, including surface pockets, interior cav-
ities and cross channels, as they are fundamentally important for the proteins to carry out
their functions. The GC-MS analyzed phytoconstituents (as ligand) were downloaded from
PubChem database. The compound structures unavailable in PubChem database were
drawn by ChemBioDraw Ultra 14.0 [66]. For the receptor preparation, the water molecules
and co-crystallized ligands were removed from the PDB file and polar hydrogens were
added. The receptor protein (target) was transformed from pdb format into pdbqt format
using in-house protocol [67]. In molecular docking was performed by InstaDock. Results
were evaluated from the log files via Python script [68]. The blind docking mechanism was
used to explore the binding site(s) in the protein structures. PyMOL was used to visualize
protein-ligand interactions. The receptor-ligand complex was prepared by Discovery Stu-
dio and 2D interaction of docked conformations was analyzed to understand the ligand
binding amino acid residues [69]. The best-fitting conformation related to the binding
affinity of the ligand-receptor complex was identified, while keeping the receptor as a rigid
entity and ligand as flexible. The top 10 hits showing strong binding affinity to the binding
sites were selected.

4.8.11. Determination of the Selected Phytoconstituent Drug-Ability

The physiochemical properties of the chosen compounds were calculated through
online SwissADME software. Further, ADME properties and toxicity of the selected
compounds were also calculated using the freely available online sever pkCSM. An
online server, PASS, was also used for predicting the biological activity of these
natural compounds [70–72].

4.9. MD Simulation

To conduct MD simulations, GROMACS 5.1.2 Bio-Simulation package was used. To
clarify the molecular dynamic characteristics and different computations of proteins and
ligands employed in this in silico study, the force field GROMOS96 43a2 was used [73].
The receptor-ligand docked complexes files were retrieved using the gmx grep module.
To create ligand topology and force-field conditions, PRODRG server was used [74]. To
solvate the protein, the water model SPC216 was employed. A 50 ns MD simulation in
water at 298 K was used as a control. All protein and ligand atoms were equilibrized in
a three-dimensional box with a range of almost 10.5 Å from all side. The protein was
thoroughly equilibrated in water, and redundant molecules were removed. To eliminate
all poor contacts, energy was minimized for each system with the steepest decline up to a
forbearance of 1000 kJ mol−1nm−1 and the overall charge was neutralized in the system by
adding ionic concentrations of NaCl. To perform the simulation, the sizes (x, y, and z) of the
simulation frame were established depending on the size and 3D positioning of the protein.
All the systems were produced in a specified box, with the protein in the center and water
and co-solvents padded around it. The energy minimization method was carried out using
the steepest-descent algorithm and conjugate gradient. Two troupe methods, NVT and
NPT, were used to equilibrize the system. Before beginning the MD run, environments,
such as pH and temperature, were pre-defined. All this evidence was contained in the NVT,
NPT, and MD criteria files. The binary trajectory file was generated after the production
run for additional examination [75].
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5. Conclusions

The effect of the phytoconstituents of C. procera, C. gigantea and A. aspera plant extracts
on the M. tuberculosis H37Rv cell proteins was investigated in this study. The phytochemical
analysis of all plant extracts showed the presence of a significant content of phenols and
flavonoids, especially in the ethyl acetate fraction of A. aspera and the ash of C. gigantea
fractions. The plants extracts were tested against different mycobacterial strains. A. aspera
aerial and C. gigantea flower ash was found to be active against the M. tuberculosis H37Rv
ATCC 27294 strains with an MIC value of 64 mg/L. A multitarget assessment study
was used to identify the possible mycobacterial target proteins. Ten proteins, viz. BpoC,
RipA, MazF4, RipD, TB15.3, VapC15, VapC20, VapC21, TB31.7, MazF9, were found in the
intersection of two categories, viz. available PDB dataset proteins and proteins classified in
virulence, detoxification, adaptation. In silico characterization identified TB15.3 (Rv1636) in
the intersection of PPI network, which are the universal stress proteins. The phylogenetic
analysis showed Rv1636 is a conserved protein among different mycobacterial strains. The
molecular docking study of β-amyrin revealed its highest binding affinity with Rv1636.
Furthermore, MD simulation was used to determine the stability and accuracy of the
complex and it showed that the complex of β-amyrin and Rv1636 was a stable complex,
and the protein did not undergo unfolding during the simulation run. On a final note,
this study established a significant bridge in the field of mycobacterial biology, which
focused on targeting Rv1636, a universal stress protein of mycobacteria, through natural
phytoconstituents.
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Abstract: Phytotherapy offers obvious advantages in the intervention of Coronary Artery Disease
(CAD), but it is difficult to clarify the working mechanisms of the medicinal materials it uses.
DGS is a natural vasoprotective combination that was screened out in our previous research, yet its
potential components and mechanisms are unknown. Therefore, in this study, HPLC-MS and network
pharmacology were employed to identify the active components and key signaling pathways of DGS.
Transgenic zebrafish and HUVECs cell assays were used to evaluate the effectiveness of DGS. A total
of 37 potentially active compounds were identified that interacted with 112 potential targets of CAD.
Furthermore, PI3K-Akt, MAPK, relaxin, VEGF, and other signal pathways were determined to be the
most promising DGS-mediated pathways. NO kit, ELISA, and Western blot results showed that DGS
significantly promoted NO and VEGFA secretion via the upregulation of VEGFR2 expression and
the phosphorylation of Akt, Erk1/2, and eNOS to cause angiogenesis and vasodilation. The result
of dynamics molecular docking indicated that Salvianolic acid C may be a key active component
of DGS in the treatment of CAD. In conclusion, this study has shed light on the network molecular
mechanism of DGS for the intervention of CAD using a network pharmacology-driven strategy for
the first time to aid in the intervention of CAD.

Keywords: coronary artery disease; phytotherapy; network pharmacology; angiogenesis; zebrafish;
dynamics molecular docking

1. Introduction

Coronary Artery Disease (CAD) is a cardiovascular disease with significant morbidity
and mortality, especially among the elderly [1], and imposes a heavy burden on health care
systems worldwide [2–4]. CAD is caused by excessive lipid accumulation in the vessel
wall because of long-term exposure to lifestyle risk factors such as high sugar and fat.
This accumulation results in reduced endothelial function, which in turn leads to stenosis
and blockage [5]. A study has shown that vascular regeneration in the infarcted areas of
the heart and the construction of new vascular transport channels at the onset of CAD
are essential for alleviating CAD symptoms [6]. In this regard, phytotherapy has been
used in China for thousands of years to regulate human health, especially in the case of
cardiovascular and cerebrovascular diseases [7].
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As an important part of phytotherapy, Traditional Chinese Medicine (TCM) provides
us with a vast resource to develop supplements for health care and disease treatment [8].
In previous research in our laboratory, DGS was screened as a novel natural vasoprotective
combination. DGS was composed of three Chinese medicinal materials, namely, Salviae
Miltiorrhizae Radix et Rhizoma (Danshen), Puerariae Lobatae Radix (Gegen), and Crataegi
Folium (Shanzhaye). Modern pharmacological studies have shown that Danshen can
increase blood flow [9], improve circulation [10], and preserve endothelial function [11].
Danshen is the most representative herbal medicine in the Chinese medicine formula reper-
toire for the treatment of ischemic diseases [12]. Gegen is usually used as a “medicinal pair”
with Danshen. Shanzhaye is also commonly utilized for promoting blood circulation and
resolving blood stasis. All three herbs are used as dietary supplements for the prevention
and treatment of diseases [13–15]. Further studies have reported salvianolic acid B in
Danshen exerts significant anti-myocardial ischemic effects and can alleviate oxidative
stress damage caused by myocardial ischemia [16]. Hyperoside, one of the important
flavonoids in Gegen, is known for its vasoprotective effects [17]. However, the potential
components and mechanisms of this combination have not been thoroughly reported.

TCM exerts a multi-component, multi-target, and multi-pathway synergistic effect [18].
However, this complexity is a bottleneck for revealing its modern scientific significance.
Network pharmacology is a new approach that analyzes the complexities of drugs and
diseases and visualizes the drug treatment mechanisms through the construction of bi-
ological association networks, which are in line with TCM philosophy [19]. Therefore,
this study aimed to devise a new network pharmacology-driven strategy to investigate
the active components and network molecular mechanism of DGS. Moreover, transgenic
zebrafish were used as the in vivo experimental animal model to evaluate the bioactive
effects of DGS samples. Finally, this research aspired to reveal the potential components
and pharmacodynamic mechanisms of DGS in the intervention of CAD.

2. Results
2.1. Identification of the Chemical Components of DGS

HPLC-qTOF-MS/MS was used to analyze the composition of DGS. Based on chro-
matographic retention times and fragment ion information of the molecules, 37 compounds
were identified from the DGS samples (Figure 1). The compound names, retention times
(min), and molecular formulae are listed in Table 1. The m/z 359.0761 in the negative ion
mode corresponds to the [M-H]− ion peak of Rosmarinic acid. The primary and secondary
mass spectra of Rosmarinic acid are consistent with the cleavage of primary and secondary
given in the MoNA database. Furthermore, a molecular ion peak was seen at m/z 609.1415,
which corresponded to the [M-H]− ion peak of rutin [20]. The secondary mass spectrum
of rutin showed a mass spectral fragment of m/z 301, a [M-H-C12H22O10]− mass spectral
fragment formed by the loss of two sugar rings of rutin. Salvianolic acid B [21], tanshinone
IIA, cryptotanshinone, and hyperoside were respectively identified by the [M-H]− ion peak
at m/z 717.1220, m/z 293.1192, m/z 295.1362, and [M-H]− ion peak at m/z 463.0851 in the
negative ion mode. Tanshinone IIA, cryptotanshinone, and hyperoside were identified
through the NoMB database. Based on mass spectrometry information of primary and
second ion fractions, nearly half of the 34 compounds identified from the DGS samples
were found to be flavonoids and their glycoside derivatives and the rest were phenolic
acids and tanshinones.
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Figure 1. The HPLC-QTOF/MS total ion chromatogram of DGS in the negative ion modes.

2.2. Key Component and Target Screening and Prediction Using Network Pharmacology Analysis

A total of 35 compounds were successfully predicted to be the targets of action in the
SwissTargetPrediction database. The compounds Piscidic acid and Schaftoside could not be
predicted in the SwissTargetPrediction database based on two-dimensional (2D) and three-
dimensional (3D) similarities. Hence, they were excluded. A total of 442 biological targets
were obtained by combining these 35 compounds and removing duplicates. Moreover,
859 CAD-related targets were obtained from the Genecards database using the correlation
score of >20 as the screening criterion. A Venn diagram analysis of the compound’s target
library against the disease’s target library yielded 112 incorporative targets (Figure 2A).
The top five enriched target categories were protease, enzyme, kinase, nuclear receptor,
and secreted protein. As shown in Figure 2B, the top five targets in the protein–protein
interaction (PPI) network in terms of degree-value were ALB, TNF, VEGFA, EGFR, and
CASP3. Cytoscape 3.9.1 was employed to calculate the network topology data, and the
MCODE plug-in was used to calculate the most closely linked clusters in the PPI network.
A total of 4 clusters were obtained, with cluster scores of 23.667, 8.147, 3.5, and 3 (Figure 2B’).
Cluster 1 with the highest clustering score was used for subsequent analysis.

In the biological process enrichment analysis, Cluster1 was imported into the David
database for GO enrichment analysis. Annotations of genes were obtained by using GO
analysis. The screening was performed on a p < 0.05 basis, and the top 30 biological pro-
cesses were listed according to the magnitude of the p-value (Figure 2C). It chiefly involved
cytokine-mediated signaling pathway, positive regulation of MAPK cascade, positive regu-
lation of cell migration, positive regulation of kinase activity, protein autophosphorylation,
positive regulation of MAP kinase activity, MAPK cascade, positive regulation of pro-
tein phosphorylation, positive regulation of nitric oxide biosynthetic process, positive
regulation of ERK1 and ERK2 cascade, positive regulation of cell proliferation, positive
regulation of phosphatidylinositol 3-kinase signaling, and negative regulation of endothe-
lial cell apoptotic. These biological processes were mostly involved in the regulation of
cytokines, cascade activation of the MAPK pathway, positive regulation of protein phos-
phorylation, positive regulation of NO synthesis, positive regulation of cell proliferation,
anti-endothelial cell apoptosis, etc. The top 30 KEGG signaling pathways at p < 0.05 and

36



Molecules 2022, 27, 4075

sorted according to count value size. As shown in Figure 2D, KEGG pathway enrichment
analysis revealed that most of the DGS targets were concerned with the regulation of cell
proliferation, anti-apoptosis, cell migration, and angiogenesis.

Figure 2. Network pharmacology analysis: (A) The Venn diagram analysis for DGS and HCD targets.
(B) PPI network of the DGS compounds targets against CAD. (B’) MCODE analysis of PPI network.
(C) Biological process analysis of PPI networks with a clustering score of 23.667. * Represents a
potentially important biological process. (D) KEGG enrichment analysis of PPI networks with a
clustering score of 23.667. * Represents a potentially important signaling pathway.

2.3. Pharmacological Mechanism Analysis in HUVECs
2.3.1. Effect of DGS on the Proliferation and Migration of HUVECs

The CCK-8 assay was performed to evaluate the cell viability after the treatment with
DGS. As illustrated in Figure 3A, DGS significantly increased the viability of HUVECs.
Six concentration groups of DGS were used to treat the HUVECs for 24 h. The mean cell
survival rate of the 1 µg/mL DGS group was 116%, which did not show a proliferative
effect compared with the control (Ctrl) group (100%). After treatment with DGS, the cell
survival rates were 129.0% (p < 0.01), 127.4% (p < 0.01), 126.3% (p < 0.01), 128.0% (p < 0.01),
and 124.3% (p < 0.01) in the five concentration groups of 2, 4, 8, 16, and 32, respectively, in
comparison with the control group. These results indicate that DGS significantly promotes
the proliferation of HUVECs.

Endothelial cell migration is essential for angiogenesis. Therefore, the effect of DGS
on the migration of HUVECs was evaluated using wound-healing assays. As shown in
Figure 3A,B, VEGF significantly increased the migration of endothelial cells to the wound
healing zone after injury (p < 0.0001). Treatment of HUVECs with DGS revealed that DGS
significantly promoted the migration of endothelial cells toward the middle of the scratch
and promoted scratch healing.
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Figure 3. Effect of DGS on HUVECs cells in vitro: (A) An CCK-8 assay was carried out to measure
HUVECs viability. (B) Effect of different concentrations of DGS on the migration of HUVECs cells.
Results are presented as the mean ± SEM. (C) The healing area of the wound at 0 and 24 h were
photographed by microscopy. The red dashed box represents the area counted after migration. Scale
bar: 100 µm. (D) The migration of HUVECs in Transwell migration assays. Scale bar: 100 µm.
(E) DGS promoted tube formation of HUVECs. Scale bar: 100 µm. (F) Quantification of the number of
migrated cells. (G) Quantitative analysis of branch points for tube formation assays. (H) Quantitative
analysis of capillary length for tube formation assays. Values are expressed as the mean ± SEM.
ns p < 0.05 vs. Control, * p < 0.05 vs. Control, ** p < 0.01 vs. Control, *** p < 0.001 vs. Control,
**** p < 0.0001 vs. Control.

The formation of blood vessels rests on the proliferation and migration of endothelial
cells. Therefore, in addition to the above wound healing assay that examined the lateral
migration of the endothelial cells, the transwell assay that investigated the longitudinal
migration of the cells after the treatment with DGS was performed. As presented in
Figure 3D,F, the migration of HUVECs was significantly increased compared with the
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control after treatment with VEGF-positive drugs. Moreover, DGS significantly increased
the ability of HUVECs to migrate toward the backside of the membrane. Compared with
the Control group (0.6568 HPF), the mean values of the number of cells migrating to the
back of the membrane with 4, 8, and 16 µg/mL of DGS were 1.198 (p > 0.05), 1.763 (p < 0.01),
and 1.946 (p < 0.001) HPF, respectively.

Angiogenesis was evaluated in terms of endothelial cell migration. Matrix gel was
used to evaluate the ability of DGS to promote tube formation in HUVECs. Furthermore,
the ability to promote tube formation was assessed based on the capillary length and the
number of branching points. HUVECs treated with VEGF resulted in a mean number
of branch points and a mean capillary length of 52.80 (p < 0.01) and 8144 µm (p < 0.05),
respectively, compared with the control group; the mean value of the number of branch
points for the three concentrations after the treatment of HUVECs with DGS control were
49.91, 65.75, and 50.64, respectively, and the lumen lengths were 8417, 10,568, and 8098,
respectively (Figure 3E,G,H).

2.3.2. NO and VEGF Release and Protein Expression of DGS

Compared with the control group, the NO level was increased in the high concen-
tration group of DGS (16 µg/mL) (p < 0.05), but there was no difference in NO secretion
between 4 µg/mL DGS and 8 µg/mL DGS groups (p > 0.05). In ELISA, compared with
control, the secretion of 8 µg/mL DGS and 16 µg/mL VEGFA treatment groups compared
to the control group (p < 0.05, p < 0.05) (Figure 4A,B).

Figure 4. Regulation of NO, VEGF, and related proteins by DGS: (A) Effect of DGS on NO levels.
(B) Effect of DGS on VEGFA levels. (C) Western blot results. (D–G) are the results of statistical
analysis of VEGFR2/GAPDH, p-Akt/Akt, p-Erk1/2/Erk1/2, and p-eNOS/eNOS, respectively. Data
are presented as the mean ± SEM from at least three independent experiments. * p < 0.05 vs. Control,
** p < 0.01 vs. Control.

The molecular mechanisms associated with the promotion of angiogenesis by DGS
were elucidated. Further experiments to explore the pathways by which DGS enhanced
the proliferation and migration of HUVECs. As shown in Figure 4C,D, DGS significantly
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upregulated VEGFR2, thereby activating the phosphorylation of proteins related to down-
stream signaling pathways. As illustrated in Figure 4C,E, the level of Akt phosphorylation
was significantly elevated after DGS treatment, and the value of p-Akt/Akt was statistically
different compared with that of the control group (p < 0.01). Furthermore, Erk phospho-
rylation level was found to be significantly elevated and statistically different after DGS
treatment (p < 0.05, p < 0.01) (Figure 4C,F). Finally, vasodilation-related proteins were
examined, which revealed that the phosphorylation levels of eNOS were also significantly
elevated, with statistical differences (p < 0.01, p < 0.01) (Figure 4C,G). The increase in
phosphorylation of VEGFR2 and eNOS was consistent with the increased secretion of
VEGFA and NO in the cell cultures described above. These results suggest that DGS acti-
vates the VEGFA/VEGFR2/Akt/Erk/eNOS signaling pathway to promote angiogenesis
and vasodilation.

2.4. Bioactivity Evaluation of DGS Based on Zebrafish Model In Vivo

A zebrafish assay was performed according to the schematic diagram (Figure 5A). As
shown in Figure 5B, zebrafish treated with DGS for 3 days demonstrated mortality and
abnormalities at concentrations ≥ 100 µg/mL. The LD50 of DGS was 753.7 µg/mL and
the 5% lethality was 478 µg/mL. These results suggest that efficacy assessment of DGS at
concentrations ≤ 100 µg/mL can be used for the evaluation of the efficacy of angiogenesis.

Figure 5. DGS promoted the angiogenesis of zebrafish: (A) Schematic diagram of the zebrafish
experiment. (B) The lethal curve of DGS (C) Fluorescent images of the ISV of the zebrafish. The
images of a’–f’ were partial enlargements of images a–f. Scale bar: 200 µm. (D) Fluorescent image of
the MSIV of the zebrafish. The images of g’–k’ were partial enlargements of images g–k. Scale bar:
200 µm. (E) Effect of DGS on the length of ISV in zebrafish. (F) The effect of DGS on the sprouting of
SIV in zebrafish. (G) Effect of DGS on the growth of the MSIV in zebrafish. Values are expressed as
the mean ± SEM (n = 10). #### p < 0.0001 vs. Control, * p < 0.05 vs. Model, ** p < 0.01 vs. Control,
*** p < 0.01 vs. Control, **** p < 0.0001 vs. Control.
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Transgenic Tg (flk1a: EGFP) zebrafish embryos were used to explore the proangiogenic
effects of DGS. The findings indicated that PTK787 significantly inhibited the formation of
intersegment vessels (ISVs). Most vessels were incomplete and discontinuous after PTK787
treatment (Figure 5B,D). The ISVs length in the model was 323.3 ± 38.42 µm, which was
significantly lower than that of the control (1017 ± 58.96 µm; p < 0.0001). After treatment
with CoQ10 as a positive drug, the total ISV length reached 730.0 ± 59.77 µm, which was
significantly higher than that of the model group (p < 0.0001). The lengths of ISVs after
treatment with DGS at concentrations of 10, 25, and 40 µg/mL were 610.0 ± 85.08 µm
(p < 0.01), 793.7 ± 23.71 µm (p < 0.0001), and 654.3 ± 70.81 µm (p < 0.0001), respectively.
Concerning the number of vascular sprouting, the number was significantly increased in
the CoQ10 and DGS-treated groups. In conclusion, DGS was able to significantly promote
the growth of the inhibited vessels.

To further investigate the proangiogenic effect of DGS on normal blood vessels, the
effects were assessed using the main subintestinal veins (MSIV) of the zebrafish. As
depicted in Figure 5C,F, the length of MSIV in the zebrafish treated with CoQ10 for 24 h
was 688.2 ± 22.13 µm, which was significantly higher compared with that of the control
(628.0 ± 22.13 µm; p < 0.05). After treatment with DGS at concentrations of 5, 10, and
20 µg/mL, the lengths of MSIV were 708.0 ± 18.22 µm (p < 0.01), 771.5 ± 22.72 µm
(p < 0.0001), and 775.5 ± 23.62 µm (p < 0.0001), respectively.

2.5. Dynamic Molecular Docking of Active Components of DGS with Key Targets

The binding ability of compounds from DGS to VEGFR2 was validated in the present
study using the same molecular docking to provide evidence for the proangiogenic effect of
DGS with a virtual approach. All 37 components of DGS were docked to the binding pocket
of VEGFR2, and an agonist of VEGFR2 was used as the positive control. All compounds
were docked into the active pocket of VEGFR2, and all exhibited binding energies were
greater than −5 kcal/mol. When the binding energy of agnuside was used as a control [22],
nine compounds had binding energies greater than that of agnuside, as shown in Table 2.
The binding modes of agnuside and salvianolic acid C with VEGFR2 were visualized
separately using Pymol, which showed that the binding of agnuside to VEGFR2 was
mainly via hydrogen bonding and pi-sigma interactions (Figure 6A). On the contrary,
salvianolic acid C displayed pi–pi stacked interactions in addition to hydrogen bonding
and pi–sigma interactions (Figure 6B).

Based on the docking results, salvianolic acid C and agnuside with VEGFR2 were
further selected for MD simulation to examine their stability in the binding pocket. Root
mean square deviation (RMSD) serves as an important basis for measuring system stability.
In this study, the mean RMSD of the salvianolic acid C–VEGFR2 system after balance was
2.63 ± 0.323 Å (Figure 7A). Meanwhile, the mean RMSD of the agnuside–VEGFR2 system
after balance was 2.36 ± 0.44 Å (Figure 7A). The mean RMSD of the two systems is <3 Å,
which is completely acceptable in the protein system. Subsequently, the flexibility changes
and root mean square fluctuation (RMSF) values of amino acid residues in VEGFR2 were
evaluated. Figure 7B,F, the amino acid residues that interact with the ligand for more than
30% in the RMSF diagram. The RMSF values of most of the amino acid residues involved
in the interaction were small, thereby indicating that the stability of the entire system
was increased after salvianolic acid C and agnuside are combined with VEGFR2. The 2D
visualization analysis of the salvianolic acid C–VEGFR2 system showed that salvianolic
acid C formed hydrogen bonds with VEGFR2 via LYS-920, ASN-923, ARG-842, CYS-919,
GLU-917, and GLU-885; furthermore, it forms Pi–Pi stacking interaction with PHE-1047
(Figure 7C,D). The 2-D visual analysis of the agnuside–VEGFR2 system showed that
agnuside formed hydrogen bonds with VEGFR2 through VAL-914, THR-916, GLU-885,
VAL-899, ASP-1046, and ILE-1025; moreover, it formed π–cation stacking with LYS-868
(Figure 7G,H). All the interaction durations exceed 30% of the whole simulation time.
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Table 2. Docking information of VEGFR2 with the corresponding compounds.

Ligand Binding Affinity
(kcal/mol) Type of Interaction

Agnuside −8.8
Hydrogen bonding: PHE-1047, ILE-1044, ASP-046,

LYS-868, VAL-914, ALA-866;
π–Sigma: THR-916

Salvianolic Acid C −10.7

Hydrogen bonding: LYS-920, CYS-919, ASN-923,
ASP-1046, GLU-885, THR-916;

π–Sigma: LEU-840, LEU-1035, THR-916;
π–π stacked: PHE-918

Isosalvianolic Acid C −9.7
Hydrogen bonding: GLU-917, CYS-919, ASN-923;

π–Sigma: PHE-1047;
π–π stacked: PHE-918, PHE-1047

Genistin −9.6
Hydrogen bonding: GLU-885, THR-916, ASN-923;

π–Sigma: THR-916, VAL-848, LEU-1035;
π–π stacked: PHE-918

3-O-p-Coumaroyltormentic acid -9.4 Hydrogen bonding: ILE-1025;
π–π stacked: PHE-845

Tanshinone IIA −9.2 π–Sigma: PHE-1047, PHE-845;
π–π stacked: PHE-845

2-[2-(6-Methoxy-3,4-Dihydro-2H-Naphthalen-1-
Ylidene)Ethyl]-2-Methylcyclopentane-1,3-Dione −9.2 π–Sigma: LEU-840,

π–π stacked: PHE-845

Daidzein −9.1 π–Sigma: THR-916, LEU-1035, LEU-840;
π–π stacked: PHE-918

Rosmarinic Acid −9
Hydrogen bonding: GLU-917, CYS-919,

ASP-1046, LYS-868;
π–Sigma: LEU-889, LEU-1035

Lithospermic Acid −9 Hydrogen bonding: GLU-885, MET-869, ASP-1046;
π–π stacked: PHE-845

Figure 6. Molecular docking of Agnuside and Salvianolic Acid C to VEGFR2 protein: (A) Agnuside
binding model with VEGFR2, yellow dashed lines represent hydrogen bonding interactions, green
dashed lines represent π–Sigma interactions. (B) Salvianolic Acid C binding model with VEGFR2,
yellow dashed lines represent hydrogen bonding interactions, green dashed lines represent π–Sigma
interactions and red dashed lines represent π–π stacked interactions.
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Figure 7. Dynamics molecular docking of two protein–ligand complexes, Salvianolic Acid C–VEGFR2
(A–D) and Agnuside–VEGFR2 (E–H): (A) RMSD of Salvianolic Acid C–VEGFR2. (B) RMSF of
Salvianolic Acid C–VEGFR2. (C) Protein–Ligand Contacts Diagram of Salvianolic Acid C–VEGFR2; Y
axis suggests that percentage of the simulation time the specific interaction is maintained; Values over
1.0 are possible as some protein residue may make multiple contacts of the same subtype with the
ligand. (D) A schematic of detailed Salvianolic Acid C atom interactions with the VEGFR2 residues.
(E) RMSD of Agnuside–VEGFR2. (F) RMSF of Agnuside–VEGFR2. (G) Protein–Ligand Contacts
Diagram of Agnuside–VEGFR2. (H) A schematic of detailed Agnuside atom interactions with the
VEGFR2 residues.

3. Discussion

It is well known that TCM has complex component systems, and their mechanisms are
often difficult to explain using existing techniques. This difficulty greatly limits the global-
ization of traditional Chinese medicine. Effective study of the holistic effects of complex
component systems has become a huge challenge. However, “Network pharmacology” has
offered a new way to solve this problem [23,24]. Using system biology and computer tech-
nology, network pharmacology builds a “disease–gene–target–drug” interaction network,
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and systematically displays the impacts of drugs on the disease network [25]. Therefore,
compared with the conventional single-target mode of action, network pharmacology is
more suitable for studying the complex effects of TCM and has been rightly called the
“next-generation drug development model”. However, most of the network pharmacology
studies in TCM are based on the results of network pharmacological analysis to explain the
complexity of Chinese medicine, and there is a lack of mature theoretical guidance for sub-
sequent experimental studies. Hence, this study proposes a Network pharmacology-driven
strategy to investigate the molecular mechanism of TCM, with the hope of enhancing the
precision of experimental research.

In this study, most of the components of DGS, including phenols, tanshinones, and
flavonoids, were identified using HPLC-qTOF/MS. The phenolic compounds in Danshen
have been reported to promote myocardial ischemic angiogenesis [26]. Mass spectrome-
try asserted the presence of salvianolic acid A, B, C, L, and other phenolic acids in DGS.
Flavonoids are present in almost all plants and studies have shown that they can inhibit
cardiac injury through a variety of mechanisms [27]. Mass spectrometric detection revealed
the presence of rutin, hyperoside, and other flavonoids in DGS. The mechanisms by which
these components acted in the treatment of CAD were investigated. Network pharma-
cology was used to analyze the action network of DGS, which indicated that the targets
of DGS action are mainly enriched in biological processes related to cytokine regulation,
protein phosphorylation, activation of the MAPK signaling pathway, and cell proliferation.
Subsequently, KEGG pathway enrichment analysis revealed that the highest enrichment of
targets was in the PI3K-Akt signaling pathway. A study has reported that the PI3K-Akt
pathway plays a key role in the emergence, progression, and treatment of CAD, thereby
activating downstream pathways that control cell survival, proliferation, migration, and
other biological processes after receiving intracellular and extracellular feedback [28]. As
an effector downstream of Akt, eNOS can be activated to control endothelial cell survival,
proliferation, apoptosis, and intravascular environment stability after the development
of coronary lesions in the heart [29,30]. Additionally, activation of downstream eNOS
contributes to myocardial angiogenesis, which is similar to the effect of VEGF in promoting
therapeutic angiogenesis in CAD [31]. It has been reported that Danhong injection can
promote the growth of vessels in the myocardial infarct site by activating the ERK signal-
ing pathway [32]. Therefore, the phenotypic and signaling pathway mechanisms were
validated in subsequent studies.

The zebrafish is an emerging internationally recognized model animal. During ze-
brafish embryonic development, angiogenesis can be visualized under a microscope and is
currently considered one of the best models for studies on angiogenesis [33,34]. Specifically,
the transgenic Tg (flk1a:EGFP) zebrafish with green fluorescence of the vascular can be
observed via video and imaged under a fluorescence microscope with great convenience to
assess the effect of the drug on vessel growth [35]. All mammalian and zebrafish endothelial
cells are extremely plastic and retain their plasticity even after reaching adulthood. After
enduring cardiac injury, mice can form new coronary arteries from pre-existing endothelial
cells [36,37]. The zebrafish vascular growth model is ideally suited as it mimics human vas-
cular disease models for new drug screening and evaluation [38]. Our experimental results
established that DGS can promote vascular growth in vivo by increasing the vessel length
and the number of vascular outgrowths, without any effects on zebrafish development, at
the effective dose.

The findings from network pharmacology and zebrafish experiments suggest that
effective angiogenesis can enhance blood perfusion in the case of CAD and alleviate cardiac
injury. Therefore, the angiogenic mechanisms of DGS in vitro were further investigated.
Endothelial cells are involved in angiogenesis at the lesion site mainly via two pathways:
proliferation and migration [39]. The CCk-8 assay demonstrated that DGS significantly
increased the viability of HUVECs, which established that DGS could promote the prolif-
eration of HUVECs. The ability of DGS to promote the migration of HUVECs was then
assessed using the wound healing assay [40], transwell assay [41], and tube formation
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assay [42]. The results showed that DGS significantly stimulated the migration of HU-
VECs towards the scratch region and the lower transwell compartment and significantly
stimulated the tube formation ability of HUVECs.

Furthermore, the levels of VEGFA and NO secretion in HUVECs were measured, and
angiogenic and diastolic-associated proteins were quantified using Western blot. NO is a
key cell-signaling molecule that is produced by activated eNOS catalyzing L-arginine[43].
Activation of eNOS and release of NO will induce the vasodilation of vessels, and NO
is necessary to maintain endothelial cell function [44]. In this study, the secretion of NO
and the phosphorylation level of eNOS in HUVECs were measured, which signified that
DGS significantly upregulated p-eNOS and stimulated the secretion of NO. Moreover,
NO is one of the main mechanisms that promote angiogenesis [45]. Our results suggest
that DGS can stimulate the secretion of VEGFA to upregulate VEGFR2, thereby accentu-
ating the binding of VEGFA to VEGFR2. ERK and Akt are located downstream of the
VEGF/VEGFR2 pathway, and it has been shown that the phosphorylation of Erk and
Akt can further mediate the proliferation and migration of HUVECs, thereby promoting
angiogenesis [46]. The results allude that DGS may promote angiogenesis and vasodilation
by promoting the phosphorylation of Akt and Erk. As shown in Figure 8, DGS activates
the downstream Akt/Erk/eNOS pathway by promoting the binding of VEGFA to VEGFR2.
This activation ultimately releases NO to expand blood vessels and mediates the prolifer-
ation, migration, and angiogenesis of HUVECs. The dynamic molecular docking results
showed that the key compounds in DGS exhibit a good binding capacity for VEGFR2,
specifically salvianolic acid C, which may be an important agonist of VEGFR2 and activate
downstream signaling pathways.

Figure 8. DGS participates in the overall regulatory network of CAD inhibition through angiogenesis
and vasodilation.

45



Molecules 2022, 27, 4075

4. Materials and Methods
4.1. Cell and Reagents

HUVECs were purchased from Jinan Dinguo Changsheng Biotechnology Co., Ltd.
(Jinan, China). PTK787 was purchased from the AbMole BioScience (Houston, TX, USA).
Pronase E and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (Mannheim,
Germany). Coenzyme Q10(CoQ10) was purchased from Yuanye (≥98% HPLC, Shanghai,
China). Methyl alcohol and acetonitrile were purchased from TEDIA (Anhui, China). Cell
Counting Kit-8 (CCK-8) and bovine serum albumin (BSA) were purchased from GeneView
(Houston, TX, USA). Nitric oxide (NO) assay kit was purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). A Human VEGF ELISA kit was purchased
from ABclonal (Boston, MA, USA). We used the following primary antibodies: rabbit
anti-GAPDH (Cell Signaling; Danvers, MA, USA), rabbit anti-VEGFR2 (Cell Signaling),
rabbit anti-Akt (Cell Signaling), rabbit anti-p-Akt (Cell Signaling), rabbit anti-Erk1/2 (Cell
Signaling), rabbit anti-p- Erk1/2 (Cell Signaling), rabbit anti-eNOS (Cell Signaling), and
rabbit anti-p-eNOS (Cell Signaling). We used the following secondary antibody for the
experiment: HRP-conjugated goat anti-rabbit IgG (ABclonal).

4.2. Plant Material and Extraction

The DGS is composed of Danshen/Gegen/Hawthorn leaf = (1:1:1. Ratio). The medici-
nal material samples of Danshen, Gegen, and Hawthorn leaves were collected from Hongji
Tang Herbal Drug Store (Qingdao, China) and identified as Salviae Miltiorrhizae Radix
et Rhizoma (the root of Salvia miltiorrhiza Bge.), Puerariae Lobatae Radix (The root of
Pueraria lobata (Willd.) Ohwi), and Crataegi Folium (the leaf of Crataegus pinnatifida
Bge.) by Dr. Liwen Han, Shandong First Medical University and Shandong Academy
of Medical Sciences. The sample preparation method was as follows: 1000 g of crushed
Danshen was extracted twice with 10 L of 80% ethanol at reflux for 2 h each time, filtered,
and then combined with the extract, and concentrated and dried under reduced pressure
to obtain the Danshen extract. Then, 1000 g of Gegen was crushed and extracted thrice
with 10 L of 70% ethanol for 2 h each time; the extracts were filtered, concentrated, and
then dried under reduced pressure. The Hawthorn leaves were then crushed and extracted
by refluxing twice with 70% ethanol, each time for 2 h; the obtained extract was filtered,
combined, concentrated, and then dried under reduced pressure to obtain the Hawthorn
leaf extract. Three extracts were blended to obtain the sample of DGS.

4.3. Chromatographic and Mass Spectrometry Conditions

The DGS powder sample was dissolved in methanol at the concentration of 6.6 mg/mL
methanol solution and filtered through a 0.22µm microporous membrane. SCIEX ExionLCTM

AD ultra-performance liquid chromatography system, and SCIEX X500R Quadrupole time-
of-flight mass spectrometer (SCIEX, Framingham, MA, USA) with SCIEX OS software were
used under the chromatographic condition: Shimadzu Shim-pack GIST-C18 column (2 um,
3.0 × 100 mm), column temperature 40 ◦C; mobile phase composed of 0.1% formic acid in
water and methanol in B; the gradient elution program 0 min, 18% B; 1 min, 18% B; 10 min,
35% B; 27 min, 55% B; 35 min, 80% B; 48 min, 82% B; 49 min, 18% B. The flow rate was set to
0.4 mL/min, the injector temperature was set to 15 ◦C, and the injection volume was 2 µL.

Mass spectrum condition: scanning was performed in the negative ionization mode
using an electrospray ionization (ESI) source. The data acquisition method was information
dependent acquisition (IDA). The scan range was 50–2000 Da, the ion source temperature
was 550 ◦C, the declustering voltage was 5500 V and the accumulation time was 0.2 s. The
settings for Gas 1, Gas 2, Curtain Gas, and CAD Gas were 50, 55, 35, and 7 psi, respectively.
The data were processed using the SCIEX OS software. Compounds were characterized
using primary and secondary mass spectra plotted by comparison with literature or the
MassBank of North America Database (MoNA) (https://mona.fiehnlab.ucdavis.edu/,
accessed on 10 November 2021).
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4.4. Collection of DGS-Related Targets and CAD-Related Targets

The compounds’ structure obtained by mass spectrometry was input in the SMILES
format using the Pubchem (https://pubchem.ncbi.nlm.nih.gov/, accessed on 10 December
2021) database. The compounds were imported into the SwissTargetPrediction (http:
//www.swisstargetprediction.ch/, accessed on 10 December 2021) database [47] in SMILES
format, and the targets of Homo Sapiens species were selected. The results of the predicted
targets were screened with a probability value > 0. Finally, the predicted targets were
combined and de-duplicated to build a compound target library. All targets for the disease
were obtained in the GeneCards (https://www.genecards.org/, accessed on 10 December
2021) database [48] using the keyword “Coronary Artery Disease“ and the targets were
filtered according to the Relevance score > 20.

4.5. Protein–Protein Interaction (PPI) Network

The intersecting targets were obtained by combining the DGS target library with the
CAD target library using the online Venn Analysis tool (http://bioinformatics.psb.ugent.
be/webtools/Venn/, accessed on 10 December 2021). All intersecting targets were imported
into the String database to obtain protein interaction network data for the intersecting
targets. The obtained protein data network was imported into Cytoscape 3.9.1 for PPI
visualization and topological analysis. MOCODE, a data connectivity-based plug-in for
finding dense regions of the protein interaction networks, was employed to uncover the
most closely related protein interaction networks in a complex network [49]. The PPI
network was further analyzed using the MCODE plugin in Cytoscape 3.9.1 to identify
small, closely related networks in the entire interactions, and the targets in the interactions
with the highest scores were selected for subsequent enrichment analyses based on the
MCODE clustering scores.

4.6. Gene Ontology (GO) and KEGG Pathway Enrichment Analysis

The targets obtained from the MCODE plugin screening were imported into the David
(https://david.ncifcrf.gov/ accessed on 20 June 2022) database [50,51] for GO enrichment
analysis and the KEGG pathway enrichment analysis. The top 30 enrichment results were
visualized using Tableau2019 using either p-value or Count value; p < 0.05 items were
retained for the screening results.

4.7. Cell Culture and Treatment

HUVECs were cultured at 37 ◦C in DMEM (Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) with 10% fetal bovine serum (FBS, Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA), 1% penicillin–streptomycin (Gibco), and 1% endothelial cell
growth supplement (ECGS). The culture medium was refreshed every other day unless
otherwise stated. The drugs used to treat HUVECs cells were formulated with DMSO, and
the amount of DMSO in all cell cultures was required to not exceed 5‰ of the total volume.

4.8. CCK-8 Assay

CCK-8 was used to test the viability of cells after treatment with different concentra-
tions of DGS. The HUVECs were seeded into a 96-well plate at a density of 1 × 104 cells
per well. The microplate was placed in a CO2 incubator at 37 ◦C for 24 h, after which 10 µL
of the CCK-8 solution was added to each well and the plate was incubated for 2 h. The
absorbance was measured using an enzyme marker (Spectramax id5) at 450 nm.

4.9. Wound Healing Assay

HUVECs cells were seeded in a 6-well plate and cultured overnight until a confluent
monocytic layer was formed and a straight cell scratch was made on the monolayer with
the tip of a 200 µL pipette tip. The cells were treated with VEGF or different concentrations
of DGS. The scratches were imaged separately using an Olympus IX83 inverted microscope
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(10×, magnification) (Olympus, Tokyo, Japan). The scratch area was quantified using
Image Pro Plus.

4.10. Transwell Assay

In this study, the migration and invasive abilities of cultured HUVECs were assayed
using the Transwell culture system (Corning®). To the lower chamber of the Transwell,
DMEM medium containing the drug but without FBS. HUVECs cells were placed in the
upper chamber of the DMEM medium without FBS at 37 ◦C for 24 h. After treatment,
the cells were fixed with 4% paraformaldehyde for 15 min, and stained with 0.5% crystal
violet for 10 min. Cell migration was imaged and quantified using an Olympus IX83
inverted microscope.

4.11. Tube Formation Assay

The angiogenic potential of HUVECs was assessed by in vitro tube formation assays.
Briefly, a 96-well plate was pre-coated with Matrigel (Corning®) substrate (50 µL/well)
and then polymerized at 37 ◦C for 60 min. Approximately 3 × 104 HUVECs were seeded
in each well and the plate was incubated in a CO2 incubator for 6–8 h at 37 ◦C. Finally,
the tubular structures formed by HUVECs in the 96-well plate were observed under an
inverted microscope.

4.12. VEGF and NO Level Detection

Cultures of drug-treated HUVECs cells were collected separately, and the supernatant
was removed through centrifugation at 10,000 rpm and then stored at −20 ◦C. The VEGFA
expression was assessed using an ELISA kit (R&D), as per the manufacturer’s institutions.
The amount of NO secreted was enumerated according to the manufacturer’s instructions.

4.13. Western Blotting

Cells in the exponential differentiation phase were diluted to a cell suspension of
1× 105 cell/mL using complete medium. Cells were seeded into a 6-well plate at 2 mL/well
in an incubator at 37 ◦C and 5% CO2. When the cells spread across 70% of the bottom of the
6-well plate, the complete medium was replaced with serum-free medium with or without
DGS drug for 24 h.

HUVECs cells were washed and scraped out after centrifugation at 4 ◦C, followed
by washing in RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, 1% Triton, 0.5% NP40, 1 nM
PMSF). After centrifugation at 10,000 rpm for 30 min, the supernatant was collected.
The protein concentrations were determined using the BCA Protein Assay Kit (Beyotime
Biotechnology, Shanghai, China). Each lane was loaded with 20 µg of the protein and
separated. The proteins were then loaded on each lane and separated on SDS-PAGE gels,
followed by electrophoretic transfer to nitrocellulose (NC) membranes (MilliPore, Boston,
MA, USA). The membranes were blocked with 5% BSA for 2 h and then incubated with
primary antibodies at 4 ◦C. The primary antibodies were diluted in the BSA buffer, and
secondary antibodies were diluted in TBST. The antibody-reactive bands were revealed by
chemiluminescence. The images were scanned and band intensities were analyzed with
Image J software.

4.14. Animals

Adult wild-type (AB) zebrafish and Tg (flk1a:EGFP) transgenic zebrafish ((labeled
green fluorescent protein at endothelial growth factor receptor)) were reared and managed
at the Zebrafish Research Center in the School of Pharmacy and Pharmaceutical Sciences,
Shandong First Medical University. The fish were kept in a recirculating system (Shanghai
Haisheng Biological Experimental Equipment Co., Ltd., Shanghai, China) at a tempera-
ture of 28 ◦C under a mixed light schedule of 12 h light/dark. The water systems were
monitored for nitrite (<0.2 ppm), nitrate (<50 ppm), and ammonia nitrogen (0.01–0.1 ppm).
Conductivity and pH were maintained at 500 µS cm−1 and 7, respectively. The fish were
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fed with fungus shrimp twice daily and fasted for a day before spawning. The day before
spawning the fish were placed in spawning tanks in a 1:1 ratio of male to female; the next
day the isolation plates were removed after light stimulation for natural spawning, and all
eggs were collected and placed in the E3 culture water (5 mM NaCl, 0.17 mM KCl, 0.4 mM
CaCl2, 0.16 mM MgSO4) for incubation.

4.15. Animal Grouping and Administration

Transgenic Tg (flk1a: EGFP) zebrafish embryos (24 hpf) were stripped of their egg
membranes in Petri dishes containing Pronase E (1 mg/mL) and randomly distributed in
24-well plates with 10 strips/well, using 3 replicates set up for each concentration group.
The plates were then treated with different concentrations of DGS, the specific concentra-
tions administered are illustrated in the corresponding results. After 72 h of treatment at
28.5 ◦C, the development and mortality of each group of zebrafish were enumerated.

Transgenic Tg (flk1a: EGFP) zebrafish embryos (24 hpf) were stripped of their egg
membranes with Pronase E (1 mg/mL) in Petri dishes, which were randomly distributed
in 6-well plates and then treated with different concentrations of DGS as indicated in the
corresponding results. After treatment at 28.5 ◦C for 24 h, the zebrafish larvae were rinsed
several times with water and then transferred to a 96-well plate. The total length of the in-
tersegment vessels (ISVs) of zebrafish larvae was observed and imaged under a fluorescent
microscope. The total ISV length was quantified for each zebrafish using the Image Pro
Plus and the average ISVs length was calculated for each group of zebrafish larvae.

Transgenic Tg (flk1a: EGFP) zebrafish larvae (72 hpf) were randomly distributed in
6-well plates and then treated with different concentrations of DGS, as indicated in the
corresponding results. After treatment at 28.5 ◦C for 24 h, the zebrafish larvae were rinsed
several times with water and then transferred into a 96-well plate with the appropriate
amount of anesthetic. The total length of the main subintestinal vein (MSIV) of zebrafish
larvae was determined under a fluorescent microscope. The total MSIV length of each
zebrafish was quantified using Image Pro Plus, and the mean MSIV length was calculated
for each group of zebrafish larvae.

4.16. Dynamics Molecular Docking

The molecular docking study was conducted with the PyRx v0.8 [52]. VEGFR2 (PDB
ID:3B8Q) was obtained from the RCSB Protein Data Bank (https://www.rcsb.org/, accessed
on 1 March 2022). All polar hydrogens of the protein crystals were added, and the solvent
water molecules were removed and converted into the pdbqt format. All compounds were
obtained from the PubChem database as the sdf format files, and saved in the pdbqt format
after conversion to an energy-minimized form using Pthe yRx v0.8. Docking was performed
in the PyRx v0.8 with the following docking box parameters center_x 39.0 center_y 33.4
center_z 14.5 size_x 19.4 size_y 27.7 size_z 17.4. The results were visualized with the
Pymol v2.4.1.

Desmond software package (developed at D. E. Shaw Research) was used to investi-
gate the molecular interactions. In the molecular dynamics simulations, the complexes were
placed into an automatically calculated cube box in which the complexes were modeled
separately using transferable interatomic potential with three points model (TIP3P). The
optimization of the models was further accomplished by optimized potentials for liquid
simulations 4 (OPLS4). The system was neutralized by the addition of NaCl to make the
system isotonic. A Nosehoover thermostat was used to provide a temperature of 300 k.
The Martyna–Tobias–Klien barostat was used to maintain a pressure of 1.01325 bars. The
total time for the molecular dynamics simulation was 50 ns. Ligand–protein interactions
were simulated using the Interaction Diagram tool in the Desmond package. The Desmond
package was used to generate the RMSD and RMSF of the proteins, and the interactions
were further analyzed.
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4.17. Statistical Analysis

Data are presented as the mean ± SEM. All statistical analyses were performed using
the GraphPad Prism 9.0 software. The Student’s two-tailed t-test was performed to compare
the two study groups, while one-way ANOVA was applied to compare multiple groups.
p < 0.05 was considered to indicate statistical significance.

5. Conclusions

We explored the potential mechanisms of DGS as a phytotherapy for CAD by employ-
ing a network pharmacology-driven strategy. Our findings suggest that DGS may exert
proangiogenic and vasodilatory effects through the activation of the VEGF/VEGFR2/Akt/
Erk/eNOS signaling pathway. Molecular docking and molecular dynamics suggest that
salvianolic acid C may be a key component in exerting angiogenic and vasodilatory effects.
Furthermore, our study results can serve as a reference for the mechanism of DGS as a
natural product for phytotherapy.
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Abstract: Alpha-amylase (α-amylase) is a key player in the management of diabetes and its related
complications. This study was intended to have an insight into the binding of caffeic acid and
coumaric acid with α-amylase and analyze the effect of these compounds on the formation of ad-
vanced glycation end-products (AGEs). Fluorescence quenching studies suggested that both the
compounds showed an appreciable binding affinity towards α-amylase. The evaluation of ther-
modynamic parameters (∆H and ∆S) suggested that the α-amylase-caffeic/coumaric acid complex
formation is driven by van der Waals force and hydrogen bonding, and thus complexation process is
seemingly specific. Moreover, glycation and oxidation studies were also performed to explore the
multitarget to manage diabetes complications. Caffeic and coumaric acid both inhibited fructosamine
content and AGE fluorescence, suggesting their role in the inhibition of early and advanced glycation
end-products (AGEs). However, the glycation inhibitory potential of caffeic acid was more in com-
parison to p-coumaric acid. This high antiglycative potential can be attributed to its additional –OH
group and high antioxidant activity. There was a significant recovery of 84.5% in free thiol groups in
the presence of caffeic acid, while coumaric attenuated the slow recovery of 29.4% of thiol groups.
In vitro studies were further entrenched by in silico studies. Molecular docking studies revealed
that caffeic acid formed six hydrogen bonds (Trp 59, Gln 63, Arg 195, Arg 195, Asp 197 and Asp 197)
while coumaric acid formed four H-bonds with Trp 59, Gln 63, Arg 195 and Asp 300. Our studies
highlighted the role of hydrogen bonding, and the ligands such as caffeic or coumaric acid could be
exploited to design antidiabetic drugs.

Keywords: α-amylase; advanced glycation end-products; caffeic acid; coumaric acid

1. Introduction

In the past decades, rigorous research and management strategies have been impli-
cated in tackling the menace of diabetes mellitus (DM) [1]. According to the International
Diabetes Federation, the number of diabetic patients reached 463 million in 2019, and
the numbers are expected to rise by 66% by 2045 [2]. DM is a metabolic syndrome char-
acterized by a loss of capability to oxidize carbohydrates by individuals due to altered
insulin production, low insulin production and desensitized insulin receptors [3]. The
inefficiency in metabolizing carbohydrates causes a surge in glucose levels in the patients’
blood. Monomeric carbohydrates can undergo non-enzymatic glycation towards proteins,
nucleic acids and lipids [4].

Glycation is a non-enzymatic and spontaneous reaction. It is commenced by the
reaction between reducing sugars carbonyl group with a free amino group, generally
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lysine’s ε-amino group and α-amino group of the protein. The process forms complex
adducts referred to as Schiff base [5]. The base undergoes Amadori rearrangement to form
various complex compounds known as advanced glycation end products (AGEs) [6,7].
There are a series of events that results in cellular malfunctioning as a result of high
glucose, and these are not fully elucidated, thereby attracting researchers across the globe.
Amongst these, a major event is the formation of AGEs that can contribute to diabetic
complications in different ways. Glycation of proteins results in AGEs formation, leading
to many diabetic complications. Protein glycation alters their normal functioning in various
ways, viz. disruption of molecular conformation, alteration of enzymatic activity, reducing
degradation capacity and others. AGEs interaction with their cellular receptors plays a
crucial role in the pathogenesis of diabetic complications [8]. AGEs formation further
aids the formation of reactive oxygen species (ROS), which further damages the cellular
antioxidant defense mechanism and increases the oxidative load [9]. AGE formation is
augmented in diabetic conditions, especially in Type 2 DM [10,11]. Glycation contributes
greatly to AGE formation; highly reactive C=O species such as 3-deoxyglucosone and
methylglyoxal are generated in glycation, lipid peroxidation and polyol pathway of DM
type II [12]. Accumulation of AGEs contributes to many chronic diseases such as diabetes,
Alzheimer’s disease, heart failure and many other life-threatening conditions [13]. Further
AGEs interaction with RAGEs, their specific receptors causes an onset of an inflammation
cascade and further increases the oxidative load in the cells. The cascade of inflammation
involves the activation of several pathways involved in diabetes, such as the MAP kinase
pathway, TNF-α, NF-Kb, etc. [14]. The toxic accumulations can further contribute to
pathogenesis in diabetic conditions such as decreased ligand binding, altered enzymatic
activities and immunogenicity [15].

α-Amylase is an essential enzyme in carbohydrate degradation and is linked with post-
prandial hyperglycemia in Type-II DM patients. The enzyme hydrolyzes carbohydrates and
creates a glycemic environment in the bloodstream, aiding AGEs formation and thrusting
diabetic complications [16]. Constraining these enzymes’ activity can subdue blood glucose
levels. Investigations have shown that α-amylase inhibition aids in regulating glucose
levels [17]. Polyphenols, their derivatives and other naturally derived compounds show
therapeutic potential against various diseases such as cancer [18–21], neurodegenerative
disorders [22,23], diabetes [24,25] and many more.

Caffeic acid (3,4-dihydroxycinnamic) is one of the most abundant hydroxycinnamate
present in plant tissues. Phenolic acid caffeine is prevalent in various food sources such
as apple, cider, blueberries, etc., and beverages such as tea and coffee [26]. Caffeic acid
is known to cross the brain barrier and is classified as an antioxidant, antibacterial and
anti-cancer compound [27,28]. Similarly, Coumaric acid is an essential polyphenol that
governs the synthesis of some other important polyphenolic compounds such as sinapinic,
ferulic and caffeic acid [29,30]. CA also plays an important role in lignin synthesis and is an
abundant dietary polyphenol present in apples, maize, tomato and wheat [31]. The present
study was designed to explore the binding mechanism of polyphenols (caffeic/coumaric
acid) to α-amylase. Our study was also extended to reveal the anti-glycation activities
of these structures and their modes of action. Various spectroscopic, biochemicals and
computational approaches were employed.

