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ABSTRACT

Brain-related disorders that are associated with neurodegeneration are collectively termed neurodegenerative disorders (NDs). They pose a serious
concern for human health, especially among older people. Nearly 47 million individuals are living with dementia; this is expected to increase three
times by 2050. The blood-brain barrier is considered a major challenge in the development of drugs against NDs. Rauwolfia serpentina is a medicinal
plant traditionally used for the treatment of NDs such as schizophrenia, anxiety, insomnia, and mental illness. In this study, the compounds of this
plant were examined against caspase-8, B-secretase, and acetylcholinesterase of NDs. The detailed toxicological profile, adsorption, distribution,
metabolism, excretion (ADME) properties, and pharmacokinetics were predicted, followed by virtual screening with molecular docking. Based
on the toxicity, drug likeliness, pharmacokinetics, anti-neurodegenerative activity, binding site in target proteins, and binding energy, alstonine and
rauwolscine were identified as lead compounds. The molecular dynamics simulation of lead compounds was also performed to study their dynamics
and stability by mimicking the physiological conditions. Only three compounds showed Ames toxicity, and none of the compounds were predicted to
be human Ether-a-go-go-Related Gene (hERG) I inhibitors or cause oral rat acute toxicity. Alstonine was predicted to be active against Alzheimer’s
disease and neurodegenerative diseases, and rauwolscine was predicted to be active against acute neurologic disorders. The energies for interaction
of alstonine and rauwolscine were —10.1 and —8.7 kcal/mol, respectively. Molecular simulation analysis confirmed the stable nature of both the lig-
ands with all three target proteins under physiological conditions. The data of this study highlight the potency of alstonine and rauwolscine for the
treatment of NDs, and these compounds could be developed as effective drugs after careful in vivo examination.
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INTRODUCTION

The majority of brain-related illnesses are marked by neu-
rodegeneration, recognized as the fundamental pathological
alteration (Merelli et al., 2013). Neurodegenerative disor-
ders (NDs), including dementia and Alzheimer’s disease,
continue to pose substantial clinical challenges, particularly
among the elderly population (Choonara et al., 2009; Rapp
et al., 2015). A major obstacle in treating NDs is the formi-
dable blood—brain barrier. Surgical and invasive approaches
have demonstrated partial success; however, their adoption
in clinical practice is constrained due to apprehensions about
potential long-term harm to the integrity of the brain bar-
rier (Lamptey et al., 2022). Neurons are crucial for proper
functioning of human brain as they play a vital role in the
communication system (Jefferys and Cooper, 2007; van
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den Heuvel and Sporns, 2013). In childhood, the major-
ity of neurons are generated by neural stem cells, but their
numbers significantly decrease in adulthood (Ganat et al.,
2006). Neurodegeneration, which refers to the gradual loss
of neurons, their structure and/or function, stands as a central
factor in the pathophysiology of numerous brain disorders
(Przedborski et al., 2003). Consequently, it presents a signif-
icant health concern. Neurodegeneration manifests through
synaptic dysfunction, disruption of neural networks, and the
accumulation of chemically modified protein variants in the
brain (Hoover et al., 2010; Milnerwood and Raymond, 2010;
Scott et al., 2010; Kovacs, 2019). All conditions marked by
neurodegeneration fall under the collective term “neurode-
generative disorders (NDs)”. Common examples of NDs


https://orcid.org/0000-0002-9457-6515
mailTo:faizanabulqais@gmail.com

N. H. Aljarba et al.: Phytocompounds of R. serpentina for the Treatment of Neurogdegenerative Diseases 71

encompass Alzheimer’s disease (AD), Parkinson’s disease,
amyotrophic lateral sclerosis, prion disease, Huntington’s
disease, motor neuron disease, spinocerebellar ataxia, and
spinal muscular atrophy (Martin, 1999; Lamptey et al.,
2022). Around 47 million individuals are currently living
with dementia, and projections suggest that this figure will
triple by the year 2050 (Ahmad et al., 2020).

Activation of caspases is a significant event in the apoptotic
pathway, triggering the breakdown of proteins in neurons.
Previous understanding suggested that AD is characterized
by individual occurrences of plaques and tangles without
involving activation of caspases. Nonetheless, recent find-
ings suggest that plaques, tangles, and caspase activation all
play a combined role in the progression of AD, and Tau pro-
teins cleaved by caspases may potentially initiate or exac-
erbate the formation of Tau tangles (Cotman et al., 2005).
Caspase-8, a large molecule, plays a notable role in AD and
is stimulated by amyloid-f3 1-40 (AB, , ) to induce apoptosis.
Caspase-8 assumes a pivotal role in AD as it participates in
the degradation of amyloid precursor proteins (APPs) dur-
ing apoptosis, ultimately resulting in elevated amyloid-beta
peptide production (Jamal et al., 2019). It is suggested that
inhibiting caspase-8 could potentially suppress neuronal
apoptosis and alleviate movement impairments associated
with AD (Qian et al., 2015).