2. Materials and Methods
2.1. Materials

Human serum albumin (HSA), methylglyoxal (MG), nitro blue tetrazolium (NBT),
2,4-Dinitrophenylhydrazine (DNPH), caffeic acid, p-coumaric acid and porcine pancreatic
α-amylase were purchased from Sigma-Aldrich, Milwaukee, WI, USA. All other chemicals,
unless stated otherwise, were high grade and purchased from local vendors. All the blanks
were run replicating the same conditions and acted as a control. All the buffers were filtered
before use.
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2.2. Steady-State Fluorescence

The inhibitory effect of caffeic and coumaric acid on α-amylase was studied by ex-
ploiting the fluorescence ability of the protein. Quenching studies were carried out against
the protein in the presence of both the natural compounds, using a spectrofluorometer
(Jasco FP-750, JASCO Corporation, Tokyo, Japan). The protein (5 µM α-amylase) was
excited at 295 nm, and the emission spectra were recorded at higher wavelengths between
300–400nm [32–35]. Caffeic acid (0–40 µM) and coumaric acid (0–30 µM) were titrated
with the α-amylase at three different temperatures (25, 30 and 35 ◦C). All these binding
experiments were conducted at physiological pH of 7.4. The obtained quenching data were
put into Stern–Volmer (Equation (1)) and modified Stern–Volmer equation (Equation (2)) as
per earlier published literature [20,21,36] to find various binding parameters. The binding
experiment was performed at physiological pH of 7.4.

F0 corresponds to the maximum fluorescence intensity of free protein, *F shows the
fluorescence intensity of complex, *K corresponds to the binding site, n depicts the binding
sites and *C refers to the concentration of ligand.

F0/F = 1 + Ksv [C] (1)

log [(F0 − F)/F] = log K + nlog[C] (2)

Using the van’t Hoff equation, (Equation (3)) [37,38], thermodynamic parameters for
ligand–protein interaction such as Gibbs free energy change (∆G0), enthalpy change (∆H0)
and entropy change (∆S0) can be calculated.

∆G0 = −RTLnK = ∆H0 − T∆S0 (3)

The mode of quenching was further confirmed from the value of the bimolecular
quenching rate constant, Kq, which was calculated as per Equation (4)

Kq = Ksv/τo (4)

τo refers to the average integral fluorescence lifetime of tryptophan and is reported to
be 10−8.

2.3. Synchronous Fluorescence

Synchronous fluorescence spectrometry is used as a common tool to inspect conforma-
tional changes in proteins in the presence of other molecules, also termed quenchers [39].
Synchronous fluorescence analysis of α-amylase was carried out in the absence and pres-
ence of caffeic acid and coumaric acid (0–20 µM) to obtain the spectra. A 15 nm differ-
ence was kept for Tyr residues between the excitation (245 nm) and emission spectra
(260–340 nm). In a similar manner for Trp, the difference was maintained at 60 nm, the
excitation was fixed at 220 nm and the emission was between 280–400 nm.

2.4. Non-Enzymatic Glycation

HSA was glycated using methylglyoxal (MG) as an inducer, as reported earlier [36,40].
Briefly, HSA was taken at the concentration of 10 mg/mL and incubated along with MG
(3 mM) in the presence of caffeic and coumaric acid (0–200 µM) under sterile conditions
using 0.02% sodium azide. HSA alone and in the presence of MG was also incubated under
similar conditions as negative and positive control samples, respectively. Samples were
further dialyzed in 20 mM sodium phosphate buffer with successive changes at regular
intervals for 24 h. Protein concentration was determined using the Bradford method [41]
and stored at −20 ◦C.

2.5. Determination of Advanced Glycation End-Products (AGEs)

AGEs were estimated for all the samples using fluorescence spectroscopy. A dilution
factor of 10 was applied to all the samples, and then, the samples incubated were excited at
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340 nm, and the emission was recorded from 350 to 500 nm [40]. The inhibitory effect of
the ligand on the AGEs formation was calculated by the given Equation (5):

Inhibition (%) = (Fg − Ft/Fg − Fc) × 100 (5)

2.6. Detection of Early Glycation (Amadori) Products: Quantification of Fructosamine

NBT assay was used to determine fructosamine content; the previously used protocol
was used [42]. Briefly, 0.5 mM NBT was mixed with samples (0.5 mg/mL) and incubated in
100 mM sodium carbonate buffer of pH 10.4. The reaction mixture was incubated for 2 h at
37 ◦C, and reading was taken at 530 nm. The concentration of fructosamine was evaluated
using its molar extinction coefficient value, i.e., 12,640 M−1 cm−1 [43].

2.7. Protein Oxidation Measurement: Carbonyl and Free Thiol (SH) Content

Carbonyl content was estimated to calculate the level of protein oxidation [42]. Briefly,
aliquoted protein samples (100 µL) were mixed with 400 µL DNPH (10 mM). After thorough
mixing, 500 µL of TCA (20% w/v) was added and centrifuged at 10,000× g for 10 min. The
pellet was washed further with a 1 mL ethanol/ethyl acetate (1:1) mixture and resuspended
in 1 mL of 6 M guanidine hydrochloride. The absorbance of the sample was recorded
at 370 nm, and the concentration expressed as nanomoles of carbonyls per milligram of
protein was determined using 22,000 M−1 cm−1 as molar absorptivity.

Ellman’s reagent was used to calculate the free thiol content [44]. Native and glycated
samples in the absence and presence of caffeic/coumaric acid (250 µL) were incubated with
750 µL of DTNB (0·5 mM) for 15 min, and the absorbance was measured at 412 nm. The
concentration of free thiol groups was calculated using a standard curve of L-cysteine and
expressed as nanomoles of L-cysteine per milligram of protein.

2.8. Molecular Docking

The interaction between pancreatic α-amylase and both caffeic acid and p-coumaric
acid was performed using Autodock-4.2.6 and Discovery. The three-dimensional coordi-
nates of pancreatic α-amylase (PDB ID: 1hny) were retrieved from the protein data bank
(www.rcsb.org, accessed on 22 February 2022). The X-ray structure was 1.8 Å [45]. The
enzyme structure was pre-processed by adding polar hydrogen atoms, deleting unessen-
tial water molecules, and adding Kollman charges through Autodock. Similarly, the
two-dimensional structures of both caffeic acid and p-coumaric acid were downloaded
from the PDB website (CID: 689043 and CID: 637542, respectively). The ligands were
prepared through Autodock, and Gasteiger charges were added. Molecular docking was
performed through Autodock using a genetic algorithm, and the output was set to Lamar-
ckian GA (4.2).

3. Results and Discussion
3.1. Intrinsic Fluorescence

The pattern of changes exhibited in the protein fluorescence after adding a ligand
provides information with structure and hence the protein’s function [46]. Steady-state
fluorescence quenching has been used to determine various binding parameters of ligand–
protein interactions. Trp residue has the strongest fluorescence intensity and is the most
sensitive to the changes in the micro-environment [47], and its emission wavelength is more
sensitive to the microenvironment, indicating the protein conformational changes after
binding with drugs [48]. Generally, the quenching mechanism can be classified into three
categories: (1) dynamic quenching, which is caused by the collision between molecules in
the transition to the excited state; (2) static quenching, which is caused by the formation of
a complex between the fluorophore and the quencher; (3) the combined static and dynamic
quenching [49]. The quenching was carried out with increasing concentrations of the lig-
ands against α-amylase at different temperatures (Figures 1A and 2A). As indicated by the
spectra, quenching was observed with increasing concentration of both the ligands caffeic

56



Molecules 2022, 27, 3992

and coumaric acid. This decrease in the fluorescence intensity amid the addition of caffeic
acid and coumaric acid indicates that the ligands interact in the microenvironment of aro-
matic residues of α-amylase and mask the internal optimal fluorescence intensity. Previous
investigations have shown that many other polyphenols exhibited similar behavior, thereby
decreasing the fluorescence intensity of α-amylase [29,37,38]. Fluorescence quenching data
were evaluated mathematically employing Stern–Volmer, modified Stern–Volmer, and van’t
Hoff equations to calculate the binding and thermodynamic parameters [26,28].

Figure 1. Binding between caffeic acid and α-amylase. (A) Quenching in fluorescence intensity of
α-amylase (5 µM) in the absence and presence of varying caffeic acid concentration (0–30 µM) at
298 K, (B) Stern–Volmer plot at different temperatures, (C) modified Stern–Volmer plot at different
temperatures, and (D) van’t Hoff thermodynamics plot at three different temperatures.

In the SV plot of F0/F vs. caffeic acid and F0/F vs. [coumaric acid] (Figures 1B and 2B),
the slope gives the value of the Stern–Volmer constant (Ksv) [40]. Figures 1B and 2B appar-
ently show linear SV plots for caffeic acid–α-amylase and coumaric acid–α-amylase, respec-
tively. Fluorescence quenching can be static or dynamic or a combination of both [34,35].
Temperature dependency of Ksv reveals the type of quenching operative for a particular
interaction, i.e., protein–ligand complex formation is driven by static or dynamic quenching.
The Ksv value decreases with increasing temperature for static quenching due to complex
formation, which undergoes dissociation on increasing the temperature. In contrast, the op-
posite effect occurs for dynamic quenching, where Ksv increases with temperature. Hence,
the values of Ksv were estimated at three different temperatures for α-amylase-caffeic acid
and α-amylase-coumaric acid and are enumerated in Tables 1 and 2, respectively. Ksv
increases with increasing temperature for α-amylase–caffeic acid interaction, implying
dynamic quenching. On the contrary, Ksv values were found to decrease with increasing
temperature for α-amylase–coumaric acid, suggesting the presence of static quenching.
These observations can corroborate previously reported results [30,40]. Further, the quench-
ing mode was confirmed by finding the biomolecular quenching rate constant (Kq) using
the equation Kq = Ksv/τ0 (τ0 = 2.7 × 10−9 s). The values of Kq for α-amylase–caffeic acid
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(Table 1) and α-amylase–coumaric acid (Table 2) were found to be higher than the maxi-
mum dynamic quenching constant (nearly 1010 M−1 s−1) [49]. Thus, it can be concluded
that α-amylase–caffeic acid complex formation was driven by dynamic quenching while a
combination of static and dynamic directs α-amylase–coumaric acid complex formation,
while α-amylase–coumaric acid interaction was driven by static quenching. Additionally,
the binding constant (K) was also calculated, revealing the binding affinity for protein
(Table 2). Fluorescence quenching data were fitted into a modified Stern–Volmer equation
with the intercept of the plot giving the value of binding constant (K) for both the ligands
(Figures 1C and 2C). It was found to be of the order of 104 M−1 for α-amylase–caffeic acid
complex, while for α-amylase–coumaric acid, K was of the order of 104 M−1, but lesser
than caffeic acid, suggesting that caffeic acid binds to α-amylase with a higher affinity as
compared to coumaric acid. Table 1 depicts the values of K at different temperatures for
α-amylase–caffeic acid complex, which was found to decrease with increasing temperature,
implying that a more stable complex is formed at lower temperatures. Table 2 depicts the
values of K obtained for α-amylase–coumaric acid complex.

Figure 2. (A) Binding between p-coumaric acid and α-amylase. Fluorescence quenching intensity of
α-amylase (5 µM) in the absence and presence of varying p-coumaric acid concentration (0–30 µM) at
298 K, (B) Stern–Volmer plot at different temperatures, (C) modified Stern–Volmer plot at different
temperatures and (D) van’t Hoff thermodynamics plot at three different temperatures.
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Table 1. Binding and thermodynamic parameters obtained for caffeic acid–α- amylase interaction
obtained through fluorescence spectroscopy.

Temp.
(◦C)

Ksv
(104 M−1)

Kq
(1013 M−1 s−1)

K
(104 M−1)

∆G
(kcal mol−1)

∆S
(cal.mol−1K−1)

∆H
(kcal mol−1)

T∆S
(kcal mol−1)

25 2.1 0.77 5.37 −6.49

−16.04 −11.28

−4.78

30 1.4 0.51 5.12 −6.41 −4.86

35 0.9 0.33 2.88 −6.33 −4.94

Table 2. Binding and thermodynamic parameters obtained for coumaric acid–α- amylase interaction
obtained through fluorescence spectroscopy.

Temp.
(◦C)

Ksv
(104 M−1)

Kq
(1013 M−1 s−1)

K
(104 M−1)

∆G
(kcal mol−1)

∆S
(cal.mol−1K−1)

∆H
(kcal mol−1)

T∆S
(kcal mol−1)

25 1.6 0.59 0.2 −4.65
178.11 48.42

53.07

30 1.3 0.48 1.5 −5.54 53.96

35 1.1 0.40 2.9 −6.43 54.85

The data obtained at different temperatures are fitted into the van’t Hoff equation
to find the thermodynamic parameters of the system for both the ligands (Figures 1D
and 2D). The slope of this plot gives −∆H/R, and the intercept gives the value of ∆S/R.
The magnitude and the sign of the thermodynamic parameters (∆H, ∆S and ∆G) offer a
clue about the forces that drive the reaction. Table 1 shows the various thermodynamic
parameters obtained for the α-amylase–caffeic acid system, while Table 2 shows the ther-
modynamic parameters obtained for the α-amylase–coumaric acid system. We obtained
negative ∆H and ∆S for the α-amylase–caffeic acid system, revealing the existence of
van der Waals force and hydrogen bonding, while positive ∆H and ∆S were obtained
for α-amylase–coumaric acid, implying the reaction to be driven predominantly by hy-
drophobic interaction [50,51]. Additionally, negative ∆G for both the systems suggested
the spontaneous nature of the reaction.

3.2. Synchronous Fluorescence

Synchronous fluorescence spectroscopy is used to have deeper insights into the confor-
mational changes in the proteins microenvironment comprising tyrosine and tryptophan
residues. Synchronous fluorescence provides information on conformational changes in
the molecular environment of fluorophores of proteins once the ligands bind to them [52].
When ∆λ (λem − λex) is kept at 60 nm or 15 nm, the synchronous fluorescence spectra
expose the information about the microenvironment of tryptophan and tyrosine residues,
respectively. Figure 3 shows the synchronous fluorescence spectra of free α-amylase and
α-amylase with varying concentrations of caffeic acid (upper panel) and coumaric acid
(lower panel).
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Figure 3. Synchronous fluorescence spectra for (A) Tyrosine residue (∆λ = 15) and (B) Tryptophan
(∆λ = 60) of α-amylase (4 µM) in the absence and presence of caffeic acid (0–40 µM). Panel (C,D) are
the spectra obtained under similar conditions for p-coumaric acid.

In the case of ∆λ = 15 nm, a shift in the fluorescence emission maxima of α-amylase
in the presence of caffeic acid (Figure 3A) and coumaric acid (Figure 3C) implies that the
local environment around tyrosine residue changed significantly in the presence of both
the ligands. However, for ∆λ = 60 nm, no shift in the emission maxima of α-amylase is
observed for both the ligands (Figure 3B,D), suggesting no change in the local environment
around tryptophan residues.

3.3. Inhibition of Advanced Glycation End-Products (AGEs)

AGE formation is common at the later glycation stages in proteins, and most of the
end products are fluorogenic in nature [53]. Caffeic acid and coumaric acid were studied
for their inhibitory effects on AGE formation (Figure 4). HSA was incubated with MG,
fluorescence was taken of native HSA, and MG + HSA was incubated. HSA incubated with
MG showed high fluorescence compared to the native HSA, concluding the formation of
AGEs. In the presence of varying concentrations (50–200 µM) of ligands, a dose-dependent
decrease in the fluorescence emission was evident, with maximum inhibition observed for
200 µM for both the ligands (Figure 4A).
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Figure 4. Inhibition of fluorescent advance glycation product (AGEs) by (A) caffeic acid and
(B) p-coumaric acid.

Treatment of MG incubated HSA in the presence of 50, 100 and 200 µM ligands
showed a reduction in fluorescent AGEs. Caffeic and coumaric acid both showed a sig-
nificant decrease (79.2% and 43.6%) respectively at 200 µM concentration (Figure 4A,B).
The antiglycative properties of caffeic acid and coumaric acid have been investigated in
previous studies [53,54]. AGEs are the key players in the pathophysiology and progression
of many diseases highlighting their clinical significance [30]. Strong inhibition of AGEs
by caffeic acid compared to coumaric acid could be due to structural differences among
them, where caffeic acid possesses 1 more OH group and might play an important role in
AGE inhibition.
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The results indicated that the binding of caffeic acid and coumaric acid inhibits the
formation of AGEs. Thus, a conclusion was obtained that both the ligands attenuate the
effect of MG by networking with HSA and reduce the fluorescence by AGEs. AGEs not only
create a menace in diabetes but also contribute to other fatal diseases [29,53], signifying an
urgent need to stop AGEs formation [54]. Antiglycation activities of caffeic and coumaric
acid could be due to its antioxidant, ROS scavenging activity and protein-stabilizing
potential. Earlier, caffeic and ferulic acid have been found to attenuate glycation and thus
diabetic complications [55,56]. Additionally, the binding analysis of these phenolics with α-
amylase hypothesized its inhibitory potential and thereby reduced glucose concentrations
in serum.

3.4. Inhibition of Early (Amadori) Glycation Products

Fructosamine is formed by covalent attachments of sugar molecule glucose to a pri-
mary amine, followed by isomerization. The molecule undergoes Amadori rearrangement
and is an indicator of early glycation products. Thus, we aimed to understand the role of
caffeic acid and coumaric acid in the inhibition of glycation. Figure 5A indicates the level
of fructosamine in different samples.

Figure 5. Cont.
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ing (A) fructosamine content and protein oxidation by measuring (B) free thiol groups and
(C) carbonyl content.

In control HSA, the fructosamine level was nearly 22.12 nmol/mg protein. However,
incubation of HSA with MG showed a hike in fructosamine content to 114.63 nmol/mg
protein (Table 3). Fructosamine levels showed a decline with successive increases in ligand
concentration. In the presence of 200 µM caffeic acid, the fructosamine level declined to
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46.13 nmol/mg, while coumaric acid declined the levels of fructosamine to 96.81 nmol/mg.
The results showed that early end product formation viz fructosamine declines in the
presence of both the ligands. Amadori product accumulations are associated with dia-
betic complications, and the selected natural polyphenols have the potential to reduce
fructosamine content. The correlation shows the importance of caffeic acid and coumarin
in managing complications due to diabetes.

Table 3. Effect of different concentrations of caffeic acid on alpha amylase.

Group (nmol/mg Protein)

Fructosamine Thiol Groups (SH) Carbonyl Content

Control 22.12 ± 2.3 48.23 ± 7.8 1.12 ± 0.06

Glycated 114.63 ± 6.8 6.86 ± 0.64 2.17 ± 0.08

Caffeic acid:

50 µM 82.41 ± 7.2 17.74 ± 3.4 1.81 ± 0.07

100 µM 67.34 ± 6.3 26.24 ± 1.8 1.48 ± 0.11

200 µM 46.63 ± 5.6 44.31 ± 4.7 1.13 ± 0.07

3.5. Free–SH Groups Content

Free sulfhydryl group alterations are an important parameter to estimate oxidative
modification. A disulfide bond between the sulfhydryl groups is formed due to oxidation.
The oxidative modifications in HSA resultant of glycation were correlated with that of free
sulfhydryl content. Figure 5B shows the free thiol group estimated for native HSA, protein
incubated with MG and different concentrations of caffeic acid and coumarin. Native HSA
was used as a control and was found to have 48.23 nmol/mg protein, while MG treated
protein had 6.68 nmol/mg protein. Free sulfhydryl contents relate directly to the oxidation
of HSA [53]. With the increase in the concentration of both the ligands, an increase in the
free thiol group of HSA was observed. The maximum value was obtained at 200 µM of
caffeic acid and coumaric acid. Caffeic acid increased the content of thiol to 17.8, 26.2 and
44.3 nmol/mg for 50, 100 and 200 µM, respectively. Similarly, for the same concentration of
coumaric acid, the values were 5.8, 7.2 and 9.7 nmol/mg, respectively (Tables 3 and 4).

Table 4. Effect of different concentrations of p-coumaric acid on alpha amylase.

Group (nmol/mg Protein)

Fructosamine Thiol Groups (SH) Carbonyl Content

Control 22.12 ± 2.3 48.23 ± 7.8 1.12 ± 0.06

Glycated 114.63 ± 6.8 6.86 ± 0.64 2.17 ± 0.08

p-coumaric acid:

50 µM 106.68 ± 6.4 5.82 ± 0.54 2.31 ± 0.03

100 µM 103.42 ± 7.3 7.16 ± 0.41 2.27 ± 0.12

200 µM 96.81 ± 6.6 9.72 ± 0.63 2.03 ± 0.06

Glycation reactions generate ROS that works against the oxidative defense mechanism
of the protein group [57]. Thus, the above observations show that caffeic acid and coumarin
have the potential to reduce free thiol group, resisting glycation. The results that are
presented here are supported by previously published results [29,57,58].

3.6. Carbonyl Content

Glycation is a non-enzymatic reaction involving protein and sugar. It results in the
formation of an unstable Schiff base, further leading to ketoamine production [33]. HSA

64



Molecules 2022, 27, 3992

was incubated with MG and was studied for its carbonyl content. Native HSA and MG-
incubated HSA showed differences in their concentration by more than double. Native HSA
was estimated 1.12 nmol/mg, while glycated HSA had 2.17 nmol/mg carbonyl content.
With successive addition of caffeic acid and coumaric acid, carbonyl content decreased
slightly (Figure 5C, Tables 3 and 4).

3.7. Molecular Docking and Dynamics

The interaction between pancreatic α-amylase and both caffeic acid and p-coumaric
acid was performed using Autodock 4.2.6. Molecular docking has been widely utilized to
study the critical residues and sites involved in protein–ligand interactions. Our in vitro
results demonstrated the mode of binding between α-amylase and polyphenols (caffeic and
coumaric acid), and these are further validated by employing docking studies. Figure 6A
depicts the three-dimensional structure of α-amylase in cartoon form with caffeic acid
shown in the catalytic pocket depicted in balls and stick model. Caffeic acid formed
six hydrogen bonds (Trp 59, Gln 63, Arg 195, Arg 195, Asp 197 and Asp 197) and three
hydrophobic interactions (Trp 58, Trp 59 and Tyr 62) with α-amylase (Figure 6B, Table 5)
showing a binding affinity of −5.09 kcal/mol. In comparison, coumaric acid formed
H-bonds with Trp 59, Gln, 63, Arg 195, Aand sp 300 (Table 6) and shared the common
hydrophobic residues as of caffeic acid.

Table 5. Molecular docking parameters for caffeic acid–pancreatic α- amylase interactions obtained
through (PLIP).

Hydrophobic
Interactions Hydrogen Bonds Pi-Stacking

Docking
Energy

(kcal mol−1)

AA Distance (Å) AA Distance (Å) AA Distance (Å) Type
−5.09TRP58 3.18 TRP59 1.83 TYR62 3.91 Parallel

TRP59 3.67 GLN63 1.86

TYR62 3.35 ARG195 2.85

ARG195 2.29

ASP197 1.85

Table 6. Molecular docking parameters for p-coumaric acid–pancreatic α- amylase interactions
obtained through PLIP.

Hydrophobic.
Interactions Hydrogen Bonds Pi-Stacking

Docking
Energy

(kcal mol−1)

AA Distance (Å) AA Distance (Å) AA Distance (Å) Type
−5.04TRP58 3.64 TRP59 2.65 TYR62 4.14 Parallel

TRP59 3.54 GLN63 3.14

TYR62 3.33 ARG195 3.69

ARG195 2.99

ASP197 3.15

HIS299 3.66

ASP300 2.91

The binding affinity observed for the interaction of coumaric acid to α-amylase was
−5.04 kcal/mol. It is apparent that caffeic acid forms six hydrogen bonds as compared to
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three hydrogen bonds for coumaric acid, revealing that the binding of caffeic acid binds to
α-amylase is more significant, validating our earlier observations.

Figure 6. Molecular docking of caffeic acid with pancreatic α-amylase. (A) Binding of caffeic acid at
the catalytic site of pancreatic α-amylase. (B) Amino acid residues and the types of forces in stabilizing
the pancreatic α-amylase–caffeic acid complex (Discovery Studio). Similarly, for p-coumaric acid
with α-amylase (Panels (C,D)).

4. Conclusions

Enzymes such as amylase break down polysaccharides into monomeric sugars and
thereby increase glucose concentrations in the serum. Furthermore, prolonged exposure of
proteins to sugars and dicarbonyl intermediates led to the formation of advanced glycation
end-products (AGEs). In our study, neutraceuticals molecules such as caffeic and coumaric
acid bind with α-amylase and also inhibit the AGEs formation to a different extent. Caffeic
acid possesses more inhibitory activity, which could be due to its planarity and hydrogen
bonding potential. Van der Waals and hydrogen bonding are the major forces between the
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polyphenols–protein interactions. Molecular docking along with fluorescence quenching
and synchronous fluorescence displayed the ability of phenolics to form stable complex with
amylase. Moreover, these phenolics decrease AGE formation by inhibiting fructosamine.
Furthermore, oxidation of proteins boosted the effect of glycation; caffeic and coumaric
acid attenuate it by protecting thiol and carbonyl groups. The scheme for our probable
mechanism for AGE inhibition is depicted in Figure 7. More research on similar structures
along with in vivo studies is warranted to design inhibitors for diabetic complications.

Figure 7. Mechasnidtic pathway of caffeic and coumaric acid to inhibit advanced glycation end-
products (AGEs).
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Abstract: Keratoconus (KC) is a serious disease that can affect people of any race or nationality,
although the exact etiology and pathogenic mechanism are still unknown. In this study, thirty-two
FDA-approved ophthalmic drugs were exposed to virtual screening using docking studies against
both the MMP-2 and MMP-9 proteins to find the most promising inhibitors as a proposed compu-
tational mechanism to treat keratoconus. Matrix metalloproteinases (MMPs) are zinc-dependent
proteases, and MMP inhibitors (MMPIs) are usually designed to interact with zinc ion in the catalytic
(CAT) domain, thus interfering with enzymatic activity. In our research work, the FDA-approved
ophthalmic medications will be investigated as MMPIs, to explore if they can be repurposed for
KC treatment. The obtained findings of the docking study suggest that atenolol and ampicillin
are able to accommodate into the active sites of MMP-2 and MMP-9. Additionally, both exhibited
binding modes similar to inhibitors used as references, with an ability to bind to the zinc of the
CAT. Molecular dynamic simulations and the MM-GBSA binding free-energy calculations revealed
their stable binding over the course of 50 ns. An additional pharmacophoric study was carried out
on MMP-9 (PDB ID: 1GKC) using the co-crystallized ligand as a reference for the future design
and screening of the MMP-9 inhibitors. These promising results open the door to further biological
research to confirm such theoretical results.

Keywords: keratoconus; MMP-2; MMP-9; molecular docking; molecular dynamics; MM-GBSA
calculations; pharmacophore mapping

1. Introduction

Keratoconus (KC) is the most common primary cause of corneal ectasia. It commonly
strikes in one’s second decade of life, affecting people of all races and nationalities. In the
general population, the prevalence is estimated to be 54 per 100,000 [1]. Although the exact
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etiology and pathogenic mechanism are unknown, environmental and genetic variables are
considered to play a role in the disease’s progression [2]. Hay fever and allergies are linked
to an increased risk, whereas diabetes is thought to be protective [3]. Keratoconus is caused
by a combination of genes, with a relatively high prevalence of positive family history.
Even though both genders are affected, men appear to be more frequently involved [4].

The disease’s stage and progression determine the treatment of keratoconus. Spectacles
can give an acceptable vision to people in the early stages of their condition, and they are
beneficial for those with a visual acuity of 20/40 or greater. On the other hand, spectacles
cannot rectify irregular astigmatism, and in such circumstances, hard contact lenses can
improve the patient’s vision [4,5]. Penetrating or deep anterior lamellar keratoplasty has
been the cornerstone of treatment for advanced KC [6]. Collagen cross-linking (CXL) is a
new technology recently introduced. Compared to those that were not treated, eyes treated
with CXL were less likely to have difficulties with bulging progression [7].

Many investigations have found higher levels of collagenolytic and gelatinolytic
activities in laboratory cultures of KC. Collagenases and gelatinases are members of the
matrix metalloproteinases (MMPs) family of zinc-dependent proteins [8]. Compared to
tears from controls, tears from persons with keratoconus had 1.9 times greater levels of
proteolytic activity and overexpression of various MMPs and cytokines [9].

Selective MMP inhibition is an essential objective in medicinal chemistry research [10].
MMP-2 and MMP-9 play important roles in cancer, heart disease, and inflammatory etiology.
Many orally accessible broad-spectrum MMP inhibitors (MMPIs) have been discovered in
recent years. MMPs typically consist of a pro-peptide sequence, a catalytic (CAT) domain,
a hinge region or linker peptide, and a hemopexin domain. MMPs have two zinc ions, one
structural zinc and the other in the CAT domain. The early design of the MMPIs relied
on the ability of compounds to mimic the amide nature of collagen in addition to having
a group that can interact with zinc [11]. In most cases, the hydroxamate group was used
for this purpose as in batimastat I and marimastat II [12]. Other groups were also used
for that purpose, such as the carboxylic group of tanomastat III and the mercapto group
of rebimastat IV (Figure 1) [11]. Furthermore, questions have been raised about the real
therapeutic efficacy of this family of MMP inhibitors and their considerable toxicity [13].
As a result, researchers are paying more attention to finding novel zinc binding groups
(ZBGs) that could be a viable replacement to the hydroxamate function [14–20].

Figure 1. Reported molecules having a group that can interact with zinc in MMPs.

The primary strategy of our design implemented the repurposing of various FDA-
approved ophthalmic medications for targeting MMP-2 and MMP-9. The first criterium
is the market availability of these drugs as ophthalmic systems, which enabled us to shift
our whole focus on the pharmacodynamic potentials rather than pharmacokinetics and
drug delivery factors. The second criterium is the presence of groups with a high potential
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of interaction with zinc, such as carboxylic, mercapto, and hydroxyl groups. For these
reasons, a group of thirty-two FDA-approved drugs were chosen (Figure 2) [21–23]. The
selection involved a variety of drugs for different conditions, such as glaucoma (acetazo-
lamide), antivirals (acyclovir and ganciclovir), antibacterials (ampicillin and aztreonam),
and analgesics (diclofenac and ketorolac). The drugs were subjected to virtual screening
using docking studies against both MMP-2 and MMP-9 to reach a promising candidate
against these proteins. The results indicate that some drugs may have potential activities
against these proteins, opening the field to further biological studies.

Figure 2. The 2D chemical structures of the 32 FDA-approved drugs used in our in silico study.
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2. Results and Discussion
2.1. Docking Studies

A molecular operating environment (MOE) program was used in the current docking
study. The validation of the docking accurately reproduced the binding conformation of
the co-crystallized ligands with MMP proteins. The RMSD values were calculated between
the co-crystallized poses and the docked poses of the same ligands in MMP-2 (PDB ID:
1HOV) and MMP-9 (PDB ID: 1GKC). Minor deviations of 1.30 and 0.75 A0, for MMP-2 and
MMP-9, were observed, respectively (Figures 3 and 4). Such results indicated the validity
of the docking studies.

Figure 3. Overlay of the co-crystallized pose (brown) and the re-docked pose (blue) of I52 inside
MMP-2 (PDB ID: 1HOV) during validation (RMSD = 1.30 A0).

Figure 4. Overlay of the co-crystallized pose (turquoise) and the re-docked pose (green) of NFH
inside MMP-9 (PDB ID: 1GKC) during validation (RMSD = 0.75 A0).

2.1.1. Docking of the Target Compounds into MMP-2 Catalytic Domain

All the selected compounds showed favorable binding, demonstrating ∆G (binding
free energies) values in negative Kcal.mol−1, as shown in Table 1. The most promis-
ing candidates were found to be lincomycin, atenolol, and ciprofloxacin, which were
able to accommodate into the MMP-2 active site with the highest binding energy score
(∆G = −29.06, −28.20, and −27.87 kcal/mol, respectively) and bind the active site essen-
tial residues via several hydrogen bonding, electrostatic, and hydrophobic interactions.
An analysis of the binding modes of the co-crystalized ligand (I52) and our top hits was
then performed for a comparative study of how well our compounds conform to the
intended design.

The 2D and 3D interactions of I52 (Figure 5) revealed that the pentylbenzamide moiety
formed three hydrophobic interactions with Leu137, Phe148, and Leu150, besides two
hydrogen bonds with Ile141 and Thr143. Moreover, the sulfamoylphenyl moiety formed
three hydrogen bonds with Leu 82, Leu83, and Ala84 and three hydrophobic interactions
with Leu83 and His120, and the zinc ion. The morpholine ring interacted with His130 via a
hydrogen bond and the isopropyl moiety showed a hydrophobic interaction with His85.
Finally, the ZBG (hydroxamate) interacted with the zinc group as well as Glu121 via a
hydrophobic interaction.
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Table 1. The calculated ∆G (binding free energies) of the tested drugs against MMP-2 (PDB ID
1HOV).

Compound ∆G (kcal.mol−1) Compound ∆G (kcal.mol−1)

1 Acetazolamide −11.39 17 Ganciclovir −15.93

2 Acyclovir −15.51 18 Indomethacin −21.81

3 Ampicillin −19.31 19 Ketorolac −18.35

4 Atenolol −28.20 20 Levocabastine −22.00

5 Atropine −15.61 21 Lincomycin −29.06

6 Aztreonam −19.01 22 Lornoxicam −18.51

7 Betaxolol −26.50 23 Methazolamide −12.86

8 Brinzolamide −20.96 24 Methotrexate −26.00

9 Bromfenac −18.04 25 Nadolole −25.86

10 Carteolol −24.09 26 Pilocarpine −17.28

11 Cephalexine −21.07 27 Pindolol −21.05

12 Ciprofloxacin −27.87 28 Prednisolone −19.66

13 Dexamethasone −20.70 29 Propranolol −23.93

14 Diclofenac −17.33 30 Quinidine −20.97

15 Dorzolamide −19.06 31 Tizanidine −15.93

16 Fluconazole −17.47 32 Voriconazolee −18.24

Figure 5. The 2D and 3D interactions of the co-crystallized ligand (I52) with amino acid residues of
the catalytic domain of MMP-2 (PDB ID: 1HOV).
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As described in Figure 6, the docking pose of Lincomycin into the MMP-2 active site
showed that the 2H-pyran arm was engaged in six hydrophobic interactions with Leu116,
His120, Leu137, and Tyr142, in addition to two hydrogen bonds with Ala139 and Ile141.
The sugar moiety formed three hydrogen bonds with Leu83, Ala84, and Glu121. Finally,
the methyl thio group formed two hydrophobic bonds with His130. Although lincomycin
showed the highest binding score, it lacked the ability to interact with the zinc of the CAT.
As a result, it was excluded from subsequent studies.

Figure 6. The 2D and 3D interactions of lincomycin with amino acid residues in the catalytic domain
of MMP-2 (PDB ID: 1HOV) (hydrogen bonds = green dashed lines, electrostatic interactions = orange
dashed lines, pi-pi interactions = deep pink dashed lines, and pi-alkyl interactions = light pink
dashed lines).
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Although atenolol interacted with the active site with a relatively lower binding, it
did also bind successfully to zinc through a hydrophobic pi-cation interaction (Figure 7).
Additionally, it formed five hydrogen bonds with Leu83, Ala84, Glu121, Thr142, and
Thr143 through its acetamide and hydroxy moieties. Three hydrophobic interactions were
observed with His120, Leu137, and Arg149.

Figure 7. The 2D and 3D interactions of atenolol with amino acid residues in the catalytic domain of
MMP-2 (PDB ID: 1HOV).

Ciprofloxacin (a fluoroquinolone drug) occupied the MMP-2 active site via the for-
mation of six hydrogen bonds and eight hydrophobic interactions. The fluoroquinolone
nucleus formed three hydrogen bonds with Leu83 and Ala84, as well as six hydrophobic
interactions with zinc, Leu83, and His120. The piperazine arm was incorporated in three
hydrogen bonds with Leu137, Ala139, and Thr143, as presented in Figure 8.
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Figure 8. The 2D and 3D interactions of ciprofloxacin with amino acid residues in the catalytic
domain of MMP-2 (PDB ID: 1HOV).

2.1.2. Docking of the Target Compounds into MMP-9 Catalytic Domain

The tested compounds revealed to be able to bind into MMP-9 and showed negative
∆G (Kcal.mol−1) scores, as shown in Table 2. It was found that ampicillin, aztreonam,
and ganciclovir, the most promising candidates, achieved the highest energy score and
accommodated into the MMP-9 active site (∆G = −30.81, −29.97, and −28.89 kcal/mol,
respectively).

By examining the binding interactions of the co-crystalized ligand (NFH) to the active
site of MMP-9, it showed six hydrogen bonds with Gly186, Leu188, Ala189, Tyr393, and
Tyr423, in addition to two hydrophobic interactions with Leu188. The hydroxamate group
interacted as expected with the zinc of the CAT, as presented in Figure 9.
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Table 2. The calculated ∆G (binding free energies) of the tested drugs against the catalytic domain of
MMP-9 (PDB ID: 1GKC).

Serial Compound ∆G (kcal.mol−1) Serial Compound ∆G (kcal.mol−1)

1 Acetazolamide −15.34 17 Ganciclovir −28.89

2 Acyclovir −20.59 18 Indomethacin −26.12

3 Ampicillin −30.81 19 Ketorolac −23.59

4 Atenolol −27.60 20 Levocabastine −24.62

5 Atropine −26.99 21 Lincomycin −26.74

6 Aztreonam −29.97 22 Lornoxicam −21.02

7 Betaxolol −25.97 23 Methazolamide −15.99

8 Brinzolamide −26.07 24 Methotrexate −27.70

9 Bromfenac −22.24 25 Nadolole −25.62

10 Carteolol −25.96 26 Pilocarpine −23.69

11 Cephalexine −24.47 27 Pindolol −23.56

12 Ciprofloxacin −25.13 28 Prednisolone −29.51

13 Dexamethasone −23.65 29 Propranolol −24.36

14 Diclofenac −20.26 30 Quinidine −28.53

15 Dorzolamide −20.12 31 Tizanidine −18.29

16 Fluconazole −22.03 32 Voriconazolee −23.46

Figure 9. Cont.
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Figure 9. The 2D and 3D interactions of the co-crystallized ligand (NFH) with amino acid residues of
the catalytic domain of MMP-9 (PDB ID: 1GKC).

This high binding score of ampicillin is attributed to the formation of six hydrogen
bonds, five hydrophobic interactions, and zinc binding as well. The 3,3-dimethyl moiety
of ampicillin was involved in three hydrophobic bonds with Leu187, His411, and Pro421,
while the carboxylic acid and 7-oxo groups formed hydrogen bonds with Leu187, Leu188,
and Tyr423. The phenyl acetamide moiety interacted with the active site by three hydrogen
bonds with Leu397 and Val398, as well as two hydrophobic interactions with Leu418 and
Arg424. Finally, the sulfur atom of the thiazolidine ring was able to interact with the zinc
ion of the CAT through a metal–acceptor bond (Figure 10).

Figure 10. The 2D and 3D interactions of ampicillin with amino acid residues of the catalytic domain
of MMP-9 (PDB ID: 1GKC).
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On the other hand, aztreonam was unable to bind to the zinc ion of the CAT. An
investigation of the top docking pose of aztreonam showed that it interacted with the
MMP-9 active site by forming five hydrogen bond interactions (Leu188, Tyr420, Met422,
and Tyr423) and nine hydrophobic interactions (Val398, His401, His405, His411, Met422,
and Tyr423) (Figure 11).

Figure 11. The 2D and 3D interactions of Aztreonam with amino acid residues of the catalytic domain
of MMP-9 (PDB ID: 1GKC).

Finally, the binding of ganciclovir was through four hydrogen bonds with Leu188,
Glu402, and Pro421. Four hydrophobic interactions were also detected (Val398, His401,
and Tyr423). It was also able to bind with zinc ion through a metal–acceptor interaction
(Figure 12).
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Figure 12. The 2D and 3D interactions of Ganciclovir with amino acid residues of the catalytic domain
of MMP-9 (PDB ID: 1GKC).

Because atenolol and ampicillin were the most promising compounds that achieved
high docking scores and similar binding modes to co-crystallized ligands with the ability
to interact with zinc ions in both enzymes, they were both promoted for further analysis
through molecular dynamics.

2.2. Molecular Dynamics and Molecular Mechanics–Generalized Born Surface Area
(MM-GBSA) Calculations

The potential of atenolol and ampicillin to bind to MMP-2 and MMP-9, respectively,
was further investigated through molecular dynamics. This allows the extensive analysis
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of the binding modes under realistic physiological conditions. Both protein files with the
corresponding drugs were processed by the Schrodinger Maestro suite and simulated for
50 ns. The RMSD of the protein residues (Figure 13) in both complexes showed uniform
values around 3.7 and 1.75 A0 deviation for MMP-2 and MMP-9, respectively. Furthermore,
both atenolol and ampicillin exhibited stable conformations with an RMSD (Supplementary
Figures S1 and S2) of around 1.2 and 1.8 A0, respectively.

Figure 13. Root mean square deviation (RMSD) of C-alpha of MMP-2 (A) and MMP-9 (B) complexes
with atenolol and ampicillin through 50 ns simulations.

Additionally, the flexibility of the conformers was assessed through the calculation of
the root mean square fluctuations (RMSF) of the residues of the proteins and ligand atoms
across the simulation time. Consistent with the calculated RMSD, the protein residues
showed a low degree of fluctuations, especially with the ones in contact with the ligands as
shown in Figure 14. The RMSF of the protein residues showed around 3.5 A0 fluctuations of
the residues exposed to drugs, while the fluctuations were lower in the case of both ligands,
especially ampicillin which showed around 1A0 only (Supplementary Figures S3 and S4).
These uniform values obtained points to the relative stability of both proteins and drugs
conformations for the entire simulation duration.
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Figure 14. Root mean square fluctuation (RMSF) of C-alpha of MMP-2 (A) and MMP-9 (B) complexes
with atenolol and ampicillin through 50 ns simulations. (Ligand contacts are marked green.).

For a better understanding of the binding modes, a further analysis of the interactions
throughout the whole 50 ns simulation time was performed (Figure 15). For MMP-9,
ampicillin successfully formed metal coordination with the zinc ion constantly through its
amide carbonyl group. On the other hand, the interaction of atenolol with the zinc ion of
MMP-2 was not observed; however, it interacted extensively with the binding site residues
as well compensating this inability as shown in Figure 16.

Figure 15. Cont.
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Figure 15. The 2D ligand-protein contact summary of atenolol-MMP-2 (A) and ampicillin-MMP-9 (B)
complexes through 50 ns simulations.

Figure 16. Ligand-protein contact histogram of atenolol-MMP-2 (A) and ampicillin-MMP-9 (B)
complexes through 50 ns simulations.

One of the most commonly used methods for calculating the binding free energy
is molecular mechanics–generalized born surface area (MM-GBSA). The lower a ligand-
protein complex’s projected binding free energy is, the more stable the complex is expected
to be, and the higher the ligand’s activity and potency (Table 3). Both complexes showed
stable binding throughout the dynamic simulation.
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Table 3. The MM-GBSA binding free energies (Kcal.mol−1) of MMP-2/atenolol and MMP-9/
ampicillin complexes.

MMP-2/Atenolol MMP-9/Ampicillin

Start End Start End

dG Binding −38.07 −47.75 −9.35 −26.96

dG binding Coulomb −22.89 −51.36 39.63 11.89

dG Binding (NS) −49.77 −52.57 −19.88 −28.70

dG binding (NS) Coulomb −22.14 −52.42 39.35 13.00

2.3. Pharmacophore Study

The prospect of repositioning ampicillin for KC treatment may seem beneficial espe-
cially for complicated cases suffering from secondary bacterial infections. However, its
unattended use for prolonged periods of time increases the risk of bacterial resistance. For
this purpose, we extended our study on the MMP-9 inhibitors to propose pharmacophoric
features with a high potential of a MMP-9 inhibitory goal for future use.

The co-crystallized ligand of MMP-9 (PDB ID: 1GKC) was used to generate the phar-
macophore model using the Discovery studio software. In this test, the protocol of receptor-
ligand pharmacophore generation was applied. In this protocol, the software identifies the
essential features of NFH (co-crystalized ligand) during its interaction with the receptor.
The library was then screened, and fit value data were calculated (Supplementary Table S1).
Ampicillin, aztreonam, cephalexin, and lincomycin achieved the highest fit value, even
comparable to NFH, as shown in Table 4.

Table 4. Fit value of the top four compounds and the co-crystallized ligand of MMP-9 (PDB ID:
1GKC).

Compound Mapped Features Fit Value

NFH HBD1, HBD2, HBA1, HBA2, H1, H2 4.74

Ampicillin HBD1, HBD2, HBA1, HBA2, H1, H2 3.76

Aztreonam HBD1, HBD2, HBA1, HBA2, H1, H2 4.13

Cephalexine HBD1, HBD2, HBA1, HBA2, H1, H2 4.06

Lincomycin HBD1, HBD2, HBA1, HBA2, H1, H2 3.76

The formed pharmacophore model consisted of six features: two H-bond donors
(HBD), two H-bond acceptors (HBA), and two hydrophobic centers (H). The features were
distributed in a pyramidal shape with each feature occupying a 1.6 A0 radius (Figure 17).
In accordance with the data acquired so far, the overlay of each compound on the pharma-
cophore (Figure 18) demonstrates the ability of the compounds to span across the entire
pharmacophoric features in a similar fashion to the co-crystallized inhibitor NFH.
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Figure 17. (A) The generated 3D pharmacophore geometry with six features: two hydrogen bond
donors (pink color) and two hydrogen bond acceptors (green), and two hydrophobic centers (blue).
(B) The 3D-pharmacophore with vector direction of each feature.

Figure 18. Mapping of the tested compounds on the generated pharmacophore: (A) NFH on the gener-
ated pharmacophore (fit value = 4.74), (B) ampicillin (fit value = 3.76), (C) aztreonam (fit value = 4.13),
(D) cephalexin (fit value = 4.06), and (E) lincomycin (Fit value = 3.76).
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3. Conclusions

In an attempt to fasten the drug discovery process, a repositioning approach was
enforced to discover potential medications for KC in a cost/efficient manner. Because
high levels of collagenolytic and gelatinolytic actions were observed, collagenase and
gelatinases became a promising target for tackling KC. Among those proteolytic enzymes
are MMP-2 and MMP-9. Both are metalloenzymes that are characterized by the presence
of zinc ion in the CAT. Thus, inhibition techniques focused on drugs that can interact
with zinc ions through their ZBGs. As a result, thirty-two FDA-approved drugs were
subjected to virtual screening through docking against MMP-2 and MMP-9 proteins to
identify the most promising inhibitors as a proposed computational mechanism to treat
KC. The docking results showed the ability of atenolol and ampicillin to accommodate
well into the active sites of MMP-2 and MMP-9, respectively. Additionally, both exhibited
similar binding modes as I52 and NHF (co-crystallized inhibitors of MMP-2 and MMP-9,
respectively) and interacted with the zinc ion of the CAT successfully. Subsequent molecular
dynamic simulations and MM-GBSA calculations point to the stability of the binding of
both drugs to the respective enzyme, thus adding to the potential of both compounds
in KC management. The dual potential properties of ampicillin for the treatment of KC,
especially with bacterial infections, pushed for the design of alternatives that could be
used for prolonged treatment times without risk of bacterial resistance. An additional
pharmacophore study was carried out using the co-crystallized ligand of MMP-9 (PDB ID:
1GKC) as a reference molecule for future designs. These encouraging findings pave the
way for additional clinical investigations to confirm such theoretical findings.

4. Experimental
4.1. Literature Search and Library Generation

The designed compounds’ structures were retrieved online (Pubchem; https://pubchem.
ncbi.nlm.nih.gov/) (accessed on 1 April 2022) and sketched using ChemBioDraw Ultra 14.0
and saved in MDL-SD file format.

4.2. Docking Studies

The crystal structures of MMP-2 and MMP-9 (PDB ID: 1HOV [16] and PDB ID:
1GKC [17], respectively) were downloaded from the Protein Data Bank (http://www.
rcsb.org/pdb) (accessed on 1 April 2022). Molecular operating environment was used
for docking. At first, the protein files were prepped using built-in “Quickprep” function.
Initial validation was performed through docking of each co-crystallized ligand to its
protein file, followed by the calculation of root mean square deviation (RMSD) between
the docked pose and the co-crystallized one. After successful validation, the library of
compounds was imported and prepped into MOE database file, that was then docked
using “Induced fit” protocol. The interactions were then viewed using Discovery Studio
Visualizer 2021 [24–32].

4.3. Molecular Dynamics and Molecular Mechanics–Generalized Born Surface Area
(MM-GBSA) Calculations

Schrödinger Desmond [18] package was used for molecular dynamics simulations
using “OPLS4” forcefield as described in past research. The MM-GBSA technique was
used to compute the binding free energy of the protein-ligand complexes studied, which
integrated molecular mechanics (MM) force fields with a generalized born and surface area
continuum solvation solvent model using Schrodinger Prime package [23,33–36].

4.4. Pharmacophore Studies

The pharmacophore model was carried out using Discovery Studio 4.0 software.
The protocol of receptor-ligand pharmacophore generation was applied. This protocol
used the co-crystallized ligand of MMP-9 (PDB ID: 1GKC) as a reference molecule. The
tested compounds were used as a training set. In this protocol, we used the following
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features in pharmacophore generation: (i) hydrogen bond donor (HBD), (ii) hydrogen bond
acceptor (HBA), (iii) hydrophobic aliphatic (HA), (iv) hydrophobic aromatic (HAr), and
ring aromatic (RA). Then, the ligand pharmacophore mapping protocol was used in the
virtual screening process. The most predictive model was used as 3D queries to identify
compounds with high fit values [36–39].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27113584/s1, Figure S1. Atenolol properties throughout
50 ns simulation in complex with MMP-2; Figure S2. Ampicillin properties throughout 50 ns
simulation in complex with MMP-9; Figure S3. RMSF of atenolol throughout 50 ns simulation in
complex with MMP-2; Figure S4. RMSF of ampicillin throughout 50 ns simulation in complex with
MMP-9; Table S1. Fit values of the full library on MMP-9 pharmacophore.
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Abstract: The charge transfer interactions between the seproxetine (SRX) donor and π-electron
acceptors [picric acid (PA), dinitrobenzene (DNB), p-nitrobenzoic acid (p-NBA), 2,6-dichloroquinone-
4-chloroimide (DCQ), 2,6-dibromoquinone-4-chloroimide (DBQ), and 7,7′,8,8′-tetracyanoquinodi
methane (TCNQ)] were studied in a liquid medium, and the solid form was isolated and characterized.
The spectrophotometric analysis confirmed that the charge–transfer interactions between the electrons
of the donor and acceptors were 1:1 (SRX: π-acceptor). To study the comparative interactions between
SRX and the other π-electron acceptors, molecular docking calculations were performed between
SRX and the charge transfer (CT) complexes against three receptors (serotonin, dopamine, and
TrkB kinase receptor). According to molecular docking, the CT complex [(SRX)(TCNQ)] binds with
all three receptors more efficiently than SRX alone, and [(SRX)(TCNQ)]-dopamine (CTcD) has the
highest binding energy value. The results of AutoDock Vina revealed that the molecular dynamics
simulation of the 100 ns run revealed that both the SRX-dopamine and CTcD complexes had a stable
conformation; however, the CTcD complex was more stable. The optimized structure of the CT
complexes was obtained using density functional theory (B-3LYP/6-311G++) and was compared.

Keywords: seproxetine; antidepressant; charge transfer; π-acceptors; DFT
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1. Introduction

Depression is the most common mental illness, affecting roughly 322 million people
worldwide [1]. Depression is the main cause of disability and the fourth major contributor
to the global illness burden [2]. Antidepressants are the third most commonly sold class of
therapeutic drugs worldwide [3]. The majority of these treatments are based on chemicals
that target the serotonin (5-hydroxytryptamine (5-HT): a group of G protein-coupled
receptor and ligand-gated ion channels found in the central and peripheral nervous systems)
transporter, a single protein in the brain. Selected serotonin reuptake inhibitors (SSRIs),
which block 5-HT reuptake, account for around 80% of all antidepressants on the market [3].
Other antidepressants, such as serotonin and noradrenaline reuptake inhibitors, as well
as traditional tricyclic antidepressants (e.g., amitryptyline, clomipramine, imipramine),
prevent noradrenaline reuptake. Indeed, compared to tricyclic medicines, the success of
selective serotonin reuptake inhibitors is mostly due to their safety, tolerability, and lack of
severe side effects, which enhances patient compliance and quality of life [3].

Although seproxetine (SRX, also known as S-norfluoxetine) is classified as a selective
serotonin reuptake inhibitor, its inhibitory action extends beyond serotonin transporters to
dopamine transporters (DAT) and 5-HT2A/2C receptors [4]. It is the active N-demethylate
metabolite of the commonly prescribed antidepressant fluoxetine and is deemed more
potent than the parental compound itself [5]. The 5-HT(2A) and 5-HT(2C) receptors belong
to the G-protein-coupled receptor (GPCR) superfamily. GPCRs interact with G-proteins to
transmit extracellular signals to the inside of cells. The 5-HT(2A) and 5-HT(2C) receptors
are involved in the effects of a wide range of drugs on anxiety, sleep patterns, depres-
sion, hallucinations, schizophrenia, dysthymia, eating behavior, and neuro-endocrine
processes [6].

As SRX was found to be a 20 times more potent serotonin inhibitor than its sister
enantiomer R-norfluoxetine, significant research efforts were focused on this drug in the
1990s [7]. However, serious cardiac side effects, such as QT prolongation (a measure
of delayed ventricular repolarisation), halted further development [4,8]. The potency
of SRX as a serotonin inhibitor should not be ignored, and an effort must be taken to
chemically modify (charge–transfer complexation) SRX for a better serotonin inhibitor
while suppressing the drawback.

Charge–transfer (CT) complexation, or electron–donor transfer, is a crucial aspect
of biochemical and biological processes such as drug design, enzyme catalysis, and ion
sensing [9]. The pharmacodynamics and thermodynamics of therapeutic substances and
biological processes in the human body are studied using charge–transfer complexation
interactions [10–14]. In biological systems, charge–transfer complexes may play a crucial
function. Extensive research has been carried out on charge–transfer interactions between
inorganic anions, particularly the iodide ion and pyridinium, and substituted pyridinium
cations, to determine the sensitivity of their charge–transfer absorption to the solvent
environment, as well as the potential role of structures of this type in enzymatic oxidation-
reduction processes [15]. As the charge–transfer complexes are a simpler, cheaper, and
more efficient tool of analysis than the other methods mentioned in the literature, charge–
transfer interactions are an important subject employed in the determination of medicines
in pharmaceutical and pure forms [16].

Many reports stated the interactions, in solution, between flavin mononucleotide,
flavin adenine dinucleotide, or riboflavin and a variety of donors, including hydrocar-
bons [17], indoles [18], NADH [19], NADPH [19], purines and pyrimidines, as well as other
compounds with no obvious donor properties. There is little doubt that complete electron
transfer happens in several of these systems to generate the flavin semiquinone [20]. The
new broad absorption band reported for mixes of the reduced form of flavin mononu-
cleotide (FMNH2) and (FMN) was attributed to the creation of charge–transfer com-
plexes [21]. 2-methyl-1,4-naphthoquinone, also known as vitamin K3, used as a syn-
thetic substitute for K1, o-quinone adrenochrome, and many other biologically important
quinones have substantial electron donor complexing capacity [22].
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Tryptophan appears to be unique among amino acids in its capacity to generate
charge transfer complexes due to the strong donor characteristics of the indole ring. How-
ever, another study has shown that a pyridinium model compound of NAD+ may form
complexes with tyrosine and phenylalanine [23]. Spectral evidence was also found to
produce charge–transfer complexes between NAD+ and model pyridinium compounds
with chymotrypsinogen, a tryptophan-rich protein [24].

Molecular docking (MD) is a computer method for efficiently predicting the non-
covalent binding of macromolecules (receptors) and small molecules (acceptors) based
on their unbound structures, structures generated through MD simulations, homology
modeling, and other methods. The prediction of small molecule binding to proteins is
of particular practical significance since it is used to screen virtual libraries of drug-like
compounds for leads for further drug development. As a result, MD has become an
important method in drug development.

Here, we used the Autodock Vina program to investigate the interactions between the
ligand (SRX and synthesized CT complexes) and receptors (serotonin, dopamine, and TrkB
kinase receptors). In the 1970s and 1980s periods, selective serotonin reuptake inhibitors
(SSRIs) were developed, which are as effective antidepressants as tricyclics but do not have
as many side effects as other antidepressant drugs. Binding energy, along with hydrophobic
properties, ionizability, aromatic, and hydrogen bond surfaces, were also investigated. The
molecular dynamic simulation was achieved at 300 K for 100 ns. The dynamic properties
of the complexes were compared in many characterizations such as residue flexibility,
structural solidity, solvent-accessible surface area, and other measurements. DFT using
the B-3LYP/6-311G++ (basis set) level of theory was employed to obtain an optimized
geometry of the CT complex- [(SRX)(PA}], [(SRX)(DNB)], [(SRX)(p-NBA)], [(SRX)(DCQ)],
[(SRX)(DBQ)], and [(SRX)(TCNQ)] with minimal energy. Different parameters of the
complexes were obtained and compared.

2. Materials and Methods
2.1. Synthesis of [(SRX)(π-Acceptor)] Charge–Transfer Complexes

The charge–transfer complexes [(SRX)(π-acceptor)] where π-acceptor are PA, DNB,
p-NBA, DCQ, DBQ, and TCNQ (Figure 1) were synthesized as 1:1 by the reaction of SRX
donor in a solution (25 mL) of each acceptor [25].
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Figure 1. Speculated molecular structures of (1:1) charge-transfer complexes [(SRX)(π-acceptor)]. 

  

Figure 1. Speculated molecular structures of (1:1) charge-transfer complexes [(SRX)(π-acceptor)].

At room temperature, the mixtures were agitated for about an hour in each case. The
precipitate was filtered and washed with the smallest amount of dichloromethane possible
before being dried under vacuum over anhydrous CaCl2.
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2.2. Instruments and Measurements

With safeguards (platinum pans, nitrogen gas flow, and 30 ◦C min−1 heating rate), ther-
mogravimetric analysis (TGA/DTG) was examined using Shimadzu TGA-50H equipment.
A Perkin–Elmer Precisely Lambda 25 UV/Vis Spectrometer was used to scan the electronic
absorption spectra of the synthesized charge–transfer complexes in the 200–800 nm region.
A Bruker 600 MHz spectrometer was used to measure 1H-NMR spectra in DMSO solvent.

2.3. Molecular Docking

The structures of the SRX drug and CT complexes were handled in PDBQT format via
OpenBabelIGUI software (version 2.4.1) [26]. Then, the PyRx-Python prescription 0.8 and
MMFF94 force field were used to minimize the energy of the structure for 500 steps [27].
The RCSB Protein Data Bank [28] was used to get the 3D crystal structures of the three
receptors. The receptors were arranged using the BIOVIA Discovery Studio Visualizer
(v19.1.0.18287). Kollman charges were also measured with the help of the AutoDock
Tool [29]. The Geistenger method was used to allocate partial charges. The docking
calculations were performed with Autodock Vina [30]. The DS (Discovery Studio) Visualizer
was used to examine the docked poses that resulted.

2.4. Molecular Dynamics (MD) Simulation

The optimal receptor–ligand complex pose for SRX and [(SRX)(TCNQ)] with a max-
imum docking score was acquired through the molecular docking investigation. The
GROMACS package version (2019.2) was used to accomplish MD simulation analysis
via GROMOS96 43a1 force field. The parameter files and topologies were created with
the most recent CGenFF through CHARMM-GUI [31,32]. The SPC water models that
prolonged 10 Å from the receptor were utilized to explain receptor–ligand structures [33].
To neutralize the systems, 59 Na+ and 64 Cl− ions (0.15 M salt) were injected to simulate
physiological salt concentrations (Figure 2).
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Figure 2. Receptor–ligand complex (a) SRXD and (b) CTcD in triclinic box solvated with water
molecules and neutralized with 59 Na+ and 64 Cl− ions (0.15 M salt).

Both systems were exposed to periodic boundary conditions at a continuous tempera-
ture (300 K) and pressure (1.0 bar) for 100 ns simulation time with a Leap-frog MD inte-
grator [34]. To minimize poor contact inside the system, energy reduction with 5000 steps
was performed [35]. The gmx hbond device was used to investigate hydrogen bonding.
The gyration radius was measured using gmx gyrate tool, while the solvent-accessible
surface area was calculated by gmx sasa. The root mean square deviation (RMSD) of the
protein was designed using the gmx rms tools. The GROMACS analytic tools [36] were
used to accomplish trajectory analysis. Grace Software was used to compute the plots,
while PyMol/VMD was utilized to visualize them [37].

96



Molecules 2022, 27, 3290

2.5. Computational Structural Analysis

DFT (Density functional theory) computational study was used for structural analy-
sis of CT complexes and optimized geometry with atomic coordinates, strain-free lattice
constants, and ground state minimum energy structure are obtained. Gaussian 09RevD.01
program [38] was used for this study. Gradient corrected correlation was applied with
Pople’s basic set B3LYP/6-311G++ [39]. For visualization of obtained DFT results, Chem-
Craft 1.5 software [40] was used.

3. Results and Discussion
3.1. Preapprehension

The attachment of the receptor to drugs does not affect the efficiency of its work, in fact,
it improves it. However, it should be noted that different drugs have varying efficacy when
they are connected with the receptor’s site [41–45]. Several reports showed differences in
the efficacy of two drugs targeting the same receptor because the activation of the receptor
is dependent on the rate of drug interaction with the receptor [43,44].

This drew pharmacologists’ attention to the importance of knowing the relationship
between drug chemical composition and physiological action. These findings may aid our
understanding of the molecular nature of drug–receptor interactions [43,44].

In many cases, the drug’s binding to the receptor seems to have low energy, certainly
lower than that involved in conventional covalent bonding [45]. Ionic association, par-
ticularly hydrogen bonding, and other weaker forces such as charge–transfer forces, or a
combination of many of these forces, can produce what is termed “receptor-drug complex-
ing”. The capacity of drugs and related compounds to form charge–transfer complexes
with well-defined electron acceptors or electron donors, primarily in non-aqueous circum-
stances, is used as a primary criterion for determining whether charge–transfer forces are
manipulated in any way [46–49].

The λmax of UV–Vis spectra of the synthesized charge–transfer complexes were found
to be at 340 and 436 nm for (SRX)(PA), 351 nm for (SRX)(DNB), 353 nm for (SRX)(pBBA),
528 nm for (SRX)(DCQ), 540 nm for (SRX)(DBQ), and lastly 745 and 833 nm for (SRX)(TCNQ).
According to photometric titration measurements, the produced charge–transfer complexes
between SRX and corresponding π-acceptors had a 1:1 molar ratio. The dative structure
D+–A of charge–transfer complexes in polar solvents were shown to be destabilized by the
dissociation of charge–transfer complexes into D+ and A [50–53].

In pharmacokinetics, examining the physical and chemical properties of pharmacolog-
ical substances in solution, as well as their mechanism of action, is critical. Spectroscopic
and thermodynamic approaches are used to assess the binding strength of pharmaceutical
compounds to other substances in living systems [41]. In biological and bioelectrochem-
ical energy transfer processes, electron acceptor complexes (EDA) are a common occur-
rence [42]. The development of highly colored charge–transfer complexes is often related
to molecular interactions between electron donors and acceptors, which absorb light in the
visible area [48].

Electron acceptor complexes with ionic bands are the most prevalent. Ionic interactions
and structural recognition are two crucial mechanisms in biological systems. For example,
drug action, enzyme activation, and ion transport across lipophilic membranes are all
intricate [45]. Ionic interactions are the fundamental outputs of selectivity, rate control, and
reversibility in many biological systems [46].

The most commonly used procedures for assessing various drugs and sophisticated
charge transfer investigations include UV direct spectrophotometry [47], colorimetry [48],
and HPLC [49]. EDA compounds, as previously reported, have good nonlinear optical
properties and electrical conductivity [54].

The six charge–transfer complexes were expected to have particle sizes of 50 nm for
(SRX)(PA), 25 nm for (SRX)(DNB), 5 nm for (SRX)(pNBA), 10 nm for (SRX)(DCQ), 20 nm
for (SRX)(DBQ), and 5 nm for (SRX)(DBQ) (TCNQ). These findings were based on TEM
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scans, which showed that the particles of the manufactured charge–transfer were nanoscale
in size.

The simultaneous thermal stability on the TG/DTG curves of all charge–transfer
complexes at a heating rate of 10 ◦C/min in a static nitrogen atmosphere are shown in
Figure 3. The overall mass loss from the TGA curves was 78.17% for SRX–PA, 58.38%
for SRX–DNB, 50.45% for SRX-p-NBA, 69.40% for SRX–DCQ, 77.58% for SRX–DBQ, and
75.69% for the SRX–TCNQ complexes. The complexes had mass losses of one to three
maxima peaks. The thermal analysis of the curves of the [(SRX)(π-acceptor)] CT complexes
clearly shows that the maximum DTG peaks are located at 415, 230, 357, 383, 343, and
370 ◦C, respectively.
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The Coats-Readfern and Horowitez-Metzegar methods [55,56] were used to collect the
kinetic thermodynamic data of the maximal DTG peak decomposition steps of all charge–
transfer complexes. The kinetic parameters, E, A, ∆S, ∆H, ∆G, and r were calculated, and
the data are listed in Table 1 and displayed in Figure 4.

98



Molecules 2022, 27, 3290

Table 1. Kinetic thermodynamic parameters for the six charge–transfer complexes based on Coats–
Redfern (CR) and Horowitz–Metzger (HM) methods.

Complex Method
Parameter

rE
(kJol−1)

A
(s−1)

∆S
(J mol−1 K−1)

∆H
(kJ mol−1)

∆G
(kJ mol−1)

(SRX)(PA)
CR 11.5 × 104 4.00 × 108 −8.52 × 101 1.12 × 105 1.54 × 105 0.9990

HM 11.2 × 104 5.60 × 109 −6.32 × 101 1.12 × 105 1.50 × 105 0.9989

(SRX)(DNB)
CR 7.80 × 104 1.50 × 105 −1.55 × 102 7.25 × 104 1.47 × 105 0.9980

HM 8.65 × 104 1.34 × 105 −1.30 × 102 8.12 × 104 1.44 × 105 0.9989

(SRX)(pNBA)
CR 6.38 × 104 1.32 × 104 −1.72 × 102 5.90 × 104 1.51 × 105 0.9995

HM 7.23 × 104 1.22 × 104 −1.56 × 102 6.71 × 104 1.54 × 105 0.9985

(SRX)(DCQ)
CR 4.80 × 104 1.25 × 105 −1.45 × 102 4.43 × 104 9.40 × 104 0.9943

HM 5.22 × 104 1.85 × 106 −1.32 × 102 4.68 × 104 9.22 × 104 0.9987

(SRX)(DBQ)
CR 5.77 × 104 5.12 × 103 −1.85 × 102 5.22 × 104 1.45 × 105 0.9890

HM 6.35 × 104 2.75 × 104 −1.72 × 102 5.90 × 104 1.40 × 105 0.9994

(SRX)(TCNQ)
CR 11.1 × 104 6.22 × 108 −8.14 × 101 9.72 × 104 1.33 × 105 0.9984

HM 11.8 × 104 5.50 × 109 −6.35 × 101 1.12 × 105 1.42 × 105 0.9996
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The activation energies of the [(SRX)(π–acceptor)] CT complexes in the case of the
maximum DTG peak decomposition step were as follows:

(SRX)(TCNQ) > (SRX)(PA) > (SRX)(DNB) > (SRX)(pNBA) > (SRX)(DBQ) > (SRX)(DCQ).

Among the six π–acceptors, it was found that the SRX–TCNQ and SRX–PA complexes
had greater activation energies than the other charge–transfer complexes. This is owing to
the presence of cyano and nitro groups in the TCNQ and PA acceptors [57].

3.2. UV–Vis Spectra and Photometric Titration

The UV-Vis spectra of the six charge–transfer complexes in methanol solvent were
investigated in the 200–900 nm range (Figure 5) [4]. These charge–transfer complexes
are formed by combining 1.00 mL of 0.5 mM from the SRX drug donor with different
volumes of the six π-electron acceptors to reach a final concentration of 0.5 mM. With
methanol as the solvent, each charge–transfer system had a total volume of 5 mL. Absorp-
tion bands for [(SRX)(PA), [(SRX)(DNB)], [(SRX)(p-NBA)], [(SRX)(DCQ)], [(SRX)(DBQ)],
and [(SRX)(TCNQ)] donor–acceptor interaction systems appeared at λmax of 436 nm,
351 nm, 353 nm, 528 nm, 540 nm, and 745 nm, respectively. At 25 ◦C, photometric titrations
were performed with the SRX medication as an electron donor and the six π–electron
acceptors. The molar ratio of the produced charge–transfer complexes between SRX and
the corresponding π–electron was 1:1. The photometric titration curves for the maximal
charge–transfer absorption bands (λmax) are shown in Figure 6 [4].
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The photometric titration findings were obtained by graphing the absorbance (Y-axis)
against the ratio of indicated acceptors (X-axis) using established procedures [4].

The molar ratio of the produced charge–transfer complexes between SRX medication
and identified–acceptors is 1:1 (Figure 6).

3.3. 1H-NMR Spectra

The 1H-NMR spectra of all six π-acceptors complexes are investigated (Figure 7); while
the 1H-NMR spectra of SRX only were cited previously [58]. The NH2 protons of the SRX
amino group are downfield displaced by 6.87–6.98 ppm as a result of the involvement of one
pair of electrons on the amino group towards the six electron π-acceptors. The peaks of other
aromatic and methylene protons are similarly pushed downfield to higher ppm values, indi-
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cating the formation of six charge–transfer complexes (Supplementary Material Figure S1).
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Figure 7. Best docking pose showing a helical model of dopamine docked with (a) [(SRX)(TCNQ)]
and (b) [SRX].

3.4. Molecular Docking Studies

To find the optimal docking pose, the six CT complexes were docked against three
protein receptors: serotonin, dopamine, and TrkB kinase. For comparison, the SRX drug
(donor moiety) was employed as a control. The potential binding energy of CT complexes
was higher than that of SRX in all receptors, according to the molecular docking of these
six complexes (Table 2).
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Table 2. The docking score of six synthesized CT complexes docked with three receptors [serotonin
(PDB ID: 6BQH), dopamine (PDB ID: 6CM4), and TrkB kinase (PDB ID: 4ASZ)].

Receptor
Binding Free Energy (kcal/mol)

6BQH 6CM4 4ASZ

SRX-PA −7.8 −9.2 −8.4
SRX-DNB −6.8 −8.3 −6.5

SRX-pNBA −8.7 −7.8 −7.0
SRX-DCQ −7.5 −9.5 −7.4
SRX-DBQ −7.9 −8.1 −7.5

SRX-TCNQ −9.4 −9.9 −8.2
SRX −7.4 −7.3 −6.0

Of the six CT complexes studied, [(SRX)(TCNQ)] exhibited the highest docking energy
values. [(SRX)(TCNQ)] had predicted binding energies of −9.3, −9.9, and −8.2 kcal/mol
with serotonin, dopamine, and TrkB kinase receptors, respectively. The binding energy
of [(SRX)(TCNQ)]-dopamine (CTcD) is higher than that of serotonin and the TrkB kinase
receptors, indicating a stronger link. The optimal docking pose of (CTcD) is shown in
Figure 5, and the docking data are listed in Table 3.

Table 3. The interactions of SRX-TCNQ and SRX with dopamine (6CM4).

Receptor Binding Free Energy (kcal/mol) Interactions
H-Bond Others

SRX-TCNQ −9.9 Tyr416 and Trp413 Leu94, Trp100 (π-Alkyl); Phe189 (π-Sigma);
Asp114 (π-Anion); Ile184 (Halogen-Fluorine)

SRX −7.3 Ser409 and Thr412 Tpr100, Val91 (π-Alkyl); Tyr416 (π-Sigma)

The [(SRX)(TCNQ)]-dopamine (CTcD) shows that the amino acid residues, includ-
ing Tyr416 and Trp413, formed hydrogen bond interactions (Figure 8a). There are other
interactions between Leu94, Trp100 (π-Alkyl), Phe189 (π-Sigma), Asp114 (π-Anion), and
Ile184 (halogen-fluorine) [59]. The theoretical binding energies of SRX with the serotonin,
dopamine and TrkB kinase receptors were −7.3, −7.4, and −6.0 kcal/mol, respectively,
after molecular docking. The [SRX]-dopamine (SRXD) receptor had a stronger connection
than the serotonin and TrkB kinase receptors due to its greater binding energy value.
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The interaction between SRX and dopamine is illustrated in Figure 8b. The amino acid
residues, including Ser409 and Thr412, formed hydrogen bond connections between SRX
and dopamine. There were also interactions between Tpr100, Val91 (π-alkyl), and Tyr416
(π-sigma). These data indicate that the [(SRX)(TCNQ)] complex binds to the three protein
receptors more efficiently than the reactant donor (SRX) alone and that the CTcD has the
highest binding energy value. TNCQ is a powerful electron acceptor that forms charge
transferring chains due to the existence of its four cyano groups and π-conjugation bonds.
This facilities the increase in interactions (such as H-bond, π-Alkyl, π-Sigma, π-Anion,
along with SRX) with receptors.

Given the growing evidence that DA transmission assists antidepressant therapeutic
goals [60], this augmentation of transmission could have clinical implications. This is
because the majority of modern antidepressants do not boost dopamine neurotransmis-
sion [60]. One reason for DA’s significance is that it regulates motivation, concentration, and
pleasure [60]. Figure 9 shows two-dimensional depictions of ligand–receptor interactions.
Figure 10 and Figure S2 show the hydrophobic, ionizability, aromatic, and hydrogen bond
surfaces at the interaction location of [(SRX)(TCNQ)] and dopamine, respectively.
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3.5. Molecular Dynamics Simulation

For the 100 ns simulation run, the best-docking position for SRXD and CTcD with the
highest docking score was used. The RMSD of molecular dynamics data was calculated
to investigate structural stability. After 45 ns and 60 ns, respectively, SRXD and CTcD
established constant conformation with an appropriate RMSD value of 2.85 and 3.56,
respectively (Figure 11).
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As indicated previously, <3.0 Å is the most acceptable RMSD value range, which
indicates better system stability [61]. This finding shows that the CTcD develops a more
stable combination. The findings revealed that ligand-receptor interactions bring protein
chains closer and reduce the gap between them, as shown in Figure 12 [62].
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The average distance and standard deviation for all amino acid pairs between two
conformations were calculated using RR distance maps [63]. In Figure 13, the patterns of
spatial interactions are depicted using the RR distance maps [64].
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On the map, the white oblique represents the zero distance between two amino acid
residues, whereas the red and blue elements depict residue pairs with the biggest distance
deviations between the two forms. The average radius of gyration (Rg) value of 28.75 and
28.52 Å was observed for SRXD and CTcD, respectively. Along the simulation time, Rg
decreased, indicating that the structures became more compact (Figure 14).
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Figure 14. The radius of gyration (Rg) for SRXD complex (black) and CTcD complex (green) during
100 ns simulation time.

The number of hydrogen bond interactions between ligand and receptor combinations
(SRXD and CTcD) were displayed against time using a grid search on a 15 × 20 × 27 grid
with a rcut = 0.35 value (Figure 15).

The hydrogen bonds between SRX and dopamine were at 33 and 1356 atoms, respec-
tively. While they were between 56 and 5109 atoms for the CT complex and dopamine.
However, there were 709 donors for both (SRXD and CTcD), 1356 acceptors for SRXD, and
1426 acceptors for CTcD. For SRXD and CTcD, the average number of hydrogen bonds per
time was found to be 0.065 and 0.144 out of 480,702 possible.

Overall, these findings suggest that the receptor–protein interaction increased the
number of hydrogen bonds by a significant amount in CTcD. As the ligand attached to
the receptor, the values of the solvent-accessible surface area (SASA) changed (Figure 16).
When the receptor interacts with the ligand, the SASA is lowered, indicating a change in
protein structure and a smaller pocket size with increased hydrophobicity.
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3.6. Theoretical Structural Analysis

Density functional theory (DFT) using B-3LYP/6-311G++ (basis set) level of theory
and optimized geometry of the CT complexes- [(SRX)(PA}], [(SRX)(DNB), [(SRX)(p-NBA)],
[(SRX)(DCQ)], [(SRX)(DBQ)], and [(SRX)(TCNQ)] with atomic coordinates, strain-free lat-
tice constants and ground state minimum energy structure are obtained. The optimized
structures of all the CT complexes with the Mulliken numbering scheme are shown in
Figure 17. The minimum SCF energy of obtained for [(SRX)(PA}], [(SRX)(DNB), [(SRX)(p-
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NBA)], [(SRX)(DCQ)], [(SRX)(DBQ)], and [(SRX)(TCNQ)] is−1958.944644 to,−1689.608194,
−1673.728419, −2788.736562, −7011.542112, and −1726.964350 a.u in 87, 90, 38, 176, 34,
and 91 steps, respectively (Figure 18). Based on the optimized structure, some molecu-
lar parameters (SCF minimum energies, dipole moments, and Electronic spatial extent)
were calculated in the gas phase (Table 4). The HOMO–LUMO gap (∆E) for [(SRX)(PA}],
[(SRX)(DNB), [(SRX)(p-NBA)], [(SRX)(DCQ)], [(SRX)(DBQ)], and [(SRX)(TCNQ)] was cal-
culated as 2.78, 3.44, 3.31, 2.29, 2.43, and 1.89 eV, respectively. The overall order of the
chemical reactivity of the CT complexes on the bases of ∆E is as follows- [(SRX)(TCNQ)] >
[(SRX)(DCQ)] > [(SRX)(DBQ)] > [(SRX)(PA}] > [(SRX)(p-NBA)] > [(SRX)(DNB)].
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4. Conclusions 

The charge transfer complexes between the seproxetine as a donor and picric acid, 
dinitrobenzene, p-nitrobenzoic acid, 2,6-dichloroquinone-4-chloroimide, 2,6-dibromoqui-
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characterized and studied for interaction with three receptors (serotonin, dopamine, and 
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three receptors more efficiently than the reactant donor (SRX); among all, [(SRX)(TCNQ)]-
dopamine (CTcD) had the highest binding energy value. Using AutoDock Vina, the mo-
lecular dynamics simulation of the 100 ns run revealed that both the SRX-dopamine and 
CTcD complexes had a stable conformation; however, the CTcD complex was more stable. 
DFT calculations provided the optimized geometries of the CT complexes. In the context 
of mounting evidence for the role of DA transmission, such transmission enhancement 
might be of potential research and clinical benefit. 
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Figure 18. Optimization step graph for (a) [(SRX)(PA}], (b) [(SRX)(DNB), (c) [(SRX)(p-NBA)],
(d) [(SRX)(DCQ)], (e) [(SRX)(DBQ)], and (f) [(SRX)(TCNQ)].

Table 4. Theoretical molecular parameters of the CT complexes obtained through DFT.

CT Complex Minimum SCF
Energy (a.u.)

Dipole Moment
(Debye)

Electronic
Spatial Extent

(a.u.)
∆E (eV)

[(SRX)(PA}] −1958.944644 10.500053 33,762.8991 2.7845

[(SRX)(DNB)] −1689.608194 9.644797 20,168.3034 3.4449

[(SRX)(p-NBA)] −1673.728419 11.524028 26,521.9908 3.3189

[(SRX)(DCQ)] −2788.736562 5.693616 19,344.1851 2.3924

[(SRX)(DBQ)] −7011.542112 5.965700 18,542.9710 2.4310

[(SRX)(TCNQ)] −1726.964350 5.607618 35,156.4199 1.8942

4. Conclusions

The charge transfer complexes between the seproxetine as a donor and picric acid, dini-
trobenzene, p-nitrobenzoic acid, 2,6-dichloroquinone-4-chloroimide, 2,6-dibromoquinone-
4-chloroimide, and 7,7′,8,8′-tetracyanoquinodi methane as π-electron acceptors were char-
acterized and studied for interaction with three receptors (serotonin, dopamine, and TrkB
kinase receptor). The spectrophotometric analysis confirmed that the charge–transfer in-
teractions between the electrons of the donor and acceptors were 1:1 (SRX: π–acceptor).
Molecular docking revealed that the CT complex [(SRX)(TCNQ)] interacted with all three re-
ceptors more efficiently than the reactant donor (SRX); among all, [(SRX)(TCNQ)]-dopamine
(CTcD) had the highest binding energy value. Using AutoDock Vina, the molecular dynam-
ics simulation of the 100 ns run revealed that both the SRX-dopamine and CTcD complexes
had a stable conformation; however, the CTcD complex was more stable. DFT calculations
provided the optimized geometries of the CT complexes. In the context of mounting
evidence for the role of DA transmission, such transmission enhancement might be of
potential research and clinical benefit.
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Abstract: Quetiapine (QTP) is a short-acting atypical antipsychotic drug that treats schizophrenia or
manic episodes of bipolar disorder. Human serum albumin (HSA) is an essential transport protein that
transports hormones and various other ligands to their intended site of action. The interactions of QTP
with HSA and their binding mechanism in the HSA-QTP system was studied using spectroscopic
and molecular docking techniques. The UV-Vis absorption study shows hyperchromicity in the
spectra of HSA on the addition of QTP, suggesting the complex formation and interactions between
QTP and HSA. The results of intrinsic fluorescence indicate that QTP quenched the fluorescence of
HSA and confirmed the complex formation between HSA and QTP, and this quenching mechanism
was a static one. Thermodynamic analysis of the HSA-QTP system confirms the involvement of
hydrophobic forces, and this complex formation is spontaneous. The competitive displacement and
molecular docking experiments demonstrated that QTP is preferentially bound to HSA subdomain
IB. Furthermore, the CD experiment results showed conformational changes in the HSA-QTP system.
Besides this, the addition of QTP does not affect the esterase-like activity of HSA. This study will help
further understand the credible mechanism of transport and delivery of QTP via HSA and design
new QTP-based derivatives with greater efficacy.

Keywords: quetiapine; human serum albumin; hydrophobic interaction; thermodynamic parameters

1. Introduction

In recent years, psychoactive drug usage has increased worldwide due to the in-
creasing incidence of related psychiatric disorders [1]. However, the most commonly
prescribed psychoactive drugs, such as antidepressants, antipsychotics, and mood stabiliz-
ers, cause unwanted side effects (excessive systemic drug exposure) and toxicity to human
systems [2,3].

Quetiapine (QTP Figure 1A) is a second generation (short-acting atypical) antipsy-
chotic drug of dibenzothiazepine (class), which is used to treat schizophrenia, acute bipolar
disorder, and major depression in adolescents and adults [4–7]. The exact mechanism of
action of QTP is poorly understood. However, QTP is an antagonist of various neurotrans-
mitter receptors in the brain, such as dopamine D1 and D2, adrenergic alpha receptors
alpha1 and alpha2, histamine H1, and serotonin 5-HT1A and 5-HT2, respectively [8,9].
Specifically, the antipsychotic and antidepressant effects of QTP are believed to be due
to the interactions of the above-mentioned neurotransmitter receptors dopamine (D1 and
D2), adrenergic alpha receptors (α1 and α2), histamine (H1), and serotonin (5-HT1A and
5-HT2) [9].
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Recent studies explore the insight of binding affinity and mechanism of plasma pro-
teins and drug interactions [10–15]. Recently, nanotechnology has helped explore the inter-
action mechanisms [16,17]. However, the interaction between the drug proteins (plasma)
and their mechanism is vital because they directly affect therapeutic drugs’ pharmaco-
dynamic and pharmacokinetic properties in the human system [10]. Moreover, the drug
proteins (plasma) interactions help to decipher the therapeutic efficacy, distribution, and
bioavailability of therapeutic drugs and assist in enhancing solubility in plasma protein,
reducing toxicity, and protecting against oxidation [18–20].

Human serum albumin (HSA) is a principal plasma protein with critical physio-
logical functions and facilitates the transportation of many molecules and metabolites
(Figure 1B) [21]. It is a monomeric chain globular plasma protein (585 amino acids residues),
and its 3D structure consists of three homologous domains (I-III-A and B subdomains). The
essential binding regions for drugs in the HSA are Sudlow’s site I (subdomains IIA) and
Sudlow’s site II (subdomains IIIA) [22–25]. However, there is also Site III (subdomain IB),
which is also believed to play an essential role in binding various drugs [26]. Therefore,
HSA has multiple binding sites and can bind several different drugs, thus making it a
fundamental functional drug carrier [27]. Furthermore, the binding of therapeutic drugs
within HSA is commonly reversible via weak interactions such as hydrogen bonding,
hydrophobic forces, ionic interactions, and van der Waal’s interactions [28].

To the best of our knowledge, the interaction binding mechanism of QTP and HSA
has still not been investigated. Here, multi-spectroscopic techniques and biochemical
and molecular docking approaches were applied to scrutinize the binding properties of
QTP with HSA under physiological conditions. However, we considered the possibility
of complexation between QTP-HSA, which would explore the pharmacodynamics and
pharmacokinetics of QTP. The QTP-HSA interactions reported here would explain the
binding mechanism at the molecular level and facilitate efforts to modify new therapeutic
drugs that optimize their distribution within the human body.

2. Results and Discussion
2.1. UV-Vis Absorption Spectroscopy

UV-Vis spectral analyses are carried out to observe the structural and conformational
changes in the protein molecule induced by the binding ligands and thus to obtain informa-
tion about their interaction mechanism. [29]. The UV-Vis absorption spectra of the HSA and
HSA-QTP complex are shown in Figure 2. It is apparent from the spectra that HSA exhibits
an absorption peak at 280 nm coming from the π-π* transition of the aromatic amino acids
(tryptophan (W), tyrosine (Y), phenylalanine) [30]. An increase in QTP concentration was
accompanied by a slight shift in the absorption wavelength. This blue shift indicates that
QTP binding is associated with changes in the local environment of HSA. In addition,
there is an increase in UV-absorption intensities of HSA at around 280 nm at increasing
concentrations of QTP, and this hyperchromicity suggests the HSA-QTP system formation.
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Hyperchromicity at around 280 nm in HSA after QTP addition also confirms that the
aromatic amino acid (W and Y) microenvironment changes due to the HSA-QTP complex
formation [31,32].

Molecules 2022, 27, x FOR PEER REVIEW 3 of 17 
 

 

amino acids (tryptophan (W), tyrosine (Y), phenylalanine) [30]. An increase in QTP con-

centration was accompanied by a slight shift in the absorption wavelength. This blue shift 

indicates that QTP binding is associated with changes in the local environment of HSA. 

In addition, there is an increase in UV-absorption intensities of HSA at around 280 nm at 

increasing concentrations of QTP, and this hyperchromicity suggests the HSA-QTP sys-

tem formation. Hyperchromicity at around 280 nm in HSA after QTP addition also con-

firms that the aromatic amino acid (W and Y) microenvironment changes due to the HSA-

QTP complex formation [31,32].  

 

Figure 2. UV absorption spectra of HSA (5 μM) in the absence and presence of increasing concen-

trations of QTP (5-30 μM) in the wavelength range 240-410 nm. 

2.2. Fluorescence Emission Spectroscopy of the HSA-QTP Complex  

Fluorescence emission spectroscopy is a multipurpose biophysical technique used to 

study the binding mechanism of protein-ligand interactions and to evaluate the binding 

parameters [10,12,26]. The fluorescence emission spectra of HSA alone and the HSA-QTP 

complex are given in Figure 3A. It is apparent from Figure 3A that HSA exhibits a strong 

emission peak at 340 nm upon excitation at 295 nm due to W-214 residue. Further, the 

addition of different concentrations of QTP (0–35 μM) leads to the quenching of HSA flu-

orescence intensity without changing the peak shape. This fluorescence quenching sug-

gests the formation of the HSA-QTP system and suggests a possible microenvironmental 

alteration in HSA upon treatment with QTP [33,34]. 
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tions of QTP (5–30 µM) in the wavelength range 240–410 nm.

2.2. Fluorescence Emission Spectroscopy of the HSA-QTP Complex

Fluorescence emission spectroscopy is a multipurpose biophysical technique used to
study the binding mechanism of protein-ligand interactions and to evaluate the binding
parameters [10,12,26]. The fluorescence emission spectra of HSA alone and the HSA-QTP
complex are given in Figure 3A. It is apparent from Figure 3A that HSA exhibits a strong
emission peak at 340 nm upon excitation at 295 nm due to W-214 residue. Further, the
addition of different concentrations of QTP (0–35 µM) leads to the quenching of HSA
fluorescence intensity without changing the peak shape. This fluorescence quenching
suggests the formation of the HSA-QTP system and suggests a possible microenvironmental
alteration in HSA upon treatment with QTP [33,34].
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Figure 3. (A) Steady-state fluorescence emission spectra of HSA were recorded in the absence and
presence of increasing concentrations of QTP. The intrinsic fluorescence of the HSA was measured at
295 K in the wavelength range of 300–420 nm after exciting at 295 nm. The black arrow represents
fluorescence quenching of HSA on titration with QTP (B) Stern-Volmer plot for QTP-HSA interaction
(295, 300, 310 K). (C) Double log plot for the QTP-HSA interaction at different temperatures (295, 300,
310 K). (D) van ’t Hoff plot (lnK vs. 1/T) for the binding of QTP to HSA. The concentration of HSA
was 5 µM and was titrated with QTP (0–35 µM) in all the experiments (A–D).

2.2.1. Fluorescence Quenching Mechanism (FQM) of the Interactions of the HSA-QTP System

According to the literature, the protein’s fluorescence quenching mechanism (FQM)
consists mainly of dynamic quenching and static quenching. In the case of dynamic
quenching, the interaction of the fluorophore with the quencher is indirect. In contrast,
in the case of static quenching, a ground state complex formation exists between the
fluorophore and quencher [30]. Therefore, the FQM can be sorted out based on their
temperature dependence. Furthermore, in the case of static quenching, Ksv values are
inversely proportional to temperature, whereas in dynamic Ksv, the values are directly
proportional to temperature. Therefore, the FQM of the HSA-QTP system was evaluated
by recording the fluorescence spectra of HSA-QTP at different temperatures (295, 300, and
305 K), and the fluorescence quenching data of the HSA-QTP system was analyzed using
the Stern-Volmer equation [30]:

F0

F
= 1 + Ksv[Q] (1)

where F0 and F represent the steady-state fluorescence of HSA and the HSA-QTP complex,
respectively. [Q] represents the quencher concentration (QTP), and Ksv represents the Stern-
Volmer constant. The Ksv plot for the HSA-QTP system obtained at various temperatures
(295, 300, and 305 K) is given in Figure 3B. It is found that the Ksv values for the HSA-QTP
system decreased with a temperature rise, confirming the static quenching mechanism for
the HSA-QTP system (Table 1). In addition, the fluorescence mechanism (quenching) was
also analyzed according to the bimolecular rate constant values using the equation:

kq = Ksv/τ0 (2)

where kq is the bimolecular rate constant, and τ0 is the average lifetime of the protein in
the absence of the quencher and is valued at 10−8 for biopolymers [35]. The calculated
bimolecular quenching rate constant value for the HSA-QTP system is presented in Table 1.
The kq values were found to be higher than the value of the scattering collision constant
(2 × 1010 M−1 s−1), which again suggests the involvement of a static quenching mechanism
between the HSA-QTP system [36].
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Table 1. The values of the Stern-Volmer constant and quenching rate constant for the QTP-HSA system.

pH Temp (K) Ksv (× 104 M−1) Kq (× 1012 M−1 s−1) R2

7.4
295 0.7 0.7 0.987
305 0.5 0.5 0.992
310 0.3 0.3 0.993

2.2.2. Evaluation of the Binding Constants and the Number of Binding Sites in the
HSA-QTP System

Intrinsic fluorescence data at different temperatures (295, 300, and 305 K) were used to
determine the binding constant (Kb) and binding stoichiometry (n) of the HSA-QTP system
by using the following equation [10,30]:

log
(F0 − F)

F
= log Kb + n log[Q] (3)

where F0 and F represent fluorescence intensities of HSA with or without the quencher
(QTP), respectively. Kb and n represent the binding constant and binding stoichiometry in
the HSA-QTP system. The double log plot of log [(F0 − F)/F] vs. log [Q] (Figure 3C) was
used for the determination of the binding constant and binding stoichiometry. The values
of Kb and n were calculated from the intercept and slope of the plot, as shown in Figure 3C.
As per Figure 3C, Kb and n at different temperatures for the HSA-QTP system are presented
in Table 2. A decrease in the binding constant was observed at higher temperatures for
the HSA-QTP system. Further, the binding constants were ~104, suggesting a moderate
binding between HSA and QTP.

Table 2. The binding constant values and the number of binding sites for the interaction of QTP with HSA.

pH Temp (K) Kb (× 104 M−1) N R2

7.4
295 1.326 1.28 0.996
305 1.236 1.31 0.994
310 1.200 1.35 0.994

2.2.3. Determination of the Binding Forces between HSA and QTP-Thermodynamic Analysis

The primary binding intermolecular forces that are involved in the drug-protein
interactions were estimated via thermodynamic parameters. The protein-drug interactions
are held together by hydrophobic interactions, hydrogen bonds, electrostatic forces, and
van der Waal interactions. Moreover, the sign and magnitude of the enthalpy (∆H0) and
entropy (∆S0) change to determine the nature of binding forces in the drug-protein complex.
For the hydrophobic interactions, the sign and magnitude must have a positive value for
∆H0 and ∆S0. At the same time, in the case of van der Waals forces and hydrogen bonding,
it must be negative for ∆H0 and ∆S0 [36,37]. Additionally, for the electrostatic interaction,
∆H0 should be negative and ∆S0 positive. The free energy (∆G0) change of the HSA-QTP
system can be determined by using the van ’t Hoff equation and the thermodynamic
equation given below:

lnKb = −∆H0

RT
+

∆S0

R
(4)

∆G0 = ∆H0 − T∆S0 (5)

where R represents the gas constant (8.314 J mol −1 K −1), T is the temperature in kelvins,
and Kb represents the binding constant at the studied different temperatures. ∆H0 and ∆S0

are obtained from the slope and intercept of the plot between lnK and 1/T (Figure 3D).
The results of ∆G0, ∆H0, and ∆S0 obtained from HSA-QTP interactions are summarized
in Table 3. The positive values of ∆H0 and ∆S0 for the HSA-QTP system suggest that
hydrophobic interactions played a significant role in the binding process of QTP to HSA.
Thus, the formation of the HSA-QTP complex was exothermic and spontaneous [38].
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Table 3. Various thermodynamic parameters for QTP-HSA complex formation at various temperatures.

Temp (K) ∆H0 (KJ mol−1) ∆S0 (JK−1 mol−1) T∆S0 (KJ mol−1) ∆G0 (KJ mol−1)

295
5.087 81

23.89 −18.8
305 24.705 −19.61
310 25.11 −20.11

2.2.4. Synchronous Fluorescence Spectroscopy (SFS) Experiment

The synchronous fluorescence spectrometry helps to provide information about the lo-
cal environment of proteins around W and Y residues upon interaction with ligands [30,39].
In this experiment, the fluorescence difference between excitation and emission wave-
lengths reflects the nature of the spectra. A difference of wavelength (∆λ) of 15 nm is
characteristic for (Y), and 60 nm is typical of (W) residues. Therefore, any shift in the
maximum emission wavelength reflects the local environment changes around aromatic
amino acid residue (Y and W) [40]. The SFS emission spectra of the HSA-QTP complex are
given in Figure 4A,B. It was clear from Figure 4 that the HSA fluorescence intensity of both
(W and Y) regularly decreases with the addition of QTP. Further, no shift in the emission
wavelength was observed for either of the spectra at ∆λ = 15 nm or 60 nm. The HSA-
QTP interaction did not lead to any microenvironmental change in the protein molecule
upon interaction.
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Figure 4. Synchronous fluorescence spectra at ∆λ = 15 nm (A) and ∆λ = 60 nm (B) of HSA (5 µM) in
the absence and presence of increasing concentrations of QTP (0-35 µM). At ∆λ = 15 nm (for Y), the
excitation wavelength of HSA was fixed at 240 nm, and the emission range was 255–400 nm, whereas
at ∆λ = 60 nm (for W), the excitation wavelength was taken at 240 nm and the emission range was
300–400 nm.

2.2.5. Binding and Prediction of Site Markers in the HSA-QTP System

A site marker displacement experiment was investigated to identify QTP binding site
on HSA. In this experiment, here warfarin (WAR) for Sudlow’s site I (subdomain IIA),
ibuprofen (IBU) for Sudlow’s Site II (subdomain IIIA), and hemin (HEM) for binding site
III (subdomain IB) were used as HSA site marker probes; [10,26]. As a result, fluorescence
spectra were recorded HSA-QTP system in the presence of site marker probes (0–30 µM).
Moreover, the displacement percentage (I%) of QTP with the site markers is estimated by
the following methods [40,41]:

I(%) =
F2

F1
× 100 (6)

F1 and F2 represent the fluorescence emission intensities of the HSA-QTP system in
the absence and presence of different site markers, respectively. However, the percentage
of displacement values of the HSA-QTP complex against the different concentrations of site
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markers is shown in Figure 5. It is apparent from Figure 5 that the displacement percentage
of QTP from HSA by hemin is appreciably higher than WAR and IBU. Thus, the binding
site of QTP is predicted to be in site III (subdomain IB) of HSA.
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Figure 5. Effect of site probes on the fluorescence emission intensities of the HSA-QTP system. The
experiments were carried out using three site probes (warfarin, ibuprofen, and hemin). (HSA = 5 µM,
QTP = 10 µM, C = 0-30 µM), λex = 295 nm, T = 295 K.

2.2.6. Circular Dichroism Spectra Changes in HSA upon QTP Binding

Circular dichroism (CD) spectroscopy is a versatile technique mainly used to detect
structural and conformational changes in protein structure. The CD spectra of HSA have
two negative peaks in the UV region, which reflect α-helix at around 208 and 222 nm of the
protein [42]. Figure 6 represents the CD spectra of HSA alone and the HSA-QTP system at
different molar ratios of 1:0–1:2. The addition of QTP leads to a decrease in the ellipticity
of HSA, suggesting the loss of α-helical content. The CD results showed that the α-helix
content of the HSA and QTP-HSA system was 55.92% and 48.88%, respectively. Therefore,
these results suggest that the addition of QTP leads to secondary structure change of HSA
α-helix content.

2.2.7. QTP-Induced Thermal Stabilization of HSA

The binding of drugs to plasma proteins can increase the protein’s thermal stability [43].
Various studies have shown that drugs induced thermal stabilization to HSA [44,45]. There-
fore, the thermal stability measurements of HSA were carried out at different temperatures
in the absence and presence of QTP binding. The temperature-dependent titrations mea-
surements were performed on HSA (5 µM) without or with QTP (50 µM) in different
temperature range, 25–80 ◦C (5 ◦C intervals). Figure 7 shows the influence of temperature
on the fluorescence intensity of the HSA and HSA-QTP system at 343 nm. In the presence
of QTP at 45 ◦C, the decrease in FI of the HSA-QTP system was lesser than HSA alone.
However, our thermal stability results demonstrated QTP-induced stability to HSA via
QTP-HSA system formation (coupling of binding and unfolding equilibrium) [46].
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1 
 

 
Figure 7. Thermal stability profiles of HSA and the QTP-HSA (1:10) system in the temperature range,
25–80 ◦C, as monitored by fluorescence intensity measurements at 343 nm (FI 343 nm) using a protein
concentration of 5 µM in 60 mM sodium phosphate buffer, pH 7.4.
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2.2.8. Effect of QTP Binding on the Esterase-Like Activity of HSA

HSA is the most abundant protein in the blood plasma and possesses catalytic func-
tions such as esterase-like activity [47]. Amino acid residues such as Arg-410 Tyr-41
(Sudlow’s site II (subdomain IIIA)) of HSA play a predominant function in esterase activity
(Watanabe et al., 2000) [48]. However, the effect of QTP binding on the esterase-like activity
of HSA is shown in Figure 8. It was observed that upon the addition of QTP (0–75 µM),
there is no inhibiting effect on the esterase-like activity of HSA.
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Figure 8. Estimated esterase activity in HSA (5 µM) in the absence and presence of increasing
concentrations of QTP (0–75 µM).

2.2.9. Computational Modeling of the HSA-QTP Complex

The binding region and amino acid residues involved in the interaction of QTP with
HSA were evaluated by molecular docking analysis [27,45,47]. The most suitable confir-
mation of the HSA-QTP system is given in Figure 9A,B. The molecular docking results
suggested the QTP binding region at subdomain IB (Site III) of HSA (Figure 9A). Fur-
ther, QTP binds to HSA and forms two hydrogen bonds with VAL120 and ASP173 amino
acid residues of HSA (Figure 10A). In addition to the two hydrogen bonds, the QTP
molecule is surrounded by LEU-179, ARG-117, ALA-176, ASP-121, LEU-179, PRO-118,
ALA-172, VAL-120, ASP-173, GLU-119, LYS-174, and ALA-175 through different interac-
tions (Figure 10). The autodock results also showed that the binding affinity of QTP to HSA
was −8.2 kcal mol−1. Thus, we can conclude that the molecular docking results agree with
the site displacement markers experiments (Figure 5).
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Figure 10. (A) The 2D binding site was magnified to show the surrounding amino acid residue of
HSA interacting with QTP. (B) Three-dimensional structure of interactions of HSA with QTP.

3. Materials and Methods
3.1. Chemical Reagents

HSA (A1887, fatty acid and globulin free) and QTP (purity, 90%) were obtained from
Sigma Chemical Co. (St. Louis, Mo, USA) and GLR. Scientific. Co. (Delhi, India), warfarin,
ibuprofen through the National Scientific company (Riyadh, KSA) and hemin were obtained
from SRL Pvt. Ltd. (Mumbai, India). All other chemicals and reagents for this study were
of high analytical grade.

3.2. Sample Preparation

HSA stock solution (200 µM) was prepared in Tris-HCI buffers (0.2 M) pH 7.4. In
addition, the stock of QTP (10 mM) was prepared in methanol and then diluted with
Tris-HCI buffers (0.2 M), pH 7.4, to prepare the working standard samples of QTP. Finally,
the buffer was prepared using Type I Millipore water (Burlington, MA, USA).
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3.3. Instrumentations

The UV-Vis absorption spectra were recorded on a UV-1800 spectrophotometer (Shi-
madzu, Kyoto, Japan) using a 1.0 × 1.0 cm cell. The fluorescence experiments were recorded
on an RF-5301PC spectrofluorometer (Shimadzu, Kyoto, Japan) fitted with a xenon-flash
lamp with quartz-cuvettes. The circular dichroism experiments were recorded on a JASCO
J-1500-CD spectrophotometer (Mary’s Court, Easton, MD, USA) equipped with a Peltier
temperature controller with a quartz cuvette.

3.4. Methods
3.4.1. UV-Visible Absorption Spectroscopy

UV-Visible absorbance spectra of HSA (5 µM) in the absence and presence of QTP
(0–30 µM) at 298 k were recorded at wavelengths from 240 to 410 nm, and baseline correc-
tion was performed using an appropriate buffer.

3.4.2. Steady-State Fluorescence Measurements

The intrinsic fluorescence spectra of HSA were recorded at an emission wavelength
(300–420 nm) upon excitement at 295 nm. The HSA (5 µM) samples were titrated with
QTP (0–35 µM) at three different temperatures (295, 300, 305 K) to estimate thermodynamic
parameters. The obtained fluorescence data were corrected for inner filter effects.

3.4.3. Synchronous Fluorescence Spectroscopy (SFS) Experiments

For this experiment, SFS measurements of HSA (5 µM) titrated with different concen-
trations of QTP (0–35 µM) were performed in different experiments by setting wavelength
intervals (∆λ) at 15 nm for tyrosine residue (Y) and 60 nm for tryptophan residue (W) in
the same experimental conditions as the fluorescence measurements.

3.4.4. Competitive Site Probe Displacement (CSPD) Experiments

Briefly, in these experiments, CSPD experiments were carried out to locate the binding
site of QTP on the HSA. Warfarin (WAR) (Sudlow’s site I), ibuprofen (IBU) (Sudlow’s
site II), and hemin (HEM) (site III) site markers were used to locate the binding region of
QTP in HSA. Initially, fluorescence spectra were performed by titrating a solution of 5 µM
HSA and QTP 10 µM with increasing site marker (0–30 µM) concentrations in separate
experiments. All other parameters (excitation and emission wavelength) were uniform for
the fluorescence measurements.

3.4.5. Circular Dichroism (CD) Spectroscopy Measurements

The far CD spectra of HSA and the HSA-QTP complex were recorded at a wavelength
between 200 and 260 nm on the spectropolarimeter with a scan speed of 100 nm min−1.
HSA (5 µM) was titrated with 10 µM QTP. The measured ellipticity values were expressed
as the mean residue ellipticity (MRE) in deg cm2 dmol−1, defined by equation [48]:

MRE =
Observed CD (θobs)

c × n × l × 10
(7)

where θobs is the measured ellipticity in millidegree, “n” is the number of amino acids
residues, “l” is the path length of the cuvette (cm), and “c” is the molar concentration of
protein. The α-helical content of HSA was determined by equation [48]:

α-helical content(%) =
[MRE208 − 4000]
[33, 000 − 4000]

× 100 (8)

where MRE208 is the mean residue elasticity (MRE) at 208 nm.

123



Molecules 2022, 27, 2589

3.4.6. Thermal Stability Studies of HSA and the HSA-QTP System

The thermal stability of HSA without and with QTP was investigated using fluores-
cence measurements. The fluorescence spectra of the HSA (5 µM) and HSA-QTP (50 µM)
complex were recorded (300–400 nm upon excitation at 295 nm) in the temperature range
25–80 ◦C (with 5 ◦C intervals). The solution mixture (HSA-QTP) was incubated for 1 h at
25 ◦C before fluorescence measurements.

3.4.7. HSA Esterase Activity (E.A.) Assay

The influence of QTP on the esterase activity of HSA was investigated by estimating
the formation of p-nitrophenol [40]. The E.A. analysis is based on the fact that 4-nitrophenyl
acetate (P-NPA) interacts with HSA and generates 4-nitrophenol (maximum absorption at
400 nm) [49,50]. For this experiment, the concentration of P-NPA (5 µM) and HSA (5 µM)
was fixed, and the concentration of QTP increased (0–75 µM).

3.4.8. Molecular Docking between HSA and QTP

The mechanism of QTP binding with HSA has been predicted by molecular docking
using AutoDock Vina [51]. The molecular structure of HSA (PDB ID: 1AO6) and QTP
(Chem-Spider ID 4827) was obtained from Protein Data Bank (PDB) and Chem-spider,
respectively. In the docking protocol, a grid box size of 60 × 60 × 60 with coordinates set
to x = 45, y = 12, and z = 18 was built to cover the entire protein. All other parameters
were maintained to the default setting. The docked structure of the HSA-QTP system was
analyzed with Discovery studio.

4. Conclusions

In the present study, the antipsychotic drug QTP was characterized for its binding
interaction to HSA using spectroscopic and biochemical methods and computational ap-
proaches. The results obtained from the QTP-HSA binding interactions showed moderate
binding affinity of QTP toward HSA. In addition, the involvement of hydrogen bonding
and hydrophobic interactions was observed. The spectroscopic studies suggest a complex
formation between QTP and HSA, and the system follows a static quenching mechanism.
Conversely, the thermodynamic parameters of the HSA-QTP system calculated via fluo-
rescence spectroscopy at different temperatures indicate a spontaneous and exothermic
process and indicate the predominant forces to be hydrophobic interactions.

Further, the site-displacement assay and molecular docking results confirm the QTP
binding region at subdomain IB of HSA. The CD spectra and UV-Vis spectroscopy identified
changes in the secondary structure of HSA upon its interaction with QTP. In addition, QTP
did not inhibit the esterase-like activity of HSA. This study is essential and is expected to
help understand the drug’s mechanisms and pharmacokinetics for further clinical research
and novel drug delivery systems.
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Abstract: Haloperidol (HPL) is a typical antipsychotic drug used to treat acute psychotic con-
ditions, delirium, and schizophrenia. Solid charge transfer (CT) products of HPL with 7,7,8,8-
tetracyanoquinodimethane (TCNQ) and picric acid (PA) have not been reported till date. Therefore,
we conducted this study to investigate the donor–acceptor CT interactions between HPL (donor) and
TCNQ and PA (π-acceptors) in liquid and solid states. The complete spectroscopic and analytical anal-
yses deduced that the stoichiometry of these synthesized complexes was 1:1 molar ratio. Molecular
docking calculations were performed for HPL as a donor and the resulting CT complexes with TCNQ
and PA as acceptors with two protein receptors, serotonin and dopamine, to study the comparative
interactions among them, as they are important neurotransmitters that play a large role in mental
health. A molecular dynamics simulation was ran for 100 ns with the output from AutoDock Vina to
refine docking results and better examine the molecular processes of receptor–ligand interactions.
When compared to the reactant donor, the CT complex [(HPL)(TCNQ)] interacted with serotonin
and dopamine more efficiently than HPL only. CT complex [(HPL)(TCNQ)] with dopamine (CTtD)
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showed the greatest binding energy value among all. Additionally, CTtD complex established more a
stable interaction with dopamine than HPL–dopamine.

Keywords: charge transfer; haloperidol; π-acceptors; antipsychotics

1. Introduction

Atypical antipsychotics or serotonin–dopaminergic antagonists, the fourth class of
antipsychotic drugs, can improve the so-called positive symptoms of schizophrenia, such
as hallucinations, delusions, and agitation, as well as negative symptoms, such as cata-
tonia and flattening of the ability to feel emotion. Each agent in this group has a unique
profile of receptor interactions. Almost all antipsychotics block dopamine receptors and
reduce dopamine transmission in the forebrain. Moreover, atypical antipsychotics have
an affinity for serotonin receptors. Atypical antipsychotics are related to chlorpromazine
and haloperidol (HPL), and HPL is used to treat acute psychotic conditions, delirium, and
schizophrenia [1].

The formation of highly colored charge-transfer (CT) complexes that absorb light in
the visible region is often related with molecular interactions between electron donors and
acceptors [2,3]. CT complexes have become more important in the fields of drug receptor
binding; DNA binding; and antibacterial, antifungal, and anticancer applications [4,5]. A
weak interaction between donors and acceptors causes the reaction [6].

Donor–acceptor complexation plays an important role especially in the field of bio-
chemical energy transfer process [7]. The formation of brilliantly colored CT complexes
that absorb visible light is frequently linked to charge transfer interactions between elec-
tron acceptors and donors [2]. In biological systems, mechanisms requiring molecular
complexation and structural recognition include drug design, enzyme catalysis, and ion
exchanges via lipophilic membranes [3,4]. Mulliken postulated that an electron transfer
from a Lewis base′s π-molecular orbital to a Lewis acid′s vacant λ-molecular orbital causes
the development of molecular complexes from two aromatic molecules, with the resonance
between this dative structure and the no-band structure maintaining the complex.

Solid CT products of HPL with 7,7,8,8-tetracyanoquinodimethane (TCNQ) and picric
acid (PA) have not been reported till date. Therefore, we conducted this study to investigate
such reactions. The molecular docking software AutoDock Vina was used to investigate the
interactions between ligands (HPL and synthesized CT complexes) and receptors (serotonin
and dopamine). Hydrophobic, ionizability, aromatic, and hydrogen bond surfaces were
studied as well as binding energy. The best molecular docking data were submitted to
molecular dynamic simulation at 300 K for 100 ns to give a more effective mechanism for
illustrating receptor–ligand interactions. In terms of residue flexibility, structural stability,
solvent accessible surface area, structure compactness, and hydrogen bond interactions,
the dynamic properties of the complexes were compared.

2. Results and Discussion
2.1. Preface

The micro analytical technique confirmed that the molar ratio between HPL donor and
PA and TCNQ (π–acceptors) was 1:1. The conductivities of HPL-PA and HPL-TCNQ CT
complexes were 45 and 53 Ω−1 cm−1 mol−1, respectively. The low conductance values of
the synthesized CT complexes deduced the formation of D+ and A− datives anions based
on the association of donor–acceptor chelation. The electronic spectra of synthesized CT
complexes of HPL-PA and HPL-TCNQ refer to the association of new electronic absorption
bands (447 nm, 738, and 837 nm), which did not exist in the spectra of free reactants.
The infrared spectrum of HPL-PA complex was assigned upon intermolecular hydrogen
bonding between the –OH group of the PA acceptor and basic oxygen atom center of HPL
donor (Figure 1). In the case of the infrared spectrum of HPL-TCNQ solid CT complex
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(Figure 2), the –OH stretching band of HPL shifted to higher frequencies. This was assigned
to the increase in polarity status, –−O-C≡NH+, during the complexation process.

Figure 1. Charge-transfer (CT) complex of [(HPL)(PA)].

Figure 2. CT complex of [(HPL)(TCNQ)].

The bonding of the –OH group of HPL and the –OH group of PA to the –CN of TCNQ
acceptors via intermolecular hydrogen bonding was confirmed by proton NMR spectra
of the free HPL donor and its HPL-PA and HPL-TCNQ complexes. The activation energy
(E) was used to calculate the thermal stability of both HPL-PA and HPL-TCNQ complexes
using Coats–Redfern and Horowitz–Metzger techniques [8–10].

The average activation energies for the [(HPL)(PA)] complex and the [(HPL)(TCNQ)]
complex were 132 kJ mol−1 and 98 kJ mol−1, respectively, and the variant data might be
influenced by the acceptor type. The activated complexes had a more ordered structure
than the reactants, and the activation of entropy (∆S ∗) had negative values, indicating that
the reaction rates were slower than normal.

The optical band gap (Eg), which refers to the minimum transition energy, was deter-
mined based on the electronic absorption spectra. Optical absorption near the edge of the
absorption band can be used to estimate Eg and confirm the formation of CT complexes.
The absorption coefficient (α) can be estimated from the transmittance (T) of the complex
according to the following equation:

α = 1/d lin (1/T) (1)

where d is the sample thickness. The bandgap of CT complexes can be calculated from the
relationship between α and Eg based on the following equation [11]:

αhν = A(hν − Eg)m (2)

where (m) equals to 1/2 and 2 for direct and indirect transitions, respectively, whereas
(A) is an energy-independent constant. The values of (αhν)2 were plotted against hν.
The direct optical bandgap Eg was determined from the linear relationship of the plots
at the absorption edge where (αhν)2 = 0 [12]. Eg values for HPL-PA and HPL-TCNQ CT

129



Molecules 2022, 27, 3295

complexes were 2.483 and 2.895, respectively (Figure 3), and the values were dependent
on the nature of the acceptor. These data indicate the conducting behavior of HPL-PA and
HPL-TCNQ complexes [13,14].
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2 for (a) haloperidol–picric acid (HPL-PA) and

(b) HPL-7,7,8,8-tetracyanoquinodimethane CT complexes.

2.2. Molecular Docking Studies

The docking positions of the synthesized CT complexes [(HPL)(PA)] and [(HPL)(TCNQ)]
against serotonin (PDB ID: 6A94) and dopamine (PDB ID: 6CM4) were determined. For
comparison, HPL was employed as the control. CT complexes have a larger potential
binding energy than HPL in both receptors (Tables 1 and 2). Among them, [(HPL)(TCNQ)]
had the greatest docking energy. The theoretical binding energies of [(HPL)(TCNQ)] with
serotonin and dopamine were −10.2, and −11.8 kcal/mol, respectively. Additionally, the
higher binding energy value of [(HPL)(TCNQ)]–dopamine (CTtD) signifies a stronger
interaction with dopamine compared to that with serotonin. The best docking position of
CTtD is shown in Figure 4, and the docking data are given in Table 2.
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Table 1. Docking score of the ligands and their interactions with serotonin (6A94).

Target: PDB: 6A94

Receptor Binding Free Energy (kcal/Mol)
Interactions

H-Bond Others

HPL-PA −9.4 Thr160 Leu229, Phe243, Val366 (π-Alkyl);
Trp336, Phe340 (π-π T-Shape)

HPL-TCNQ −10.2 Asn363 and Tyr139 Ala321, Val324 (π-Alkyl); Ala360
(π-Alkyl); Val366 (π-Sigma)

HPL −10.0 Leu229 Phe332, Phe243, Val366 (π-Alkyl);
Phe340, Trp336, Ser159 (π-π T-Shape)

Table 2. Docking score of the ligands and their interactions with dopamine (6CM4).

Target: PDB: 6CM4

Receptor Binding Free Energy (kcal/Mol)
Interactions

H-Bond Others

HPL-PA −9.6 Trp100 and Tro419 Cys118, Val115, Leu94 (π-Alkyl);
Phe390, Trp389, Tyr480 (π-π T-Shape)

HPL-TCNQ −11.8 His393, Ser193,
and Tyr416

Val91 and Trp413 (π-Alkyl); Tyr408,
(π-π T-Shaped); Cys118 (π-Alkyl);

Thr412 and Leu94 (π-Sigma); Asp114
(Attractive charge)

HPL −10.9 Asp114
Phe198, Phe382, Cys118, Val91

(π-Alkyl); Trp100, Trp386, Phe390 (π-π
T-shaped); Lue94, Thr412 (π-Sigma)

Figure 4. The best-docked position showing a helical model of dopamine docked with (a) CT complex
and (b) HPL drug only.

The illustration of molecular docking for ligand–receptor interactions depicted in
Figure 5a,b. As shown in Figure 5a, CT complex [(HPL)(TCNQ)] with dopamine (CTtD)
revealed that the amino acid residues, including His393, Ser193, and Tyr416, formed
hydrogen bond interactions. Additionally, Val91 and Trp413 (π-Alkyl); Tyr408 (π-π T-
Shaped); Cys118 (π-Alkyl); Thr412 and Leu94 (π-Sigma); and Asp114 (Attractive charge)
interactions were present [15,16].
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Figure 5. 3D representation of the interactions for dopamine docked with (a) CT complex and (b) HPL
drug only.

Molecular docking of HPL drug with serotonin and dopamine revealed the potential
binding energies as −10.0 and −10.9 kcal/mol, respectively. The higher binding energy
value of HPL–dopamine (HPLD) signifies stronger interaction with dopamine compared to
that with serotonin. The best docking position with dopamine (HPLD) is shown in Figure 4,
and the docking data are shown in Table 2. Figure 5b shows the interaction between HPL
and dopamine, which reveals that the amino acid residue Asp114 formed hydrogen bond
interactions. Additionally, Phe198, Phe382, Cys118, and Val91 (π-Alkyl); Trp100, Trp386,
and Phe390 (π-π T-shaped); and Lue94 and Thr412 (π-Sigma) interactions were present.
This shows that the CT complex [(HPL)(TCNQ)] binds to both receptors more efficiently
as compared toHPL alone, and among them, CTtD had the highest binding energy value.
2D representations of ligand–receptor interactions are shown in Figure 6. Hydrophobic,
ionizability, aromatic, and hydrogen bond surfaces at the interaction site of [(HPL)(TCNQ)]
and dopamine are represented in Figure 7, and those for HPL and dopamine are shown
in Figure 8.

Figure 6. 2D representation of the interactions for dopamine docked with (a) CT complex and (b) HPL
drug only.
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Figure 7. Representation of (a) hydrogen binding, (b) hydrophobic, (c) aromatic, and (d) ionizability
surfaces between dopamine and CT complex.

Figure 8. Representation of (a) hydrogen binding, (b) hydrophobic, (c) aromatic, and (d) ionizability
surfaces between dopamine and HPL drug only.

2.3. Molecular Dynamics Simulation

The best docked location of HPLD and CTtD with the highest docking score at 100 ns
molecular dynamics (MD) generated by AutoDock Vina was used. Only the best docking

133



Molecules 2022, 27, 3295

output was used to build up this method in a high-throughput manner for analyzing the
binding mechanism of the ligand at the active site of protein under clearly defined aqueous
conditions. The root mean square deviation was computed to determine structural stability
from MD data (RMSD). HPLD and CTtD formed stable conformation after ~80 ns and
~65 ns, respectively, with an appropriate RMSD value of 3.04 and 2.41 Å, respectively, as
seen in the RMSD plot (Figure 9).

Figure 9. Root mean square deviation of solvated receptor backbone and ligand complex during the
100 ns MD simulation [HPLD complex (black) and CTtD complex (blue)].

The RMSD value range of <3.0 Å is the most acceptable [17]. CTtD produces a
more stable combination as a result of this discovery. The MD findings of ligand–receptor
interaction, as shown in Figure 10, bring protein chains closer together and close the distance
between them [18]. Chimera 1.15 software was used to create the superimposed structures
by employing the tool–structure comparison followed by the MatchMaker feature. Pairing
uses both sequence and secondary structure to superimpose comparable structures.

Figure 10. Superimposed structures of (a) unbounded dopamine receptor (orange) and dopamine
receptor after simulation (blue) for HPLD and (b) unbounded dopamine receptor (orange) and
dopamine receptor after simulation (pink) for CTtD.

RR Distance Maps creates a distance map through Chimera 1.15 software by a struc-
tural comparison tool. The map can display Cα-Cα distances within a single protein chain,
as well as averages and standard deviations for many chains. The white diagonal on the
map represents no distance between the two residues, but the red and blue on the map
reflect residue pairings with the biggest distance differences between the two conformations
(Figure 11).
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Figure 11. RR distance map: (a) unbounded dopamine receptor and dopamine receptor after simula-
tion for HPLD and (b) unbounded dopamine receptor and dopamine receptor after simulation for
CTtD, [PAS (#1) value = protein after simulation, SD = Standard deviation].

The average radius of gyration (Rg) values for HPLD and CTtD were 22.647 and
22.586 Å, respectively. Along the simulation time, Rg decreased, indicating that the struc-
tures became more compact (Figure 12).

Figure 12. Radius of gyration for HPLD (black) and CTtD complexes (blue) during the 100-ns
simulation time.

The number of hydrogen bond interactions between HPLD and CTtD was displayed
against time using a grid-search on a 27 × 18 × 21 grid with rcut = 0.35 (Figure 13). There
were 396 atoms of donors and 753 atoms of acceptors detected when the hydrogen bonds
were between the ligand at 36 and 53 atoms for HPL and CT complex, respectively, and
2941 atoms of the dopamine receptor were calculated. Out of a total of 201,657 potential
bonds, the average number of hydrogen bonds per period for HPLD and CTtD was 1.738
and 2.481, respectively.

Overall, the receptor–protein interaction enhanced the number of hydrogen bonds
substantially, and it was more in CTtD.

The values of solvent accessible surface area (SASA) altered as the ligand bound to
the receptor (Figure 14). When the receptor binds to a ligand, the SASA value drops,
indicating a change in conformation in the protein structure and a smaller pocket with
more hydrophobicity around it.
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Figure 13. Number of average hydrogen bonding interactions between (left) HPLD complex and
(right) CTtD complex during the 100 ns simulation time.

Figure 14. Solvent-accessible surface area analysis for HPLD complex (black) and CTtD complex
(blue) during the 100 ns simulation time.

3. Materials and Methods
3.1. Synthesis of [(HPL)(PA)] and [(HPL)(TCN)] CT Complexes

Previously, synthesis and characterizations (elemental analyses, conductivities, elec-
tronic absorption spectra, infrared spectra, Raman laser spectra, 1H-NMR, DSC-TG ther-
mograms, scanning electron microscopy, energy dispersive X-ray detection, and X-ray
diffraction patterns) of the two solid HPL CT complexes were performed [19]. For prepa-
ration, 3 mmol of pure HPL drugin 20 mL CH3OH was allowed to react with 3 mmol of
each acceptor (PA and TCNQ) in 10 mL CHCl3 solvent, and both mixtures were stirred at
room temperature for 45 min. Following this, the yellow and green solid complexes were
isolated, washed three times with a minimum amount of CHCl3 solvent, and dried under
vacuum over anhydrous CaCl2.

3.2. Physical Measurements

A Perkin–Elmer Precisely Lambda 25 UV/Vis spectrometer using a 1 cm quartz
cell was used to measure the electronic absorption spectra of charge transfer complexes
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produced in the presence of methanol at the range of 200–800 nm. The Jenway 4010
conductivity device was also used to measure the molar conductivity in the presence of
newly prepared dimethyl sulfoxide solutions.

3.3. Molecular Docking

The structures of [(HPL)(PA)] and [(HPL)(TCNQ)] were obtained in PDBQT format
using the OpenBabelIGUI tool (http://openbabel.org/wiki/Main Page; accessed 1 March
2022) [20]. The structure′s energy was reduced by 500 steps utilizing the MMFF94 force
field and conjugation of gradient optimization procedure using PyRx-Python prescription
0.8 [21]. The RCSB protein data library was used to get the 3D crystal structures of both
receptors [22]. Natural bonding and other heterogeneous atoms were removed from both
acceptors by BIOVIA Discovery Studio Visualizer. The Kollman charges of the receptor were
calculated, and polar hydrogen atoms were placed into the receptor using the AutoDock
tool [23]. The Geistenger method was used to assign partial charges. Docking calculations
were performed using AutoDock Vina [24]. The resultant docked positions were examined
to check the interactions using DS Visualizer.

3.4. MD Simulations

Simulations were conducted using processor Intel(R) Xeon(R) CPU E5-2680 v4 @
2.40GHz, 64 bit. MD simulation was performed using the optimal receptor–ligand complex
position and an evaluation of the conformational space and inhibitory potential. MD simu-
lation analysis with the GROMOS96 43a1 force field was performed using the Gronningen
machine for chemical simulations (GROMACS, version 2019.2 package).

Both ligands′ parameter files and topologies were created using the latest CGenFF
via CHARMM-GUI [25,26]. Online server CHARMM-gui was used to insert the dipalmi-
toylphosphatidylcholine (DPPC) membrane. Seventy two DPPC molecules were added
to upperleaflet and lowerleaflet. SPC water models that extended 10 Å from the receptor
were used to examine the receptor–ligand configurations in a rectangular box [27]. 37 K+

and 46 Cl− ions (0.15 M salt) were administered to neutralize the systems and reproduce
physiological salt concentrations (Figure 15).

Figure 15. Lateral view of CTtD complex incorporated in dipalmitoylphosphatidylcholine (DPPC)
membrane in a rectangular box solvated with water molecules and neutralized with 37 K+ and 46 Cl−

ions (0.15 M salt).
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A constant temperature (300 K) and constant pressure (1.0 bar) over 100 ns were
used for simulations using the leap-frog MD complement in the NPT/NVT equilibration
run [28]. The steepest descent technique with 5000 steps was also used to reduce improper
contact within the system [29]. Hydrogen bonds checked with the gmx hbond tool. Rg
and SASA were calculated using the gmx gyrate and gmx sasa programs, respectively. The
RMSD of protein was calculated using the gmx rms tools. Trajectory examination was
accomplished using GROMACS program [30]. The plots were made with Grace Software,
and the visualization was done with PyMol/VMD [8,31,32].

4. Conclusions

In the present research, we looked into how haloperidol (HPL) interacts with two
key neurotransmitters (serotonin and dopamine) that are vital in mental health. These
findings were compared with the synthesized charge transfer complexes of TCNQ and
PA with HPL. The [(HPL)(TCNQ)] coupled with serotonin and dopamine more efficiently
than HPL alone. Also, [(HPL)(TCNQ)]–dopamine has a higher binding energy value
than HPL–dopamine. The molecular dynamic simulation at 100 ns demonstrated that
the [(HPL)(TCNQ)]–dopamine complex had a more stable interaction with the dopamine
receptor than the HPL–dopamine complex.
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Abstract: Garlic has been reported to inhibit protein glycation, a process that underlies several
disease processes, including chronic complications of diabetes mellitus. Biophysical, biochemical,
and molecular docking investigations were conducted to assess anti-glycating, antioxidant, and
protein structural protection activities of garlic. Results from spectral (UV and fluorescence) and
circular dichroism (CD) analysis helped ascertain protein conformation and secondary structure
protection against glycation to a significant extent. Further, garlic showed heat-induced protein
denaturation inhibition activity (52.17%). It also inhibited glycation, advanced glycation end products
(AGEs) formation as well as lent human serum albumin (HSA) protein structural stability, as revealed
by reduction in browning intensity (65.23%), decrease in protein aggregation index (67.77%), and
overall reduction in cross amyloid structure formation (33.26%) compared with positive controls
(100%). The significant antioxidant nature of garlic was revealed by FRAP assay (58.23%) and DPPH
assay (66.18%). Using molecular docking analysis, some of the important garlic metabolites were
investigated for their interactions with the HSA molecule. Molecular docking analysis showed
quercetin, a phenolic compound present in garlic, appears to be the most promising inhibitor of
glucose interaction with the HSA molecule. Our findings show that garlic can prevent oxidative stress
and glycation-induced biomolecular damage and that it can potentially be used in the treatment of
several health conditions, including diabetes and other inflammatory diseases.

Keywords: garlic; antioxidant; anti-glycation; glycation; AGEs; HSA

1. Introduction

AGEs are a complex and highly reactive group of heterogeneous compounds produced
by glycation of proteins by reducing sugars [1,2]. Protein glycation has been shown to
increase the accumulation of AGEs, the production and release of reactive oxygen species
(ROS), and the structural and functional alteration of proteins, as well as resulting in
tissue damage [3,4]. AGEs interact with particular receptors or bind proteins, activating a
number of signaling pathways implicated in diabetic complications such as nephropathy,
cataracts, Alzheimer’s disease, and atherosclerosis, among others [5,6]. Glycation, AGEs,
and oxidative stress have all been linked to a variety of health problems [7]. The states of
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total metabolic burden, chronic hyperglycemia, oxidative stress, and inflammation have
been linked to an excessive buildup of AGEs [8].

In chronic inflammation, such as that observed in rheumatoid arthritis (RA), AGEs are
produced and can accumulate in tissues [9]. Besides, AGEs build with age and promote
pathologic stiffening of cartilage and extracellular matrix. Pentosidine is an AGE, and it is
found in blood, synovial fluid, and articular cartilage of osteoarthritis patients [9]. AGEs
are linked with endothelial activation and endothelial dysfunction [10]. As a result, AGEs
have been suggested as an early biomarker for cardiovascular disease [11].

Intracellular ROS inhibit glucose consumption and cause oxidative alteration of in-
tracellular proteins. Such exposure of protein can result in fragmentation, aggregation,
oxidative phosphorylation, and unwanted interactions with ion channel-coupled recep-
tors [12]. An excessive generation of free radicals/ROS leads to oxidative stress, which is
involved in the development of inflammatory illnesses such as diabetes, cancer, cardiovas-
cular disease, Parkinson’s disease, Alzheimer’s disease, and aging. Chronic inflammation
is involved in tumor development. Tissue damage and endothelial dysfunction arise from
increased ROS generation at the site of inflammation, leading to inflammatory diseases [13].

Inhibition of glycation has also been shown to be beneficial in the treatment of diabetic
complications [14]. Synthetic chemicals are powerful anti-glycating agents, but they can
also have serious side effects such as gastrointestinal problems, uncommon vasculitis,
anemia, flu-like symptoms, nausea, and diarrhea. Thus, a lot of interest has been focused
on finding natural plant phytochemicals that efficiently prevent glycation and produce
fewer adverse side effects. Traditional medicine practitioners frequently employ medicinal
plants and natural products in their everyday practice to treat a variety of illnesses because
they are generally non-toxic, cheap, ingestible, and have fewer adverse effects. [4]. The
medicinal properties of garlic (Allium sativum) were well documented in Sanskrit literature
5000 years ago, and its use in Chinese medicine was also reported as far back as 3000 years
ago. The healing properties of garlic were well known in the ancient world and utilized
by the Egyptians, Babylonians, Greeks, and Romans [15]. Louis Pasteur documented the
antibacterial activity of garlic in 1858. Due to its healing potential and antiseptic properties,
it was used to treat and prevent gangrene during the Second World War [16]. The overall
benefits of garlic in maintaining good health and in preventing a range of health issues
has shifted the focus of modern-day medicine back to a time-tested natural remedy. The
therapeutic roles of garlic are supported by modern-day epidemiologic evidence, with
studies indicating the benefits of garlic preparations in having antioxidant and antimicrobial
effects and in reducing diabetes, cardiovascular disease, and cancer [17,18]. This study
focused on investigating the anti-glycation and antioxidative stress activities of garlic
extract, as well as conducting an in-depth study of the secondary structural alterations
of HSA proteins and how garlic extract metabolites might inhibit the glycation reactions
in addition to inhibiting secondary structure alterations. This study provides a platform
for the future studies in this direction, which may potentially elucidate physiological and
immunological imbalances.

2. Results
2.1. Biochemical Analysis
Phytochemical Screening

The chemical and biological properties detected in preliminary screening of aqueous
solution of garlic extract are shown in Table 1. The presence of flavonoids was determined
using an alkaline reagent test. FeCl3 test was used to estimate phenolic content. The total
phenolic compounds in garlic extract were determined to be 21.45 ± 0.02 mg gallic acid
equivalent/g dry weight of the extract. Phenolic content serves as a means of protection
against both infection and oxidative stress. Calculation of total flavonoid content of the
extract was performed by AlCl3 test, with quercetin as a reference. Thus, total flavonoid
content was found to be 16.58 ± 0.03 mg quercetin equivalents (QE)/g dry weight of
the extract.
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Table 1. Chemical and biological studies of aqueous garlic extract.

Preliminary Screening Garlic Extract

Weight of dry powder 50 g
Yield 5.19%

Extract Aqueous
Flavonoids +

Polyphenolic compounds +
Total phenolic compounds 21.45 ± 0.02 mg gallic acid equivalent/g dry weight of extract

Total flavonoid content 16.58 ± 0.03 mg quercetin equivalent/g dry weight of the extract
+ sign indicates presence of flavonoids and polyphenolic compounds.

2.2. Antioxidant and Free Radical Scavenging Activities of Garlic Extract
2.2.1. Assay for Ferric Reducing Antioxidant Power (FRAP)

Using the FRAP test and ascorbic acid as a standard reference, we evaluated the
reducing capability of garlic extract. The reduction of Fe+3 to Fe+2 by the extract is the
basis for this test. At 700 nm, the solution of ascorbic acid (0–100 µg/mL) followed Beer’s
Law with a regression coefficient (R2) of 0.9973 and a slope (m) of 0.004. For this figure,
the intercept was 0.0216. The standard curve’s equation is y = 0.004x + 0.0216 (not given).
Garlic extract had FRAP values of 32.41 ± 0.86 g ascorbic acid/100 mg dry weight of extract.
Garlic extract was found to have improved ferric reducing power in a dosage-dependent
manner (Figure 1).
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Figure 1. Percentage reducing power of ascorbic acid (red) and aqueous garlic extract (green).
Samples in the histogram showed varying concentrations of ascorbic acid and garlic extract
(0–100 µg/mL). The y axis shows the corresponding percentage reducing power. The results are
presented as means ± SEM (n = 3). All the results (0.78–100 µg/mL garlic extract) were statistically
significant compared with the sample without extract (0 µg/mL). Comparison between two groups
was performed based on t test, and significance was defined as p < 0.05.

2.2.2. 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Radical Scavenging Assay

The DPPH free radical scavenging method is a widely used method for determining
antioxidant capacity of various compounds. Figure 2 depicts the DPPH radical scavenging
capabilities of aqueous garlic extract. Garlic extract exhibits a substantial DPPH scavenging
activity that was observed to rise as extract concentrations were raised from 0–100 µg/mL.
The DPPH scavenging activity of 100 µg/mL extract was 66.18%. However, ascorbic acid
showed 39.59% at 100 µg/mL.
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Figure 2. Percentage of free radical reduced vs. aqueous garlic extract concentrations. Various
concentrations (0–100 µg/mL) of garlic extracts (green) and 100 µg/mL of ascorbic acid (red). The
results are presented as means ± SEM (n = 3). All the results (0.78–100 µg/mL garlic extract) were
statistically significant compared with the sample without extract (0 µg/mL). Comparison between
two groups was performed based on t test, and significance was defined as p < 0.05.

2.3. Inhibition of Structural Changes by Garlic Extract
2.3.1. Protein Denaturation Inhibition

Inhibition in in vitro HSA protein denaturation was examined using garlic extracts.
Tissue proteins have been reported to be denatured by inflammatory and oxidative re-
actions. Natural products were used to evaluate their potential to protect proteins from
denaturation and would be employed as an anti-inflammatory dietary source. Garlic
extract (50 µg/mL) inhibited heat-induced albumin denaturation at a higher percentage of
50.66% (Figure 3).
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Figure 3. Percentage protection from denaturation induced by heat vs. garlic extract concentration
(0–100 µg/mL). The results are presented as means ± SEM (n = 3). All the percentage denaturation
inhibition results (0.78–100 µg/mL garlic extract) were statistically significant compared with the
sample without extract (0 µg/mL). Comparison between two groups was performed based on t test,
and significance was defined as p < 0.05.

2.3.2. Protein Browning Inhibition

Browning intensity is used to assess a product’s capacity to defend against glycation.
The effectiveness of extract to protect against glycation was assessed by measuring the
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percentage intensity of browning of HSA treated with glucose. Protein glycation causes an
increase in browning intensity under hyperglycemic conditions. At 420 nm, we examined
the degree of browning in samples. HSA incubated with glucose without extract had the
maximum browning intensity. For this sample, we used a browning intensity of 100 percent.
However, when HSA was incubated with glucose in the presence of extract, there was
a noticeable reduction in browning intensity (65.23%) at a concentration of 50 µg/mL
(Figure 4). In addition, in the case of HSA kept without glucose and extract, some browning
(5%) was seen. Internal structural changes that occur over time might be one reason for
this sample. Our hypothesis that extracts prevent the development of glycated products is
supported by these findings.
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Figure 4. Percentage browning vs. concentration of garlic extract. Native HSA (N-HSA) and
glycated HSA (G-HSA) were incubated for 10 weeks under similar conditions and are considered as
negative and positive controls, respectively. G-HSA was co-incubated with garlic extract at various
concentrations (0–100 µg/mL) of garlic extract (green). The results are presented as means ± SEM
(n = 3). All the percentage browning inhibition results (0.78–100 µg/mL garlic extract) were compared
with G-HSA sample. Comparison between two groups was performed based on t test, and significance
was defined as * p < 0.05, ** p < 0.01, *** p < 0.001.

2.3.3. Inhibition in Protein Aggregate Formation

Glycation causes the binding of carbonyl groups to proteins, resulting in the creation
of protein molecules clustering, which is also known as protein aggregation. As a result of
glycation, protein aggregates formation occurs. In one of our previous studies, we showed
aggregation occurs due to protein glycation [1]. Garlic extract had a beneficial effect on the
inhibition of protein aggregation. The addition of extract lowered the aggregation index of
G-HSA in a concentration-dependent manner (Figure 5). At a concentration of 100 µg/mL,
the extract exhibited the levels of aggregation (67.77%).

2.3.4. Amyloid Structure Inhibition

Congo red (CR) dye is used to determine how much of a protein’s secondary structure
has been altered. CR contacts hydrophobic clefts located in between beta fibrils and has
a unique ability to bind to the protein sheet structure. After binding, the CR dye has a
specific absorbance of 530 nm. In Figure 6, the findings of the CR binding experiment
showed reduction in cross amyloid structure formation (33.26%) compared with positive
controls (G-HSA). By masking the sites of glycation and limiting the surface area accessible
by solvent, garlic extract reduced HSA fibrillation and perhaps prevented the transition
from α-helix to β-sheet.
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Figure 5. Percentage aggregation vs. concentration of garlic extract. Native HSA and G-HSA were
incubated for 10 weeks and served as negative and positive controls, respectively. G-HSA was
incubated with various concentrations (0–100 µg/mL) of garlic extract (green). The results are
presented as means ± SEM (n = 3). All the percentage inhibition of protein aggregation results
(0.78–100 µg/mL garlic extract) were compared with G-HSA sample. Comparison between two
groups was performed based on t test, and significance was defined as * p < 0.05, ** p < 0.01,
*** p < 0.001.
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Figure 6. Percentage amyloid structure vs. concentration of garlic extract. Native HSA and G-HSA
were incubated for 10 weeks as negative and positive controls, respectively. G-HSA was incubated
with various concentrations (0–100 µg/mL) of garlic extract (green). The results are presented as
means ± SEM (n = 3). All the percentage amyloid structure inhibition results (0.78–100 µg/mL garlic
extract) were compared with G-HSA sample. Comparison between two groups was performed based
on t test, and significance was defined as * p < 0.05.

2.3.5. Spectral Studies

UV spectral studies were conducted for all the protein samples. HSA incubated with
glucose has been reported to have significant decrease in absorption peak at 280 nm as
compared with the native HSA, indicating considerable hypochromicity. The observed
hypochromicity of glycated sample at 280 nm might be attributable to an alteration in the
protein microenvironment and the change in aromatic amino acids. Glycated HSA samples
incubated with the extract (50 µg/mL) showed significantly increased UV absorption
(Figure 7).
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Figure 7. Absorbance of G-HSA vs. concentration of garlic extract. Native HSA and G-HSA were
incubated for 10 weeks as negative and positive controls, respectively. G-HSA was incubated
with various concentrations (0–100 µg/mL) of garlic extract (green). The results are presented as
means ± SEM (n = 3). Change in absorbance results (0.78–100 µg/mL garlic extract) were compared
with G-HSA sample. Comparison between two groups was performed based on t test, and significance
was defined as * p < 0.05, ** p < 0.01, *** p < 0.001.

The formation of AGEs in the glycated samples was detected using AGE pentosidine-
specific autofluorescence. For each sample, the specific fluorescence of AGEs was observed
to be in the range of 400–480 nm. The fluorescence intensity vs. wavelength (400–480 nm)
spectra were found to be rather wide (data not shown), which might be attributable to the
variety of fluorescent molecules created during the glycation process. Extract containing
samples showed a steady reduction in AGE-specific fluorescence at 450 nm as the extract
concentration increased in the incubated samples (Figure 8). The fluorescence intensity
of HSA treated with glucose was maximum at 450 nm. Our data show that garlic extract
exhibited protection against AGEs synthesis by glycation. Protection level increased as the
concentration of garlic extract increased.
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Confor-
mation 

N-HSA G-HSA G-HSA with Garlic Extracts (μg/mL) 
-  0.78 1.56 3.12 6.25 12.5 25 50 100 AG 

α-helix 42.7 ± 0.6 
38.2 ± 0.3 
(−10.5%) 

38.2 ± 0.3 
(−10.5%) 

38.3 ± 0.3 
(−10.3%) 

38.4 ± 0.3 
(−10.0%) 

38.8 ± 0.3 
(−9.1%) 

39.8 ± 0.3 * 
(−6.8%) 

40.5 ± 0.3 * 
(−5.2%) 

40.9 ± 0.3 ** 
(−4.2%) 

41.5 ± 0.3 *** 
(−2.8%) 

40.8 ± 0.3 ** 
(−4.4%) 

β-sheet 26.2 ± 0.5 
30.1 ± 0.2 
(+14.9%) 

30.1 ± 0.2 
(+14.9%) 

30.0 ± 0.2 
(+14.5%) 

29.9 ± 0.2 
(+14.1%) 

29.6 ± 0.2 
(+13.0%) 

28.8 ± 0.2 * 
(+9.9%) 

28.1 ± 0.2 ** 
(+7.3%) 

27.9 ± 0.2 ** 
(+6.5%) 

27.4 ± 0.2 *** 
(+4.6%) 

27.8 ± 0.2 ** 
(+6.1%) 

β-turn 18.5 ± 0.2 
19.4 ± 0.3 
(+4.9%) 

19.4 ± 0.3 
(+4.9%) 

19.4 ± 0.3 
(+4.9%) 

19.4 ± 0.3 
(+4.9%) 

19.2 ± 0.3 
(+4.3%) 

19.1 ± 0.3 * 
(+3.2%) 

19.0 ± 0.3 ** 
(+2.7%) 

18.8 ± 0.3 ** 
(+1.6%) 

18.6 ± 0.3 ** 
(+0.5%) 

19.0 ± 0.3 ** 
(+2.7%) 

Random coil 12.6 ± 0.5 12.3 ± 0.4 
(−2.4%) 

12.3 ± 0.4 
(−2.4%) 

12.3 ± 0.4 
(−2.4%) 

12.3 ± 0.4 
(−2.4%) 

12.3 ± 0.4 
(−2.4%) 

12.3 ± 0.4 
(−2.4%) 

12.4 ± 0.4 * 
(−1.6%) 

12.4 ± 0.4 * 
(−1.6%) 

12.5 ± 0.4 *** 
(−0.8%) 

12.4 ± 0.4 * 
(−1.6%) 

The values are in percentage. Each sample was read in triplicate. Data are mean ± standard devia-
tion. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. control (N-HSA). Values in parentheses represent 
the percentage change in the secondary structure from N-HSA. Percentage decrease and increase 
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Figure 8. AGE-specific fluorescence intensity at 450 nm vs. concentration of garlic extract. Native
HSA and G-HSA were incubated for 10 weeks as negative and positive controls, respectively. G-HSA
was incubated with various concentrations (0–100 µg/mL) of garlic extract (green). The results are
presented as means ± SEM (n = 3). Reduction in AGE fluorescence results (0.78–100 µg/mL garlic
extract) were compared with G-HSA sample. Comparison between two groups was performed based
on t test, and significance was defined as * p < 0.05, ** p < 0.01, *** p < 0.001.
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2.3.6. Circular Dichroism

Analysis of secondary structure change with glycating agent ‘glucose’ alone or together
with garlic extract with varying concentrations (0–100 µg/mL) was investigated using a
Jasco J 810 spectropolarimeter (Table 2). The presence of secondary structural elements was
estimated as relative percentages by using the Chen and Yang equation [19] via a computer
data processor. CD spectra were recorded for all the samples at a similar wavelength range
(200 to 280 nm). As we have shown previously, there is a significant change in α-helix
(−10.5%) and β-sheet (+14.9%) structures upon glycation of HSA [1]. Inhibition in the
change of both α-helix (−2.8%) and β-sheet (+4.6%) structures of glycated samples were
observed when incubated with garlic extract of 100 (µg/mL). Significant decreases in all the
secondary structure (α-helix (p < 0.05), β-sheet (p < 0.01), β-turns (p < 0.01), and random
coils (p < 0.05)) changes in glycated HSA samples were observed at 25 µg/mL concentration
of garlic extract. Furthermore, the highest reduction in all the secondary structures was
achieved at 100 µg/mL concentration of extract used (Table 2).

Table 2. Secondary structure composition of N-HSA, G-HSA, and G-HSA incubated with different
concentrations of garlic extract (0–100 µg/mL).

Conformation
N-HSA G-HSA G-HSA with Garlic Extracts (µg/mL)

- 0.78 1.56 3.12 6.25 12.5 25 50 100 AG

α-helix 42.7 ±
0.6

38.2 ± 0.3
(−10.5%)

38.2 ± 0.3
(−10.5%)

38.3 ± 0.3
(−10.3%)

38.4 ± 0.3
(−10.0%)

38.8 ± 0.3
(−9.1%)

39.8 ± 0.3 *
(−6.8%)

40.5 ± 0.3 *
(−5.2%)

40.9 ± 0.3 **
(−4.2%)

41.5 ± 0.3 ***
(−2.8%)

40.8 ± 0.3 **
(−4.4%)

β-sheet 26.2 ±
0.5

30.1 ± 0.2
(+14.9%)

30.1 ± 0.2
(+14.9%)

30.0 ± 0.2
(+14.5%)

29.9 ± 0.2
(+14.1%)

29.6 ± 0.2
(+13.0%)

28.8 ± 0.2 *
(+9.9%)

28.1 ± 0.2 **
(+7.3%)

27.9 ± 0.2 **
(+6.5%)

27.4 ± 0.2 ***
(+4.6%)

27.8 ± 0.2 **
(+6.1%)

β-turn 18.5 ±
0.2

19.4 ± 0.3
(+4.9%)

19.4 ± 0.3
(+4.9%)

19.4 ± 0.3
(+4.9%)

19.4 ± 0.3
(+4.9%)

19.2 ± 0.3
(+4.3%)

19.1 ± 0.3 *
(+3.2%)

19.0 ± 0.3 **
(+2.7%)

18.8 ± 0.3 **
(+1.6%)

18.6 ± 0.3 **
(+0.5%)

19.0 ± 0.3 **
(+2.7%)

Random
coil

12.6 ±
0.5

12.3 ± 0.4
(−2.4%)

12.3 ± 0.4
(−2.4%)

12.3 ± 0.4
(−2.4%)

12.3 ± 0.4
(−2.4%)

12.3 ± 0.4
(−2.4%)

12.3 ± 0.4
(−2.4%)

12.4 ± 0.4 *
(−1.6%)

12.4 ± 0.4 *
(−1.6%)

12.5 ± 0.4 ***
(−0.8%)

12.4 ± 0.4 *
(−1.6%)

The values are in percentage. Each sample was read in triplicate. Data are mean ± standard deviation. * p < 0.05,
** p < 0.01, and *** p < 0.001 vs. control (N-HSA). Values in parentheses represent the percentage change in the
secondary structure from N-HSA. Percentage decrease and increase are denoted by “–” and “+” signs. Different
GE concentrations were used in µg/mL. The 5 mm of AG was used as negative control. The t test was adopted for
the comparison between the groups.

2.4. Molecular Docking Studies for Potential Natural Product Metabolites as Inhibitors
of Glycation

Some of the important phenolic compounds present in garlic extracts were analyzed
for their inhibitory role in the glycation reaction. Sudlow Site I is the primary binding
site for glucose in pyranose form. The interaction of the glucose ring form and other
ligands (considered in this study) with the SAL subsite of the Sudlow Site I are summarized
in Table 1. Figures 9 and 10 provide insight into the most stable 2D and 3D docked
conformations of the ligands at the SAL subsite obtained via exhaustive molecular docking
application. The orientation of the glucopyranose at the SAL subsite was obtained from the
crystal of glucose-bound has submitted by Wang et. al. [20] to the protein data bank (PDB
ID: 4iw2). The binding efficiency reported in Table 3 is a result of multiple interactions of
the ligands with the target active site.

The blue dotted interaction of Arg257 with glucopyranose (Figure 9a) represents an
altered confirmation state of glucopyranose. The 2D interaction images in Figures 9 and 10
represent the type and count of interactions specific ligand undergoes. The 3D images
of docked ligands in Figures 9 and 10 represent the polarity distribution at the docking
site. The pink environment in the close vicinity of the ligands represents hydrogen donors
or an electronegative environment; however, the green cloud near the ligands is due to
amino acid with a side chain rich in hydrogen acceptors and results in an electropositive
environment. The white cloudy areas around the ligands constitute the neutral space due
to the presence of hydrophobic amino acids.
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Table 3. Ligands. Common name refers to the compound name used in the study.

Ligand/Inhibitor
Name

(Common Name)

IUPAC Name,
Mol Formula, and

PubChem ID

Binding Affinity
Kcal/Mol

Number of Hydrogen
Bonds Other Interactions *

Glucose
(Cyclic form)

(3R,4S,5S,6R)-6-
(hydroxymethyl)oxane-

2,3,4,5-tetrol
Mol formula: C6H12O6

PubChem ID: 5793

−6.2

6
(3 × Arg257, 1 ×

Arg221, 1 × Tyr150, 1
× His242)

1
(1 × Lys199)

Leu238 and Ala291
(Hydrophobic
interactions)

Catechin

(2S,3R)-2-(3,4-
dihydroxyphenyl)-3,4-
dihydro-2H-chromene-

3,5,7-triol
Mol formula:

C15H14O6
PubChem ID: 73160

−6.7 1
(1 × His 288)

13
(1 × Arg 257, 1 × His
288, 1 × Glc 602, 1 ×

Ala 291, 1 × Tyr 150, 1
× Glu 153, 1 × Glu 292,

1 × Lys 195, 1 × Ala
191, 1 × Phe 157, 1 ×
Ser 192, 1 × Lys 436, 1
× Glu 188 Carbon

H Bond)
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Table 3. Cont.

Ligand/Inhibitor
Name

(Common Name)

IUPAC Name,
Mol Formula, and

PubChem ID

Binding Affinity
Kcal/Mol

Number of Hydrogen
Bonds Other Interactions *

Caffeic Acid

(E)-3-(3,4-
dihydroxyphenyl)
prop-2-enoic acid

Mol formula: C9H8O4
PubChem ID:689043

−6.6
3

(1 × Arg 222, 2 × Ser
192)

12
(1 × Arg 218, 1 × Po

4603, 1 × Glc 602, 1 ×
Leu 238, 1 × Tyr 150, 1
× Lys 195, 1 × Glu 153,

1 × Ala 291, 1 × His
288, 1 × Phe 157,1 ×
Gln 196, 1 × Lys 199)

Gallic Acid

3,4,5-
trihydroxybenzoic acid
Mol formula: C7H6O5

PubChem ID: 370

−6.4
4

(2 × Lys 199, 1 × Gln
196, 1 × Glu 153)

10
(1 × His 242, 1 × Gln
196, 1 × Ser 192, 1 ×

Lys 195, 1 × Tyr 150, 1
× Ala 291, 1 × Phe 157,

1 × His 288, 1 × Glu
292, 1 × Arg 257)

m-Coumaric Acid

E)-3-(3-
hydroxyphenyl)prop-2-

enoic acid
Mol formula: C9H8O3
PubChem ID: 637541

−6.3

4
(1 × Arg 222, 1 × PO
4603, 1 × Glc 602, 1 ×

Ser 192)

6
(1 × Arg 222, 1 × PO
4603, 1 × Glc 602, 1 ×

Ser 192, 1 × Gln
196 Unfavorable

donor–donor, 1 × Gln
196 Unfavorable

donor–donor)

Quercetin

2-(3,4-
dihydroxyphenyl)-

3,5,7-
trihydroxychromen-4-

one
Mol formula:

C15H10O7
PubChem ID: 5280343

−8.1

4
(1 × Ser 192, 1 × Lys
199, 1 × Arg 257, 1 ×

Arg 222)

17
(1 × Lys 195, 1 × Lys
199, 1 × Gln 196, 1 ×

His 242, 1 × Tyr 150, 3
× Ala 291, 2 × Leu 238,

1 × Leu 260, 1 × Ala
261, 1 × Ser 287, 1 × Ile

290, 1 × Leu 219,1 ×
Arg 222, 1 × Glu 153)

Pyrogallol
benzene-1,2,3-triol

Mol formula: C6H6O3
PubChem ID: 1057

−5.4
3

(2 × Ser 192, 1 × Gln
196)

8
(1 × Tyr 150, 1 × Glu
153, 1 × Phe 157, 1 ×

Lys 199, 1 × Ala 291, 1
× Lys 195, 1 × His 242,

1 × Arg 257)

Dihydroxybenzoic acid

2,3-dihydroxybenzoic
acid

Mol formula: C7H6O4
PubChem ID: 19

−6.2
3

(1 × Arg 222, 1 × Ser
287, 1 × Arg 257)

9
(1 × Leu 260, 1 × Ile
290, 1 × Leu 238, 1 ×

Ala 291, 1 × Arg 257, 1
× Leu 219, 1 × Ile 264,

1 × Ala 261, 1 ×
Tyr 150)

* Van der Waals, polar, pi–pi interactions, carbon–hydrogen bonds, pi–sigma, pi–alky, etc.

150



Molecules 2022, 27, 1868

Molecules 2022, 27, x FOR PEER REVIEW 10 of 19 
 

 

environment. The white cloudy areas around the ligands constitute the neutral space due 
to the presence of hydrophobic amino acids. 

 
Figure 10. 2D and 3D interaction models of ligands with HSA. Ligands used are (a) gallic acid, (b) 
dihydroxy benzoic acid, (c) pyrogallol, and (d) m-coumaric acid. 

Table 3. Ligands. Common name refers to the compound name used in the study. 

Ligand/Inhibitor 
Name 

(Common Name) 

IUPAC Name,  
Mol Formula, and 

PubChem ID 

Binding 
Affinity 

Kcal/Mol 

Number of 
Hydrogen 

Bonds 
Other Interactions * 

Glucose 
(Cyclic form) 

(3R,4S,5S,6R)-6-(hy-
droxymethyl)oxane-

2,3,4,5-tetrol 
Mol formula: C6H12O6  

PubChem ID: 5793 

−6.2 

6 
(3 × Arg257, 1 
× Arg221, 1 × 
Tyr150, 1 × 

His242)  

1 
(1 × Lys199) 

Leu238 and Ala291  
(Hydrophobic interactions) 

Catechin 

(2S,3R)-2-(3,4-dihy-
droxyphenyl)-3,4-di-
hydro-2H-chromene-

3,5,7-triol 
Mol formula: C15H14O6 

PubChem ID: 73160 

−6.7 
1 

(1 × His 288) 

13 
(1 × Arg 257, 1 × His 288, 1 × Glc 602, 1 × 
Ala 291, 1 × Tyr 150, 1 × Glu 153, 1 × Glu 
292, 1 × Lys 195, 1 × Ala 191, 1 × Phe 157, 
1 × Ser 192, 1 × Lys 436, 1 × Glu 188 Car-

bon H Bond) 

Figure 10. 2D and 3D interaction models of ligands with HSA. Ligands used are (a) gallic acid,
(b) dihydroxy benzoic acid, (c) pyrogallol, and (d) m-coumaric acid.

3. Discussion

The core cause of many lethal diseases is thought to be connected to metabolic distur-
bances and inflammatory changes. Diabetes mellitus, characterized by hyperglycemia, is a
severe health concern that affects people all over the world [21]. Long-term hyperglycemia
has been linked to diabetes complications and biomolecule glycation [22–24].

Nutrition looks at how people might use their food choices to reduce their disease
risk and manage their illnesses. If a person’s diet lacks the right nutritional balance, they
are more prone to develop a variety of health problems. When a person consumes excess
or very little amounts of a nutrient, it might cause sickness. A balanced diet, according to
growing data, may help you avoid problems including heart disease, cancer, osteoporosis,
and type 2 diabetes [25].

Garlic has been reported to have potential therapeutic properties due to its biochem-
ical constituents. Garlic extract can be used against glycation and AGE-related health
complications linked with chronic diseases in diabetic patients due to its broad thera-
peutic potential [26,27]. Compounds such as quercetin, pyrogallol, caffeic acid, gallic
acid, m-coumaric acid, and their derivatives are among the beneficial chemicals found in
garlics. A high quantity of quercetin has been found in garlic, which is a potent antioxidant
compound [28]. The antioxidant capabilities of garlic were well studied in the present
investigation through various in vitro methods.

Biochemical analysis of this study showed the presence of phenolic compounds and
flavonoids in a respectable amount in garlic extract [28]. According to the current find-
ings, methanolic extract of garlic has a considerable potential to scavenge free radicals,
as estimated using DPPH. Garlic also showed high reducing activity that increased with
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higher concentrations of the extract. It is generally known that the breakdown of H2O2
produces hydroxyl free radicals in the blood. The strong antioxidant properties are at-
tributed to the polyphenolic compounds and polysaccharides. The polysaccharides and
polyphenolic compounds in garlic might prevent free radical formation, making it an
effective antioxidant.

Lowering chronic inflammation may help to postpone, prevent, and possibly treat
a variety of chronic illnesses, including cancer [29]. Besides, many ROS, free radicals
including NO, superoxide (O2

–), and their reaction product peroxynitrite (ONOO–) are
produced in excessive quantities during the host’s response to infections and inflammatory
circumstances [16]. Furthermore, oxidative stress and inflammation are connected in
glycation pathways. Identifying alternatives to non-steroidal anti-inflammatory drugs and
developing innovative, effective, and safe anti-inflammatory medicines has long been a key
priority. External stress as well as several compounds may cause protein denaturation that
leads to the loss of structural integrity of proteins and thus loss of their functions [30,31].
Our results suggest that garlic extract can inhibit the heat-induced denaturation of HSA.

Several diseases such as familial amyloidosis, Alzheimer’s, pancreatic islet amyloi-
dosis, etc. are caused by protein aggregation in the circulation and in organs [32]. These
aggregates undergo further reactions and form amyloid fibrils that contain cross beta struc-
tures. In glycation reactions, reducing carbohydrates non-enzymatically and covalently
binds to lysine and arginine groups of proteins as well as with the N terminus of polypep-
tides [33]. Increased levels of these aggregates may cause neurological degeneration. It
has been evident that protein glycation can induce aggregation. Intense browning was
observed in the polyacrylamide gel electrophoresis glycated samples of albumin [1,33].

Glycation-induced microenvironment structural alterations were observed through
spectral studies that included UV spectra and AGE-specific fluorescence. These alterations
were inhibited when garlic extract was present in the reaction mixture during the incubation
of the glycation reaction. However, a significant inhibition in microenvironment alterations
was observed at higher concentrations of the extract. Consequently, extracts lent protection
from structural alterations to the protein.

Further in-depth analysis of structural alterations in glycated proteins, including the
inhibitory effect of garlic extract on these changes, was investigated using CD. CD analysis
of glycated HSA showed protein destabilization and reduction in α-helix structure [34].
It has been reported that changes in CD spectra of glycated HSA are based on glucose
concentration. It has also been observed that upon HSA glycation there was a partial
denaturation with alterations in structural integrity at different glucose concentrations
(1 mg/mL and 5 mg/mL) [35]. Some authors showed that glycated albumin was more
favored in a β-sheet conformation structure [36]. These previous studies showed coherence
with our CD results of native and glycated HSA. Moreover, CD experimental analysis
revealed that garlic extract provided protection of protein secondary structure alterations
and inhibited the conversion of α-helix to β-pleated sheet structure. There are possibilities
of the interaction of the metabolites or compounds present in garlic extract (Table 3) with the
glycation sites on the HSA molecule, causing inhibition in secondary structure alterations
(conversion of a-helix to β-sheet). These inhibitions in structural alteration of glycated HSA
are highly important for their functional integrity of the protein.

Sudlow Site I is made up of three subsites: the SAL subsite, deep-seated at the bottom
of the Sudlow Site I and comprised of hydrophobic residues Leu-238 and Ala-291 and
the indomethacin (IMD) and 3‘-azido-3‘-deoxythymidine (ADT) subsites situated near
the opening of the Sudlow Site I are rich in positively charged residues, Arg-218, Lys-195,
and Glu-292 [20]. In blood plasma, the D-glucose found in blood plasma is a mixture of
two anomers—i.e., α-D-glucopyranose and β-D glucopyranose [37]. The mutarotation
between the open aldehyde chain form and ring form is quick and dependent upon
medium conditions. Thus, glucose can potentially react, as an open aldehyde form or
closed ring form, within a short time frame [37]. Wang Yu et al. reported the mechanism of
glucose interaction with HSA [20]. Two molecules of glucopyranose were found to interact
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subsequently at the Sudlow Site I [20]. The first molecule gets bottom deep-seated at the
SAL subsite, and this configuration is stabilized by the hydrophobic interactions involving
Leu238 and Ala291 (Figure 9a). The second glucopyranose molecule is held at the entrance
of the Sudlow Site I marked by IMD and AZT subsites. This region is rich in positively
charged residues Lys-195, Arg-218, and Glu-292. The oxygen atom bound to C5 (carbon 5 of
the second glucopyranose molecule) is attacked (protonated) by the Lys199. This releases
C1 atom, which undergoes a covalent interaction with the Lys195, providing strong stability
to the second glucopyranose molecule bound to HSA. The presence of a stable ligand at
the SAL subsite of the Sudlow Site I reduces the propensity of protonation of the second
glucopyranose molecule by the Lys199. It can be observed that quercetin and gallic acid
undergoes a conventional hydrogen bonding interaction with Lys199. In both cases the
Lys199 serves as a hydrogen donor; hence, this hydrogen is not available for protonation
of C5 of the second glucopyranose molecule. Therefore, no covalent interaction could be
established between the second glucopyranose and Lys195. This makes the second glucose
molecule, at the entrance of Sudlow Site I, more vulnerable for replacement by a more
stable competitor. Since quercetin, gallic acid, catechin, and caffeic acid offer more stable
interaction as compared with a non-covalently bound glucose molecule (Table 3), they can
offer strong competition.

Quercetin appears to be the most promising inhibitor of glucose interaction since
it efficiently prevents the formation of a covalent bond by directly interacting with the
Lys199. Interaction of quercetin with the SAL subsite is stabilized by the hydrophobic
interaction with Ala291 and Leu238—the same amino acids involved in the stabilization of
the first glucopyranose molecule at the SAL subsite. The 3-4 dihydroxyphenyl ring bound
to C2 of the deep seated 3,5,7-trihydroxychromen-4-one of quercetin at the SAL subsite
(Figure 9c) extends well beyond the Lys199 wall, as described by Wang et al. [20]. This
sterically hinders the settlement of the second glucopyranose molecule at the opening of the
Sudlow Site I, hence inhibiting the glucose interaction. Gallic acid also prevents covalent
bond formation (even more efficiently than quercetin due to two possible hydrogen bond
interaction); however, due to the small size of trihydroxy benzoic acid, it remains deep-
seated at the SAL subsite and well within the wall defined by the Lys199, thereby incapable
of preventing the entry of the second glucopyranose molecule at Sudlow Site I.

Uncontrolled levels of blood glucose together with oxidative stress create conditions
with high possibilities for the formation of intermediary metabolites of glycation and AGEs.
These AGEs and AGE-related metabolites exert structural and functional alterations of
blood proteins, contributing to further complications in patients with hyperglycemia as
well patients with other inflammatory diseases. In our study, we proved that the natural
products that are present in garlic extract have antioxidant and anti-glycation properties
and lend protection against the structural destabilization of proteins such as HSA. As
a result, this research will help researchers better grasp the link between glycation and
natural products that could be beneficial for disease prevention mechanisms in humans.

4. Materials and Methods
4.1. Materials

Ascorbic acid, trichloroacetic acid, DPPH, Folin–Ciocalteau reagent, ferric chloride,
potassium ferricyanide, gallic acid, trypsin, quercetin, and Congo red were purchased
from Sigma (Saint Louis, MO, USA). Hydrochloric acid, aluminum chloride, mono sodium
dihydrogen phosphate, DMSO, ethanol, methanol, disodium hydrogen phosphate, sodium
hydroxide, sodium carbonate, and hydrogen peroxide were purchased from Merck (Darm-
stadt, Germany). All chemicals and reagents were of the highest analytical grade. All
solvents used were HPLC grade.

153



Molecules 2022, 27, 1868

4.2. Chemical and Biological Studies
4.2.1. Preparation of Aqueous Solution of Garlic Extract

Soft-necked varieties of garlic, i.e., Allium sativum var sativum were obtained from
the local markets in Hail, KSA. Fresh aqueous extract was prepared using a previously
published method with slight modifications [26]. The concentration of the aqueous solution
was determined based on the total garlic used and the final volume of the extract (100 mL
of aqueous extract contained 50 g of garlic, i.e., 500 mg/mL).

4.2.2. Qualitative and Quantitative Analysis for Flavonoids and Phenolics

Qualitative analysis: The presence of flavonoids (alkaline reagent test) and pheno-
lic (FeCl3 test) compounds in the aqueous garlic extract was checked using a protocol
published by Alsahli et al. with slight modifications [38].

Quantitative analysis of total phenol and flavonoids content: Total phenol content was
estimated using Folin– Ciocalteau reagent as described previously with slight modifica-
tions [26]. Gallic acid (0–100 µg/mL) served as a reference point. The total phenolic content
in garlic extract was determined from the calibration plot and expressed as mg gallic acid
equivalents (GAE). All assays were performed in triplicate. Results are expressed as mg
gallic acid equivalent per g dry extract.

Total phenolic content (TPC) = C × V/M

where C is the concentration of gallic acid in mg/mL that was obtained from gallic acid
calibration curve, V is the volume of plant extract in mL, and M is the weight of pure plant
extract in grams (g).

The aluminum chloride (AlCl3) colorimetric method was used to determine total
flavonoid content in garlic extract as described previously [12,39]. The calibration curve
was plotted using quercetin (0–250 µg/mL). Garlic extract (50 µg/mL) or standard quercetin
solution was added to 2% AlCl3 (500 µL). The resultant solution was incubated for 1 h with
occasional stirring. The absorbance of reaction mixture was estimated using a spectropho-
tometer at 430 nm using ethanol as blank, as 2% AlCl3 solution was prepared in ethanol.
Total flavonoid content was determined to be quercetin equivalent (mg/g) (mg QUE/g).

Total flavonoid content (TFC) = Z × V/m

where Z is concentration of quercetin (mg/mL); V is volume (mL) of sample used in the
extraction; m is weight of pure dried sample used (g).

4.2.3. Antioxidant and Free Radical Scavenging Activities of Extract

Antioxidant activity—reducing power: The ferric reducing antioxidant power (FRAP)
technique was used to measure in vitro antioxidant activity [37]. An amount of 1 mL
ascorbic acid (0–100 µg/mL) or garlic extract (0–100 µg/mL) was combined with 2.5 mL in
phosphate buffer (0.1 M, pH 6.6) and 1% potassium ferricyanide (2.5 mL). After 20 min at
50 ◦C, 2.5 mL of trichloroacetic acid (10%) was added to the test tubes to terminate reaction.
The mixtures were subsequently centrifuged at 3000 rpm for 10 min, causing the formation
of supernatant. Finally, freshly made ferric chloride (0.5 mL, 0.5%) solution was mixed with
the supernatant (2.5 mL) and distilled water mixture (2.5 mL). The absorbances of various
samples were measured at 700 nm.

Percentage free radical scavenging activity = [(Xcontrol - Xsample)/Xcontrol] × 100

Xcontrol = absorbance of control sample.

Xsample = absorbance of sample in the presence of extract.

Analysis of free radical scavenging activity by DPPH method: Antioxidant activity
of aqueous garlic extracts was estimated using 1,1 difenyl-2-picryl-hydrazyl (DPPH) as
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published before [12]. Dry powder was obtained from the aqueous extract of garlic. This
was dissolved in methanol. One milliliter of 0.3 mM DPPH in methanol was added to
the extract solution test sample (2.5 mL) of varying concentrations (0–100 µg/mL) and
incubated in the dark for 30 min at room temperature. All samples were read at 517 nm
with methanol used as a blank. Inhibitory effect of DPPH was calculated according to the
following equation:

Percentage of free radical scavenging activity = [(Ac − As)/Ac] × 100

where, Ac = absorbance of control, and As = absorbance in presence of extract.

4.3. Modification of HSA by Glucose

HSA glycation was carried out as described previously with minor changes [1,2].
Solutions of HSA (3 mg/mL) with and without glucose were incubated for 10 weeks
under identical experimental conditions. To analyze the anti-glycation activity of garlic
extract, HSA with glucose was also incubated with varying concentrations of garlic extract
(0–100 µg/mL) and incubated under similar conditions. Post-incubation, all samples
were dialyzed against PBS. Samples were stored at −20 ◦C. Protein concentrations were
determined by NanoDrop™ 2000/2000c spectrophotometer (Thermo Scientific, USA).

4.4. Protein Denaturation Inhibition by Garlic Extract

The protein denaturation inhibition function of garlic extract was studied as described
by Sakat et al. [40] and Pandey et al. [41]. A portion of 1% aqueous solution (500 µL) of
HSA was added separately to 100 µL of varying concentrations (0–100 µg/mL) of garlic
extract. First, the mixtures were incubated at 37 ◦C for 20 min and then heated for 20 min
at 51 ◦C. Subsequently, the samples were cooled, and turbidity was measured at 660 nm.
All samples were run in triplicate.

The percentage inhibition of protein denaturation was calculated using the follow-
ing equation:

Percentage Inhibition = [(Ac − As)/Ac] × 100

where Ac = absorbance of control, and As = absorbance in presence of extract.

4.5. Measurement of Browning in Glycated Samples

The glycation process is a non-enzymatic event that can produce HSA denaturation.
Glycation promotes the browning of proteins by glucose in diabetes. As a result, browning
intensity can be used as a preliminary screen for glycation. The intensity of browning of
glycated materials was measured by absorbance at 420 nm using a 1 cm path length cell
after dilution with distilled water [12]. Experiments were performed in triplicate.

Percentage protection from browning = [(Acontrol - Asample)/Acontrol] × 100

where, Acontrol = absorbance of HSA and glucose system, and Asample = absorbance of HSA
and glucose system incubated with extract.

4.6. Effect of Garlic Extract on Protein Aggregation Index

Glycation is a major driver of biomolecular structural changes, particularly proteins,
resulting in the development of aggregates [42]. Garlic extract was tested for its abil-
ity to protect against protein aggregation caused by glycation by determining glycated
sample absorbance, treated with glucose, either in the absence or presence of extract
(0.78–100 µg/mL). Aggregation index was determined for each sample using their ab-
sorbance at 340 and 280 nm [12].

Percentage of protein aggregation index = [A340/(A280 − A340)] × 100

where, A340 = absorbance at 340 nm, and A280 = absorbance at 280 nm.
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4.7. Spectral Studies

UV absorption measurements were taken with a Perkin Elmer Lambda 35 spectropho-
tometer (Waltham, MA, USA) with two beams. In the absence/presence of glucose and
garlic extract, the UV spectra of HSA (0.2 mg/mL) were measured at a wavelength range
of 240–500 nm. Each sample’s absorbance intensity was measured at 280 nm [2,42].

AGE-specific fluorescence study: Fluorescence measurements were performed with a
Shimadzu spectrofluorometer (model RF-5301PC, Tokyo, Japan). Excitation (350 nm) and
emission (400–480 nm) wavelengths were used to determine the generation of fluorescent
AGE products. Slit width of 3 nm was used for both excitation and emission [38].

4.8. Circular Dichroism

The CD of native and glycated samples of HSA (2.2 µM), either with or without
garlic extracts (0.78–100 µg/mL), was recorded on a Jasco J 810 spectropolarimeter (Tokyo,
Japan). The spectropolarimeter has a temperature-controlled sample cell holder attached to
a NESLAB model RYE 110 water bath (Tokyo, Japan). [1]. Path length of cuvettes used was
1–10 mm. Each spectrum was the average of three scans. CD spectra were recorded over a
wavelength range of 200 to 280 nm and sensitivity of at 5 mm/millidegree (mdeg). Sodium
phosphate buffer (20 mM, pH 7.4) was used to prepare all protein solutions. Presence of
secondary structural elements was estimated as relative percentage by Chen and Yang
equation [19].

4.9. Structural Details of Potential Natural Product Ligands/Inhibitors of HSA Glycation

Natural products contain several phenolic compounds and their metabolites that might
be involved in inhibiting the glycation reactions. Some of the competing ligands/inhibitors
are given in Table 3, with the HSA molecule characterized using molecular docking studies.
All the ligands’ .sdf files were derived from PubChem ID (Table 3). The cyclic form of
glucose bound to HSA in the crystal structure was obtained from protein data bank (PDB
ID: 4iw2) and served as control. The HSA target structure was retrieved from the same PDB
ID (4iw2) by removing the ligands. SAL subsite of Sudlow Site I served as the active site.

4.10. Molecular Docking and Scoring of Ligand Poses

Molecular docking of ligands on the active site (defined above) was performed by
Autodock-Vina [43]. A standard docking protocol was implemented. The binding effi-
ciency of the glucopyranose and other ligands was also determined by the prodigy-ligand
webserver [44,45].

4.11. Statistical Analysis

The experimental results were calculated in triplicate and expressed as mean ± stan-
dard error. Statistical analyses were performed using OriginPro 8.5 followed by t test.
Significance was represented by p values < 0.05.

5. Conclusions

Previous researchers have demonstrated that there is a complex network of interde-
pendencies and correlations among qualities of various natural products, which may work
together to provide the overall therapeutic capabilities of different medicinal plants. The
results show that the inhibition of heat-induced denaturation of protein and prevention of
glycation and AGEs formation increased with an increase in garlic extract concentration.
Furthermore, garlic extract exhibited significant levels of protection in protein structural sta-
bilization against glycation. Our research significantly supports the numerous therapeutic
properties of garlic and addresses the question of the interdependence of various biological
activities and their antioxidant capacity. Thus, it is suggested to include garlic into any
existing preventative and treatment approach for glycation-induced health complications
in diabetic patients. For this purpose, a well-designed research strategy involving animal
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and clinical study is highly recommended for the verification of the therapeutic advantages
of garlic extract.
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Abstract: Carbon tetrachloride (CCL4) induces oxidative stress by free radical toxicities, inflamma-
tion, and neurotoxicity. Quercetin (Q), on the other hand, has a role as anti-inflammatory, antioxidant,
antibacterial, and free radical-scavenging. This study explored protection given by quercetin against
CCL4 induced neurotoxicity in rats at given concentrations. Male Wistar rats were divided into four
groups Group C: control group; Group CCL4: given a single oral dose of 1 mL/kg bw CCL4; Group
Q: given a single i.p injection of 100 mg/kg bw quercetin; and Group Q + CCL4: given a single i.p
injection of 100 mg/kg bw quercetin before two hours of a single oral dose of 1 mL/kg bw CCL4. The
results from brain-to-body weight ratio, morphology, lipid peroxidation, brain urea, ascorbic acid,
reduced glutathione, sodium, and enzyme alterations (aspartate aminotransferase (AST), alanine
aminotransferase (ALT), catalase, and superoxide dismutase) suggested alterations by CCL4 and a
significant reversal of these parameters by quercetin. In silico analysis of quercetin with various pro-
teins was conducted to understand the molecular mechanism of its protection. The results identified
by BzScore4 D showed moderate binding between quercetin and the following receptors: glucocorti-
coids, estrogen beta, and androgens and weak binding between quercetin and the following proteins:
estrogen alpha, Peroxisome proliferator-activated receptors (PPARγ), Herg k+ channel, Liver x,
mineralocorticoid, progesterone, Thyroid α, and Thyroid β. Three-dimensional/four-dimensional
visualization of binding modes of quercetin with glucocorticoids, estrogen beta, and androgen re-
ceptors was performed. Based on the results, a possible mechanism is hypothesized for quercetin
protection against CCL4 toxicity in the rat brain.

Keywords: quercetin; CCL4; neurotoxicity; VirtualToxLab; oxidative stress markers

1. Introduction

Exposure to toxic chemicals, environmental changes, and drugs can cause harmful
effects and injuries through the metabolic production of reactive oxygen species (ROS). The
description of oxidative stress is an imbalance between ROS production and antioxidant
defense, which causes cell damage at high levels. The ROS and their pathophysiological
effects depend on the concentration, type, and specific production site. When ROS are at a
high level, they react with DNA, proteins and cell membrane, and other molecules, causing
cellular damage and producing other more reactive radicals [1]. In addition, the formation
of ROS leads to DNA strand breaks and oxidative DNA damage that induce changes in
mRNA expression of DNA damage responsive genes [2].

Carbon tetrachloride (CCL4), a colorless, transparent, heavy, and non-flammable
industrial liquid, is widely used to induce free radical toxicity in various experimental
animal tissues such as kidneys, heart, liver, lung, testis, brain, and blood [3]. Exposure to
CCL4 initiates a complex process for resistance to toxicity and production of free radicals to
metabolize CCL4, leading to further oxidative stress, which participates in the initiation and
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progression of brain injury [4]. The resulting oxidative stress leads to DNA fragmentation
and produces a significant interconnected change of cellular metabolism and destruction
of the cells by lipid peroxidation [4]. Acute and harmful tissue injuries are induced
by CCL4 metabolites, reactive metabolic trichloromethyl radicals (CCl3), and peroxy
trichloromethyl radicals (OOCCl3). The single hepatotoxic dose produces more intense
free-radical stress in the brain than in the liver [5]. These free radicals can covalently
bind to macromolecules such as lipids, proteins, and nucleic acids present in the brain [6].
Previous studies showed that CCL4-induction caused an observed reduction in p53, a
tumor suppressor gene expression [7]. The antioxidant mechanism prevents cells in the
G phase of the cell cycle and gives additional time for DNA repair, while severe DNA
damage triggers apoptosis, a life-threatening condition [7].

Flavonoids are polyphenolic compounds that play an essential role in free radical
detoxification. These polyphenolic compounds are found in vegetables, fruits, and medici-
nal plants. Quercetin in plants exists as either a free (aglycone) or conjugated with carbohy-
drates (quercetin glycosides) and alcohols (quercetin methyl ethers). It was reported that
quercetin is an anti-inflammatory, antioxidant, antibacterial, radical-scavenging, antiviral,
gastroprotective, and immune-modulator, and is used to treat cardiovascular diseases and
obesity [8,9]. Quercetin is abundantly present in apples, berries, onions, capers, broccoli,
tea, and red wine. Quercetin is reported to protect against CCL4 induced hepatotoxicity
by inhibiting Toll-like receptor 2 (TLR2), TLR4 activation, and mitogen-activated protein
kinase (MAP Kinase) phosphorylation. These, in turn, inactivate nuclear factor kappa B
(NF-kB) and the inflammatory cytokines in livers of the CCL4-treated animals. Quercetin
is reported to protect against brain injury in mice through TLR2/4 and MAPK/NF-kB
pathway [10]. A high concentration of quercetin metabolites is present in the brain after
several hours of quercetin administration [11].

An intraperitoneal dose of quercetin 10 mg/kg body weight in rats before two hours
of acrylamide assault resulted in diminutive acrylamide mediated neurotoxicity. Quercetin
treatment leads to decreased dopamine, interferon-γ, and 8-hydroxyguanosine levels and
the restoration of serotonin levels [12]. In addition, quercetin can increase the body′s
antioxidant activity by regulating glutathione (GSH) levels. The GSH is a central compo-
nent of a natural defense mechanism of the body against oxidative stress. The superoxide
dismutase (SOD) quickly captures O2− and transforms it into hydrogen peroxide H2O2.
This enzyme further catalyzes the decomposition of H2O2 to the non-toxic H2O. This
reaction requires GSH as a hydrogen donor. Quercetin in several studies was found to
induce reduced glutathione (GSH) synthesis. One study reported that the p53 penetrates
in the mechanism of cell response to quercetin through modulation of glutathione-related
enzyme expression [13,14]. ROS and reactive nitrogen species (RNS) are produced contin-
uously in the body by oxidative metabolism, mitochondrial bioenergetics, and immune
function that can cause potential biological damage [15]. As a flawed anti-oxidative system
favors the accumulation of free radicals due to a decrease in the activity of antioxidant
enzymes, quercetin may find application in the prevention of neurological disorders due to
its neuroprotective effects. The present study evaluated the toxicity of CCL4 in rat brains
and investigated whether quercetin can protect against the damage caused by it.

The VirtualToxLab can predict the toxic potential of the tested compound, e.g., en-
docrine and metabolic disruption, some aspects of carcinogenicity, and cardiotoxicity by
simulation and quantification of their interactions towards a series of proteins suspected
to trigger mentioned adverse effects [16]. This tool follows an automated protocol and
calculates the binding affinity of the investigated compound to selected proteins. It is
beneficial to understand that interaction mechanism at the molecular level and estimate the
toxic potential of the studied drugs. The VirtualToxLab™ was used to study the interaction
between quercetin and various proteins to understand the molecular basis of the protective
potential of quercetin against carbon tetrachloride toxicity on rat brains.
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2. Materials and Methods
2.1. Chemicals

All the reagents and chemicals, including quercetin and CCL4, were obtained from
Sigma Chemical C., St Louis, MO, USA. All the kits for enzymatic analysis were purchased
from United Diagnostics Industry (Dammam, Saudi Arabia).

2.2. Animals

Male Wistar rats 8–12 weeks of age, weighing 80–90 g (n = 24), were obtained from the
Animal House Facility of King Saud University, Riyadh, Saudi Arabia. The animal ethics
committee approved the study of King Saud University (approval no. KSU-SE-21-05). Rats
were housed at 23–25 ◦C and 55–60% ambient humidity on a 12:12 h light/dark cycle and
were fed a regular diet with fresh drinking water daily.

2.3. Experimental Design

Group C: control group; Group CCL4: exposure to CCL4; Group Q: exposure to
quercetin only; Group Q + CCL4: treated with both quercetin and CCL4. Each group
consisted of six animals. Sunflower oil (vehicle) was used to dissolve CCL4 and then
administered to specific groups of animals. To the control group, only the sunflower oil
was administered. Due to CCL4’s non-polar nature and high volatility, it was necessary
to dissolve it in sunflower oil (3:1) to maintain a consistent, effective dose. Neurotoxicity
in mice occurs with a single dose of CCL4 (1 mL/kg bw) [5]. To the CCL4 Group, the
CCL4 dose was administered by oral gavage. To the quercetin-only group (Group Q),
quercetin was given as a single dose of i.p injection of quercetin (100 mg/kg bw) [17–19].
In the combination group, quercetin (100 mg/kg bw) was administered 2 h before the
assault by CCL4 (1 mL/kg bw). The Cmax of quercetin is 2–3 h; therefore, quercetin was
administered to obtain protective concentration levels of quercetin in systemic circulation
before the CCL4 assault [10]. The animals were sacrificed by carbon dioxide asphyxiation
after 24 h of their respective treatments bw) [17–20]. The brains of the studied groups were
removed and processed immediately for biochemical assays. The harvested brains were
weighed immediately for determining the organ/body weight ratio. The harvested brains
were homogenized in 1X PBS, and slices from the cortex were cut and stored in formalin
for histopathology.

The samples were processed as follows: fixing the specimens in a 10% neutral buffered
formalin solution (Loba Chemie, Colaba, India) block preparation in paraffin (Leica Biosys-
tems, Wetzlar, Germany) cutting sections of 5–6 µm thick, and the sections stained with
hematoxylin-eosin stain (Leica Biosystems, Wetzlar, Germany). The sections were pho-
tographed and analyzed using an electron microscope (Leica Biosystems, Wetzlar, Ger-
many) by an expert pathologist who was not informed about the sample assigned to the
experimental groups.

2.4. Brain Enzymes

Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were measured
with UV-kinetic diagnostic kits according to the kit protocol of the manufacturer (United
Diagnostics Industry (UDI, Dammam, Saudi Arabia). The method was based on the
oxidation of NADH, and the rate of decrease in absorbance at 340 nm is proportional to
the ALT activity of the sample. ALT and AST reagents were reconstituted with 3 mL of
distilled water, then 1000 µLof reconstituted reagent were pre-warmed at 37 ◦C for 2 min
followed by mixing with 100 µLof the sample. The mixture was allowed to stand for 60 s
for temperature equilibrium. ALT absorbance was measured every 60 s within 3 min at
340 nm against distilled water, and AST absorbance was measured every 60 s within a
2-min interval at 340 nm against distilled water. Eventually, ∆A/min was determined. Each
unit of AST and ALT enzyme activity was defined as micromoles of NADH decomposed
per minute using a molar absorbance of 6.22 × 103 ×M−1 Cm−1.
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Superoxide dismutase was determined by the method of Nishikimi et al. [21]. Briefly,
the reaction mixture contained 0.1 mL of sodium pyrophosphate (0.1 mM), 0.1 mL of NBT
(0.3 mM), 0.1 mL of NADH (0.47 mM), 0.05 mL of PMS (0.93 µM), and 0.1 mL of enzyme
(homogenized brain tissue) in a total volume of 1 mL. The rate of change of absorbance
was measured at 560 nm. Values were expressed as units of enzyme min−1 mg protein.
Catalase activity was estimated in the whole homogenized brain tissue by the method of
Aebie, 1984 [22]. The reaction mixture in a total volume of 3 mL contained 0.4 M sodium
phosphate buffer pH 7.2, 1.2 mL of H2O2, and a suitably diluted enzyme. The reaction was
started by adding H2O2 and reading the change in absorbance at 240 nm for two minutes.
One unit of CAT activity was defined as micromoles of H2O2 decomposed per min using
molar absorbance of H2O2 (43.6 M−1 Cm−1).

2.5. Measurement of Brain Sodium

Measurement of brain sodium was done with a sodium estimation kit procured from
United Diagnostics Industry (UDI, Dammam, KSA), as per the kit protocol procedures.
Na+/K+-ATPase is an enzyme found in the cell′s membrane. It performs several func-
tions in cell physiology. The assay activates the B-galactosidase enzyme by the sodium
present in the sample and the consequent enzymatic transformation of o-nitrophenyl-β,
D-glactopyranoside (o-NPG) into o-nitrophenol, and galactose. The o-nitrophenol formed
was kinetically measured at 405 nm against distilled water every 20 s for two minutes
as per the kit protocol. One unit of sodium level was defined as micromoles of o-NPG
(o-nitrophenyl-β, D-glactopyranoside) decomposed per minute using molar absorbance of
18.75 × 103 M−1 Cm−1.

2.6. Measurement of Brain Urea

Brain Urea was calculated using GLDH—UV-kinetic diagnostic kit with the SEMI
MICRO METHOD from United Diagnostics Industry (UDI, Dammam, Saudi Arabia).
Urea is a primary end product of protein nitrogen metabolism. The urea reagent was
reconstituted with 3 mL of distilled water, then 1000 µL of reconstituted reagent was
pre-warmed at 37 ◦C for 2 min followed by mixing with 10 µL of the sample. Absorbance
was measured every 30 s for 90 s at 340 nm against distilled water, and eventually, ∆A/min
was determined. One urea unit was defined as micromoles of NADH decomposed per
minute using molar absorbance of 6.22 × 103 ×M−1 Cm−1.

2.7. Lipid Peroxidation

Lipid peroxidation was done by the method of Utley et al. [23]. Briefly, 1 mL of
homogenized brain tissue was incubated in a metabolic shaker at 37 ◦C for one hour,
1.5 mL of 20% TCA was added, which was then centrifuged at 600 g for 10 min. Next,
1 mL of supernatant was added to 1 mL of freshly prepared Thiobarbituric acid (0.67%).
The reaction was kept in the water bath for 10 min. Upon cooling, absorbance was read
at 535 using a reagent blank. Values were expressed as nanomoles of malondialdehyde
formed hour−1 mg protein−1.

2.8. Ascorbic Acid (AsA)

Ascorbic acid was determined by the method of Jagota and Dani [24]. First, 0.2 mL of
homogenized brain tissue was treated with 0.8 mL of 10% TCA. After vigorous shaking,
tubes were kept in an ice-cold bath for 5 min and centrifuged at 1200 g for 5 min. Next,
0.2 to 0.5 mL of the supernatant were diluted to 2 mL with distilled water, and 0.2 mL of
Folin reagent (0.2 M) was added. After 10 min, the absorbance was read at 760 nm against
a reagent blank. The amount of ascorbic acid was calculated from the standard graph.
Values were expressed as µg of ascorbic acid µg protein−1.
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2.9. Reduced Glutathione (GSH)

The estimation was carried out by the method of Beutler et al. [25]. Briefly, 0.4 mL of
homogenized brain tissue was mixed with 3.6 mL of double-distilled water and followed by
treatment with 0.6 mL of precipitating reagent (containing 1.67 g of glacial metaphosphoric
acid, 0.2 g of EDTA, and 30.0 g of NaCl and made up to 100 mL with double distilled water).

The above reaction mixture was centrifuged at 600 g for 10 min. To 0.3 mL of supernatant,
2 mL of Na2HPO4 (0.3 M) and 0.25 mL of 5,5′ dithio-bis-2-nitrobenzoic acid (0.4% in 1%
sodium citrate) were added, and the volume was made up to 3 mL with DDW. OD was read
at 412 nm against blank. Values were expressed as µg of reduced glutathione µg protein−1.

2.10. In Silico Testing of Quercetin Toxicity and Molecular Docking

The VirtualToxLab™ is an online platform to estimate the toxicity of drugs, which
requires the test compound to be submitted in pdb format. Therefore, the quercetin
structure was downloaded from PubChem (PubChem CID: 5280343) in sdf format and
was converted to the pdb format using the discovery studio software. The interaction of
quercetin with the glucocorticoid, estrogen α, estrogen β, androgen, aryl hydrocarbon,
thyroid α, thyroid β, mineralocorticoid, progesterone, hERG, liver X, and PPARγ was
evaluated. In addition to these proteins, the enzymes cytochrome P450 1A2, 2C9, 2D6,
and 3A4 were assessed for their interactions with quercetin. Flexible molecular docking
was conducted for the quercetin and the moderately bound proteins in the VirtualToxLab
running on an automated protocol. The low-energy poses are sampled into a dataset. The
binding affinities between the quercetin and the target proteins were quantified using the
dataset as input for Boltzmann scoring (Software BzScore4D) [16]. The binding mechanisms
with these biomolecules were used to assess the protective mechanisms of quercetin to
CCL4 toxicity in the brain.

3. Results

CCL4 is lipophilic and passes freely through all biological membranes, including the
brain′s myelin sheath. A marked effect on brain tissue histology was observed with the
cortex showing swelling, vacuolar degeneration, and karyopyknosis. All these changes are
morphological characteristics of apoptosis. Figure 1a is the normal histology of the cerebral
cortex of the brain. Extensive vacuolization was seen in myelin within the white matter, and a
few vacuoles were also seen in the gray matter of rats treated with CCL4. CCL4-treated neurons
had large nuclei turning from basophilic to pyknotic revealing apoptosis (Figure 1b). However,
the normal histology was observed in quercetin-treated rats (Figure 1c). Figure 1d shows a
complete reversal of altered histology in rats treated with quercetin two hours before CCL4.
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Figure 1. Cortex sections of normal and treated groups at a scale bar of 100µm. (a) Normal histological appearance of brain
tissues with neurocytes having well-defined nuclei. (b) CCL4-treated brain cortex section with widespread intracellular
vacuolization and infiltration of inflammatory cells (aster). Neurocytes have dark eosinophilic cytoplasm, with cells having
heterochromatic nuclei. (c) Quercetin-treated brain tissue has fewer vacuoles and inflammation. (d) Q + CCL4-treated brain
section with mild vacuolization and mild infiltration of inflammatory cells (n = 3).
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The effect of CCL4 on the brain-to-body weight ratio is presented in Figure 2a. The
brain-to-body weight ratio decreased significantly (p < 0.0001) in the CCL4 treatment
group, showing this group′s metabolic or growth disorders. Treatments with quercetin and
combination groups completely reversed these groups′ metabolic or growth disorders and
showed non-significant differences with control group growth patterns.
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and brain sodium (n = 6). Data were analyzed by (one-way ANOVA), and Tukey’s test was used for multiple comparisons.
Treated groups are compared to the control group. **** p < 0.0001, ** p < 0.01, ns is non-significant.

Figure 2b shows significantly decreased levels of ALT in group CCL4-treated rats
(p < 0.0001) when compared to Group C (control). Quercetin treatment alone (Group Q)

caused a non-significant decrease in the ALT levels (p > 0.05) compared to controls. Pretreat-
ment of quercetin in Group IV reversed the decreased ALT levels and showed significant
protection when compared with Group CCL4. The decreased ALT levels in the group
Q + CCL4 were non-significant (p > 0.05) compared to the control group.

Figure 2c shows significantly increased levels of AST in Group CCL4 rats (p < 0.0001)
when compared to control, indicating the induction of brain damage as AST catalytic
activities in the CSF are linked to high risk. Quercetin treatment alone was relatively
similar to control in the AST levels (p > 0.05) compared to control. However, pretreatment
of quercetin in the Q + CCL4 group could not reverse the increased levels of AST.

Figure 2d shows significantly increased levels of urea in Group CCL4 rats (p < 0.0001)
when compared to control, indicating brain damage and increased metabolic activity.
Quercetin treatment alone caused a non-significant increase in urea levels compared to
controls. However, pretreatment of Quercetin in the Q + CCL4 group decreased the
increased urea levels significantly.

Figure 2e shows significantly increased sodium levels in the group Q rats (p < 0.0001)
compared to controls, which is another indication of brain damage due to the voltage potential.
Quercetin treatment alone was relatively similar to control; non-significant change in the
sodium levels (p > 0.05) compared to controls. Pretreatment of quercetin in the Group
Q + CCL4 reversed the increased sodium levels and showed significant protection compared
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with the group CCL4. The increase of sodium levels in group Q + CCL4 was significantly
decreased (p < 0.001) compared to the control group, relatively similar to controls.

Table 1 shows the levels of biochemical oxidative stress biomarkers lipid hydroperox-
ides, ascorbic acid, and reduced glutathione catalase and superoxide dismutase in control
and experimental rats (Table 1). The levels of lipid hydroperoxides and AsA were sig-
nificantly (p < 0.05) increased in CCL4- treated rats compared to control and quercetin
groups. The treatment of rats with quercetin resulted in significant recovery of these free
radicals generated in brain tissues of group Q + CCL4. Exposure with CCL4 significantly
decreased the reduced glutathione (p < 0.05) that was reversed considerably in group
Q + CCL4 (p < 0.05). Catalase activity was reduced substantially with CCL4 treatment that
was significantly recovered by treatment with quercetin in group Q + CCL4 (Table 1).

Table 1. Effect of quercetin on CCL4 induced oxidative stress in the brains of control and experimental rats.

Treatment Groups Control CCL4 (1 mg/kg) Q (100 mg/kg) Q + CCL4

Lipid Peroxidation
(mmoles of malonaldehyde
formed/hour/mg protein)

1.98 ± 0.44 b,d 8.33 ±0.82 a,c,d 0.94 ± 0.15 b,c 0.83 ± 0.35 a,b,c

Ascorbic acid
(µg of ascorbic acid/µg protein) 0.73 ± 0.15 b,d 3.23 ± 1.82 a,c,d 0.45 ± 0.06 b,d 1.70 ± 0.14 a,b,c

Reduced glutathione
(µg of GSH/mg protein) 5.30 ± 0.80 b 2.53 ± 1.47 a,c,d 5.55 ± 3.47 b 6.90 ± 0.41 b

Catalase
mmol H2O2/min/mg protein 3.05 ± 0.55 b,c 0.26 ± 0.30 a,c,d 2.30 ± 0.45 a,b,d 2.43 ± 0.85 b,c

Superoxide dismutase
Units/mg protein 135.29 ± 44.79 b 63.11± 22.48 a,d 131.26 ± 7.29 d 126.10± 25.73 b,c

Querectin (100 mg/kg b.w) was administered 2 h before CCL4 assault. Data are representative of mean ± SD of three independent
experiments, each group containing six mice. a significant (p < 0.05) when compared to control; b significant (p < 0.05) when compared
to CCL4 (1 mg/kg) group; c significant (p < 0.05) when compared to Q (100 mg/kg) group; d significant (p < 0.05) when compared to
Q + CCL4 group.

The results from the VirtualToxLab™ are presented in Table 2. Quercetin was found to
have a strong binding affinity to the androgens and had moderate binding to glucocorticoid
and estrogen beta receptors. In addition, the quercetin was found to have weak binding to
Estrogen receptor α (ERα), hERG, Peroxisome Proliferator-Activated receptor γ (PPARγ)
and Thyroid receptor β (TRβ). Furthermore, quercetin did not bind to Aryl hydrocarbon
receptor (AhR), Thyroid receptor α, Mineralocorticoid receptor (MR), progesterone recep-
tor (PR), hERG, and Liver X receptor (LXR), nor to any of the cytochrome P450 enzymes.
Figure 3 shows real-time 3D/4D visualization of binding modes of quercetin with gluco-
corticoids, estrogen beta, and androgen receptors in concomitance with binding results
from BzScore4D. Based on the results, a possible mechanism of quercetin protection against
CCL4 toxicity in the rat brain was hypothesized.

Table 2. Binding of quercetin to various proteins.

Target Binding Type Binding Affinity (VirtualToxLab)

Androgens moderate binding 948 nM

Aryl hydrocarbon negligible >100 µM

CYP1A2 negligible >100 µM

CYP2C9 negligible >100 µM

CYP2D6 negligible >100 µM

CYP3A4 negligible >100 µM

Estrogen α, weak binding 3.54 µM
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Table 2. Cont.

Estrogen β moderate binding 448 nM

Target Binding Type Binding Affinity (VirtualToxLab)

Glucocorticoid moderate binding 574 nM

Herg k+ channel weak binding 4.87 µM

Liver x weak binding 72.7 µM

Mineralocorticoid weak binding 14.7 µM

Pparγ weak binding 4.53 µM

Progesterone weak binding 37.2 µM

Thyroid α, weak binding 15.3 µM

Thyroid β weak binding 5.85 µM
Overall toxic potential was found to be 0.418 [16].
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between quercetin and glucocorticoid; (b) binding interaction between quercetin and androgen; (c) binding interaction of
quercetin and estrogen alpha. The ligand is based on atom type and the protein-based on amino acid residue type coloring.

4. Discussion

CCL4 is a lipophilic colorless liquid and readily crosses cell membranes, including the
blood–brain barrier. All body tissues rapidly take up CCL4, but the toxicity on the brain
remains poorly understood. Some studies reported that adverse events of CCL4 in rodents
are mainly based on systemic effects in the liver (centrilobular necrosis) and some impact on
the kidney in inducing free radical toxicity and some tissues injuries [26]. However, in this
study, we evaluated all the parameters in the brain tissue itself. In this study, the elevation of
ROS was reported in brain cells on exposures to a single dose of CCL4 that is scavenged by
antioxidant quercetin during normal cell metabolism. Histopathological analysis on brain
tissues indicated a CCL4 induced karyopyknosis, apoptosis, and swelling. The toxic effect
of CCL4 is believed to be due to trichloromethyl radicals produced during oxidative stress,
as per previous literature [27]. The results of our study are in corroboration with Ritesh
et al., 2015, who reported that a single hepatotoxic dose of CCL4 is equally neurotoxic to rats
as many consecutive doses [5]. Organ and body weights showed significantly decreased
growth changes in the brain-to-body weight ratios. The brain/bw ratio is one of the most
sensitive parameters measured for detecting the effect of exposure to toxins on growth
and development [28]. CCL4 significantly altered AST and ALT activity in brain tissue,
and no modified ALT levels were observed in the prophylactically quercetin-treated group.
CCL4 treatment causes brain tissue damage followed by the release of AST molecules
into the extracellular spaces of brain tissue. The function of this enzyme is the reversible
transport of amines from aspartate to α-ketoglutarate [29]. In concomitance to this study,
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Kelbich et al. reported an increase in AST catalytic activities in the cerebrospinal fluids of
cerebral ischemia patients [30].

Furthermore, the increased AST activity could be connected with increased transport
of NADH from the cytosol to mitochondria. In contrast, the increased ALT activity would
represent more transformation of pyruvate to alanine due to increased glycolysis and hence
increased pyruvate [31]. Increased brain urea by CCL4 was reversed by quercetin. The
‘reverse urea effect causes brain edema’, i.e., the significant urea gradient between blood
and brain causes an inflow of water into the brains of induced animals [32]. For the first
time, this study has evaluated brain sodium levels with CCL4 exposure. Brain sodium
is increased with sympathoexcitatory and pressor responses [33], which further destroys
brain potential and leads to brain inflammation. In addition, increased sodium levels
hyperactivate Na/K channels that trigger excitotoxic neuron death [34]. In concomitance to
sodium levels, the Herg k+ channel (Pottasium channel) was found to show weak binding
with quercetin in silico analysis. Hence, it can be predicted that quercetin protected via the
action of Na+/K+ pump. However, the action of protection by quercetin with respect to
Na+/K+ pump must be verified in future studies. Glutathione eliminates reactive oxygen
species (ROS) produced in oxidative stress [35]. GSH, a ubiquitous intracellular cytosolic
tripeptide at millimolar concentrations, is the primary non-enzymatic biomarker of redox
homeostasis. The reduced GSH in brains after the exposure to CCL4 could result from
increased GSH-peroxidase activity in the exposed rat. The decreased GSH was further
associated with ascorbic acid and lipid peroxidation [19,36,37]

Additionally, glutathione depletion induces glycogenolysis-dependent ascorbic acid
synthesis in murine hepatocytes in vitro [38]. The significant decreased levels of antioxidant
enzymes such as CAT and SOD were reversed to normal by quercetin supplementation
(Table 1). Based on our results, we conclude that quercetin shows significant prophylactic
effects against CCL4 with respect to the studied parameters. Thus, it was indicated
that quercetin prevents alterations in oxidative stress parameters and neurotransmitters
parameters [39]. Our results highlight the importance of understanding the potential
prophylactic effects of quercetin against neurotoxicity.

Based on the binding affinities of quercetin to various proteins, the normalized binding
affinity of quercetin to the studied proteins was found to be 0.418 (average). It should be
noted that the toxicity values can be overestimated since binding to a particular protein
may or may not lead to any adverse event. The software used for the flexible docking in
VirtualToxLab is Alignator and Cheetah. All the binding modes between the quercetin and
the target proteins were identified during the study. The interaction between quercetin and
the target proteins, which showed moderate binding, is given in Figure 3. The binding
affinity are defined between >100 µM (not binding) to <1.0 nM (strong binding). The
overall binding potential ranged from 0.0 (benign) to 1.0 (extreme) [16].

Moderate binding between quercetin and glucocorticoids, estrogen beta, and andro-
gens was evaluated. Previous studies suggested that oxidative stress increases glucocor-
ticoid (GC) hormones; hence, the hippocampus, which has a high concentration of GC
receptors, is especially vulnerable to elevated levels of GCs. The GCs have been suggested
to endanger hippocampal neurons by exacerbating the excitotoxic glutamate-calcium-
reactive oxygen species (ROS) cascade [40–42]. Our binding results suggest quercetin
binding to glucocorticoids as a preventing mechanism for preventing ROS cascade gener-
ated by CCL4 neurotoxicity.

Previous studies demonstrated that estrogen receptor β (ERβ) signaling alleviates
systemic inflammation in animal models, and suggested that ERβ-selective agonists may
deactivate microglia and suppress T cell activity via the downregulation of nuclear factor
k-light-chain-enhancer of activated B cells (NF-kB) [43]. The estrogen receptor agonists
play an essential role in protecting the central nervous system against neuroinflammation
and neurodegeneration. Quercetin aglycone and its glucuronide possess estrogenic activity,
and quercetin is also classified as a phytoestrogen [8,44]. Thus, the binding of quercetin to
estrogen alpha and beta might have caused the protection against the stress induced by
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carbon tetrachloride [8]. Future studies are needed to verify this mechanism for protection.
Another possible mechanism for the protection of quercetin can be the suppression of
stress-induced plasma corticosterone and adenocorticosterone levels. The DNA binding
activity of the glucocorticoid receptor is modulated on binding to quercetin and is one
of the possible reasons for suppressing plasma corticosterone and adrenocorticotropic
hormone levels [45,46]. The effect of androgens on the cerebral vasculature is a complex
mechanism. They have both protective and detrimental effects, depending on several
factors, such as age, drug dose, and state of disease. Chronically elevated androgens are
pro-angiogenic, promote vasoconstriction, and influence blood–brain barrier permeability.
In addition to these, androgens have been shown to affect the cerebral vasculature [44]
directly. This study found moderate binding with androgens; hence, we propose that
elevated androgen levels by CCL4, which could otherwise be harmful to the brain, were
probably prevented by quercetin by binding with androgen receptors. Future studies are
needed to verify our hypothesis.
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Abstract: Hepatitis E virus (HEV) is an understudied pathogen that causes infection through fecal
contaminated drinking water and is prominently found in South Asian countries. The virus affects
~20 million people annually, leading to ~60,000 infections per year. The positive-stranded RNA
genome of the HEV genotype 1 has four conserved open reading frames (ORFs), of which ORF1
encodes a polyprotein of 180 kDa in size, which is processed into four non-structural enzymes:
methyltransferase (MTase), papain-like cysteine protease, RNA-dependent RNA polymerase, and
RNA helicase. MTase is known to methylate guanosine triphosphate at the 5′-end of viral RNA,
thereby preventing its degradation by host nucleases. In the present study, we cloned, expressed, and
purified MTase spanning 33–353 amino acids of HEV genotype 1. The activity of the purified enzyme
and the conformational changes were established through biochemical and biophysical studies. The
binding affinity of MTase with magnesium ions (Mg2+) was studied by isothermal calorimetry (ITC),
microscale thermophoresis (MST), far-UV CD analysis and, fluorescence quenching. In summary, a
short stretch of nucleotides has been cloned, coding for the HEV MTase of 37 kDa, which binds Mg2+

and modulate its activity. The chelation of magnesium reversed the changes, confirming its role in
enzyme activity.

Keywords: hepatitis E virus; methyltransferase; fluorescence quenching; protein–ligand interaction;
protein stability; enzyme assay

1. Introduction

Hepatitis E virus (HEV) is inherently hepatotropic, causing acute hepatitis and chronic
infection in immunocompromised patients, as well as leading to extrahepatic manifesta-
tions in some patients [1–4]. Globally, hepatitis E accounts for an estimated mortality rate
of ~3.3% in the infected population and causes fulminant hepatitis failure in 25–30% of
infected pregnant women [5]. HEV has a genome of ~7.2 kb plus-stranded RNA with a
5′-methylguanine (m7G) cap accorded by guanylyltransferase (GTase) and methyltrans-
ferase (MTase). The RNA capping is essential for the viruses to evade the host immune
system and produce other viral proteins by protecting the viral mRNA from nucleases.
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In the case of HEV, the 5′ m7G cap has been demonstrated to play an additional role,
increasing infectivity in non-human primates and cultured hepatoma cells [6,7]. Despite
being an important enzyme, few studies have examined the functional and structural
aspects of the HEV MTase. Magden et al. 2001 expressed a 110 kDa protein from the
1–979 amino acid region of HEV cDNA and demonstrated both the activities of MTase and
GTase [8]. Before that, using computational homology modelling, Koonin et al. derived
that the MTase domain lay in the region of aa 56–240 of the HEV genome [9]. Through
bioinformatic studies, Emerson et al. predicted that the MTase lay in the region of aa 33–353
of HEV genotype 1 [6]. This fragment was further preferred since it formed a section of the
MTase domain of aa 1–979 expressed by Magden and overlapping the region of amino acids
56–240, computationally predicted to be MTase by Koonin. Howver, expressing the protein
containing this predicted fragment and validating the MTase activity is an unexplored area.

Other viruses in which capping is essential for MTase activity include the Dengue
virus [10], coronaviruses [11], and flaviviruses [12]. MTase is an integral enzyme required
for capping, which is dependent on magnesium (Mg2+) as a cofactor for its activity [13].
The dependence of MTase on divalent cations for its activity has been observed in the case
of many viruses, such as the Zika virus [14] and respiratory syncytial virus (RSV) [15].
Many viruses, such as the Chlorella virus and hepatitis C virus (HCV), coronaviruses, and
flaviviruses, also need Mg2+ for the activity of viral enzymes [16–20]. Alteration of the
activity may be due to conformational changes resulting from the binding of magnesium
to the enzyme. Following this hypothesis, the role of Mg2+ in the MTase activity of
coronaviruses has been attributed to the conformational changes in the nsp10/nsp16
enzyme complex for 2′O-methylation [21]. The binding is postulated to induce the change
in the structural, conformational, and interactional properties of MTase. As seen in the
Dengue virus, Mg2+ stabilises the RNA cap by coordinating with the inverted triphosphate
moiety from the solvent-exposed side of the RNA cap [22].

Briefly, in the present study, we have reported and expressed the HEV MTase from the
predicted domain of the 33–353 amino acid fragment of HEV genotype 1. The molecular
weight of the enzyme with MTase activity was found to be 37 kDa. The enzyme activity
was shown to be associated with Mg2+ using biochemical and biophysical studies.

Our work suggested that HEV MTase requires Mg2+ for its activity, and future studies
should help to establish the direct relationship between RNA capping and host cellular
metal ions. Further, the identification of drug-like inhibitors that are structurally compatible
with the domains responsible for the enzyme activity could be performed. Using this
information, the co-crystallisation of MTase with magnesium can be performed, to elucidate
the exact binding pocket of Mg2+ and hence design structurally compatible inhibitors.

2. Results
2.1. Expression and Purification of MTase

For studying the biochemical and biophysical characteristics of the enzyme MTase, the
gene for MTase was cloned into the pET-28a vector and validated by restriction digestion of
a ~969 bp fragment (Figure 1A) and confirmed by DNA sequencing (data not shown). The
recombinant MTase construct was transformed into BL21-DE3 cells to express the protein,
as demonstrated using SDS-PAGE and Western blotting with proper controls (Figure 1B,C;
Lanes 2 and 3). The protein was solubilized using different detergents, but achieved maximum
solubility with 0.5% NLS (Figure 1B,C; Lane 4). The recombinant protein of 37 kDa, with a
His-tag, was purified using Ni-NTA chromatography and confirmed to be MTase, as shown by
SDS-PAGE and western blotting using epitope-specific antibodies (Figure 1B,C; Lane 5). In
conclusion, the protein was purified and confirmed to be MTase through enzyme assay using
GTP as the substrate.
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Figure 1. Cloning, expression, and purification of MTase: (A) The cloned MTase gene (969 bp) was 
confirmed by restriction digestion using NdeI and XhoI (Panel A). (B) Coomassie-stained gel repre-
senting the expressed and purified fractions of HEV MTase. Lane 1, marker; lane 2, uninduced cell 
lysate; lane 3, induced cell lysate; lane 4, solubilised fraction; lane 5, Ni-NTA purified fraction. (C). 
Western blotting analysis using anti-HEV MTase primary antibody. Lane 1, marker; lane 2, unin-
duced cell lysate; lane 3, induced cell lysate; lane 4, solubilised fraction; lane 5, Ni-NTA purified 
fraction. 

2.2. MTase Activity of 37 kDa Protein 
2.2.1. Enzyme Kinetics 

MTase kinetics were studied as described in Materials and Methods to determine the 
nature of the enzyme and its activity. The activity of the purified protein was determined 
through different parameters, including various ranges of temperature, pH, and time. A 
linear increase in the enzyme activity was observed upon the increase in MTase concen-
tration from 0–5 μM (Figure 2A). Further, enzyme activity was studied in the pH range 
from 6 to 12, leading to a bell-shaped curve with an optimal pH of 8.0 (Figure 2B). Addi-
tionally, the optimal temperature of the enzyme activity was found to be 37 °C (Figure 
2C), above which the enzyme became denatured. Further, through the time-course assay, 
the optimal enzyme activity was found at 150 min, after which it plateaued (Figure 2D). 
For all future studies, the concentration of the enzyme used was 0.675 μM, while the con-
centration of GTP used was 0.4 mM. The graphs were plotted in terms of S-adenosyl ho-
mocysteine (SAH) concentration, determined using the standard curve. All the reactions 
were performed in triplicate, and the readings were subtracted from those of the no en-
zyme control. Each data point in the graph represents the mean value, and the error bars 
indicate the standard deviation. 

Figure 1. Cloning, expression, and purification of MTase: (A) The cloned MTase gene (969 bp) was
confirmed by restriction digestion using NdeI and XhoI (Panel A). (B) Coomassie-stained gel representing
the expressed and purified fractions of HEV MTase. Lane 1, marker; lane 2, uninduced cell lysate; lane 3,
induced cell lysate; lane 4, solubilised fraction; lane 5, Ni-NTA purified fraction. (C) Western blotting
analysis using anti-HEV MTase primary antibody. Lane 1, marker; lane 2, uninduced cell lysate; lane 3,
induced cell lysate; lane 4, solubilised fraction; lane 5, Ni-NTA purified fraction.

2.2. MTase Activity of 37 kDa Protein
2.2.1. Enzyme Kinetics

MTase kinetics were studied as described in Materials and Methods to determine the
nature of the enzyme and its activity. The activity of the purified protein was determined
through different parameters, including various ranges of temperature, pH, and time.
A linear increase in the enzyme activity was observed upon the increase in MTase concen-
tration from 0–5 µM (Figure 2A). Further, enzyme activity was studied in the pH range from
6 to 12, leading to a bell-shaped curve with an optimal pH of 8.0 (Figure 2B). Additionally,
the optimal temperature of the enzyme activity was found to be 37 ◦C (Figure 2C), above
which the enzyme became denatured. Further, through the time-course assay, the optimal en-
zyme activity was found at 150 min, after which it plateaued (Figure 2D). For all future studies,
the concentration of the enzyme used was 0.675 µM, while the concentration of GTP used was
0.4 mM. The graphs were plotted in terms of S-adenosyl homocysteine (SAH) concentration,
determined using the standard curve. All the reactions were performed in triplicate, and the
readings were subtracted from those of the no enzyme control. Each data point in the graph
represents the mean value, and the error bars indicate the standard deviation.

2.2.2. MTase Activity in the Presence of Guanosine Triphosphate (GTP) as a Substrate

The MTase kinetics were performed in the presence of GTP as its substrate while
keeping the concentrations of S-adenosyl methionine (SAM) (methyl donor) and the enzyme
constant at 1 µM and 0.675 µM, respectively. The concentration of the GTP substrate (methyl
acceptor) ranged from 0 to 10 mM. The Michaelis–Menten equation was used to calculate
the km value for GTP, which was found to be 0.387 mM (Figure 3A). The km value was also
determined using a Lineweaver–Burke plot produced by GraphPad Prism 9. The straight-
line equation for the plot, Y = 0.0003207 × X + 0.0008274, was used to calculate the km and
Vmax values (Figure 3B). The calculated km and Vmax values from the Lineweaver–Burke
plot were found to be 0.387 mM and 120,496, respectively.
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adjusting various parameters. (A) MTase activity at varying enzyme concentrations. (B) Enzyme 
activity at different pH values. (C) Enzyme activity at different temperatures (D). Enzyme activity 
at various time points. The observations are made from experiments performed in triplicate. Each 
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Figure 2. Effect of various parameters on MTase activity: The MTase activity was optimised by
adjusting various parameters. (A) MTase activity at varying enzyme concentrations. (B) Enzyme
activity at different pH values. (C) Enzyme activity at different temperatures. (D) Enzyme activity at
various time points. The observations are made from experiments performed in triplicate. Each data
point on the graph represents the mean value, and the error bars indicate the standard deviation.

2.2.3. Substrate Specificity of MTase

The substrate specificity of the enzyme was studied using different nucleotides,
cytidine triphosphate (CTP), uridine triphosphate (UTP), cyclic adenosine monophos-
phate (cAMP), guanosine diphosphate (GDP), GTP, and deoxy guanosine triphosphate
(dGTP), as well as the capped analogues, 7-methyl guanosine diphosphate (m7-GDP) and
7-methyl-guanosine triphosphate (m7-GTP). The reaction was performed, in which 0.675 µM
of MTase was tested for enzyme activity in the presence of 0.5 mM of different nucleotide
triphosphates (NTPs) as cap analogues, as mentioned above. The concentration of SAM, the
methyl donor, was kept constant at 1 µM in the reactions. The activity assay demonstrated
that GDP is a better substrate than GTP, while minimal activity was observed for CTP, UTP,
cAMP, and dGTP (Figure 4). The cap analogues, m7-GDP and m7-GTP, showed minimal
activity. These results showed the specificity of MTase activity, indicating that there must
be a free position on the substrate to transfer the methyl group. The minimal activity for
m7-GDP and m7-GTP was observed since the N-7 position of the guanosine is already
methylated [8] (Figure 4).
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Figure 3. Kinetic studies of MTase: (A) The reaction mixture contained 1 µM SAM and different
concentrations of GTP. Each data point represents the mean value, and the error bars indicate the standard
deviation. The Km value of the substrate, GTP, was calculated using the Michaelis–Menten equation
and found to be approximately 0.38 mM. (B) The Lineweaver–Burke plot was produced by GraphPad
Prism 9. A straight-line equation was determined using Km and Vmax (Y = 0.0003207× X + 0.0008274).
The calculated Km and Vmax values using the Lineweaver–Burke plot were 0.387 mM and 120,496,
respectively.
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(Figure 5A). The effect of another important cation, Ca2+, was checked for its activity of 
the enzyme, but no effect on MTase activity was seen (data not shown). To further validate 
the impact of Mg2+, the reaction was performed in the presence of EDTA, which is sup-
posed to be a chelating agent for the magnesium. When increasing the concentration of 
EDTA from 0 to 8 mM, the enzyme activity decreased significantly, establishing that the 
presence of magnesium is essential for the MTase activity (Figure 5B).  

Figure 4. Effect of different substrates on HEV MTase activity: The graph represents the activity
of MTase using different substrate analogues. The bars represent various nucleotide analogues, as
indicated in the figure. The values have been normalised to the percentage activity of the enzyme in
the presence of GTP. The enzyme assay was performed in triplicate; the graph represents the mean
value while the error bar indicates the standard deviation. The statistical significance of the data was
determined using Student’s t-test. ** p-value < 0.05, *** p-value < 0.0005.
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2.2.4. Effect of Magnesium (Mg2+) on MTase Activity

Although divalent cations are crucial for the activity of many viral enzymes, no study
has been observed the role of divalent cations on MTase activity. Hence, MTase activity
in response to varying concentrations of Mg2+ was studied. This resulted in the linear
increase in MTase activity for up to 2 mM of magnesium, after which it became saturated
(Figure 5A). The effect of another important cation, Ca2+, was checked for its activity of the
enzyme, but no effect on MTase activity was seen (data not shown). To further validate the
impact of Mg2+, the reaction was performed in the presence of EDTA, which is supposed to
be a chelating agent for the magnesium. When increasing the concentration of EDTA from
0 to 8 mM, the enzyme activity decreased significantly, establishing that the presence of
magnesium is essential for the MTase activity (Figure 5B).
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Figure 5. Effect of magnesium on MTase activity: (A) The graph represents MTase activity when
increasing the concentration of MgCl2 up to 10 mM. (B) The effect of EDTA on the enzyme activity.
The graphs represent the mean value of three different readings and the error bars indicate the
standard deviation.

2.3. Circular Dichroism (CD) Analysis

Far-UV CD experiments were performed to investigate the changes in secondary
structural content of MTase at different pH values or Mg2+ concentrations [23]. The obtained
MTase spectra showed two negative peaks around 208 nm and 222 nm. A positive peak at
195 nm (not shown in the figure due to high HT values at this region) reflects a characteristic
α-helical spectrum of MTase (Figure 6). In addition, the negative peak at 218 indicates
the presence of the β-sheets. Overall, at pH 8.0, it contains 27% α-helix, 23% β-sheet, and
the rest of the content as random coils, loops, turns, etc. Hence, we report that 50% of the
MTase protein is comprised of α-helical and β-sheet structures. Similar percentage of α-helices
and β-sheets for MTase were obtained by secondary structure prediction methods (data not
shown). The secondary structure of MTase was calculated using online DichroWeb software
(http://dichroweb.cryst.bbk.ac.uk/html/home.shtml) (accessed on 27 December 2021) based
on the K2D model and analysed by the method of Chen et al. [24].
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Figure 6. Far-UV CD spectra of MTase: To determine the change in the secondary structure of MTase
in the presence of N-lauryl sarcosine sodium salt and NaCl at pH 4.0, 6.0, 7.0, 8.0, 10.0, and 12.0 at 25 ◦C.

2.4. Structural and Thermal Stability of MTase in the Presence of Mg2+

The structural stability of MTase was investigated in the presence of Mg2+ at different
pH conditions. The experimental results revealed a minimum change in the secondary
structure of MTase in the presence of Mg2+ at pH 4.0 and pH 8.0 compared to pH 6.0,
pH 7.0, pH 10.0, and pH 12.0 (Figure 7). As per our observations, Mg2+ is responsible
for the change in the secondary structure at different pH conditions. However, it has
been found that shifting the pH values towards acidic (pH 4.0) or alkaline (pH 12.0) is
responsible for the increment in the α-helix content of MTase. This observation confirmed
that the MTase secondary structure in the presence of 0.2 mM Mg2+ is more stable at
pH 4.0 and pH 8.0 compared to other pH values. Therefore, we selected pH 8.0 for further
studies, which is closer to physiological pH. This will help provide a comparative analysis
for protein activity and drug discovery.
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Further, we have determined the effect of Mg2+ on MTase secondary structural changes
by varying the Mg2+ concentrations (Figure 8A). We found that 0.2 mM Mg2+ effectively
changed the secondary structure of MTase compared to 1.0 mM of Mg2+. Furthermore,
the far-UV CD spectra revealed that lower Mg2+ concentrations induced the formation
of β-sheets that was proportionally not supported at higher concentrations. Moreover,
we determined the thermal stability at similar conditions. The obtained experimental
denaturation graphs (Figure 8B) at 0.2 mM Mg2+ showed that the metal ions effectively
induced the thermal stability of MTase compared to 1.0 mM (Table 1). Far UV-CD spectra
and enzymatic assays also supported these results.
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Table 1. Percentage change in secondary structure content and thermal denaturation values of MTase
in the presence and absence of Mg2+. This revealed changes in the structural conformational and
stability of MTase at pH 8.0.

Sample System % α-Helices % β-Sheets % Random Coils and
Other Sec. Structures Tm (◦C)

Native MTase 27.08 23.03 48.09 58.83

MTase + 0.2 mM Mg2+ 22.64 36.96 40.40 61.57

MTase + 1.0 mM Mg2+ 25.93 24.87 49.20 59.73

We calculated the thermal unfolding of MTase by the two-state folding–unfolding
model and the related Equations (2) and (3), which are used to resolve the temperature
mid-point (Tm) by fitting the ellipticity. The results showed that secondary structural
contents of MTase were transformed during the thermal denaturation process. The loss
of protein function and structure were directly related to the decrease in the ellipticity at
222 nm with temperature. The obtained Tm values of native MTase were calculated at
around ~58.8 ◦C, which changed significantly compared to the presence of Mg2+ (Figure 8B,
Table 1). The thermal denaturation of MTase and waning of hydrophobic and other non-
covalent interactions might be responsible.

2.5. Determination of Binding Affinity and Mechanism of Mg2+ Ion with MTase by Fluorescence
Quenching Method

We also performed fluorescence quenching experiments to determine the binding
affinity of Mg2+ with MTase. For this, we titrated Mg2+ against MTase (5 µM) at 25 ◦C.
Figure 9A shows that MTase possesses a sharp fluorescence emission peak around 340 nm
when excited at 280 nm. The quenching of MTase fluorescence occurs by increasing Mg2+

to its saturation level, at a millimolar concentration. It is possible that Mg2+ intercalates

180



Molecules 2022, 27, 1505

with MTase at a site close to tryptophan or other aromatic amino acid residues. This region
is predominantly responsible for the change in the emission peak at around 340 nm after
excitation at 280 nm [25]. Therefore, an ongoing reduction in the emission spectral intensity
of MTase has been found, without remarkable variation in the wavelength of maximal
fluorescence emission (λmax) until the final quenching concentration [26].
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To determine the binding affinity of MTase, we performed the titration of Mg2+ against
MTase at 25 ◦C. However, the kq value for the MTase–Mg2+ system was ten times higher
than the highest scatter collision quenching constant of innumerable quenchers with poly-
mers (2 × 1010 M−1s−1) [27]. This reflects that quenching is not commenced by dynamic
diffusion, but arises by creating powerful complex formation between MTase and Mg2+.

The intrinsic fluorescence intensity (FI) of aromatic amino acids decreases continuously
by increasing the metal ion concentration. For example, the emission spectra become
saturated at 30 mM Mg2+, as shown in Figure 9A. The decrease in FI upon adding ions was
analysed using the Stern–Volmer equation. It is a fact that the slopes in Figure 9B indicate
that the binding of the ligand to the protein is responsible for quenching [28]. Based on
the Stern–Volmer plot, the Kq value of Mg2+ is 5.81 × 109, reflecting lower scatter collision
quenching value initiated by the dynamic diffusion of molecules.

The binding constant and related binding stoichiometry of Mg2+ were calculated as
per log [(Fo/F) − 1] plotted against log [Mg2+], as presented in Figure 9C. The slope of
these plots reveals that binding stoichiometry (n) and corresponding intercept value give
the information about binding constant (Kb), which was calculated from Equation (5), with
computed values are reflected in Table 2.

Table 2. Binding parameters for the MTase and metal (Mg2+) ion complex at standard temperature
(25 ◦C).

Systems Ksv (M−1) Kq × 10−9 (M−1S−1) N Kb (M−1) ∆G (kcal mol−1)

HEV MTase–Mg2+ 33.61± 0.02 5.81 ± 0.02 0.96 8.11 ± 0.59 −1.239 ± 0.010

Therefore, our CD and fluorescence data imply that under slightly basic conditions
(at pH 8.0), the structural and conformational alteration in MTase was minimal compared to
other pH and more feasible for the study of interaction with other inhibitors in the presence
of Mg2+. These consequences occur because of the pH-induced alteration in the vicinity
of the metal-binding site of the MTase that is responsible for the change in the mode and
mechanism of protein, and finally, the interaction of MTase with Mg2+ [29].

2.6. Isothermal Titration Calorimetry (ITC) Analysis

The thermodynamic parameters of Mg2+ upon binding to MTase were studied by ITC.
The injected heat signals for Mg2+ binding with MTase and the integrated heat of the reaction
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for each injection are displayed in Figure 10. The calculated output results of the ITC data are
shown in Table 3, which demonstrate that there are two binding sites available for Mg2+ in
MTase. The first binding (6.7 × 104 M−1) site is much stronger, which is driven by a small
negative enthalpy (−0.08± 0.06 kcal/mol) and a large positive entropy (6.49± 0.10 kcal/mol).
The favourable entropy contributes to the solvation entropy because of the loss of water from
the binding interface, indicating the presence of electrostatic interaction during the complex
formation. Meanwhile, the secondary binding site is weaker (3.0× 102 M−1) and endothermic.
Based on the thermodynamic analysis, it is suggested that the protein–Mg2+ complexation is
mainly driven by electrostatic interaction.
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Figure 10. ITC thermogram: ITC thermogram showing the binding of protein with Mg2+. The
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Table 3. Thermodynamic parameters obtained from ITC thermogram.

Systems K1 (M−1) ∆H1
(kcal/mol)

T∆S1
(kcal/mol)

∆G1
(kcal/mol) K2 (M−1) ∆H2

(kcal/mol)
T∆S2

(kcal/mol)
∆G2

(kcal/mol)

HEV
MTase–Mg2+

6.7 × 104

± 1.15 × 104 −0.08 ± 0.06 6.49 ± 0.10 −6.57 ± 0.16 300 ± 55 4.00 ± 0.36 7.39 ± 0.44 −3.39 ± 0.09

2.7. Binding Study of Magnesium with MTase

Further, the binding affinity of magnesium and MTase was determined using mi-
croscale thermophoresis (MST), a tool to study the interaction of the biomolecules. During
the study, the MTase concentration was set at 50 nM, and the concentration of Mg2+ was
varied from 5 mM to 300 nM in 16 different dilutions. The graph was plotted using the
concentration of Mg2+ on the X-axis in log [M], while the Y-axis displayed the normalised
fluorescence. The sample fluorescence is recorded during an MST experiment, starting
with 3 s at ambient temperature to monitor steady-state fluorescence, followed by IR laser
activation for a defined MST-on time. The MST analysis was performed using MO Con-
trol and MO Affinity Analysis Software (Monolith NT.115, NanoTemper Technologies,
München, Germany). The calculated dissociation constant (KD) between MTase and Mg2+

is approximately 15 µM (Figure 11).
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ting and MALDI-TOF (Supplementary data). A recent study also demonstrated that a ~37 
kDa MTase enzyme was processed from the HEV-ORF1 polyprotein when Huh7 cells 
were transduced with BacMam-HEV [33]. In our previous study, the digestion of ORF1 
polyprotein, using cysteine protease, yielded a ~37 kDa protein, detected by MTase 
epitope-specific antibodies [34]. The enzyme was thus expressed and found to be active, 
as determined using the luminescence-based assay. The activity was altered by various 
cap analogues, as seen in an earlier study by Magden et al. [8]. The enzyme activity was 
also confirmed using enzyme kinetics and binding studies. 

Another objective of this study is the metal dependency of MTase activity and several 
viral MTases, as other enzymes use divalent cations for their activity [17–20], which 
prompted us to study the effect of Ca2+ and Mg2+ on MTase activity. While there was no 
considerable effect on the enzyme activity was observed in the presence of Ca2+ (data not 
shown), significant MTase activity was observed in the case of Mg2+. The results confirmed 
that activity was decreased when Mg2+ was depleted by the chelating agent, EDTA. In 

Figure 11. Microscale thermophoresis: Dose–response curve for the binding interaction between
RED-Tris-NTA-labelled MTase and Mg2+. The concentration of RED-Tris-NTA-labelled MTase is constant,
while the concentration of Mg2+ varies between 5 mM and 300 nM. The KD value for MgCl2 with MTase
is 15 µM. The Y-axis on the graph represents the fluorescence change, and the X-axis on the graph
represents the concentration of Mg2+. The graph describes the values of three different experiments.

3. Discussion

The plus-stranded viruses have a 5′-capped genome catalysed by MTase [30,31] and
found to be essential for their infectivity and replication [6,7]. In line with this, the
5′ non-coding region (NCR) of HEV RNA has been demonstrated to have an m7G-cap
that is indispensable for its life cycle [6,32]. Similar results have been reported in al-
phavirus nsP1, tobacco mosaic virus P126, brome mosaic virus replicase protein 1a, and
bamboo mosaic virus nonstructural protein [8]. Despite being an important enzyme that
may act as a drug target, not many structural or functional studies have been conducted on
MTase. Previously, the molecular weight of the active enzyme has been demonstrated to be
110 kDa, encoding amino acids 1 to 979 of the HEV genome [8]. In another study, using a
computational approach, the MTase region has been predicted to be from 56 to 240 amino
acids [9]. Emerson et al.’s computational predictions revealed that a region of 33–353 amino
acids on the HEV pSK-HEV2 genome could exhibit MTase activity [6]. Therefore, we expressed
this region to translate a protein of 37 kDa in size, as confirmed by western blotting and
MALDI-TOF (Supplementary data). A recent study also demonstrated that a ~37 kDa MTase
enzyme was processed from the HEV-ORF1 polyprotein when Huh7 cells were transduced
with BacMam-HEV [33]. In our previous study, the digestion of ORF1 polyprotein, using cys-
teine protease, yielded a ~37 kDa protein, detected by MTase epitope-specific antibodies [34].
The enzyme was thus expressed and found to be active, as determined using the luminescence-
based assay. The activity was altered by various cap analogues, as seen in an earlier study by
Magden et al. [8]. The enzyme activity was also confirmed using enzyme kinetics and binding
studies.

Another objective of this study is the metal dependency of MTase activity and sev-
eral viral MTases, as other enzymes use divalent cations for their activity [17–20], which
prompted us to study the effect of Ca2+ and Mg2+ on MTase activity. While there was no
considerable effect on the enzyme activity was observed in the presence of Ca2+ (data not
shown), significant MTase activity was observed in the case of Mg2+. The results confirmed
that activity was decreased when Mg2+ was depleted by the chelating agent, EDTA. In eu-
karyotes, mRNA capping also requires Mg2+ for the catalysis of lysine–GMP intermediate
formation [35]. The metal ions are known to stabilise the random coil regions of enzymes
by forming metal-binding pockets and protecting the unstructured part from the protease
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activity; they act as electron donors at the catalytic centre to expand the biochemical palette
and regulate a wide range of functions.

In this work, we performed biophysical studies to explore the importance of Mg2+,
which affects the stability of MTase at different ranges of pH and temperature. The far-
UV-CD spectra (190–250 nm) clearly showed that MTase contains both α-helices (27%),
and β-sheets (23%), but different pH environments induced changes in the secondary
structure components. The similar secondary structural components were seen in most
SAM-dependent MTases with a Rossmann-like fold. Further, the CD experiments at differ-
ent Mg2+ concentrations revealed that the secondary structure was proportional to Mg2+

concentration, which is evident in metal-binding proteins. Thermal denaturation experi-
ments in the presence of Mg2+ were also performed to understand the effect of metal ions
on MTase folding by increasing the temperature. Analysis of the plot revealed the reduction
in the percentage of the secondary structure with increased temperature, indicating the
absence of any intermediate unfolding states during the thermal unfolding pathway of
MTase. The obtained Tm values of MTase were calculated using native conditions that
significantly increased in the presence of Mg2+. The waning of hydrophobic and polar in-
teractions might be responsible for the denaturation of MTase with Mg2+; without it, MTase
is very unstable and is precipitated. The binding affinity of Mg2+ determined using the flu-
orescence quenching experiment identified its strong association with MTase. The decrease
in the emission intensity at 340 nm is reflected when increasing concentration of the Mg2+,
which are accountable for the quenching of fluorescence intensity from the aromatic amino
acids closely associated with Mg2+ (Figure 9). The ITC experiments revealed that MTase
has two Mg2+ binding sites. The first one is stronger, and entropy plays a significant role in
the binding (Table 2); the second is weaker and endothermic. Therefore, ITC experiments
suggested that the MTase–Mg2+ complexation is mainly driven by electrostatic interaction.
MST analysis was also performed to determine the Mg2+ binding with MTase, and these
results suggested that the Mg2+ ion has an affinity towards MTase.

4. Conclusions

Briefly, we expressed MTase and determined its activity in its shortest functional form,
33–353 amino acids of HEV polyprotein, which was previously predicted by computational
studies. The active MTase was determined to be 37 kDa in size by MALDI-TOF. The activity
of the enzyme was confirmed using enzymatic assay, with SAM as a methyl donor and
GTP as a methyl acceptor. GDP showed the highest activity and GTP showed the second
highest as a methyl acceptor in the MTase activity assay. The activity of the enzyme was
found to be increased in the presence of Mg2+, which is a feature of many RNA capping
enzymes. Similarly, the activity of MTase was decreased when it was chelated with EDTA.
The circular dichroism, fluorescence quenching, and thermal denaturation studies provided
the MTase with structural stability in the presence of Mg2+. The binding affinity of Mg2+

with MTase was determined by ITC and MST experiments. Overall, our study has shown
the indispensable role of Mg2+ in MTase activity and stability. Further, this work established
the optimal experimental conditions that would be helpful for the screening of inhibitor
libraries against HEV MTase to identify potential inhibitors.

5. Materials and Methods
5.1. Expression and Purification of MTase

The histidine-tagged MTase (MTase) gene of approximately 960 bases coding for
33–353 amino acids of genotype 1 (GenBank accession no. AF444002.1) was cloned in pET
28a (+) vector (GenScript, New Jersey, USA) and confirmed by restriction digestion using
NdeI and XhoI enzymes. The positive pET28a (+)-MTase construct was transformed into
BL21 (DE3) E. coli cells to express the protein. A single positive clone carrying the MTase
gene was grown in LB broth, and the logarithmic phase culture was induced with 1 mM
IPTG at 37 ◦C for 3 h. The induced culture was centrifuged at 5000× g for 20 min at 4 ◦C,
and the pellet was suspended in lysis buffer (10 mM Tris–Cl pH 8.0, 1 mM EDTA, 100 mM
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NaCl, 5 mM DTT, and 500 µg/mL lysozyme) and sonicated for 5 min (10 s on, 20 s off).
The cell lysate was centrifuged for 15,000× g at 4 ◦C for 60 min. The pellet was further
resuspended in 20 mL IB (inclusion bodies) wash buffer (10 mM Tris–Cl pH 8.0, 1 mM
EDTA, 100 mM NaCl, 1% Triton X-100) by continuous stirring for 2 h and centrifuged at
15,000× g for 45 min at 4 ◦C. The pellet obtained in IBs was solubilised in buffer (10 mM
Tris–HCl pH 8.0, 100 mM NaCl, and 0.5% NLS) (N-lauryl sarcosine, Sigma Aldrich, Burling-
ton, MA, USA) by continuous stirring for overnight at 4 ◦C. The solubilised pellet was
centrifuged at 15,000× g for 45 min at 4 ◦C and subsequently filtered through a 0.45 µM
syringe filter (Millipore). The solubilised protein was purified using metal (Ni-NTA) affinity
chromatography using AKTA start (GE Healthcare, Chicago, IL, USA). The protein was
eluted in 10 mM Tris–Cl, pH 8.0, 100 mM NaCl, 0.01% NLS, and 200 mM imidazole. The
purified MTase was further characterised by Western blot analysis, as described previ-
ously [33,34]. The membrane was probed with MTase epitope-specific primary antibody
followed by HRP-conjugated goat anti-rabbit secondary antibody (Invitrogen, Waltham,
MA, USA). Signal was detected using electrochemiluminescence (Bio-Rad Western ECL
substrate, Hercules, CA, USA).

5.2. Functional Aspects of MTase

The functional analysis of MTase was determined using bioluminescence-based assay
with GTP as a substrate. The reaction was performed in white-bottomed 96-well plate
(Tarsons) in the presence of 20 mM Tris buffer of pH 8.0, 50 mM NaCl, 1 mM EDTA,
3 mM MgCl2, 0.1 mg/mL BSA, 1 mM DTT, and 1 µM SAM. SAM acts as a methyl donor,
and GTP acts as the methyl acceptor. In principle, MTase transfers a methyl group from
SAM to GTP and converts it into SAH and m7GTP. Then MTase-Glo™ reagent (Promega,
Madison, WI, USA) changes SAH to ADP, which is turned into ATP by MTase-Glo™
detection solution (Promega, USA). The luminescence was measured on a Tecan Plate
reader. The enzymatic activity was determined under various reaction conditions, such as
pH (6–12), temperature (17–45 ◦C), time (5–120 min), and various enzyme (0 to 5 µM) and
substrate concentrations. The substrate-specificity assay was performed to test its ability to
incorporate methyl groups on different nucleoside triphosphates, ATP, CTP, UTP guanine
nucleotides (GMP and GTP), and cap analogues (m7GDP, m7GTP, and dGTP) at 0.5 mM.
The standard reaction was carried out at 37 ◦C for 120 min in a 20 µL solution that contained
0.675 µM MTase, 0.4 mM GTP, 20 mM Tris buffer, pH 8.0, 50 mM NaCl, 1 mM EDTA, 3 mM
MgCl2, 0.1 mg/mL BSA, 1 mM DTT, and 1 µM SAM. The reaction was stopped by adding
0.5% TFA (trifluoroacetic acid) (Sigma) and incubated for 10 min at room temperature,
followed by incubation with MTase Glo reagent at room temperature for 30 min. Further,
MTase detection reagent was added to the reaction mixture, and luminescence was detected
using Tecan Plate Reader after 30 min. Similarly, the MTase activity was determined by
increasing the concentrations of Mg2+ and EDTA. A standard curve was generated using
a serial dilution of SAH ranging from 0 to 1000 nM to correlate luminescence with SAH
concentration. The luminescence was plotted on Y-axis against the SAH concentration
on X-axis, and the straight-line equation (Y = 19.71 × X + 227.60) was calculated using
linear regression in GraphPad Prism 9.0. The graphs were plotted as a function of the
concentration of SAH produced.

5.3. Secondary Structure Analysis Using CD Spectroscopy

Circular dichroism (CD) spectra were performed on a Jasco J-1500 model spectropo-
larimeter. For the instrument calibration, (+)-10-camphor sulfonic acid was used. All CD
experiments were performed at standard temperature (25 ◦C), which was thermostatically
controlled by the Jasco Peltier PTC-423S/15 attached to the cell holder with a precision of
±0.1 ◦C. The change in the secondary structure of MTase under native conditions and the
complex form with magnesium (Mg2+) ions were observed to be in the range of 200–250 nm
by using a 0.1 cm cell path length. The HT voltage of the scans was kept below 600 V, and
the reference signal spectrum was subtracted for each scan. The scan speed of 100 mm/min
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and the response time of 1 s was set for each scan measurement; each spectrum was an av-
erage of three scans. Furthermore, the secondary structure content of MTase was calculated
using online DichroWeb software and Chen et al. method [24]. The spectra were smoothed
by the Savitzky–Golay method with 15 convolution widths. The results were expressed as
mean residual ellipticity (MRE) in deg. cm2 dmol−1, which is defined as:

MRE =
θobs(mdeg)

10× n× C× l
(1)

where θobs is the observed ellipticity in degrees, C is the molar fraction, n is the number of
amino acid residues (321 − 1 = 320), and l is the length of the light path in centimeters.

5.4. Thermal Stability of MTase with Mg2+

A thermal denaturation study of MTase was performed on a specific wavelength
(222 nm) using far-UV CD experiments, further analysed based upon the two-state un-
folding model. In the case of a single-step unfolding process, N�U, where N refers to the
native state and U to the unfolded state, and Ku for the equilibrium constant with f u and f n
are the molar fractions of U and N, respectively.

Ku =
fu

fn
(2)

fd =
(Yobs −Yn)

(Yu −Yn)
(3)

where Yobs, Yn, and Yu reflect the observed property, property of the native state, and
property of the unfolded state, respectively.

5.5. Fluorescence Quenching Measurements

Mg2+ binding with MTase was performed by fluorescence measurements and was per-
formed on Fluorolog TCSPC Horiba FL-1057 spectrofluorometer attached to a temperature-
controlled water bath with an accuracy of ±0.1 ◦C. The change in fluorescence intensity
of MTase was observed at 340 nm and further analysed by using the Stern–Volmer equa-
tion [36]

Fo

F
= Ksv[Q] + 1 (4)

where Fo and F are the MTase fluorescence intensities in the absence and presence of
Mg2+ (quencher), and KSV is the Stern–Volmer quenching constant was calculated from the
equation

Ksv = kq·τo (5)

where kq is the bimolecular rate constant of the protein–ligand reaction process and τo is
the average integral fluorescence lifetime of Trp, which is ~5.78 × 10−9 s [37]. Therefore,
binding constants and binding stoichiometry were calculated [38,39].

log
(

Fo

F
− 1

)
= log Kb + n log[Q] (6)

where Kb is the binding constant and n is binding stoichiometry.

5.6. Binding Affinity Using Isothermal Titration Calorimetry (ITC)

The binding affinity of MTase and Mg2+ at 25 ◦C was determined using isothermal
titration calorimetry (ITC). MTase and Mg2+ were dissolved in 50 mM phosphate buffer,
50 mM NaCl, pH 7.4, and gently degassed. Forty microliters of water was added to a
sample cell containing 280 µL of MTase. There was a total of 20 injections, with each
infusion of 2 µL of 17 mM Mg2+ ion titrated into the sample cell containing 30 µM of
MTase simultaneously. Intervals of 150 s separated each injection to allow the signal to
return to baseline. A constant stirring speed of 750 rpm was maintained to ensure proper

186



Molecules 2022, 27, 1505

mixing after each infusion. Control experiments were performed under similar conditions
by titrating Mg2+ into the buffer and were subtracted to correct for the heat of dilution.
Thermodynamic parameters were obtained by fitting the data to a two-set site model using
Origin software (7.0, OriginLab Corporation, Northampton, MA, USA).

5.7. MicroScale Thermophoresis Measurements

Further, MST experiments were conducted to find the affinity of Mg2+ to MTase by
following the manufacturer’s protocol {Monolith NT.115 Series, NanoTemper Technolo-
gies). The process involved fluorescent labelling of MTase using a His-tag labelling kit
(NanoTemper Technologies). Briefly, 50 nM of the enzyme was incubated with the labelling
buffer at RT for 30 min. For Mg2+, the two-fold serial dilutions were made starting from
5 mM to 300 nM in 16 steps. The assay was performed in buffer (20 mM HEPES, 100 mM
NaCl, 0.08% NLS, and 5% glycerol) that provides a good stability strength for protein and
Mg2+. The mixture was loaded into glass capillaries and the MST analysis was performed
using Monolith NT.115 (NanoTemper Technologies) at 25 ◦C.

5.8. Statistical Analysis

All the statistical analyses were performed using GraphPad software, version 9.0.0
(San Diego, CA, USA). The statistical significance of the data was determined using Stu-
dent’s t-test (unpaired).

Supplementary Materials: The following supporting information can be downloaded online. Figure
S1: MALDI TOF analysis of purified HEV-MTase. The major peak corresponds to the molecular
weight of the HEV-MTase i.e., 37.07 kDa.
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ORFs Open reading frames
FI Fluorescence Intensity
Mg2+ Magnesium ion
ITC Isothermal Titration Calorimetry
CD Circular Dichroism
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Abstract: The interaction between erlotinib (ERL) and bovine serum albumin (BSA) was studied
in the presence of quercetin (QUR), a flavonoid with antioxidant properties. Ligands bind to the
transport protein BSA resulting in competition between different ligands and displacing a bound
ligand, resulting in higher plasma concentrations. Therefore, various spectroscopic experiments were
conducted in addition to in silico studies to evaluate the interaction behavior of the BSA-ERL system
in the presence and absence of QUR. The quenching curve and binding constants values suggest
competition between QUR and ERL to bind to BSA. The binding constant for the BSA-ERL system
decreased from 2.07 × 104 to 0.02 × 102 in the presence of QUR. The interaction of ERL with BSA at
Site II is ruled out based on the site marker studies. The suggested Site on BSA for interaction with
ERL is Site I. Stability of the BSA-ERL system was established with molecular dynamic simulation
studies for both Site I and Site III interaction. In addition, the analysis can significantly help evaluate
the effect of various quercetin-containing foods and supplements during the ERL-treatment regimen.
In vitro binding evaluation provides a cheaper alternative approach to investigate ligand-protein
interaction before clinical studies.

Keywords: erlotinib; bovine serum albumin; fluorescence quenching; binding interaction; quercetin;
competition

1. Introduction

The most affluent blood protein present in vertebrates is serum albumin (S.A.) and
it is mainly responsible for transporting both endogenous and exogenous molecules to
their target sites. It is the principal constituent of the plasma proteins (≈60%) [1] and plays
a significant role in the pharmacokinetics, pharmacodynamics, and toxicity of drugs [2].
The two most common serum albumin used as model transport proteins are BSA and
HSA (human serum albumin). There is almost 75.6% sequence homology and similar
ligand binding characteristics between the two. Therefore, BSA is commonly used as an
alternative in protein–ligand binding studies because of its ready availability and cost-
effectiveness [3,4]. The two most common ligand binding sites on BSA are Sudllow Site I
and II positioned in subdomain IIA and IIIA [5–7].

Simultaneous administration of two or more drugs might lead to a competition be-
tween the two drugs to bind to a similar site present on the BSA. The conformation of the
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protein binding pockets can be altered on interaction with ligands, thereby influencing
the binding of other ligands to the same binding pockets [8,9]. The therapeutic or adverse
effects of the drug depend on the free fraction of the drug available in the plasma, and this
property of drugs is taken into account when prescribing two or more drugs in a multidrug
therapy due to possible competition at the plasma protein binding level [10,11].

Erlotinib (ERL), a tyrosine kinase inhibitor, has anticancer properties and is approved
to treat non-small cell lung cancer. There is a high epidermal growth factor receptor (EGRF)
expression in certain cancers, and ERL inhibits EGFR [12]. One of the mechanisms of action
suggested for the ERL acts by disabling the phosphorylation ability of EGFR, thus inhibiting
the signal transduction cascade leading to malignant cell apoptosis. Even though several
mechanisms of action for ERL are proposed, the exact mechanism is yet unknown [13,14].
The binding of ERL to serum proteins from different species such as humans, mice, and
rats are 92%, 95%, and 92%, respectively [15].

Fresh fruits and vegetables contain phenolic compounds such as flavonoids and
tannins, and one such flavonoid is quercetin [16]. Quercetin (QUR) is also present in various
food supplements and has antioxidant properties [17]. Quercetin has chemoprotective and
radioprotective properties. In addition, it protects normal cells from the adverse effects
of chemotherapy and radiotherapy [18]. The pharmacokinetics of quercetin is variable in
humans due to their diet history, genetic polymorphism, and metabolic variation because
of gut microbiota [19,20]. Enhancement in the antitumor activity of a breast cancer drug on
concurrent use of QUR has been reported [21].

Quercetin is highly metabolized, and the amount of QUR in systemic circulation
varies based on inter-individual pharmacokinetics and the source of QUR. In addition,
although different organs metabolize quercetin, its transport to these organs is dependent
on systemic circulation [20,22]. Thus, quercetin may interfere with the binding of the other
concomitantly used drugs, impacting their pharmacokinetics and displacing them from
their albumin binding sites. Such interference may lead to a toxic or a subtherapeutic
response of the drug in the presence of QUR [23–26]. In addition, the pharmacokinetics
of some drugs is affected by concurrent usage of QUR [7,23,25]. For example, a study
reported the sudden death of experimental animals on the simultaneous use of QUR and
digoxin [26].

The flavonoid QUR binds to Site I, subdomain IIA of BSA. Further, the interaction of
QUR with other concomitantly used drugs has also been investigated [27–31]. In addition,
possible competition between ERL and QUR to bind to BSA may affect the binding of
ERL to BSA and lead to undesired effects of ERL [27–34]. Therefore, the current study
investigated the ERL and BSA interaction with multispectroscopic and computational
methods. Additionally, the impact of QUR was analyzed on the binding of ERL to BSA.

2. Materials and Methods
2.1. Chemicals

The chemicals used in the study ERL and QUR were procured from Weihua Pharma
Co., Limited (Hangzhou, Zhejiang, China) and fatty acid-free BSA from Sigma-Aldrich (St.
Louis, MO, USA). The phosphate buffer saline (PBS) pH-7 was prepared afresh to prepare
the stock solution. QUR and ERL were dissolved in DMSO (dimethyl sulfoxide) followed
by dilution with PBS. Millipore water (type-I) was used to prepare the stock solutions.

2.2. Fluorescence Measurements

The spectrofluorometer FP-8200 (JASCO, Hachioji, Tokyo, Japan) was used to measure
the fluorescence spectra. The instrument had a quartz cell, and the slit width was 5 nm.
The inner filter effects were corrected for the reabsorption of emitted light using the
equation [35]:

Fcor = Fobs × e(Aex+Aem)/2

Fcor and Fobs are the corrected and observed fluorescence in the above equation, re-
spectively, and Aex and Aem are excitation and emission wavelengths absorbance values,
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respectively. The BSA spectra were recorded for the binary system, which consisted of
BSA-ERL and BSA-QUR, and the ternary system consisted of BSA-QUR-ERL and BSA-ERL-
QUR systems. For the measurement of spectra in the binary system, the concentration of
BSA was held constant at 1.50 µM and the concentration of ERL was between 0.00–27.5 µM
and QUR was between (0.00–35 µM) The spectra were recorded at three temperatures of
298, 303 and 310 K for BSA-ERL system and 298 K for BSA-QUR system. The concentration
of BSA was 1.50 µM in the presence of ERL, and the spectra were recorded with ERL
0.00–27.50 µM in the presence of QUR 5.5 µM in the ternary system.

The site marker studies were undertaken to establish the binding Site for ERL with
phenylbutazone for Site I and Ibuprofen for Site II as markers. The spectra for BSA were
recorded with ERL in the presence of site markers phenylbutazone and ibuprofen.

2.3. U.V. Absorption Measurements

The UV-Vis absorbance spectra were recorded with Shimadzu 1800 (Kyoto, Japan).
The spectra for BSA were recorded in the presence of ERL (0.00–15.00 µM) and a fixed
concentration of BSA µM.

2.4. Synchronous Fluorescence Spectroscopic (SFS) Studies

The microenvironmental changes in the fluorophore residues were identified with the
SFS technique. The changes in the amino acid residues Tyr (tyrosine) and Trp (tryptophan)
can be observed at ∆λ = 15 nm and ∆λ = 60 nm. A shift in the emission spectra indicates
changes in the polarity of amino acid residues around the fluorophore molecules.

2.5. Three-Dimensional (3D) Fluorescence Spectroscopy

Structural changes and conformational changes in the protein are identified with
3D fluorescence spectra. In addition, microenvironmental fluctuations in the vicinity of
fluorophore residues lead to conformational or structural changes in the protein molecules.
The BSA-ERL 3D spectra were matched to the 3D spectra of BSA to identify any such
variations in the fluorophore microenvironment.

2.6. Molecular Docking and Molecular Dynamic Simulation (MDS)

The molecular docking was performed with bioinformatics tools MGL Tools [36], Auto
Dock Vina [37], Molecular Operating Environment software (MOE), and Discovery Studio
visualization tool. The PDB structure for the BSA (PDB ID: 6qs9) obtained from Protein
Data Bank was used for the molecular docking [38]. The molecular docking was carried out
for the three binding subdomains of BSA, and three runs were carried out for each binding
Site. The top-scoring conformations were selected and analyzed for the interaction. MOE
default parameters were used for docking analysis. The molecular dynamic simulation was
carried out with NAMD 2.13 Suite (http://www.ks.uiuc.edu/Research/namd (accessed
on 20 September 2021)) [39]. The ligand structures were immersed in the TIP3P water box.
The charges neutralization was carried out by adding Na+ or Cl− with their maximum
concentration of 0.15 M. The minimization of the system was carried out in MOE. The
default MOE parameters were used for the minimization, which included Amber10: EHT
force field. Partial Charge on LL toms was calculated using Amber10: EHT force field.
The system’s energy was minimized to an RMS gradient of 0.1 kcal/mol/A2. As per the
MOE manual, an RMS of 0.1 is sufficient for structure minimization for molecular dynamic
simulation. The minimized system was gradually heated. The temperature raised from 0 K
to 310 K at an incremental level of 50 K for 100 ps and equilibrated at each temperature
step followed by an unrestrained run of 20 ns. Constrained light bond with 2 fs time step.
Long-range electrostatics were treated via the particle mesh Ewald method. The grid box
formed had following parameters and dimensions: solvent molecules—26,824, 1.009 g/cm3;
Space group—P1, Triclinic, 1, 1×; size—(105.8, 83.9, 102.2); cell shape—(90.0, 90.0, 90.0).
The parameters RMSD and RMSF were obtained for the Protein BSA and the protein in the
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presence of ligand (BSA-ERL) systems. The trajectory was visualized and analyzed with
VMD 1.9.3 tool.

3. Results and Discussion
3.1. Fluorescence Quenching and Enhancement

The fluorescence spectra for the protein BSA for the binary and the ternary system were
recorded at 280 nm (excitation wavelength) and an emission wavelength of 300–500 nm
(Figure 1a–c). Both the ligands ERL and QUR decreased the fluorescence intensity of BSA.
At increased ligand concentration ERL and QUR, the fluorescence intensity of BSA reduced
further. The reduction in fluorescence intensity of BSA in the presence of QUR was higher
than in the presence of ERL. A redshift of 8 nm was observed in the emission wavelength
of BSA on interaction with ERL, indicating increased polarity and less hydrophilicity in
the aromatic amino acid microenvironment [40–42]. A blue shift was also observed in the
fluorescence emission spectra of BSA in the presence of QUR, as reported by earlier studies
indicating higher hydrophobicity and a decline in polarity in the microenvironment of
aromatic amino acid residues present in BSA [43]. The quenching behavior for the BSA-ERL
binary system was determined with the help of the Stern Volmer equation [44]:

F0

F
= 1 + Ksv[Q] = 1 + kqτ0[Q]

kq = Ksv/τ0 (1)

where F0 is BSA’s fluorescence intensity, and F is BSA’s fluorescence intensity in the presence
of quencher. Stern Volmer constant is given as Ksv, and (Q) is quencher concentration. The
kq biomolecular quenching constant and τ0 the lifetime of the fluorophore in the absence of
quencher and is valued at 10−8 s for biopolymers.

The Stern Volmer plot for the BSA-ERL system is presented in Figure 1d. A de-
crease in the Ksv values was observed with a rise in temperature for the BSA-ERL system
(Table 1). Therefore, reducing Ksv values with a temperature rise is associated with the
static quenching mechanism. In the case of dynamic quenching, there is an increase in
the Ksv values [15,44]. Thus, a static quenching mechanism for the BSA-ERL system is
suggested based on complex formation between BSA and ERL. The BSA-QUR system also
follows a static quenching behavior as revealed by earlier studies [43]. The static quenching
mechanism for the BSA-ERL system can also be established based on biomolecular quench-
ing constants kq, which are of the order of 2 × 1010 L·mol−1s−1 for dynamic quenching
and kq values higher than the maximum value of 2 × 1010 L·mol−1s−1 can be attained for
biomolecular quenching constants only during a static quenching. Since the kq value for the
BSA-ERL system given in (Table 1) was high, a static quenching mechanism is suggested
for this system in accordance with earlier studies [15,44]. The quenching constant at room
temperature for the (BSA-QUR)-ERL ternary system is presented in Table 2. The UV ab-
sorbance studies for the BSA-ERL system have reported an increase in the absorbance of
BSA at 280 nm.

Table 1. Stern Volmer Ksv and bimolecular quenching constant kq.

System T (K) R Ksv ± SD *
(M−1)

kq × 1012

(M−1S−1)

BSA-ERL 298 0.9915 19,255.84 ± 625 1.93
303 0.9887 18,450.98 ± 542 1.85
307 0.9956 18,008.45 ± 489 1.80

BSA-Quercetin 298 0.9874 460,702 ± 1875 46.07
(BSA-QUR)-ERL 298 0.9954 26,970 ± 105 2.70

* standard deviation.
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Table 2. Binding parameters binary and ternary systems and thermodynamic parameters for BSA-
ERL system.

System T (K) Kb ± SD * n ∆G◦

(kJ·mol−1)
∆H◦

(kJ·mol−1)
∆S◦

(J mol−1·K−1)

BSA-ERL 298 2.07 ± 0.11 × 104 1.01 −24.40
−260.80 −793.31303 2.83 ± 0.08 × 103 0.84 −20.43

307 3.44 ± 0.04 × 102 0.73 −17.26
BSA-QUR 298 6.33 ± 0.07 × 106 - - - -

(BSA-QUR)-ERL 298 0.20 ± 0.05 × 102 - - - -

* standard deviation.
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3.2. Binding Constant and Number of Binding Sites

The binding constants and binding stoichiometry are were determined using a double
logarithmic regression plot derived from the equation: log (F0−F)

F = log Kb + n log[Q].
Kb and n represent the binding constant and binding stoichiometry in the above equa-

tion. The representative plot for the binding constants at the three studied temperatures
of the binary system BSA-ERL is given in Figure 1e. The binding constant was obtained
from the intercept of the double log plot, and the binding stoichiometry from its slope is
presented in Table 2. Thus, the binding stoichiometry value of ≈1 suggests a single class
of binding site was involved in the BSA-ERL interaction. The binding constants for the
BSA-ERL system were of the order of 104 M−1 suggesting a moderate binding [45]. The
binding constant at room temperature determined for the BSA-QUR system was of the
order of ≈(>106). The ternary system (BSA-QUR)-ERL had binding constants of the order
of ≈102 (Table 2).

The binding constant for the BSA-ERL system was studied at various temperatures
since the binding constants are temperature-dependent. Therefore, the thermodynamic
processes involved in the BSA-ERL interaction were also investigated using the van’t Hoff
equation and plot.

ln Kb = −∆H◦

RT
+

∆S◦

R
∆G◦ = ∆H◦ − T∆S◦

In the equation above, ∆H◦ is enthalpy change, ∆S◦ is entropy change and ∆G◦ is
Gibbs free energy, R is the universal gas constant, and T is the temperature in kelvins (K).

The thermodynamic parameters ∆H◦, ∆S◦ and ∆G◦, were calculated from the van’t
Hoff plot for ln(Kb) vs. 1/T and are given in Figure 1f.

All the three parameters, enthalpy change, entropy change, and Gibbs free energy,
given in Table 2, attained negative values. A negative Gibbs free energy indicates a
spontaneous interaction. Furthermore, the BSA-ERL interaction is suggested by van der
Waals force and hydrogen bonds based on negative enthalpy and entropy. Since the
enthalpy was −260 kJ·mol−1 whereas entropy was −0.79 kJ·mol−1, the BSA and ERL
interaction indicate the interaction being enthalpy-driven, and the interaction had an
unfavorable entropy.

3.3. Comparison of Binary and Ternary System Interactions

In the BSA-ERL binary system, the quenching constants (Table 2) decreased at higher
temperatures, suggesting the formation of a complex between BSA and ERL and a static
quenching mechanism. Furthermore, the BSA-QUR system quenching mechanism was
found to be in accordance with earlier studies [31,46] which reported a static quenching
mechanism between them. For the ternary system (BSA-QUR)-ERL, the quenching constant
in the presence of QUR for the BSA-ERL system was higher than in its absence. The rise
of the quenching constant of the BSA-ERL system can be attributed to the fact that in
the presence of QUR, the accessibility of ERL to BSA increases, improving the quenching
efficacy of ERL. An earlier study reported a similar phenomenon whereby the quenching
efficiency of gliclazide increased in the presence of QUR [43]. The fluorescence quenching
plot for the binary system and the ternary system is provided in Figure 2a. In the BSA-ERL
system, ERL reduced the fluorescence intensity of BSA by 19%. Whereas in the (BSA-QUR)-
ERL system, the fluorescence intensity of BSA reduction was by almost 45%. Therefore, the
presence of QUR in the BSA-ERL system further reduced the fluorescence intensity of the
BSA-ERL system by 26%. The decrease in the fluorescence intensity of the BSA-ERL system
suggests a strong influence of QUR in the BSA-ERL interaction.
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The BSA-ERL binary system’s binding constant of ≈ 104 suggests moderate binding
between the ERL and BSA. Our results corroborated earlier studies for the interaction
between BSA and ERL [15]. The binding constants for the BSA-ERL system lowered with
a rise in temperature (Table 2). In the other binding system that consisted of BSA-QUR,
it was observed that QUR had a strong binding interaction with BSA. Some studies have
reported a strong binding interaction between QUR and serum albumin [43,47]. As a result
of this interaction between QUR and BSA, ERL, which is moderately bound to BSA, may
not displace the bound QUR from the binding sites present on BSA. Therefore, a ternary
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system was developed whereby the interaction between BSA and ERL was studied in the
presence of QUR. Finally, it was concluded that QUR considerably affected the BSA-ERL
system, and the presence of QUR caused a decrease in the binding constant of the BSA-ERL
system from 2.0 × 104 to 0.2 × 102. (Table 2).

The binding Site for ERL was identified using phenylbutazone and ibuprofen as
site-specific markers for Site I and Site II of BSA, respectively. Quenching curve and
binding constants of the BSA-ERL system in the presence of site markers were compared
to the binding constant of the BSA-ERL system in the absence of site markers. Ibuprofen
presence did not influence the quenching behavior of the BSA-ERL system (Figure 2b),
and binding constants in the presence and absence of ibuprofen were similar (Table 2).
Thus, these results rule out the binding of ERL to BSA Site II. However, the presence of
phenylbutazone in the BSA-ERL system strongly influenced the quenching behavior and
the binding constant of the BSA-ERL system (Figure 2c). Hence, it was concluded that
ERL binds to Site I of BSA. Furthermore, since QUR also binds to Site I of BSA [43,47], the
presence of QUR in the BSA-ERL system can markedly influence the interaction between
the BSA-ERL system.

Furthermore, QUR in the BSA-ERL system reduced the binding constants of the
system, implying that the free drug fraction of ERL may rise in the systemic circulation in
the presence of QUR. A study conducted in non-small cell lung cancer patients taking ERL
reported that adherence to the treatment regimen of ERL depends on the severity of side
effects in these patients [48]. It also reported that side effects were more severe in patients
with higher plasma area under the curve (AUC) for ERL. One of the most common adverse
events related to the ERL treatment regimen is skin disorders, including acneiform rash,
xeroderma (dry skin), pruritus, and paronychia. Sometimes, these side effects are so severe
and necessitate treatment interruption or cessation [49]. One of the reasons attributed to the
severity of these side effects for ERL is its plasma concentrations. Therefore, the severity of
side effects influences patients’ adherence to the treatment regimen. Since QUR may affect
the AUC of ERL in plasma, increasing the plasma concentrations of ERL which might lead
to unwanted adverse events affecting patients’ adherence to the treatment regimen.

3.4. UV Absorption Studies

The two critical aspects that are studied by UV absorption are changes in the protein
structure and protein–ligand complex formation [50]. The absorption spectral changes for
BSA occur in protein–ligand complex formation and therefore infers a static quenching
mechanism, whereas no spectral changes will be recorded in dynamic quenching [51].
Furthermore, the intensity of the BSA absorption peak at 280 nm was higher on interaction
with ERL (Figure 3a), suggesting a static quenching mechanism between BSA and ERL.

Spectra for BSA was compared to spectra of the studied ligands ERL and QUR, BSA-
ERL complex, and BSA-QUR complex. An increase in absorption spectra was observed
for the BSA-ERL system compared to BSA alone. The ERL showed different absorption
peaks compared to both BSA and BSA-ERL systems. The higher absorption peak for the
BSA-QUR system was observed compared to BSA alone, and the spectra were different
from the QUR absorption spectra.

The absorption spectra for the ternary system (BSA-QUR)-ERL was also studied, and
it was different from both the binary system spectra (Figure 3b).
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3.5. Synchronous Fluorescence Spectroscopic Studies

The microenvironment alterations in the fluorophore residues can be identified with
synchronous fluorescence spectroscopy. The changes in emission wavelength indicate
polarity change in the fluorophore residue microenvironment [52]. The synchronous
spectra recorded at ∆λ = 15 nm and ∆λ = 60 nm provide information about the Tyr and Trp
residue microenvironment. The spectra for Tyr showed no shift in the emission wavelength,
whereas the spectra for Trp showed a slight 1 nm shift. A blue-shift at ∆λ = 60 nm
suggests micro-environmental modifications in the vicinity of Trp residue. Further, it
is recommended that the BSA experienced an increased hydrophobicity on interaction
with ERL.

3.6. Three Dimensional (3D) Fluorescence Spectroscopy

The 3D fluorescence spectroscopy provides information about protein structural al-
teration on interaction with a ligand [41]. The 3D fluorescence spectra were accessed
for the protein BSA and the protein–ligand BSA-ERL system (Figure 4a,b). Four peaks
observed in the 3D spectra were identified as Peak a and b representing Rayleigh scattering
(λex = λem) and IInd order scattering peak (λem = 2ex). Higher intensity and scattering
were observed for Peak a in the BSA-ERL system compared to BSA since the BSA-ERL
complex formed a bigger macromolecule than BSA. The other peaks, Peak I representing
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Trp and Tyr fluorophore residues and Peak II (polypeptide backbone structures), were
evaluated in the 3D spectra. The intensity of both peaks, Peak I and Peak II, declined in the
BSA-ERL protein–ligand system compared to the protein BSA. Hence, it is concluded that
the interaction of ERL with BSA altered the microenvironment of the fluorophore residues,
which led to these changes in the 3D spectra. Hence it was concluded that structural
changes might have occurred in BSA on interaction with ERL.
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3.7. Molecular Docking and Molecular Dynamic Simulation (MDS)

Molecular docking studies confirmed the experimental results for the BSA-ERL inter-
action. The site probe experiments with phenylbutazone suggest that the ERL interacted
with BSA’s subdomain IIA (Site I). However, an earlier study using molecular docking
suggested that ERL binds to subdomain IB (Site III) and subdomain IIIA (site II) of BSA [53].
Furthermore, the site probe study with ibuprofen (Site II marker) did not suggest the
interaction of ERL at Site II of BSA. Moreover, the quenching curves for the BSA with ERL
in the presence or absence of ibuprofen did not change, suggesting no interaction of ERL
with site II of BSA.

Molecular docking conformation for the interaction of ERL to Site I and Site III of BSA
is given in Figure 5a,c. The binding energy for Site I −33.63 kJ·mol−1 was lower than the
binding energy −29.91 kJ·mol−1 for Site III of BSA. The binding pocket of Site I of BSA
(Figure 5b) was surrounded by Glu291, Leu218, Leu233, Arg198, Phe222, Arg256, Arg217,
Ser286, Leu237, Leu259, His241, Ile289, Tyr149, Ile263, Ala290, Trp213, Gln195, Ser191,
Ala260, Arg194, and the amino acids that surrounded the binding pocket at Site III were
Lys 116, Pro117, Leu115, Ile181, Leu122, Glu125, Tyr137, Lys136, Arg185, Ile141, Tyr160,
Phe133, Met184. Furthermore, the fluorophore residues Trp213, Tyr149, and Phe222 were
found in the vicinity of the binding pocket. Thus, the interaction of ERL with BSA might
influence these fluorophore residues. In addition, the hydrogen bond between Ligand
C19 and Ser286, 3.41 Å, and pi hydrogen bond between 6-ring and Ala290, 3.79 Å were
also observed in the BSA-ERL interaction. The BSA-ERL interaction was also investigated
for any changes in the presence of QUR. In this study, three hydrogen bonds, Ligand C15
and Phe133, 2.95 Å, Ligand O3 and Phe133, 2.65 Å, Ligand O4, and Lys136, 3.08 Å, were
found. In addition, two pi-H bonds 6-ring and Leu115, 4.16 Å, 6-ring and Leu122, 3.90 Å,
were observed.
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Figure 5. Two-dimensional molecular docking conformation for BSA ERL system at Site I (a) and Site
III (c); three-dimensional docking conformation of BSA-ERL system Site I (b) and Site III (d).

At Site III (Figure 5d), the BSA and ERL formed three hydrogen bonds and one
pi–hydrogen bond. The three hydrogen bonds formed were between Ligand C17 and
Glu125, 3.51 Å, Ligand O4 and Lys136, 3.15 Å, Ligand N7, and PRO117, 3.15 Å, and the
one pi-hydrogen bond formed was between 6-ring and Leu122, 3.79 Å.

As reported by earlier studies, QUR also binds to site I of serum albumin [47], and thus
competition for the same binding Site might occur. Therefore, the molecular docking and
the experimental results concluded that the presence of QUR might influence the binding
of ERL to BSA.

The conformation stability for the BSA-ERL system was studied with MDS. The MDS
study was conducted for Site I and Site III of BSA with ERL. The complex’s stability
was evaluated based on the root mean square deviation (RMSD) and root mean square
fluctuation (RMSF) studies. The RMSD studies for BSA and BSA Site I and Site III with ERL
are provided in Figure 6a,b, respectively, whereas the RMSF plots are given in Figure 6c,d,
respectively. The most critical deviations from the crystal structure are found at the residue
level in the most mobile parts of the protein, i.e., loops, terminal regions, and helix ends. In
contrast, the transmembrane segments remain stable in all the simulations.
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Figure 6a shows the RMSD per residue for all the simulations reported in the present
work for Site I. Three major peaks in subdomain 1 (loops C2) Ala78, Pro110, and Cys168 on
the N-terminus were observed.

Further, in the simulation of the complex and comparison to the native protein residue
Cys168 and Ala78, the N-terminus seems to be responsible for the higher RMSD values
from 14–20 ns. Additional minor peaks can also be observed in the remaining loops 299,
309, and 504 and the C-terminus.

In the simulations between 2 to 8 ns, the resulting RMSD plots seem to be responsible
for the higher RMSD values beyond residue Pro110 on the N-terminus for the native protein.
No fluctuation was observed in the RMSD or RMSF plots of the BSA-ERL system at either
of the binding sites, Site I or Site III. The RMSD averages were 1.98 and 1.82 Å, respectively,
and the variation in the RMSD for the BSA-ERL system was between 0.258–3.013 Å for
Site I and 0.214–2.318 Å for Site III. Therefore, a stable complex between BSA and ERL is
concluded as the RMSD values did not fluctuate too high. Further, the residual flexibility is
interpreted from the RMSF studies. The RMSF plot for both the studied sites (Site I and
Site III) of the BSA-ERL system suggests that the complex formed between BSA and ERL
was stable with a fluctuation of less than 3 Å [54].

4. Conclusions

This study examined the influence of flavonoid QUR on the BSA-ERL interaction by
multispectroscopic and computational methods. Quercetin presence in the BSA-ERL system
reduced the binding constant of the BSA-ERL system to almost half of what was observed in
its absence. Thus, it can be concluded that there will be a higher free drug fraction of ERL in
the system in the presence of QUR. However, the use of ERL in a therapeutic regimen leads
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to several adverse events, which in turn are associated with ERL plasma concentrations.
Thus, co-administration of QUR and ERL might influence the pharmacokinetics of ERL
and needs to be investigated by in vivo studies. Further, QUR is highly metabolized in
the human body, necessitating studying the effect of the QUR on co-administered drugs
in future studies. Hence, the information gained from such studies can benefit from dose
optimization where the two drugs are intended to be co-administered.
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Abstract: NIMA-related kinase7 (NEK7) plays a multifunctional role in cell division and NLRP3
inflammasone activation. A typical expression or any mutation in the genetic makeup of NEK7
leads to the development of cancer malignancies and fatal inflammatory disease, i.e., breast cancer,
non-small cell lung cancer, gout, rheumatoid arthritis, and liver cirrhosis. Therefore, NEK7 is a
promising target for drug development against various cancer malignancies. The combination of drug
repurposing and structure-based virtual screening of large libraries of compounds has dramatically
improved the development of anticancer drugs. The current study focused on the virtual screening
of 1200 benzene sulphonamide derivatives retrieved from the PubChem database by selecting and
docking validation of the crystal structure of NEK7 protein (PDB ID: 2WQN). The compounds
library was subjected to virtual screening using Auto Dock Vina. The binding energies of screened
compounds were compared to standard Dabrafenib. In particular, compound 762 exhibited excellent
binding energy of −42.67 kJ/mol, better than Dabrafenib (−33.89 kJ/mol). Selected drug candidates
showed a reactive profile that was comparable to standard Dabrafenib. To characterize the stability
of protein–ligand complexes, molecular dynamic simulations were performed, providing insight
into the molecular interactions. The NEK7–Dabrafenib complex showed stability throughout the
simulated trajectory. In addition, binding affinities, pIC50, and ADMET profiles of drug candidates
were predicted using deep learning models. Deep learning models predicted the binding affinity
of compound 762 best among all derivatives, which supports the findings of virtual screening.
These findings suggest that top hits can serve as potential inhibitors of NEK7. Moreover, it is
recommended to explore the inhibitory potential of identified hits compounds through in-vitro and
in-vivo approaches.
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1. Introduction

Cancer is the most common cause of death, with a high mortality rate worldwide
causing 10 million fatalities per year. Cancer is characterized by unregulated cell growth
and rapid proliferation [1]. Uncontrolled cell proliferation, aggregation, and an aberrant
cell cycle are hallmarks of human cancer. Typically, cell division is controlled by several
regulatory factors, including protein kinases [2]. Among all known protein kinases, NIMA
(never in mitosis, gene A) related kinase7 (NEK7) plays a multifunctional role [3], including
centrosome duplication, intracellular protein transport, mitotic spindle assembly, DNA
repair, and cytokinesis [4–7].

NEK7 is a highly conserved serine/threonine kinase consisting of approximately
302 amino acids [6]. NEK7 is structurally related to NEK6, which shares 85% amino acid
sequence identity. However, NEK7 is involved in critical roles that NEK6 cannot take over.
NEK7 is centrosome-localized and is known to be highly expressed in a variety of vital
organs such as the heart, lung, fat, brain, liver, and spleen [8]. It enhances the centrosome
duplication efficiency by promoting the pericentriolar material at the centrosome during
the S and G1 phases [3].

In addition, NEK7 also encourages the proliferation of resting cells, which indicates
its high-level involvement in various cancer types, including non-small lung cancer, breast
cancer, NLRP3-related inflammatory disease, and gastric cancer progression [9]. NEK7 also
has a promising role in growth and survival. NEK9 regulates the activation of NEK7 during
mitosis, which promotes spindle assembly, centrosome separation, and mitotic division of
the cell [7].

Besides promoting the proliferation of various resting cells, NEK7 is also involved in
the progression and development of fatal inflammatory diseases, including Alzheimer’s
disease, auto-immune disorders, inflammatory bowel disease, gout, and tumor forma-
tion [10]. Researchers have reported the involvement of NEK7 in the activation of NLRP3
inflammasome via ROS species formation, lysosomal destabilization, and potassium efflux.
Stimulation of inflammatory mediators by NEK7 induces fibrosis and diabetic retinopathy
and leads to hepatic carcinoma [10]. In brief, any mutation or atypical expression of NEK7
leads to the development of cellular oncogenesis and may provoke a fatal inflammatory
response, causing tumorigenesis of multiple organs. These findings lend testimony to the
involvement of NEK7 in the progression and development of numerous deadly diseases.

NEK7 is a promising target for multiple diseases, primarily cancer-related therapy
research. NEK7 came into consideration two decades ago [2], but it has yet to be explored as
a therapeutic target for preventing and treating NEK7-related diseases. A few medications
have recently been developed to target the NEK7-mediated inflammasome pathway, but
the mechanism and treatment outcomes are not specific and consistent [2].

Moreover, there is no FDA-approved medication that can selectively inhibit the ex-
pression of NEK7. Only Dabrafenib has shown activity against BRAF-mutant melanoma,
which expresses more NEK9 [1]. These findings indicate that no published work has
reported the selective and potent inhibitors of NEK7. As a result, the current study seeks
more specific inhibitors that will provide a beneficial treatment option for NEK7-related
cancer malignancies.

The current study focused on structure-based virtual screening (SBVS) of 1200 com-
pounds library and drug repurposing of FDA-approved drug Dabrafenib. Dabrafenib demon-
strated inhibitory potential against NEK9 with an IC50 value ranging from 1–9 nM [11,12].
Dabrafenib is comprised of benzene sulphonamide scaffolds. The basic sulphonamide
group occurs in numerous biological active compounds [12], including anti-microbial [13],
anti-tumor [14], anti-thyroid [15], antibiotics [16], and carbonic anhydrase inhibitors [17].
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Clinically, sulphonamide-possessing drugs are used to treat lower urinary tract in-
fections, whereas aromatic or hetero-aromatic sulphonamide derivatives possess a wide
range of biological activities, including anti-tumor, anti-rheumatic, anti-microbial, and
anti-inflammatory [18–21]. These findings have provided a strong rationale to retrieve
structural analogues of Dabrafenib containing a basic sulphonamide nucleus.

The library of 1200 structural analogues of Dabrafenib was retrieved from the Pub-
Chem database and subjected to the in-silico drug discovery process. The discovery of
a new anti-cancer agent is an extensive and laborious process. Thus, computer-aided
drug design (CADD) [22] methods could serve as an alternative drug development strat-
egy [23]. Among in-silico approaches, drug repurposing is an advanced tool for revisiting
the activities of already approved drugs [24], which can save time and money [25].

The current study was focused to revisit the activity of Dabrafenib against NEK7
protein [26]. In addition, structure-based virtual screening (SBVS) [26] of 1200 structural
analogues of Dabrafenib was carried out using molecular docking [27] and deep learning
models [28]. SBVS is an advanced technology for the identification of potential hits with
significant pharmacological properties against multiple molecular targets. Several robust
docking programs are available for docking purposes in commercial and academic settings.
In the present study, the Auto Dock Vina was used for virtual screening [29,30]. Moreover,
density functional theory studies were conducted to explore the chemical reactivity profile
of top-ranked analogues obtained through virtual screening. The structural geometry
optimization and frequency calculations were performed. In addition, frontier molecular
orbital (FMO) analysis and global reactivity descriptors were also determined. The efficacy
of any drug is determined by its interaction with targeted biomolecules. Deep learning
algorithms [31] were used for prediction of binding affinity and pIC50 values of top hits
obtained via virtual screening. Predicted values of top hits were compared to in-vitro
activity of Dabrafenib.

Furthermore, in-silico ADMET properties were also determined using a message-
passing neural network (MPNN). The MPNN model is widely used for prediction of
molecular properties such as blood brain barriers, human intestinal absorption, and sol-
ubility profiles [32]. The molecular docking approach only provides a static view of the
molecular interactions of the complex. Still, to determine the stability of the protein–ligand
complex, molecular dynamic simulations (MD simulations) have been performed to de-
termine the stability, which provide significant insight into the molecular interactions of
top-ranked complexes under accelerated conditions. Top hits obtained through structure
based virtual screening a shown in Figure 1. All hits shared the same pharmacophore with
standard Dabrafenib.

This is the first comprehensive computational study for the identification of selective
inhibitors of the NEK7 protein. The current study has utilized the latest computational
approaches, suggesting identified hits as a new strategy for treatment of NEK7-associated
malignancies. Findings of the current study suggest the exploration of the inhibiting poten-
tial of these hits at the molecular level using in-vitro and in-vivo experimental techniques.
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Figure 1. Top Hits obtained through SBVS. All hits were sharing same basic Pharmacophore with
standard Dabrafenib.

2. Experimental
2.1. Computational Studies
2.1.1. Density Functional Theory Calculation

The ground state electronic energy is ascertained by electron density of the com-
pound [33]. The electron density defines the number of electrons, nuclear charge and
position of the nuclei in a compound [34]. Variation in electron density yields different
ground state energy, and both of these properties are related by density functional the-
ory methods [35]. DFT methods are based on suggestions that electron density can be
accurately assumed by the set of specific orbitals using an exchange correlation such as
B3LYP [36]. Based on their computational accuracy, DFT methods are a reliable and effi-
cient approach for correct estimation of electronic properties of the compound [37]. The
structural geometries of selected compounds were optimized through DFT studies. DFT
calculations were executed on Guassian09 program [38] using B3LYPfunctional correlation
and 6-31G* as a basis set [39]. It is a compelling theory to calculate the electronic structure
of atoms and molecules. Gauss View 6 was used for visualization of output files [40]. In
addition, DFT/B3LYP method was employed for generation of Frontier molecular orbitals
(FMOs), electrostatic surface potential map and global and local reactivity of descriptors.
After completion of calculations, the output log file was visualized in Gauss View 6 for
determination of optimization energy, dipole moment, frequency and polarizability [41].

2.1.2. Structure Based Virtual Screening (SBVS)

Drug candidates were retrieved from the PubChem database (https://pubchem.ncbi.
nlm.nih.gov/) (accessed on 28 April 2022) to create the ligand library. There were 1200 struc-
tural analogues of Dabrafenib in the library. PyRx software was used to prepare the com-
pounds library, which was converted to pdbqt format for virtual screening using Auto
Dock Vina. The MMFF94 force field was used to minimize the energy of ligands. The
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crystallographic structure of the targeted protein was retrieved from Protein Data Bank
(https://www.rcsb.org/) (accessed on 1 May 2022) (PDB ID: 2WQN). After that, MGL
tools were used to prepare macromolecule, which included removing Het atoms and water
molecules, and the addition of polar hydrogen. The protein was examined for any missing
residues. Furthermore, Kollman’s charges were used to neutralize protein, and Gasteiger
charges were calculated. Finally, for virtual screening of the compound library using Auto
Dock Vina, a 1-angstrom grid box was built centered on the crystalline structure of protein
at the point of co-crystal ligand (ADP) binding-site coordinates. The central xyz axis of the
grid box was set to 80 × 80 × 80. Virtual screening was carried out after the targeted protein
was prepared utilizing Auto Dock Vina’s script-based technique. The exhaustiveness was
set to 5 and the number of nodes was set to 20. The virtual screening was repeated twice
to ensure the accuracy of docking results. In addition, docking protocol was validated
by re-docking the co-crystal ligand with targeted protein. A RMSD value of less than
2 angstrom indicates the reliability of the docking pose. After completion of virtual screen-
ing, the output findings of the virtual screening module were analyzed and docking scores
of drug candidates were compared to standard Dabrafenib. Only four compounds were
found to have higher docking scores than standard Dabrafenib. The top hits were subjected
to further analysis using deep learning algorithms. Deep learning models were used to
predict drug affinity and determine the stability of protein–ligand complexes.

2.1.3. Molecular Dynamics Simulation

The molecular docking experiment provided an initial static protein–ligand complex
for molecular dynamic studies. Desmond, a package from Schrödinger LLC [42], was used
to run molecular dynamic simulation for 100 ns. Molecular docking studies provide insight
into the binding state of ligand with protein. Docking produces the static orientation of a
ligand molecule inside active pockets of targeted protein [43], and MD simulations measure
the average displacement of atoms with respect to a reference. MD simulations provide
information about the stability of the best complex [44,45].

Maestro or Protein Preparation Wizard were employed for processing of the protein–
ligand complex. The system was prepared in the system builder tool of the Desmond
package. The system was solvated by Monte-Carlo equilibration, TIP3P solvent model ex-
tended 10.0 angstrom in each direction. The counter NaCl ions at a concentration of 0.15 M
were added to neutralize the system. The optimized potential for liquid simulation (OPLS
2005) [46] was used as a forcefield to generate parameter files [46]. The pressure control was
conducted through the Martyna−Tuckerman−Klein chain coupling scheme with a cou-
pling constant of 2 ps [47], whereas the Noose–Hoover chain coupling scheme was used for
temperature control [48]. The energy minimization was performed for 20,000 steps in order
to remove any intra-molecular steric clashes. Initially, the system was equilibrated (NVT
ensemble) for 1 ns, and afterwards the NPT ensemble was performed for an additional
1 ns at 300 K temperature and 1 bar pressure. Finally, production run was performed for
100 ns under periodic boundaries conditions. The Particle Mesh Ewald (PME) method [49]
was used to determine electrostatic interactions [50]. The Verlet/Leapfrog algorithm was
used for numerical integration. A time step of 1 fs was used for minimization and a
time step of 2 fs was used for molecular dynamic simulation [51]. Thermal MM-GBSA.py
script [52,53] was used to calculate the ligand strain and ligand-binding free energy for
docked conformations over a 100 ns period [54].

2.1.4. Prediction of Binding Affinities, pIC50 and ADMET Properties Using Deep
Learning Models

Dabrafenib, which has been approved by the FDA, has been found to be effective
against BRAF-mutant melanoma with a high level of NEK9 protein expression. Dabrafenib’s
inhibitory concentration was in the nanomolar range, 1–9 nM [1]. The drug’s effectiveness
is largely determined by its binding affinity (IC50) and ADMET profile. Therefore, we
have employed deep learning models to predict IC50, pIC50, and ADMET properties of
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top hits acquired through virtual screening in order to provide a direct comparison of
binding affinities of top hits with standard Dabrafenib. Predicting the binding affinity and
ADMET characteristics in silico, rather than using an experimental method, is a promising
alternative. Deep learning (DP) models were used to predict drug target interactions (DTI)
in the current work, which were formulated on encoder and decoder architectures. A DL
model takes the SMILES string and amino acid sequence of the targeted protein as input
and uses over 17 state-of-the-art DP learning techniques to predict drug efficacy indicators
(Figure 2). The MPNN-CNN deep learning algorithms were used for affinity prediction in
this work, while the MPNN model was used for ADMET predictions [32].

Figure 2. Implementation of Deep learning Model.

3. Results and Discussion

The 1200-compound library was retrieved from the PubChem database and subjected
to SBVS and the FDA drug Dabrafenib. Dabrafenib was maintained as the standard drug to
which docking scores of 1200 compounds were compared. It was observed that only four
combinations have better docking scores and binding affinity than standard Dabrafenib.
These four compounds were considered top hits and subjected to further analysis, including
geometry optimization and FMO analysis via density functional theory studies. Moreover,
IC50, pIC50, and ADMET properties of the top four compounds were also predicted using
deep learning models.

3.1. Density Functional Theory Studies (DFTs)

Quickly calculating physicochemical properties of atoms, bonds and molecules is
necessary to process thousands or millions of structures in data mining investigations.
Calculations in quantum chemistry based on ab initio and density functional theory (DFT)
yield increasingly reliable assessments of many characteristics [55]. The B3LYP hybrid func-
tional is likely the most popular DFT functional, and its cost-effectiveness has been widely
acknowledged. Nonetheless, DFT computations are still too computationally expensive to
be conducted on single workstations or tiny clusters in less than a few hours [56].

3.1.1. Optimized Geometries

In the present study, geometries of FDA-approved drug Dabrafenib and top hits
were completely optimized using the DFT/B3LYP method and 6-31G* as a basis set. No
negative frequencies were obtained after the geometry optimization, which demonstrates
that current geometries are true local minima. Optimized structures of drug candidates are
presented in Figure 3.
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Figure 3. Optimized structures of selected compounds.

The compound 762 showed high value for polarizability and dipole moment, which
indicates its high polarity and chemical reactivity. Optimization and polarizability values
of top hits and Dabrafenib are given in Table 1.

Table 1. Energetic parameters of top hits and standard Dabrafenib.

Compound Optimization Energy
(Hartree)

Polarizability (α)
(a.u.)

Dipole Moment
(Debye)

Compound 208 −2712.903 340.588 13.330

Compound 248 −2391.895 345.671 7.283

Compound 255 −2238.320 304.820 8.827

Compound 762 −2699.752 360.213 10.042

Dabrafenib −2407.203 319.254 6.682

3.1.2. Frontier Molecular Orbital (FMOs)

The way a molecule interacts with other species is determined by its frontier molecular
orbitals. The highest occupied molecular orbital, or HOMO, is the outermost orbital-bearing
electrons, and it primarily works as an electron donor. The lowest unoccupied molecular
orbital, or LUMO, is the innermost orbital with free electron acceptor sites. The ionization
potential ought to be proportional to the HOMO energy, while the LUMO energy should
be proportional to the electron affinity (Table 2).
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Table 2. ∆Egap of HOMO/LUMO orbitals of selected compounds.

Compound EHOMO(eV) ELUMO(eV) ∆Egap(eV) Potential Ionization I (eV) Affinity A (eV)

Compound 208 −0.234 −0.099 0.135 0.234 0.099

Compound 248 −0.222 −0.070 0.152 0.222 0.070

Compound 255 −0.228 −0.083 0.145 0.228 0.083

Compound 762 −0.216 −0.089 0.127 0.216 0.089

Dabrafenib −0.233 −0.074 0.159 0.233 0.074

The energy gap is the difference in energy between the HOMO and LUMO orbitals,
and it is the most key variable in predicting the stability of a molecule. The HOMO–LUMO
energy gap is used to evaluate the chemical reactivity and kinetic stability of the molecule.
A soft molecule is a structure with a narrow gap that has a higher degree of polarization.
As a measure of electron conductivity, the energy difference between HOMO and LUMO
was recently employed to illustrate the bioactivity of intramolecular charge transfer (ICT).
The stronger the chemical reactivity and the less stable the kinetics, the smaller the gap.
The compound 762 has the narrowest energy gap at 0.127 eV among all the compounds.
Compound 248 has a greater energy gap, measuring 0.152 eV. Thus, it shows compound 762
is chemically more reactive than all other compounds, which are comparatively the stable
ones. In addition, the electron density of HOMO orbitals for Dabrafenib was localized over
morpholine and piperdinyl rings, whereas electron density of LUMO is localized to the
carbonitrile and benzocarbazole moiety of the drug. FMOs orbitals are shown in Figure 4.

Figure 4. HOMO–LUMO structures of the selected compounds.
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3.1.3. Global and Local Reactivity Descriptors

The HOMO and LUMO frontier orbitals are used to predict chemical reactivity. The
HOMO orbital energy of a compound is significantly correlated with its vulnerability to
electrophilic attack and ionization potential. A compound’s LUMO orbital energy is a
reliable predictor of electron affinity and nucleophilic attack. The energy of LUMO is
proportional to its electron affinity, indicating that it is susceptible to nucleophile attack.
The frontier molecular orbital energies are also related to the hard and soft characteristics of
a molecule. Hard nucleophiles have a low HOMO, whereas soft nucleophiles have a high
HOMO. Similarly, hard electrophiles have a high LUMO energy, whereas soft electrophiles
have a low LUMO energy. According to the frontier theory of electron reactivity, the
chemical reaction occurs at the point where the HOMO and LUMO have the most overlap.
All reactions require the HOMO density of the donor molecule, while all reactions require
the LUMO density of the acceptor molecule. The frontier orbital densities of individual
atoms can be used to quantify their reactivity inside a molecule. Chemical behavior is
frequently predicted using electronegativity and hardness. Compound 248 presented
greater energy gaps, indicating it to be the tougher among all compounds. Compound
208 demonstrated the greatest electrophilicity index value of 0.207 eV. This indicates that
compound 208 is an excellent electrophile among all the other compounds. The HOMO–
LUMO energy gap for Dabrafenib was found to be 0.159 eV. Dabrafenib showed a softness
value of 6 (Table 3). The Koopman’s theorem was used to express ionization energy and
electron affinity of drug candidates.

I = −EHOMO: A = −ELUMO

Table 3. Global reactivity descriptors.

Compound Hardness
(η)

Softness (S) Electronegativity
(X)

Chemical
Potential (µ)

Electrophilicity Index
(ω)

Compound 208 0.067 7.433 0.167 −0.167 0.207

Compound 248 0.076 6.566 0.147 −0.147 0.141

Compound 255 0.072 6.901 0.156 −0.156 0.167

Compound 762 0.063 7.880 0.153 −0.153 0.184

Dabrafenib 0.080 6.280 [38] 0.154 −0.154 0.149

Compound Electrodonating power
(ω-)

Electroaccepting power
(ω+)

Net
Electrophilicity(∆ω±)

Compound 208 0.299 0.132 0.432

Compound 248 0.224 0.077 0.301

Compound 255 0.254 0.098 0.352

Compound 762 0.268 0.116 0.384

Dabrafenib 0.236 0.082 0.318 [38]

We evaluated the following parameters by using their respective formulas: Hardness:
η = 1/2(ELUMO − EHOMO); Softness: S = 1/2η; Electronegativity: χ = −1/2(ELUMO +
EHOMO); Chemical potential: µ = −χ; Electrophilicity index: ω = µ/2η.

3.2. Structure Based Virtual Screening and Predicted Binding Affinities

Initially, the Molecular docking methodology was validated by redocking a co-crystal
ligand with targeted protein using the same coordinates. RMSD values of less than
2 angstrom were obtained, which demonstrate the successful validation of the docking
protocol and can be used to describe ligand poses with specificity and accuracy. Afterward,
virtual screening was conducted with 1200 ligands library and Dabrafenib. The coordi-
nates of co-crystal ligand were used to dock the ligand library and Dabrafenib. Out of
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1200 drug candidates, only four drug candidates showed excellent binding energies that
were even better than Dabrafenib. The binding energies of top hits and Dabrafenib are
tabulated in Table 4. In particular, compound 762 showed a maximum binding energy of
−42.67 kJ/mol and exhibited strong binding affinity with NEK7 protein when subjected to
the DL prediction model.

Table 4. Binding energies and Predicted binding affinities via Deep learning model.

Compound Binding Energies
(kJ/mol)

Predicted Binding Affinity
(IC50) nM

pIC50 (Predicted via Deep
Learning Model)

Compound 208 −33.47 206.26 6.69

Compound 248 −35.56 268.80 6.57

Compound 255 −35.98 283 6.55

Compound 762 −42.67 61.74 7.21

Dabrafenib −33.89 1-9 (Experimental) [1] —

Among the four top hits, compound 208 exhibited promising hydrophobic and hy-
drophilic interactions. The amino acid residues involved in important molecular inter-
actions were as follows: ASP115, ARG121, GLY117, ASP179, PHE168, ILE195, ALA114,
ALA61, ILE40, and ASP118. It was observed that two hydrogen bonds were involved in sta-
bilizing the protein–ligand complex. One hydrogen bond was observed with ASP118 with a
bond length of 2.97 angstrom, while the second hydrogen bond was observed with GLY117
having a bond length of 3.14 angstrom. Important residues of the active site were engaged
in hydrophobic interactions, including van der Waals interactions, pi-alkyl and alkyl–alkyl
interactions. The docking score of compound 208 was found to be −33.47 kJ/mol. Similarly,
compound 248 exhibited stronger molecular interactions with the following amino acid
residues: ARG121, ASP118, ALA165, LYS63, ASN166, ASP179, PHE168, LEU111, VAL48,
ALA116, ASP115, and GLY117. It was discovered that important amino acid residues of the
NEK7 protein’s DLG/DFG motifs were involved in interactions. Furthermore, the amino
acids LEU111 and LYS163 interacted via hydrophobic bonds. Two important hydrogen
bonds were contributing toward the stability of conformations. One hydrogen bond en-
gaged GLY117 residues with a bond length of 2.2 angstroms. Another hydrogen bond was
engaging ASN166 amino acid with a bond length of 3.34 angstroms. Among hydrophobic
interactions, van der Waals interactions played a pivotal role in stabilizing the complex.
The docking score of the compound 248 was −35.56 kJ/mol. The putative 2D and 3D
binding modes of compounds 208 and 248 are shown in Figure 5.

Another important top hit was compound 255, which exhibited potent molecular
interactions with amino acid residues of the active site. It was the second-best drug
candidate obtained via virtual screening. Amino acid residues involved in bonding and
nonbonding interactions were as follows: PHE45, SER46, LYS63, ALA114, ASP115, GLU112,
PHE168, ASP179, VAL48, GLY43, and GLN44. It was observed that two important hydrogen
bonds with short bond lengths were contributing toward stabilizing the complex. One
hydrogen bond occurs between the electronegative oxygen atom of the compound 255
and the SER46 residue of the targeted protein. Moreover, the second hydrogen bond
was engaged in GLY117 with a bond length of 3.16 angstroms. As shown in Figure 5,
amino acid residues from the active site were involved in hydrophobic interactions with
compound 255.
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Figure 5. The putative 2D and 3D binding mode of compound 208 (A) and 248 (B). Green dashes are
indicating hydrogen bonding whereas red dashes are indicating hydrophobic interactions.

Now referring to the top hit obtained through SBVS, namely compound 762, It has
shown excellent docking scores and demonstrated significant binding affinity obtained
through deep learning models. It was observed that compound 762 was engaged in three
hydrogen bonds of moderate-to-strong strength. One hydrogen bond occurred between
the pentazole ring of the compound 762 and the electronegative oxygen atom of TYR201.
The bond length of interaction was 3.08 angstroms. Similarly, the second hydrogen bond
engaged SER234 residues with a surprisingly smaller bond length of 2.92 angstroms.
These interactions lend enough testimony to stronger molecular interactions and more
stabilized protein–ligand complexes. Furthermore, the third and last hydrogen bond
occurred between TYR237 and compound 762 with a bond length of 3.02 angstroms. All
three amino acid residues involved in hydrogen bonding belong to the activation loop of
the NEK7 protein. The remaining active site residues, ILE123, GLU228, PHE236, MET203,
PRO200, LEU246 and LEU232, engaged in hydrophobic interactions with compound 762.
The docking score and binding affinity (IC50) were predicted to be best among all top hits,
i.e., −42.67 kJ/mol and 61.74 nM, respectively. Compound 762 could be a promising drug
candidate for the treatment of NEK7-associated malignancies. The binding interactions of
compounds 255 and 762 are shown in Figure 6.
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Figure 6. The putative 2D and 3D binding mode of compound 255 (A) and 762 (B). Green dashes are
indicating hydrogen bonding whereas red dashes are indicating hydrophobic interactions.

The bonding and non-bonding interactions of standard Dabrafenib was involving
important amino acid residues of NEK7 activation loop. ARG50, LYS38, ALA165, ILE40,
GLY117, ASP115, PHE168, LEU111, LEU112, ALA114, LEU113, ALA161, ASP179, and
ILE95 were the amino acid residues implicated in molecular interactions with Dabrafenib.
Dabrafenib exhibited significant molecular interactions, which contributed towards com-
plex binding affinity. The strong interactions were observed with targeted protein and
sulphonamide rings. The sulphonamide ring was implicated in several important stabiliz-
ing contacts, including conventional hydrogen bonding with ASP115 of the activation loop,
Pi-cation interaction with ARG50, and interactions with ILE40 and ASP115 by two fluorine
atoms connected to the ring. PHE168 formed pi-cation and pi-pi T-shaped contacts with the
butylthiazole ring, whereas the pyrimidine ring produced conventional hydrogen bonds
with GLU112 and ASP179, a carbon–hydrogen connection with ALA114, and a pi-alkyl
interaction with ALA161. Due to important chemical interactions, Dabrafenib has a good
binding energy of −33.89 kJ/mol. van der Walls interactions are essential hydrophobic in-
teractions that have been observed with the amino acids LYS38, ALA165, GLY117, LEU111,
LEU113, and ILE95. Figure 7 depicts the probable binding mode of Dabrafenib with NEK7.
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Figure 7. 2D and 3D interactions of NEK7–Dabrafenib complex.

3.3. Electrostatic Surface Potential Map

Investigating the electrostatic surface potential (ESP) map is a key activity in drug
design as it determines the chemical reactivity of the compound and its ability to produce
important molecular interactions. It is an effective way to visualize the molecular reactivity
and evaluate the nature of ligand-binding with a targeted protein. The ESP map is depicted
by different colored regions depending upon the electronegativity of the compound. The
highly electronegative part is represented by the color red, whereas the electropositive part
is represented by the color blue. The QM calculations were performed using DFTs at the
B3LYP/6-31G* level of theory. Figure 8 depicts the ESP potential and the nature of ligand-
binding with the targeted protein. In this study, the contribution of the electronegative
oxygen atom in all interactions is indicated by the color red, whereas the contribution of the
nitrogen atom is provided in the color blue. Considering the electrostatic surface potential
map, the contribution of oxygen atoms toward interaction potential is higher than that
of nitrogen atoms. It was observed that in the case of compound 208, the electronegative
oxygen atom was acting as a hydrogen acceptor and was producing strong hydrogen
bonding with GLY117. Similarly, in compound 248, 255 and 762, electronegative oxygen
atoms were involved in stronger intermolecular interactions. In contrast, nitrogen atom
was involved in hydrogen bonding by donating the hydrogen bond for example, in case
of compound 208, nitrogen was donating hydrogen bond to ASP118 residue. In addition,
the docked conformation of ligands on the protein surface is also represented by different
colored regions (Figure 8). The red surface indicates the hydrogen bond acceptor region,
while the blue surface indicates the hydrogen bond donor locations. Whereas the grey
color areas indicate the hydrophobic interactions, including van der Waals interactions.
The red-colored surface area of protein is buried by nitrogen atoms as they act as proton
donors, whereas the blue-colored protein surface is buried by electronegative atoms such as
oxygen, fluorine and chlorine, which acts as a hydrogen bond acceptor. It can be observed
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that the grey surface area of protein is mostly involved in hydrophobic interactions, and
these regions are buried by alkyl, phenyl rings and other hydrophobic groups present
in all compounds.

Figure 8. Electrostatic surface potential map of all ligand complexes.

3.4. Buried Surface Area (BSA)

Molecular interactions are the critical factors in determining the stability of protein–
ligand complexes. Molecular interactions existing between protein–ligand complexes can
be modelled by taking into account the physicochemical properties and complementarity of
the shape of the binding interface. A useful method for determining the complementarity
of the shape and extent of molecular interactions is the estimation of the buried surface
area (BSA) of a protein–ligand complex. In the current study, the BSA of best complexes
was calculated using a new Shrake–Ruply algorithm-based tool (dr_sasa) [57] used for
calculating the solvent accessible surface area (SASA), buried surface area (BSA), and
contact surface area (CSA). All four top compounds (208, 248, 255, and 762) were subjected
to the calculation of BSA. It was observed that the targeted NEK7 protein was buried up to
80% and 70% by compounds 208 and 248, respectively. In particular, amino acid residues
ILE40 and PHE168 were strongly buried by compound 208 (49 Å2). Compound 248, on the
other hand, was strongly engaging the ARG121 and PHE168 with BSA of 39 Å2 and 41.3 Å2

respectively. The detailed buried surface area of both compounds is shown in Figure 9.
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Figure 9. Buried surface area (BSA) of compound 208 and 248.

In terms of compounds 255 and 762, it was observed that both compounds significantly
engaged the amino acid residues of the target protein. Compound 255, in particular, was
burying the surface area of the NEK7 protein by up to 360 Å2. The BSA of compound
255 with VAL48, LYS63, ALA114, and PHE168 was 168, 212, 187, and 351 Å2, respectively,
which was the best among all top hits. These values demonstrate the strong nature of
molecular interactions existing between the target protein and compound 255. In the case of
compound 762, important amino acid residues were buried by compound 762. In particular,
TYR201, TYR237, and MET241 were significantly buried by compound 762 with BSA of 64,
72, and 25.6 Å2. Moreover, it was worth noticing that the major contributing atoms were
oxygen, nitrogen, fluorine, sulphur, and chlorine, which were involved in increasing the
contact surface area of compounds with a targeted protein. The BSA of compounds 255
and 762 is shown in Figure 10.

Figure 10. Buried surface area (BSA) of compound 255 and 762.
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3.5. Molecular Dynamic Simulation

The molecular docking technique is comparatively rapid and imprecise. The docking
deficiencies and flexibility of protein may interfere with protein–ligand complex. However,
molecular dynamic simulations are computationally expensive and time-consuming but
provide reliable and accurate illustration of protein displacement. Considering these facts,
molecular dynamic simulations were undertaken using Desmond software package [58,59].
The root-mean-square deviation (RMSD) patterns provide significant insight into average
change in displacement of atoms with respect to a frame. The RMSD trajectory provides
information about the structural configuration of protein. It is computed for each frame
of the trajectory. In order to gain insight into the structure of a protein, it is important to
monitor the protein’s RMSD. Plotting the RMSD of the ligand is possible once the protein–
ligand complex is aligned on a reference protein backbone and the RMSD of the ligand
heavy atoms is measured. It is likely that the ligand has diffused from its initial binding
site if measured values exceed the protein’s RMSD by a substantial margin. Molecular
dynamic trajectory analysis is also used to determine the root-mean-square fluctuation of
the targeted protein.

3.5.1. RMSD Analysis of Protein and Protein–Ligand Complexes

The RMSD patterns for C-alpha atoms of NEK7 protein were estimated in order
to determine the effect of the bounded drug on the conformational stability of NEK7
protein. Figure 11 is displaying the progression of RMSD values for the C-alpha atoms
of NEK7 as a function of time. The 2wqn–Dabrafenib complex reaches the equilibrium
after around 5 nanoseconds of simulation, and although side chain residues displayed
fluctuations, they remained in the permissible range of 1–4 angstroms, which can be
considered insignificant [60]. The NEK7–Dabrafenib complex showed slight fluctuations
after 50 ns, which again became stable after 60 ns of simulation and remained equilibrated
throughout the simulated trajectory. RMSD fluctuation was observed from 70 to 90 ns,
which is due to the decrease in the number of contacts during this time, but after 90 ns, the
number of contacts with amino acid residues increased and RMSD pattern became stable. It
demonstrate the existence of stable molecular interactions. After being equilibrated, NEK7
RMSD values fluctuated within 2 angstrom. After 80 ns, protein RMSD showed slight
fluctuation up to 2.5 angstrom and dropped again after 95. The average RMSD value for
the protein–ligand complex and NEK7 protein is tabulated in Table 5.

Table 5. Average values obtained from MD simulations.

Protein-Ligand
Complex

Average Protein
RMSD (Å)

Average Protein
RMSF (Å)

Average
Protein-Ligand

Complex RMSD (Å)

Average Radius of
Gyration (Å)

Average SASA
(Residue Wise)

(Å2)

NEK7–Dabrafenib
complex 1.97 0.87 3.89 19.76 282.72

These findings suggest that the ligands stayed firmly bound to the receptor throughout
the simulation period. Moreover, small RMSD patterns indicate the fewer structural re-
arrangements and lesser conformational changes within binding site residues [61].

It is beneficial to identify local differences in the protein chain by using the root-mean-
square fluctuation (RMSF). Figure 12 peaks on the RMSF graph represent the regions of
the protein that change the most during the simulation. The average RMSF for the NEK7
backbone was 0.87 angstrom, indicating the fewer structural rearrangements (Table 5).
The N- and C-terminal ends of proteins are more likely to undergo alteration than any
other portion of the protein. In the range of amino acids from 180 to 220, the RMSF value
fluctuated, as can be seen in the RMSF graph. These residues are found in the C-terminal
lobe. The protein’s structure, such as its alpha and beta helices and strands, tends to be
stiffer and less variable than its unstructured component. According to MD trajectories, the
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residues with the highest peaks are found in loop areas or the N- and C-terminal regions.
Binding site residues with low RMSF values imply a stable ligand–protein interaction.

Figure 11. Residue wise root-mean-square deviation (RMSD) of the C-alpha atoms of NEK7 (2wqn)
and Dabrafenib Complex.

Figure 12. Root-mean-square fluctuations (RMSF) of the C-alpha atoms of NEK7 (2wqn).

The contact profiles of NEK7–Dabrafenib were computed from simulated trajectories,
as shown in Figure 13. FDA-approved drug Dabrafenib interacted with ILE40, LYS163 and
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ARG121 through Water Bridge and hydrogen bonding. The amino acid residues, ILE40,
LYS163, and ARG42, were involved in H-bonding. During MD simulations, 12 hydrogen
bonds were found to be dominant with significant occupancy. Details of hydrogen bonding
is given in Table 6.

Figure 13. NEK7-Dabrafenib Contact histogram.

Table 6. Important Hydrogen bonding observed during MD simulations.

Sr No. Hydrogen Donor Hydrogen Acceptor

1 ALA114-Main LIGAND-Side

2 LIGAND-Side LEU113-Side

3 LIGAND-Side ASP115-Side

4 ARG121-Side LIGAND-Side

5 LIGAND-Side ASP179-Side

6 LIGAND-Side GLU112-Main
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Table 6. Cont.

Sr No. Hydrogen Donor Hydrogen Acceptor

7 GLY117-Main LIGAND-Side

8 ASP115-Main LIGAND-Side

9 LIGAND-Side ALA114-Main

10 LIGAND-Side ILE40-Main

11 LIGAND-Side ARG42-Main

12 GLY41-Main LIGAND-Side

The hydrogen bond with ALA114 existed for more than 25% of simulation time.
Hydrophobic interactions existed between VAL48, LEU113, VAL48, and PHE168. These
molecular interactions contributed towards stabilizing the protein–ligand complex.

3.5.2. Radius of Gyration (Rg) and Solvent-Accessible Surface Area of Protein (SASA)

Radius of gyration (Rg) is measure of protein compactness, stability, integrity and
foldness of protein backbone. The Rg trajectory for NEK7 is depicted in Figure 14. Trajectory
analysis for the radius of gyration revealed that protein retained compactness throughout
the simulated trajectory, and only slight fluctuations were observed around 30 ns, which
stabilized after a short period of time.

Figure 14. Radius of gyration (NEK7).

Solvent-accessible surface area (SASA) is the area of protein that is accessible by the
solvent. The higher the value for SASA, the lower the stability of the protein. In the current
study, residue wise SASA was calculated and ranged between 180 to 350 Å2, which is quite
acceptable. The average SASA value was computed to be 282.72 Å2 (Table 5). The residue
wise SASA of targeted protein is shown in Figure 15.

3.5.3. Principle Component Analysis (PCA)

It is an essential multivariate statistical technique used to describe the protein dynam-
ics in a spatial scales. It is a linear relationship that extracts essential features of protein
using covariance and/or correlation matrices. These matrices are derived from the atomic
coordinate that represents the accessible degree of freedom (DOF) of the protein in a simu-
lated trajectory. In the current study, Pearson’s cross-correlation matrix was employed as it
can normalize the large protein variables and prevent high atomic variations that can skew
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the results. In addition, eigenvectors with a specific variance value also play an important
role in characterizing the motion of protein in spatial scales. In the current study, essential
dynamics of protein were calculated by applying PCA analysis to the protein trajectory.
It was observed that different variables were forming tight clusters with narrow angles,
which indicates that they were correlated with vectors (PCs) [62]. PCs are the vectors that
are used to describe protein motion with respect to variables. Two PCs are used in the
current study to characterize the protein motion. In Figure 16, it can be observed that PC1
and PC2 are clearly indicating the behavior of various variables. Distribution on the scatter
plot indicates the protein components are tightly clustered with small angles.

Figure 15. Residue wise solvent accessible surface area (SASA) for NEK7.

Figure 16. The correlation between protein variables and two top PCs.

Correlation matrices are also the correlation coefficients between variables and PCs.
In Pearson’s cross-correlation, the percent of variance in a protein variable is explained by
PCs. Figure 17 is depicting the Pearson correlation graph for NEK7 variables.
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Figure 17. Pearson correlation graph for NEK7 variables.

3.5.4. MM-GBSA Energy Calculations

Molecular docking is a robust technique for determining the binding orientation of
a protein–ligand complex. However, it is still lacking in its ability to correctly identify
the binding affinities of docked ligands. In order to determine correct binding energies
of docked conformations, MM-GBSA energy calculations were performed, which are an
efficient and reliable method for the determination of binding free energies. The MM-
GBSA method provides free energy calculations by taking into account all hydrophobic,
hydrophilic and electrostatic interactions [63]. After energy calculations, values obtained
were more negative and showed stronger binding affinities, as compared to the docking
scores obtained from molecular docking. The following equation was used to calculate
binding free energy [64];

∆Gbind = ∆E mm + ∆G sol + ∆G SA

The MM-GBSA energies for the protein–ligand complex was determined through the
Thermal_mmgbsa script of Schrodinger. MM-GBSA energies are tabulated in Table 7.

Table 7. MM-GBSA binding energies of Dabrafenib docked at active site of NEK7.

Binding Free
Energy ∆Gbind

(kcal/mol)

∆E coulomb
(kcal/mol)

∆E covalent
(kcal/mol)

∆E H-bond
(kcal/mol)

∆E vdW
(kcal/mol)

Lipophilic
Energy

(kcal/mol)

Sol_GB
(kcal/mol)

Dabrafenib −50.44 31.05 11.71 −0.18 −38.88 −33.98 −17.74

3.5.5. MM-PBSA Energy Calculations

In MMPBSA energy analysis, the free binding energies of protein, ligand and protein–
ligand complex are estimated by following equation;

G = Ebnd + Eel + EvdW + Gpol +Gnp − TS

where, Ebnd I refers to bond energy, Eel refers to electrostatic energy and EvdW represents
van der Waals interactions. In the current study, Poisson–Boltzmann calculations were
performed using the internal PBSA solver in mmpbsa_py_energy. All units are represented
in kcal/mol. MM-PBSA energy analysis is given in Table 8.
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Table 8. MM-PBSA binding energies of Dabrafenib docked at active site of NEK7.

Binding Free Energy
∆Gbind (kcal/mol)

∆E vdW
(kcal/mol)

Eel
(kcal/mol)

ENPOLAR
(kcal/mol)

EPB
(kcal/mol)

EDISPER
(kcal/mol)

Dabrafenib −56.12 −38.27 −17.84 −26.71 32.37 47.53

3.6. ADMET Profile

In-silico ADMET properties of top-ranked hits were determined by deep learning
models; more than 17 models were employed at the backend, which provided predictions
on the ADME profile of each hit. It is an important part in drug development that can
identify the desired pharmacological properties of compounds. In the current study, the
message passing neural network (MPNN) is employed for the determination of ADMET
properties. It was observed that compound 762 showed the lowest clinical toxicity value of
0.28%. The ADMET profile of top hits is tabulated in Table 9.

Table 9. ADMET properties of top hits predicted via MPNN model.

Property Predicted Compound 208 Compound 248 Compound 255 Compound 762

Solubility −4.50 log mol/L −4.05 log mol/L −3.19 log mol/L −3.10 log mol/L

Lipophilicity 1.82 (log-ratio) 1.89 (log-ratio) 1.40 (log-ratio) 1.88 (log-ratio)

(Absorption) Caco-2 −5.14 cm/s −5.20 cm/s −5.14 cm/s −5.21 cm/s

(Absorption) HIA 91.18% 89.62% 89.69% 92.89%

(Absorption) Pgp 10.18% 13.10% 5.84% 11.42%

(Absorption)
Bioavailability F20 76.34% 75.94% 75.46% 76.42%

(Distribution) BBB 76.85% 76.66% 93.85% 86.17%

(Distribution) PPBR 79.65% 77.11% 63.16% 80.66%

(Metabolism) CYP2C19 81.26% 72.00% 37.21% 24.15%

(Metabolism) CYP2D6 62.01% 51.90% 25.60% 13.64%

(Metabolism) CYP3A4 74.21% 56.97% 60.78% 22.83%

(Metabolism) CYP1A2 36.70% 10.29% 9.08% 21.05%

(Metabolism) CYP2C9 17.86% 6.99% 4.13% 8.60%

(Execretion) Half life 8.06 h 8.01 h 7.86 h 7.88 h

(Execretion) Clearance 8.23 mL/min/kg 8.26 mL/min/kg 8.10 mL/min/kg 8.54 mL/min/kg

Clinical Toxicity 14.92% 15.59% 24.33% 0.28%

4. Conclusions

In the current study, structure-based virtual screening of a 1200-compound library and
Dabrafenib was carried out using Auto Dock Vina. These compounds are in the early stages
of drug development, and the in-silico approach used in this study was contributing toward
investigating the inhibiting potential of these compounds through molecular docking, DFTs,
and MD simulation, as well as determining the drug-like properties of these compounds
through deep learning models. The FDA-approved drug, Dabrafenib, was considered as a
standard drug to which in-silico findings could be compared. SBVS findings discovered
four important hits having better binding energies as compared to standard Dabrafenib.
In addition, the chemical reactivity profiles of top hits were determined via DFT studies.
Findings from DFT studies revealed the reactive nature of the compounds. Moreover,
the current study has utilized deep learning models for prediction of binding affinity,
pIC50, and ADMET properties. It was observed that compound 762 showed good binding
affinity and demonstrated a promising ADMET profile. Moreover, molecular dynamics
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simulations were performed to determine the stability of the protein–ligand complex under
accelerated conditions. It was observed that the ligand remained significantly attached
to the protein-activation loop, suggesting potential inhibiting activity of the compound.
In short, the findings of the current study identify top hits that could prove an effective
treatment strategy for NEK7-associated cancer malignancies. These findings will assist
researchers to develop newer leads without consuming much time and money. Further
experimental studies are also recommended for future prospects.
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Abstract: Human serum albumin (HSA) is the most abundant protein in plasma synthesized by the
liver and the main modulator of fluid distribution between body compartments. It has an amazing
capacity to bind with multiple ligands, offering a store and transporter for various endogenous
and exogenous compounds. Huperzine A (HpzA) is a natural sesquiterpene alkaloid found in
Huperzia serrata and used in various neurological conditions, including Alzheimer’s disease (AD).
This study elucidated the binding of HpzA with HSA using advanced computational approaches
such as molecular docking and molecular dynamic (MD) simulation followed by fluorescence-based
binding assays. The molecular docking result showed plausible interaction between HpzA and HSA.
The MD simulation and principal component analysis (PCA) results supported the stable interactions
of the protein–ligand complex. The fluorescence assay further validated the in silico study, revealing
significant binding affinity between HpzA and HSA. This study advocated that HpzA acts as a latent
HSA binding partner, which may be investigated further in AD therapy in experimental settings.

Keywords: Huperzine A; molecular dynamics simulation; fluorescence spectroscopy; human serum
albumin; neurodegenerative disorders; drug–protein interactions

1. Introduction

HSA is a major transporter and the most abundant protein in the plasma. It is respon-
sible for balancing the osmotic pressure and is a major regulator of fluid distribution in
the body. HSA exhibits astonishing ligand-binding capabilities, acting as a warehouse and
transporter of many endo- and exogenous compounds [1]. This promiscuous, nonspecific
affinity can lead to sudden changes in concentrations caused by displacement when two or
more compounds compete for binding to the same molecular site [2]. HSA, a major carrier
in the human circulatory system performs a key function of circulating various compounds
such as drugs [3]. HSA interactions with drugs alter proteins’ pharmacokinetics and phar-
macodynamics as well. Free drugs diffuse inactively across the membranes via specific
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transporters to interact with their respective protein targets [4]. A pivotal step in the domain
of drug discovery is the investigation of the pharmacokinetics and pharmacodynamics
of drugs. Pharmacological profiling of drugs offers understanding of the interactions of
vital therapeutic drugs or derivatives with either plasma or target tissue proteins [5]. The
binding of a drug to HSA is a critical factor determining its pharmacological profiling
and distribution [6]. In medicinal chemistry, studies pertaining to plasma proteins and
drugs binding are attracting researchers across the globe, because these studies provide
a platform to study drugs’ behavior and action, thereby delineating their transport and
distribution characteristics in the circulatory system. Furthermore, it is also vital to study
the protein–protein or protein–drug interactions to make progressive inroads in the ad-
vancements made in pharmaceutical industry [7]. HSA is the main plasma protein, and it is
imperative to study binding of drugs with HSA. Thus, this study aimed at investigating the
binding mechanism of HpzA to HSA. HSA is a one-chained polypeptide weighing 66.5 kDa.
The 585 amino acid polypeptide assembles in a heart-shaped structure [1]. The protein
displays two specific sites for drug binding as specified using Sudlow’s fluorescent probe
displacement method. According to the Sudlow’s classification, there are two main binding
sites for drug ligands of HSA, namely, subdomain IIA (site IIA) and IIIA (site IIIA) [8].
Site IIA, positioned in subdomain IIA, concerns with the selective binding of heterocyclic
anions, while aromatic carboxylates bind to the site IIIA that is located in subdomain IIIA,.
For example, ibuprofen binds to site IIIA and warfarin to site IIA [9]. The binding of all
the ligands cannot be considered under Sudlow’s model. Site IB, a third binding pocket,
located in subdomain IB, is a hydrophobic D-shaped cavity, is also used for interaction by
some compounds such as bilirubin [10]. A study [11] suggested site IB as the third major
site having the potential to bind drug ligands of HSA.

AD, the sixth leading cause of claiming lives worldwide, is a progressive, neurode-
generative disorder. The condition is characterized by impairments in mental functions,
amnesia, and dementia [12]. The major hallmarks of the condition are accumulated amyloid
β-peptide (Aβ) in plaques, the formation of neurofibrillary tangles (NFTs), and degenera-
tion of neurons. The mechanism by which neurons degenerate is still unclear and needs
extensive research. Aβ accumulation and deposition can cause neurodegeneration by many
mechanisms, such as inflammation, oxidative stress, and apoptosis. In addition to the ge-
netic factors, environmental factors such as neurotoxins, stress, etc. play a major role in AD
progression [13]. Reactive oxygen species (ROS) creates a condition of oxidative stress that
leads to cell death, oxidative bursts, accumulation of spare free metals, etc. These have been
hypothesized as major mediators in AD progression and neurodegeneration. Postmortem
reports have indicated apoptosis as a major event in neurodegeneration and AD [14].

HpzA, a Lycopodium alkaloid, is a Chinese medicine isolated from Qiang Ceng Ta,
the whole plant of Huperzia serrata. The plant belongs to the Huperziaceae family, and it
has gained wide popularity due to its anticholinesterase (AChE) and anti-AD properties.
The alkaloid also acts as a remedy for various ailments such as strains and swellings and
neurological disorders such as schizophrenia and neurodegenerative disorders [15]. HpzA,
a well-known AChE inhibitor, has properties superior to those of FDA-approved drugs such
as donepezil, galantamine, etc. [16]. Figure S1 describes the 2D and 3D structural features
of HpzA. Extensive clinical trials for the HpzA conducted in China showed enhanced
memory in elderly individuals, subjects with issues related to amnesia, and AD patients.
The naturally extracted ligand has also been through various extensive clinical trials on
vascular dementia, showing improved cognitive function in subjects with AD [17]. In
this introductory study, we report the plausible binding of HpzA with HSA. A molecular
docking study was performed primarily to explore the possible interactions and binding
affinity of HpzA towards HSA and was followed by MD simulation studies for 100 ns.
Computational studies suggested plausible binding of HpzA with HSA, which was further
validated by fluorescence-based binding assays. Thus, this study delineates the mechanism
of binding of HpzA with HSA by employing spectroscopic and in silico approaches.
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2. Results
2.1. Molecular Docking

The functional activity of a protein changes broadly upon conformational alterations
induced by ligand binding. The molecular docking approach can systematically consider
potential binding modes for a protein–ligand system [18]. The blind docking approach was
used to find all possible interactions between HpzA and HSA. HpzA has multiple binding
sites on has, with varying affinities. All the docking sites and their docking energies are
depicted in Figures S2 and S3, respectively. Out of nine docked conformations of HpzA
in the splitting process, the preferable docked conformation was taken and explored in
detail. The selected conformation of the docked HpzA showed a considerable binding
score of −7.2 kcal/mol. It had LE and pKi values 0.4 (kcal/mol/non-H atom) and 5.28,
respectively. The docking score affirmed HpzA as a plausible binding partner of HSA.
Figure 1 shows the binding mode of HpzA with HSA. HpzA was shown to have a decent
structural complementarity with good binding affinity. It showed various interactions with
the key residues of the HSA binding pocket, such as one hydrogen bond with His266 and a
few other noncovalent interactions with important HSA residues (Figure 1). The binding
site of HpzA is located in domain II of HSA, but Tyr172, Tyr174, and Glu177 of domain I
also participate in the interaction. HpzA binds at the Sudlow site I of HSA. The surface
representation of HSA showed HpzA fitted inside the deep cavity of the binding site, which
might cause significant changes to the conformational activity of HSA (Figure 1).
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Figure 1. The binding of HpzA with HSA. Ribbon and surface representation of HSA protein showing
various interactions and docking fit of HpzA (UniProt ID: P02768).

The selected docking pose of HpzA with HSA was further subjected to a detailed
analysis of possible interactions. The generated 2D plot showed that HpzA occupied the
hydrophobic pocket of HSA bordered by residues Tyr174, Glu177, Lys219, Gln220, Lys223,
Leu262, His266, Cys269, Arg281, His312, and Ala315 (Figure 2A). The plot suggested that
HpzA was tightly bound with HSA with the help of one hydrogen bond with His266 and
several hydrophobic contacts. HpzA showed multiple van der Waals interactions with
Glu177, Gln220, Leu262, and His312 of HSA. The phenolic moiety at the end of HpzA
occupied a crucial binding cleft of HSA formed by different residues (Figure 2B). As a whole,
the HpzA binding with HSA suggested that it could disrupt the structural conformation of
the protein, which may further result in altering HSA’s binding capability.
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2.2. MD Simulations

Many studies have used the MD simulation approach to investigate ligand binding
with proteins [7,19–21]. All-atom MD simulations were carried out for the docked complex
of HSA–HpzA and compared with those for the free state of HSA. Plots for root mean
square deviation (RMSD), root mean square fluctuation (RMSF), radius of gyration (Rg),
and solvent accessible surface area (SASA) fluctuations, along with hydrogen bond analysis,
were generated and analyzed in detail. The analysis of RMSD assists in understanding the
stability of a protein and protein–ligand complex. To explore structural deviations in HSA,
we used RMSD examination of the simulated protein and protein–ligand complex. As
examined, both HSA and the HSA–HpzA complex reached the equilibrium phase without
any major shift in the RMSD pattern (Figure 3A, left panel). The protein–ligand complex
was stable throughout 100 ns simulation. The analysis of the generated plots suggested
a small amount of fluctuation at the beginning in the RMSD values of the HSA–HpzA
that was possibly due to the initial adjustment of the system. As a whole, HSA showed a
small number of fluctuations in its backbone in the simulation, but no significant shift was
observed (Figure 3A, right panel).
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Exploring RMSFs is helpful in understanding the fluctuations in the protein residues
during the course of the simulation [22,23]. The RMSFs were recorded for each residue in
HSA and plotted for analysis purposes. The RMSF analysis emphasized possible residual
movements in HSA in free and ligand-bound states (Figure 3B). The compared RMSF values
between the free and ligand-bound HSA suggested that the residual fluctuations were
decreased and compacted the ligand-bound state of HSA during the simulation (Figure 3B,
left panel). The results suggested that the fluctuations in the residues were minimized upon
binding of HpzA. However, a few increased fluctuations were observed in the HSA residues
corresponding to the loop region far from the ligand site. RMSF values distribution plot
revealed that the residual fluctuations were minimized after HpzA binding, which further
confirmed a robust constancy of the protein–ligand complex (Figure 3B, right panel).

Calculating and examining the Rg of a protein is useful to measure the shape of
the protein based on its hydrodynamic radius [18,23–25]. The Rgs of HSA and the HSA–
HpzA docked complex were calculated to assess their structural compactness during the
simulation (Figure 4A). The average Rg values of free HSA and the HSA–HpzA docked
complex were 2.76 nm and 2.80 nm, respectively. The pattern of Rg values of HSA was
like that of the Rg values of HSA and the HSA–HpzA docked complex, but with a minor
increase (Figure 4A, left panel). This minor increase could have resulted from the occupancy
of intramolecular space of HSA by HpzA. The distribution plot of Rg values also indicated
a slight increase in the Rg of the HSA–HpzA docked complex compared to that of the free
state of HSA (Figure 4A, right panel).
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SASA delineates the folding mechanism of a protein structure by analyzing the pro-
tein’s solvent accessibility [26]. SASA values were calculated and plotted to investigate
the surface area of HSA and the HSA–HpzA docked complex during the simulation, the
(Figure 4B). The results indicated that the SASA values were minorly increased for HSA in
ligand-bound state. This slight increase in the values of SASA indicated that a number of
internal residues might be exposed to the surface post the binding of HpzA (Figure 4B, left
panel). The distribution plot of SASA values also indicated a slight increase in SASA of the
HSA–HpzA docked complex (Figure 4B, right panel).

Dynamics of Intra-/Intermolecular Hydrogen Bonding

Hydrogen bonds are necessary for maintaining the structural conformation of a pro-
tein [27]. Analysis of hydrogen bonding is useful to assess the stability of a protein and
protein–ligand complex [27]. The stability of HSA and the HSA–HpzA docked complex
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was examined by exploring the formation of intramolecular hydrogen bonds (Figure 5). The
analysis of the intramolecular hydrogen bonds formed within HSA indicated the formation
of several hydrogen bonds, which maintained the integrity of HSA’s three-dimensional
structure. The average hydrogen bonds estimated within HSA before and after the HpzA
binding were 480 and 467, respectively. The plot indicated a significant decline in hydrogen
bonds in HSA when it formed a complex with HpzA, which was possibly due to the
ligand’s occupancy of intramolecular space in the binding pocket of HSA. The binding
of HpzA might cause a hindrance in the formation of intramolecular hydrogen bonding
within HSA. However, the plot suggested that this decrement in the formation did not lead
to any major shift, which resulted in maintaining the geometry of the HSA structure during
the simulation. The PDF distribution also indicated a decrease in intramolecular hydrogen
bonding within HSA when bound to HpzA (Figure 5B).
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The formation of intermolecular hydrogen bonds plays a crucial role in the stability
and directionality of a protein–ligand complex [28]. The intermolecular hydrogen bonds
can be explored to measure the strength of a ligand towards the binding pocket of a protein.
The hydrogen bonds formed between HpzA and HSA were recorded and plotted to
explore their formation and breakdown during the simulation (Figure 6A). Analysis of the
generated plot indicated the formation of up to three hydrogen bonds during the simulation
time. The analysis clearly indicated that at least one hydrogen bond was formed during the
simulation time. This strong hydrogen bond could be correlated with the molecular docking
observation that His266 was involved in the conventional hydrogen bond formation. The
analysis suggested the importance of intermolecular hydrogen bonding in the ligand
binding to form a stable complex. The PDF plot indicated that at least one hydrogen
bond was formed with higher probability and stability in the HSA–HpzA docked complex
(Figure 6B).
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2.3. Principal Component and Free Energy Landscape Analyses

Principal component analysis (PCA) is an arithmetic technique to reduce the complex-
ity of MD trajectories by obtaining the collective motion of Cα atoms. It is vital to evaluate
the stability of proteins and protein–ligand complexes [29,30]. PCA was performed to
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evaluate the conformational projection and transition dynamics of HSA with HpzA. The
2D projections of the first two principal components (PCs), PC1 and PC2, for HSA and
HSA–HpzA is presented in Figure 7A. The analysis revealed that the 2D projection of
HSA showed smaller phase space than that of HSA–HpzA. The projection of the first
two eigenvectors (EVs), EV1 and EV2, showed the time evolution of the HSA projection,
which indicated a similar pattern of trajectories (Figure 7B). The PCA showed that HSA
and HSA–HpzA had similar correlated motions without significant change. However, the
ligand-bound HSA explored a wider phase space on both EVs, which indicated its higher
dynamics. The PCA confirmed that the HSA–HpzA complex was quite stable during the
simulation and behaved like the free state of HSA.
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Free energy landscape (FEL) analysis based on PCA has been utilized in representing
protein conformations in a time evolution manner [31]. The FEL distinguishes the kinetic
and thermodynamic estates of proteins and protein–ligand complexes. The FELs depend on
the prospect of an arrangement of specific data points and converting them to free-energy
values. FELs analysis was performed to investigate the conformational stability underlying
HSA–HpzA binding. Figure 8 shows the FEL plots projected onto PC1 and PC2 of HSA
and the HSA–HpzA complex for Cα atoms. The centralized blue zones suggested that
the subsequent system was stable at that moment. The dimension and appearance of the
minimum energy space, called the global minimum (in blue) in the FELs, indicated that the
HSA–HpzA system was more stable than HSA. HSA and HSA–HpzA displayed a single
global minimum confined within a large basin. The FEL analysis further validated our
previous observations that HSA, when bound with HpzA, was stable and reached a more
thermodynamically stable conformational state (Figure 8B).
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2.4. Fluorescence-Based Binding

Fluorescence spectroscopy serves as an important technique to provide an insight into
the protein–ligand interactions, revealing different binding parameters that give an idea
about the strength of interaction between a protein and ligand [32]. Intrinsic fluorescence de-
picts changes in the local microenvironment of aromatic amino acid residues and this serves
as an important technique in determining the protein-ligand complex formation [33,34].
When a decrease in the fluorescence of native protein is observed with increasing con-
centration of the ligands, it is referred to as fluorescence quenching [35]. Fluorescence
quenching was performed at three different temperatures (15, 20, and 25 ◦C). Fluorescence
emission spectra of free HSA and HSA with different HpzA concentrations (0–11 µM) at
various temperatures are shown in Figure 9A–C. Native HSA showed fluorescence emis-
sion maxima at 346 nm. There was a noticeable decrease HSA’s fluorescence intensity with
increasing HpzA concentration, with no peak shift. Fluorescence quenching can be either
static, dynamic, or a combination of both [36]. The deviation of the binding parameters with
temperature delineates the operative quenching for a particular interaction. The quenching
data obtained were fitted into the Stern–Volmer, modified Stern–Volmer, and van ‘t Hoff
equations to obtain various binding and thermodynamic parameters for HSA–HpzA inter-
action as per previously published reports [37,38]. Table 1 shows the obtained values of the
Stern–Volmer constant (Ksv) at various temperatures, which were found to increase with
increasing temperature, revealing the existence of the dynamic mode. Moreover, to confirm
the quenching mode, a biomolecular quenching rate constant (Kq) was calculated using
Ksv = Kq/τ0 (τ0 = 2.7 × 10−9 s), and the value was found to be higher than that of the maxi-
mum dynamic quenching constant (nearly 1010 M−1 s−1) [39], confirming the existence of
a combination of static and dynamic quenching. Figure 10A shows the experimental fitting
obtained in accordance with the modified Stern–Volmer equation. The slope of the plot
gives the number of binding sites (n) while the intercept gives the binding constant (K).
HpzA binds to HSA with a high binding affinity, (K = 9.3 × 105 M−1 at 25 ◦C). The value of
K was found to increase at a higher temperature suggesting that the HSA–HpzA complex
is more stable at high temperatures. These observations affirm in silico results advocating
the significant binding affinity between HpzA and HSA. Thermodynamic parameters were
also found for the HSA–HpzA complex fitting the obtained data in the van ‘t Hoff equation.
Figure 10B shows the van ‘t Hoff plot obtained for the HSA–HpzA complex. Table 1 shows
the obtained thermodynamic parameters for the complex. Negative ∆H and ∆S implied
the van der Waals and hydrogen bonding as the dominant forces driving the complex
formation. Moreover, a negative ∆G implied the spontaneous nature of the reaction.
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Table 1. Binding and thermodynamic parameters obtained for the HSA–HpzA complex from fluores-
cence quenching studies.

Temperature
(◦C)

Ksv
(104 M−1)

K
105 M−1 n ∆G

kcal mol−1
∆S

cal mol−1 K−1
∆H

kcal mol−1
T∆S

kcal mol−1

15 1.8 0.36 1.07 −7.78

−165.26 −55.38

−47.59

20 3.33 1.17 1.10 −6.96 −48.42

25 5.19 9.35 1.25 −6.13 −49.24
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3. Materials and Methods
3.1. Materials

HSA (fatty acid-free) and HpzA (42643) were purchased from Sigma-Aldrich Co.
(St. Louis, MO, USA). We used double distilled for the preparation of all buffers. HSA
stock solution (75 µM) was made in 20 mM sodium phosphate buffer, pH 7.4. Appropriate
blanks were used as control, and the reported spectra are the subtracted spectra. We used
analytical grade chemicals for buffer preparations.

3.2. Receptor and Ligand Preparation

HSA structure was obtained from the Protein Data Bank with PDB-ID: 6HSC in a three-
dimensional state. The structure of HpzA was taken in SDF format from the PubChem
database with PubChem CID: 854026 in a three-dimensional state. The water molecules
and other cocrystallized ligands (i.e., aristolochic acid, myristic acid, and 1,2-ethanediol)
present in the protein structure were removed PDB file and optimized through the Swiss-
PDB-Viewer tool (2021) [40]. The PDB files of receptor HSA and SDF file of the ligand
HpzA were converted in the required format, i.e., PDBQT by InstaDock [41]. Appropriate
atom types were assigned to both protein and ligand structures before performing docking.

3.3. Molecular Docking

The prepared files of the receptor and ligand structures were utilized for docking
study using the InstaDock software [41]. InstaDock was used to calculate binding free
energy between the protein–ligand complex by employing the AutoDock Vina [42] scoring
function. The grid box for docking search was set blindly to facilitate free moving and
searching on HSA by HpzA. The grid coordinates were summarized as 86 Å × 62 Å × 76 Å,
centralized at 25.53, 9.51, and 20.27 for X, Y, and Z, respectively. The spacing of 1 Å was
utilized in the docking box with default parameters. The docking result was saved in a
separate directory for further analysis of the protein–ligand complex. The negative decimal
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logarithms of the inhibition constant as pKi and ligand efficiency were also estimated from
the docking result through the inbuilt program of InstaDock.

3.4. Interaction Analysis

To explore the possible interactions between HpzA and HSA, all the docked confor-
mations for the ligand output file were separated. The interaction analysis of HpzA with
HSA was carried out through the Discovery Studio Visualizer (2021) [43] and PyMOL
(2021) [44] tools. First, the binding pose of HpzA with HSA was selected based on the
specific interaction, and then the HSA–HpzA protein–ligand complex was generated for
further studies in MD simulation.

3.5. MD Simulations

GROMACS [45] v.2020 beta was utilized to execute the all-atom MD simulations for
examining the reliability of the HSA–HpzA docking complex in solvent conditions. The
Gromacs parameters for HpzA were generated from the PRODRG server [46] to prepare
a protein–ligand complex system. Free HSA and the docked complex were implanted
in the simple point charge (SPC) solvent model. HSA and the docked complex, HSA–
HpzA, were neutralized with an appropriate number of counter ions (Na+ and Cl−). The
salt concentration was kept at physiological condition, i.e., 0.15 M. Both systems were
stipulated on periodic boundary conditions, and the SHAKE algorithm was applied for
limiting the movement of all bonds. The energy minimization of both the systems was
performed using the steepest descent algorithm with and without solute restraints [18].
Then, 1000 ps simulations were performed in NVT and NPT ensembles at temperature
300 K. To control the temperature and pressure during the simulation, the Berendsen
thermostats and barostats were applied. Both the relaxed systems were subjected to a
final MD run for 100 ns with a time step of 2 fs [47]. For analysis purposes, RMSD, RMSF,
Rg, SASA, and hydrogen bonding were recorded. The recorded trajectories were checked
for the stability of the HSA–HpzA docked complex in comparison with that of the free
state of HSA.

3.6. Principal Component Analysis and Free Energy Landscape

Principal component analysis (PCA) is a comprehensive and useful tool to investigate
conformational changes of proteins [29]. The theoretical notes on PCA have been explained
in various preceding reports [29,31,48]. To realistically discover the variations in the
structural configuration of HSA and the HSA–HpzA docked complex, PCA was employed
on the equilibrized trajectories from the MD study. The PCA was performed using the
GROMACS utilities by calculating the eigenvalues (EVs) and their projection along the two
principal components (PC1 and PC2). FEL analysis has been widely used in examining
the folding mechanisms and overall stability of protein and protein–ligand complexes [49].
FELs for HSA and the HSA–HpzA docked complex were generated through the gmx sham
tool of the GROMACS package.

3.7. Fluorescence-Based Assay

Fluorescence-based binding was carried out on a Jasco spectrofluorometer FP 6200
(Jasco, Tokyo, Japan). HSA was excited at 280 nm with the emission range set at 300–400 nm.
We analyzed the quenching data as per earlier published studies [32,50].

All the experiments were performed in triplicates.

4. Conclusions

The possible binding of HpzA with HSA was explored by utilizing molecular docking,
MD simulation, PCA, and FEL analyses. Docking results indicated that the binding of HpzA
with HSA showed an appreciable binding affinity and many intermolecular interactions.
MD trajectory analyses (i.e., RMSD, RMSF, Rg, SASA, and hydrogen bonding) suggested
that the HSA–HpzA docked complex was quite stable with minimal conformational alter-
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ations. Moreover, PCA and FEL analyses of HSA and HSA–HpzA confirmed that both
the systems were stable without any significant change. However, a minor change in the
shape and position of the global minima of HSA when bound to HpzA indicated that the
HpzA might alter the conformational shape of the binding site of HSA. Fluorescence-based
binding ascertained the actual binding affinity between HpzA and HSA, suggesting that
HpzA binds to HSA with a significant affinity, validating the in silico observations. Overall,
this study reinforces the idea that HSA–HpzA interactions can be explored in AD. The
results contribute in many ways to our knowledge and provide a base for setting up an
experimental platform of HpzA interactions with HSA to explore them in AD management.
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Figure S1: Molecular structure of Huperzine A: (A) 2D, (B) 3D stick, and (C) 3D ball and stick
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Abstract: The global burden of disease caused by a respiratory syncytial virus (RSV) is becoming
more widely recognized in young children and adults. Heparan sulfate helps in attaching the virion
through G protein with the host cell membrane. In this study, we examined the structural changes
of ectodomain G protein (edG) in a wide pH range. The absorbance results revealed that protein
maintains its tertiary structure at physiological and highly acidic and alkaline pH. However, visible
aggregation of protein was observed in mild acidic pH. The intrinsic fluorescence study shows
no significant change in the λmax except at pH 12.0. The ANS fluorescence of edG at pH 2.0 and
3.0 forms an acid-induced molten globule-like state. The denaturation transition curve monitored
by fluorescence spectroscopy revealed that urea and GdmCl induced denaturation native (N)↔
denatured (D) state follows a two-state process. The fluorescence quenching, molecular docking, and
50 ns simulation measurements suggested that heparan sulfate showed excellent binding affinity to
edG. Our binding study provides a preliminary insight into the interaction of edG to the host cell
membrane via heparan sulfate. This binding can be inhibited using experimental approaches at the
molecular level leading to the prevention of effective host–pathogen interaction.

Keywords: RSV; ectodomain G protein; heparan sulfate; protein–ligand interaction; fluorescence
quenching; molecular docking; molecular dynamic simulation

1. Introduction

Respiratory syncytial virus (RSV) is a lower respiratory tract pathogen that causes
pneumonia and bronchiolitis in children, especially those younger than five years of
age. It can also affect the elderly and immunocompromised individuals [1–3]. It infects
about 70% of children less than one-year-old, 2–3% of whom are hospitalized. By the
age of 2, almost all the children get infected due to RSV [4]. At present, there is no
licensed vaccine or any therapeutics available against RSV. The only available preventive
measure is the injection of monoclonal antibodies cocktail (palivizumab) specific to the
fusion glycoprotein, which may decrease the severity of disease and hospitalization of
infants [5]. In the developmental race for RSV vaccines, one of the major concerns is
whether to incorporate the G glycoprotein in the subunit of live vaccines or not. Some
scientists claim that the presence of G protein causes a proinflammatory response, as
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seen in the formalin-inactivated vaccine. On the other hand, some claim that it induces
neutralization antibodies, which may be helpful in protection against RSV [6,7]. However,
some monoclonal antibodies (mAbs) which target the G protein neutralize the infection
of RSV on human airway epithelial cells and reduce the viral load and disease titer in an
animal model [8–10]. Additionally, anti-G protein mAbs re-establish the Th1/Th2 cytokine
level and suppress the pulmonary inflammation, mucus production and pro-inflammatory
cytokines [11–14].

RSV is a negative-sense, single-stranded RNA virus enclosed in an envelope. The
15.2 kb genome of the RSV encodes the 11 proteins, out of which three are structural
proteins SH (small hydrophobic), G (attachment glycoprotein), and F (fusion glycoprotein)
that are embedded in the lipid envelope and play a significant role in viral entry, attachment,
and fusion respectively. The attachment G glycoprotein is a type II membrane protein
with an N-terminal cytoplasmic domain (1–36 aa), transmembrane domain (37–66 aa), and
extracellular ectodomain (67–298 aa). The extracellular domain of the G protein comprises
a central conserved domain (CCD), composed of 13 amino acids (164–176 aa) which are
conserved among all the RSV isolates [15]. The cluster of four cysteine residues is present
at 173, 176, 182, and 186 positions joined by two disulfide bonds formed between the
Cys173–186 and Cys176–182 residues. The third and fourth cysteine residues form the
CX3C motif (182–186 aa), which helps in the attachment of RSV to the susceptible human
airway epithelium cell with the interaction of CX3CR1, a chemokine receptor [16,17]. A
positively charged heparin-binding domain (184–198 aa) of the G protein also facilitates
the attachment of the RSV via cell surface glycosaminoglycans (GAGs) [18,19]. Heparan
sulfate (HS) is a type of GAGs molecule which exhibit various biological activities, most of
which facilitate attachment with protein [20]. The HS molecules are present in almost all
types of mammalian cells and act as a coreceptor for a number of viruses [21]. Recently,
studies have suggested that HS act as a coreceptor for the Spike protein of SARS CoV-2,
which makes this interaction an attractive target for SARS CoV-2 infection [22].

Protein is an essential biological macromolecule with enormous importance in every
physiochemical process. The native or folded form of proteins is necessary to perform
their biological function [23]. Conditions responsible for a protein to remain in the native
conformation in the solution are pH, temperature, ionic strength, cofactors, and chaperon
proteins [24,25]. In some cases, the stability of the protein is also controlled by the addition
of osmolytes viz., trehalose and proline that stabilize the native conformation of the
protein [26,27]. However, urea and guanidium chloride (GdmCl) are the major chemical
denaturant used for proteins [28]. The stability of the protein depends on the noncovalent
interaction, which can be disrupted using these denaturants [29]. Several studies are
available which determine protein stability by studying denaturation curves [30,31]. Due to
the unavailability of the crystal structure of G protein, limited information is available about
its biophysical properties. Some studies reported that the G protein behaves differently
in different environmental conditions such as pH and temperature. Currently, there is
no information available that reports the folding and unfolding behaviour of G protein
and determine its structural and functional stability. In this report, we, for the first time,
determine the structural conformation change of ectodomain edG in a wide range of pH
and determine the protein stability in the presence of denaturant (urea and GdmCl). To
understand how different environmental conditions affect the structure and function of
edG, it is important to understand the basic mechanism of host–pathogen interactions.

Here, we expressed and purified the ectodomain G protein (edG). The purified protein
was used to determine the structural and conformational stability in different environmen-
tal conditions (pH, urea, GdmCl). Further, we reported the binding interaction of heparan
sulphate with edG by fluorescence quenching, molecular docking, and molecular dynamics
(MD) simulation studies.
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2. Results and Discussion

The G protein of RSV plays a vital role in the host–pathogen interaction, which is
mediated by pH-dependent or independent pathways [30,32]. Hence, the role of G protein
is very crucial for attachment to the host cell receptors. Since all the biological processes are
controlled by the pH of the environments, it eventually determines its stability. In this study,
we performed the pH-based and chemical-induced denaturation study to examine its effect
on the structural and conformational stability of edG in in vitro conditions. Further, we also
determined the binding interaction studies of heparan sulfate with edG by fluorescence
quenching and in silico approaches.

2.1. Structural and Conformational Stability Measurements of edG
2.1.1. Absorbance Measurements

To monitor the effect of pH on the tertiary structure of edG, we measured the ab-
sorbance spectra at a wide range of pH. The side chain of aromatic amino acids of protein
acts as chromophore as it contains the conjugated double bond system [33]. The maximum
absorption (λmax) in the UV region of the protein is extremely sensitive due to the change
in the local milieu of the aromatic amino acid as it increases the solvent exposure that leads
to a blue shift in the λmax [34]. The edG has five tyrosine and one tryptophan residues
that give rise to maximum absorption (λmax) at 278 nm wavelength. The change in the
molar absorbance coefficient of native and denatured protein at 278 nm (∆ε278) plotted as
a function of pH, which probes the environmental changes of the aromatic group of the
proteins and hence the native biological structure of the protein [35].

We did not find any significant change in the spectra of edG on increasing the pH
from pH 2.0–3.0 and 8.0–12.0, which indicates intact native structure at these pH ranges
(Figure 1). The protein does not show any scattering signals during the pH-based studies
except at pH 4.0–6.0, indicating good solubility of the protein. However, the acid-induced
loss of tertiary interactions occurs due to aggregation at pH values 4.0–6.0 that shows the
complete distortion of spectra with a noticeable scattering signal in the range of 320–340 nm.
Our finding from the spectral study confers that the edG is stable at physiological pH and
highly acidic and basic pH values, but the loss in structure was observed at mildly acidic
pH (4.0–6.0). From our study, we also conclude that at highly acidic and basic pH values,
the edG does not show any type of aggregation; however, at mild acidic pH, a visible
aggregation of protein was observed. The plot of ∆ε278 versus pH shows no remarkable
change in molar absorption coefficient in highly acidic and alkaline pH values (see inset of
Figure 1). Hence, the loss of edG tertiary interaction at mildly acidic pH may be correlated
with its biological activity, as suggested in our earlier publication [30].

2.1.2. Fluorescence Measurements

Fluorescence studies provide information about the protein’s tertiary structure. The
aromatic amino acid residue is extremely sensitive to its local environment, and it is
responsible for a protein’s intrinsic fluorescence measurements. A characteristic redshift
in λmax is indicative of the increased interaction of aromatic amino acid residue upon
the unfolding of the protein in the solvent [36]. The edG contains five tyrosine and one
tryptophan residue, which enables us to perform the intrinsic fluorescence to observe the
effect of pH on the tertiary structure of the protein. The changes in λmax were plotted as a
function of pH to determine the alteration in the microenvironment of the buried aromatic
amino acid of the protein. The changes in intrinsic fluorescence of edG at the wide range of
pH are shown in Figure 2.
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Figure 1. Absorbance spectra of edG at different pH values (2.0−12.0) at 25 ◦C. The spectra were measured in the range of
340−240 nm. The spectrum at pH 8.0 is considered as a control. The inset shows the denaturation profile of edG from pH
2.0−12.0 followed by observing changes in ∆ε278 as a function of pH.

Figure 2. Fluorescence emission spectra of edG in the pH range of 2.0–12.0 at 25 ◦C. The protein was excited at 280 nm and
recorded the 300–400 nm emission spectra. The inset shows the denaturation profile of edG from pH 2.0–12.0, followed by
changes in emission maxima (λmax) as a function of pH.
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The native conformation of edG at pH 8.0 shows λmax at 344 nm. The emission max-
ima show no spectral shift, as we are moving from acidic pH to alkaline pH condition
(except pH 12.0), attributed that the microenvironment of aromatic residues was signifi-
cantly disturbed. The decrease in fluorescence intensity was observed as we moved from
the physiological pH to acid pH values. The decrease in intensity might be due to the
protonation of acidic amino acids or water molecules surrounding the aromatic amino acid
residues. Similarly, a substantial decrease in fluorescence intensity was observed as we
moved from the physiological pH to alkaline pH values (pH 9.0–12.0). This indicates the
deprotonation of essential amino acids present around the intrinsic fluorophore that leads
to fluorescence quenching. The deprotonation/protonation of amino acid side chains may
lead to disruption of charge in the local environment by interrupting internal salt bridges
and electrostatic interactions that are present in the native conformation of the protein [37].
The plot of λmax versus pH shows no significant change in the emission maxima of edG
from pH 2.0–11.0. However, a redshift of 5 nm in λmax was observed at pH 12.0 (see inset
of Figure 2). The characteristic redshift of 5 nm in emission maxima is indicative of the
increased solvent interaction of aromatic amino acid residue upon unfolding of the protein.
From our fluorescence measurements, we concluded that the tertiary structure of edG
remains similar at pH 8.0–9.0. However, destabilization of charges on protein surface leads
to the disruption of the electrostatic interaction at acidic and basic pH values.

The changes in protein structure under various environmental conditions often lead
to the exposure of hydrophobic patches normally buried in the native state. The ANS
is an extrinsic dye that shows binding with partially unfolded protein in which tertiary
structure was distorted and secondary structure of the protein retained. The high binding
affinity of ANS to these confirmations confirms the presence of pre molten globule (PMG)
or molten globule (MG) state [38,39]. The binding of ANS with hydrophobic patches leads
to an increase in fluorescence intensity along with the blue shift in emission maxima [40,41].
Figure 3 shows the change in fluorescence intensity in the presence of ANS at different pH
values. We found that the ANS fluorescence intensity decreases as we move towards the
basic pH values. The ANS fluorescence intensity of protein at pH 2.0 and 3.0 was much
higher than the native state (pH 8.0) with shifting of emission maxima towards the shorter
wavelength (blue shift). This might be due to the exposure of buried hydrophobic clusters
in non-native states of protein populated at pH 2.0 and 3.0. The above-mentioned features
are the well-established characteristics of the molten globule (MG) state (partially folded
intermediate state of a protein) that is induced at mild denaturing conditions [42,43]. Hence,
the non-native state of edG at pH 2.0 and 3.0 is considered an acid-induced molten globule-
like state. With native and alkaline conditions, no significant difference in fluorescence
intensity was seen (see inset of Figure 3). This resulted from the solvent inaccessibility of
buried hydrophobic clusters, which prevents the ANS binding [44,45].

2.1.3. Urea and GdmCl-Induced Denaturation

The G protein of RSV plays an important role in the host–pathogen interactions.
To date, the 3D- structure of G protein is not known, and very limited information is
available about its structural properties in solution. For instance, how does the G protein
fold and unfold, how a protein behaves in a diverse solvent environment and how much
protein is stable? The answer to these questions is still elusive. The behaviour of a
protein in different solvent conditions gives information about protein folding and stability.
Chemical-induced denaturation is a critical method to determine the structural stability of
various proteins [46,47]. The stability and folding mechanism information will improve our
knowledge of the behaviour of G protein in different biological conditions. We examined
the urea and GdmCl induced denaturation by fluorescence spectroscopy to measure the
stability of the edG.
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Figure 3. ANS fluorescence spectra of edG in the pH range of 2.0–12.0 at 25 ◦C. The ANS was excited
at 380 nm and recorded the emission spectra from 400–630 nm. The inset shows the ANS profile from
pH 2.0–12.0, followed by observing changes in F490 as a function of pH.

The protein stability can be measured by equilibrium unfolding studies in the presence
of GdmCl or urea [48]. The edG has one tryptophan and five tyrosine residues which
are often buried either partially or fully in the hydrophobic core of the folded protein.
These aromatic amino acid residues of edG act as markers for the structural integrity of the
protein. Figures 4A and 5A shows the fluorescence emission spectra of edG in the presence
of increasing concentrations of urea and GdmCl, respectively. The decreased fluorescence
spectra were observed with increasing concentrations of urea and GdmCl, with the shifting
of λmax of tryptophan residues towards the longer wavelength (redshift). The native edG
exhibit an emission maxima peak at 344 nm, and the λmax of the protein shifts to 356 nm at
higher denaturant concentrations. From these observations, we confer that the tryptophan
residues are shifted from nonpolar to the polar environment, as urea and GdmCl exposes
the buried aromatic amino acid residues [49,50].

Figure 4. (A) Urea-induced denaturation of edG at pH 8.0 at 25 ◦C measured by intrinsic fluorescence studies. The emission
spectra were recorded as a function of increasing urea concentrations (0.0−8.0 M). The protein was excited at 280 nm and
recorded the 300−430 nm emission spectra. (B) Denaturation curve of edG (plot of F344 as a function of [urea]). The inset in
figure (B) shows the emission spectra of edG in the native and 8 M urea denatured state.
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Figure 5. (A) GdmCl-induced denaturation of edG at pH 8.0 and 25 ◦C measured by intrinsic fluorescence studies. The
emission spectra were recorded as a function of increasing concentration of GdmCl (0.0–6.0 M). The protein was excited at
280 nm and recorded the emission spectra from 300–430 nm. (B) Denaturation curve of edG (plot of F344 as a function of
[GdmCl]). The inset in figure (B) shows the emission spectra of edG in the native and 6 M GdmCl denatured state.

Our observation also suggests that as we increase the concentration of urea and GdmCl,
unfolding of edG takes place, which exposes the buried tryptophan to more polar buffer
conditions. The changes in the tryptophan microenvironment were monitored by F344 (the
emission wavelength at 344 nm) as a function of [urea] (Figure 4B) and [GdmCl] (Figure 5B).
The plot of F344 versus [urea] and [GdmCl] suggested that chemical-induced denaturation
of edG occurred in a single step and followed a two-state transition mechanism. The
transition curve shown in this figure were analyzed to estimate the stability parameter such
as m, ∆GD

0 and Cm from the denaturation curve using Equation (1). The values of these
parameters are mentioned in Table 1. Hence, from these observations, we conclude that the
tertiary structure of edG loses cooperatively without the participation of an intermediate
state. The equilibrium unfolding transition induced by urea and GdmCl are not always
equal; the difference might be due to the ionic character of GdmCl [51].

Table 1. Thermodynamic parameters obtained from urea and GdmCl-induced denaturation of edG at pH 8.0 and 25± 0.1 ◦C.

Probes Denaturants Transition ∆G0
D, kcal mol−1 m, kcal mol−1 M−1 Cm, M

F344
Urea N↔D 3.76 ± 0.34 0.85 ± 0.08 4.42 ± 0.16

GdmCl N↔D 2.53 ± 0.20 1.66 ± 0.09 1.52 ± 0.07

2.2. Binding Interaction Studies of edG with Heparan Sulfate
2.2.1. Fluorescence Quenching Measurements

The intrinsic fluorescence measurements of a protein are susceptible to its microenvi-
ronment, making it an important tool to investigate the formation of the complex between
the ligand and protein [52,53]. The quenching mechanism of edG with heparan sulfate was
studied to know the parameters such as binding constant (K), Stern–Volmer constant (Ksv),
and the number of binding sites (n). The binding constant of heparan sulfate interacting
with protein was determined by exciting the protein at 280 nm, and the change in the
fluorescence intensity was recorded in the range of 300–430 nm. The protein excitation at
295 nm was considered as fluorescence of only Tryptophan, while protein exited at 280 nm
was considered as the excitation of phenylalanine, tyrosine, and tryptophan [54]. Figure 6A
shows the fluorescence spectra of edG in the presence of an increasing concentration of
heparan sulfate (0–50 µM). Heparan sulfate did not flourish alone, while protein gave a
maxima peak at 344 nm in similar environmental conditions. A progressive decrease in
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the fluorescence spectra was observed with the addition of HS, indicating the formation
of the complex between protein and ligand. The quenching data was analyzed using the
Stern–Volmer Equation (2) to calculate the Stern–Volmer constant (Ksv). The Stern–Volmer
plots of protein quenching in the presence of HS is shown in Figure 6B. The Ksv value
was determined from the Equation by plotting the fluorescence intensity ratio F0/F for
different concentrations of HS. The value of the bimolecular quenching constant (Kq) was
obtained using Equation (3) and further confirmed the mode of quenching. In the presence
of HS, the decrease in fluorescence intensity was analyzed by the modified Stern–Volmer
Equation (4). Figure 6C shows the fitted experimental data based on the double log relation
with the intercept of the plot providing the binding constant. The binding constant (K)
value was found to be 3.98 × 106, which confirmed that HS has a high binding affinity
to edG. The binding parameters of the edG-HS system calculated from the fluorescence
quenching are given in Table 2. Interestingly, our previous binding studies by microscale
thermophoresis (MST) and isothermal titration calorimetry (ITC) [30] complement the
results of the fluorescence binding study. However, various reports had mentioned the
difference in the thermodynamic parameters obtained from ITC and fluorescence quench-
ing. This difference is due to fluorescence quenching, as it measures only the local changes
around the fluorophore, whereas the ITC and MST measure the global changes in the
thermodynamic properties [55].

Figure 6. Fluorescence binding studies of the edG with heparan sulfate (HS) at pH 8.0 at 25 ◦C. The protein was excited at
280 nm and recorded the emission spectra from 300−430 nm. (A) Fluorescence emission spectra of protein with increasing
concentration (0−50 µM) of HS. (B) Stern−Volmer plot for quenching of edG−HS complex. (C) Modified Stern−Volmer
(double-log relation) plot of the edG−HS complex.

Table 2. Binding parameters of the edG with heparan sulphate were obtained from fluorescence
quenching studies at pH 8.0 and 25 ◦C (298 K).

Ksv (104 M−1) Kq (1013 M−1 s−1) K (106 M−1) n R2

4.96 1.73 3.98 1.44 0.98

2.2.2. Absorbance Binding Measurements

The absorbance spectra of edG give a characteristic peak at 278 nm due to the presence
of aromatic residues. The change in the spectra indicates the interaction of the ligand to
protein [56]. A gradual decrease in the absorption spectra of edG was observed with an
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increasing concentration of heparan sulfate (HS). The protein spectra in the absence of
ligand (HS) give a peak at 278 nm. As we increase the ligand concentration 0–50 µM, a
significant decrease in the spectrum has been observed with some scattering in the range
of 340–320 nm (Figure 7). However, the 278 nm peak shifted towards a shorter wavelength
(blueshifts) with increasing ligand concentration, confirming that the aromatic amino
residues of the protein are exposed to a more polar environment [57].

Figure 7. Absorbance binding measurements of the edG with heparan sulfate (HS) at pH 8.0 and 25 ◦C. The spectra were
recorded in the range of 340–240 nm with increasing concentration (0–50 µM) of HS. The inset shows the 278 nm peak and
shifting of spectra towards shorter wavelength (blue shift) with increasing concentration of heparan sulfate.

2.2.3. Molecular Docking

To confirm the edG-HS interaction, we performed the molecular docking experiment
and estimated the binding energy, intramolecular distance and interacting residues of
protein with the heparan sulfate. This analysis evaluated the binding interaction of heparan
sulfate with the edG and helped us understand its role as an attractive target. Figure 8A
shows the protein (surface view) heparan sulfate (ball and stick) interaction with various
amino acid residues. The docking study suggested that heparan sulfate occupies the active
binding site of the edG with a strong binding affinity of −6.8 kcal/mol. The protein–ligand
complex forms the hydrogen bond interactions with seven key residues: Asn112, Lys117,
Thr133, Thr134, Ser191, Arg196, and Glu226 (Figure 8A). Figure 8B shows the bond distance
between the ligands (HS) with the interacting amino acid residues of the protein. The HS
interact via a single bond with six amino acids viz. Asn112 of distance 2.04 Å, Lys117 of
2.74 Å, Thr133 of 2.92 Å, Thr134 of 2.03 Å, Ser191 of 2.64 Å, Arg196 of 2.27 Å, and via two
bonds with Glu226 with an equal distance of 2.13 Å. The distance of the hydrogen bond lies
in the range of 2.03–2.92 Å, which indicates the good binding affinity between the protein–
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ligand complex. In addition, the protein–ligand complex also forms four carbon–hydrogen
bonds with key residues of Leu115, Cys116, Pro132, and Arg196 depicted in the 2D model
(Figure 8C). The higher number of hydrogen bonds and lower binding energy suggests the
strong binding affinity of the protein–ligand complex.

Figure 8. Interaction of edG with heparan-sulfate. (A) Surface representation of docked edG-HS complex in the active site
pocket and important residues involved in the polar interactions (stick model). (B) Representation of edG-HS complex with
the distance of hydrogen bonds. (C) Detailed 2-dimensional representation showing interactions and types of bonds formed
between heparan sulfate and edG.

Several viruses use heparan sulfate proteoglycans (HSPGs) on the cell surface as at-
tachment factors such as vaccinia virus [58], herpes simplex virus [59], hepatitis C virus [60],
Sindbis virus [61], human immunodeficiency virus-1 (HIV-1) [62] and HCoV-NL63 [63].
Recently a study reported that the spike protein of SARS COV-2 interacts with heparan
sulphate and ACE2 through RBD and promotes the spike–ACE2 interaction [22]. A study
by Kalia et al. reported that HS plays a critical role in facilitating HEV infection on target
cells because the elimination of heparan sulfate by heparinase hindered pORF2 attachment
and blocked infection of HEV to Huh-7 cells [64]. Another study has reported the interac-
tion of ectodomain G protein with quercetin and morin (flavonoids) utilizing fluorescence
quenching and suggested it is an antiviral agent against RSV [65]. In our study, we found
that the number of hydrogen bonds formed by edG with heparan sulfate is significantly
high and hence have an excellent binding affinity. The binding results obtained from
fluorescence quenching complement our molecular docking observation that attributed
that conventional hydrogen bond and carbon-hydrogen bond was mainly widespread
in the protein–ligand complex. The binding parameter of edG–heparan sulfate complex
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obtained from fluorescence quenching, molecular docking, and previously reported results
from ITC and MST [30] are given in Table 3.

Table 3. Binding energy parameters of heparan sulfate with edG obtained from fluorescence and docking studies.

Compound Binding Constant #(K) M−1 *∆G (kcal/mol) Binding Constant @(K) M−1 [32] *Kd (nm) [32]

Heparan sulfate 3.98 × 106 −6.8 10.7 × 104 426

#K calculated from fluorescence quenching, *∆G calculated from molecular docking, @K calculated from ITC, *Kd calculated from MST.

2.2.4. MD Simulation Studies

We performed extensive MD simulation studies to know the interaction mechanism
of edG-HS complex and edG alone for 50 ns. We assumed that HS has a close binding
conformation with edG. The system stability was determined by calculating the radius of
gyration (Rg) and root-mean-square deviations (RMSD) values, which showed that after
~20 ns, the system achieved the equilibrium conformation (Figure 9A,B). A clear difference
in the Rg and RMSD values of edG and edG-HS complex suggested that complex form
showed higher dynamic value than the unbound form, which can be attributed to the
perturbation effect of HS on the structure of edG. The active binding site (CX3C motif and
heparin-binding region) of edG lies in the amino acid region 110–130. The root mean square
fluctuation (RMSF) plot of the edG and edG-HS complex showed a considerable variation
in the structure of these residues (Figure 9C). Compared to the edG-HS complex, the active
site residues in the free edG showed a lower degree of mobility in the constituents’ residues,
indicating lower relative energy. The solvent-accessible surface area (SASA) plot showed
no significant changes throughout the 50 ns simulation process, attributing that formation
of a stable complex between edG and HS (Figure 9D). The SASA value for edG-HS complex
and edG alone was found to be 127 nm2 and 130 nm2, respectively.

Figure 9. Structural dynamics, compactness and folding of the edG-HS complex as a function of time. (A) RMSD plot of
edG and edG-HS complex. (B) The Rg curves of edG and edG-HS complex showing differences in compactness. (C) RMSF
plot of edG and edG-HS complex. (D) SASA plot of edG before and after binding with HS as a function of time.

The average intermolecular hydrogen bonds were ~3.0 between HS and protein during
the MD simulation process (Figure 10A). Furthermore, the total energy presented between
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edG alone and edG-HS complex was calculated using GROMACS utility (Figure 10B). The
total free energy of edG was found −768 kJ/mol, and the edG-HS complex was found
−772 kJ/mol, with electrostatic energy accounting for a significant contribution. The
structural conformation difference between the edG and edG-HS complex was also studied
by analyzing the free energy landscape. No major conformation difference was observed
between protein and protein–HS complex (Figure 10C,D). The edG showed an energy-
favoured and relatively stable conformation compared to the protein–ligand complex,
suggesting that binding of HS not perturbed the structure of the protein.

Figure 10. (A) The fluctuating curve of hydrogen bonds shows changes in the observed number. (B) Generated curves of
free energy landscapes showing fluctuations of total energies observed between edG-HS and edG. (C) Free energy landscape
plot of edG and (D) edG-HS complex.

3. Materials and Methods
3.1. Materials

All the consumables used in the experiments were of analytical grade. Luria-Bertani
broth, urea, sodium chloride, imidazole, Amicon Ultra10 K device, etc., were purchased
from Merck (Darmstadt, Germany). Isopropyl-d-1-thiogalactopyranoside (IPTG) and
Kanamycin were obtained from Sigma (Saint Louis, MO, USA). Ni-NTA beads were
purchased from Qiagen, Hilden, Germany. The syringe filter (0.22 µm) was purchased
from Millipore Corporation (Burlington, MA, USA).

3.2. Expression and Purification of edG

We successfully transformed the edG gene, expressed it into the BL23 (DE3) strain of
E. coli and purified the protein with some modifications described earlier [30,66,67]. Briefly,
the protein was expressed by induction with 0.5 mM IPTG for 12 h at 30 ◦C. The inclusion
bodies (IBs) were prepared, and the protein was purified by Ni-NTA chromatography. The
bound protein was eluted with 50 mM Tris buffer (pH 8.0), 100 mM NaCl, 5% glycerol,
0.5% N-lauroylsarcosine, and 150 mM Imidazole. The eluted fractions were analyzed and
confirmed by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE).
The eluted fraction with the desired single band was dialyzed against 20 mM Tris buffer
(pH 7.5) and 100 mM NaCl. The dialysis buffer was consecutively changed five times
at 4 ◦C with stirring for 24 h to get the refolded protein. The protein concentration was
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measured using a molar absorbance coefficient of 8730 M−1 cm−1 by Jasco V-600 UV-visible
spectrophotometer at 280 nm [68].

3.3. Sample Preparation

The protein stock solution was filtered with a Millipore filter disc of 0.22 µm. A broad
range of different buffers was used to monitor the pH-dependent change in the structure
of the edG. The buffer of pH 2.0 and 3.0 was prepared with 50 mM of glycine and adjusted
the pH with HCl. For pH 4.0 and 5.0 buffer, we used 50 mM of acetate and adjusted the pH
using acetic acid. The buffer of pH 6.0 and 7.0 was made 50 mM phosphate and adjusted
the pH with NaH2PO4. For pH 8.0 and 9.0, we used 50 mM Tris and 100 mM NaCl and
adjusted the pH using HCl. The buffer of pH 10.0, 11.0 and 12.0 was prepared with 50 mM
of glycine and adjusted the pH with NaOH. Before taking the spectral measurements, the
sample was incubated in a respected buffer for at least three hours to attain equilibrium.

We prepared the 8.7 M GdmCl stock solution and the freshly prepared 10.5 M stock
solution of urea to examine the chemical-induced denaturation of the protein. The stock
solution of both the chemicals was prepared in 25 mM Tris buffer (pH 8.0). For every mea-
surement, protein concentration was fixed accordingly (0.3–0.6 mg mL−1) with the required
volume of buffer and urea/GdmCl. For more accuracy, every time, the concentration of
the stock solution of protein was calculated using the molar absorbance coefficient (ε) of
protein (8730 M−1 cm−1) at 280 nm. The calculated amount of protein and denaturant was
taken and mixed correctly, and samples were incubated for at least 3–4 h at 25 ± 1 ◦C to
ensure that the denaturation process was completed.

3.4. Absorbance Measurements

Absorption spectra of edG were measured to detect alteration in the tertiary struc-
ture of the protein at a wide range of pH. The spectral measurement was carried out in
Jasco UV/visible spectrophotometer (V-660) with a bandwidth of 0.1 and a scan speed of
100 nm/min at 25 ± 1 ◦C, equipped with a water bath for temperature control. The spectra
were recorded in the range of 240–340 nm using 0.3–0.6 mg mL−1 concentration of protein
with 1 cm path length cuvettes. All the spectra were recorded in triplicate.

3.5. Fluorescence Measurements

The intrinsic fluorescence spectra of the edG were measured in Jasco spectrofluorome-
ter (FP6200) at 25 ± 1 ◦C with a quartz cuvette of 1 cm path. We monitored the changes in
the fluorescent emission spectra of the protein in different buffers conditions and in the
presence of urea and GdmCl by taking the entrance and exit slits widths at 5 nm and 10 nm,
respectively. The protein was excited at 280 nm, and emission spectra were recorded from
300–400 nm in triplicates. The blank values of all the measurements were subtracted from
each sample value.

3.6. ANS (8-Anilinonapthalene-1-Sulfonic Acid) Binding Measurements

The ANS fluorescence measurements were carried out using a Jasco spectrofluorom-
eter (FP6200) at 25 ± 1 ◦C with a 1 cm path length quartz cuvette. The 1:20 ratio for
protein to dye at different pH values was used to know the exposure of hydrophobic
surfaces. The excitation and emission slits widths were set at 5 nm with a scanning speed
of 125 nm min−1. The sample was incubated in the dark for 30 min before performing the
measurements. The ANS emission spectra were recorded in the range of 400–630 nm with
an excitation wavelength of 380 nm.

3.7. Analysis of Denaturation Spectral Measurements

The spectral property (F344) plotted against the concentration of urea/GdmCl gen-
erated the transition curve. The molar concentration of urea/GdmCl were used to calcu-
late thermodynamic properties such as stability parameters (∆G0

D), slope (m), and Cm
(=∆G0

D/m) where ∆G0
D is the Gibbs free energy change without the denaturants, m is
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(∂∆GD/∂[urea/GdmCl]), and Cm is the transition midpoint of chemical-induced denatura-
tion curve where ∆GD = 0. The analysis was done based on the least-square method to fit
the denaturation curve using the following Equation (1):

y =
yN + yD× Exp[−(∆G◦D −m[urea/GdmCl])/RT]

(1 + Exp[−(∆G◦D −m[urea/GdmCl]/RT])
(1)

where yN and yD are the estimated optical properties of the native protein and the dena-
tured protein, respectively, under the similar experimental condition in which y has been
measured, T is the temperature in Kelvin, and R is the universal gas constant.

3.8. Fluorescence Quenching Measurements

The edG binding studies with heparan sulfate were performed by Jasco spectrofluo-
rometer (FP6200) at 25 ± 1 ◦C in a quartz cuvette with a path length of 1 cm. The stock
solution (1 mM) of Heparan sulfate (HS) was prepared in Tris buffer (20 mM) at pH 8.0.
The increasing concentration (2 to 50 µM) of heparan sulfate was used to titrate against
the fixed protein concentration. The protein excitation was done at 280 nm, and emission
spectra were recorded from 300–430 nm with excitation slit at 5 nm and emission slit at
10 nm. The edG showed the emission maxima peak at 344 nm. The final spectra were
obtained by subtracting the blank one (heparan sulfate with buffer).

The fluorescence quenching of edG with heparan sulfate was determined to know the
different binding parameters such as the Stern–Volmer constant (KSV), the binding constant
(K) and the number of binding sites (n).

To determine the Stern–Volmer constant and analyze the quenching data, the Stern–
Volmer Equation (2) was used:

F0

F
= 1 + KSV [C] (2)

where F0 denotes the intensity of protein absence of HS, F denotes the intensity of protein
at a specific concentration of HS at 344 nm, [C] denotes the different concentrations of HS,
and KSV is the obtained Stern–Volmer quenching constant.

The bimolecular quenching constant (Kq) was calculated using Equation (3) to confirm
the quenching mode of the protein–HS complex

Kq =
KSV
τo

(3)

where τ0 is the average integral fluorescence lifetime of tryptophan (2.7 × 10–9 s)
Using Equation (4), the modified Stern–Volmer constant gives a binding constant of

the protein–HS complex.

log
(

F0 − F
F

)
= logK + n (4)

where K denotes the binding constant of protein-HS complex and n denotes the number of
binding sites.

3.9. Molecular Docking

The molecular docking was performed to identify the interaction of the edG with
heparan sulfate. To date, the crystal structure of the RSV G protein is not available. Hence,
we have modelled the 3D structure of edG using in silico approach. The detail of the
modelled structure of edG has been reported elsewhere in our previous investigation [69].
The chemical structure of heparan sulfate was downloaded from the PubChem database
and converted into the pdbqt file using Open Babel software in PyRx. The bioinformatics
tool PyRx, Discovery studio, and PyMOL software were used for docking and visualiza-
tion [70,71] . The docking was structurally blind, where the compound was to be free in
motion and search the protein binding sites. Out of nine docked orientations, we selected
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the one having maximum binding affinity and minimum binding energy in the active
site region.

3.10. MD Simulation Studies

MD simulation of edG alone and edG-HS complex was performed using GROMACS
version 2018-2 [72]. The topology of protein structure was generated using the GROMOS96
43a2 force-field [73]. The topology of HS was generated using the PRODRG server [74].
After generating the topology of docked complex, salvated through the SPC/E water model
and appropriate Na+ and Cl− ions were added for neutralization [75]. The system’s energy
was minimized using the combined steepest descent algorithm, a convergence criterion
of 0.005 kcal/mol. The equilibrium condition was developed by NVT (constant volume)
and NPT (constant pressure) at a 100 ps time scale. Berendsen weak coupling method was
used to maintain the system’s temperature at 298 K, and Parrinello–Rahman barostat was
used to adjust the pressure of 1 bar in the equilibrium condition. The final conformational
production stage of the time scale of 50 ns was generated using the LINCS algorithm, and
generated trajectories were analyzed to know the behaviour of the complex in the explicit
water milieu. The root-mean-square deviations (RMSD), root-mean square fluctuation
(RMSF), the radius of gyration (Rg), solvent-accessible surface area (SASA), Hydrogen
bonds, the free energy landscape of complex, and conformational changes were analyzed.

4. Conclusions

The RSV G protein plays a vital role in attaching virion to the host cell membrane.
This is the first report that describes the structural and conformational stability of the edG.
In this paper, we reported the effect of pH on the structure of edG. We found that the
edG was stable at physiological and highly acidic and alkaline conditions. However, a
visible aggregation was observed at mild acidic pH values. The urea and GdmCl-induced
denaturation studies of edG demonstrated that it follows a two-state transition mechanism.
The fluorescence quenching, molecular docking, and MD simulation studies suggested
strong binding between the edG and heparan sulfate. Our binding studies elucidate the
involvement of heparan sulfate in host–pathogen interaction that is significant for viral
infection. Finally, our data suggested that heparan sulfate mimicking compounds can be
used to target the effective host–pathogen interaction.
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