The cleavage of APP in amyloid cascade is primarily
mediated by B-secretase-1 (BACEL) enzyme, resulting in
the production of AB, , and AB, , (Goedert and Spillantini,
2006). This process holds a pivotal position in the patho-
physiology of AD, as it is accountable for the development of
amyloid plaques, which give rise to the disease’s symptoms.
Elevated levels of monomeric A-B lead to its aggregation to
form amyloid fibrils, known to form plaques, cause neuro-
toxicity, and initiate Tau pathology, ultimately resulting in
neurodegeneration and cell death (Kametani and Hasegawa,
2018). Alterations in the expression of BACEI1, whether ele-
vated or reduced, is linked with pathological conditions like
AD, disruptions in synaptic plasticity, and memory impair-
ment, indicating a tightly regulated mechanism controlling
its expression (Faghihi et al., 2008). The altered expression
of BACEI] is associated with the pathophysiology of several
human diseases, particularly AD and various types of cancer
(Sayad et al., 2022). Consequently, 3 and y-secretases have
emerged as promising molecular targets for newer therapies
aimed at addressing NDs (Mouchlis et al., 2020).

NDs are linked with the cholinergic system, which depends
on the neurotransmitter acetylcholine (ACh) and its degrada-
tion by the enzyme acetylcholinesterase (AChE). AChE inhib-
itors are frequently utilized in the therapeutic management of
these disorders. Notably, AChE plays multiple roles beyond
ACh breakdown, encompassing inflammation, morphogenic
and adhesion processes, and cellular apoptosis, apart from
its involvement in oxidative stress. In the presence of neu-
rodegenerative diseases and depressive disorders, there is an
occurrence of inflammation, increased cellular apoptosis, and
heightened oxidative stress (Ruz et al., 2020). Hence, inhibi-
tion of AChE is also considered as an effective target in the
management of NDs (Walczak-Nowicka and Herbet, 2021).

In the present era, there is a global trend toward utilizing
herbal medications, which harness the power of bioactive

compounds, for disease treatment (Tiwari, 2008). Rauwolfia
serpentina, a member of the Apocynaceae family, holds sig-
nificant importance in the field of pharmaceuticals due to its
wide range of therapeutic properties (Kumari et al., 2013; Ali
et al., 2022). This plant has exhibited efficacy in addressing
hypertension and psychiatric conditions like schizophrenia,
anxiety, insomnia, and various mental illnesses, among other
disorders (Qureshi and Udani, 2009). The roots of this plant
have yielded numerous indole alkaloids and related com-
pounds that possess noteworthy biological activities (Itoh
et al., 2005). An in vitro investigation has documented the
antioxidant and antimicrobial properties of the leaf extract
obtained from this particular plant (Dey and De, 2011). The
primary alkaloid of R. serpentina is reserpine, and it can be
found in the plant’s roots, leaves, and stems.

In this study, we have examined the effect of phytocom-
pounds of R. serpentina against the multiple targets of NDs. A
total of 29 compounds, especially alkaloids, were used to tar-
get caspase-8, B-secretase (BACE), and AChE. The detailed
toxicological profile of compounds was predicted along with
their ADME properties. Their pharmacokinetics and drug-like
properties were also predicted. The virtual screening was done
with molecular docking. Based on the toxicity, drug likeliness,
pharmacokinetics, anti-neurodegenerative activity, binding
site in target proteins, and binding energy, two compounds
(alstonine and rauwolscine) were found to be lead compounds.
The molecular dynamics (MD) simulation of lead compounds
was also performed to study their dynamics and stability by
mimicking the physiological conditions.

MATERIALS AND METHODS

Preparation of a library of compounds of
R. serpentina

A total of 29 compounds of R. serpentina were obtained by
digging into the literature of this plant (Kumari et al., 2013,
2021; Pathania et al., 2015). The SDF format files of the phy-
tocompounds were obtained from PubChem and their details
are enlisted in Supplementary Table S1. The SDF files were
converted to PDB using Chimera 1.14. The PDB files were
used to prepare the PDBQT files using AutoDockTools-1.5.6
for molecular docking (Morris et al., 2009).

Prediction of ADMET properties using
pkCSM

For the prediction of adsorption, distribution, metabolism,
excretion, toxicity (ADMET) properties, Canonical sim-
plified molecular-input line-entry system (SMILES) were
obtained from the PubChem database. The Canonical
SMILES served as input for the prediction of ADMET
properties using pkCSM (Pires et al., 2015). A large num-
ber of parameters of ADMET were obtained from pkCSM in
which few were selected for the analysis. ADMET properties
give useful information regarding the efficacy and integrity
of compounds which may be important in the early stages
of compound selection for drug discovery. The extent of
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toxicity of compounds both to human and animal model can
be predicted using this server. Before examining the effect of
a drug, information regarding their adverse or toxic effect is
important in drug designing (Wang et al., 2015).

Prediction of drug likeliness and
pharmacokinetics using SwissADME

The Canonical SMILES obtained from the PubChem
database also served as the input for the prediction using
SwissADME (Daina et al., 2017). Two groups of predictions
were taken from SwissADME, which include drug-like
properties and pharmacokinetics. There are numerous rules,
such as Lipinski, Ghose, Veber etc., that a compound should
follow before being developed into successful drugs.

Prediction of activity against AD
and neurodegenerative diseases

The compounds were also predicted for their ability in treat-
ing AD, NDs, and acute neurologic disorders. The Canonical
SMILES were used as the input for these predictions using
PASS Online server of Way2Drug (Filimonov et al., 2014).
This server predicts a large number of biological activities
in which AD, NDs, and acute neurologic disorders were
selected for this study. The server predicts the probability of
compounds either being active (Pa) or inactive (denoted as
Pi). Pa is the estimation of chances of belonging of a com-
pound in a sub-class of active compounds. Likewise, Pi is
the estimation of chances of belonging of a compound in the
sub-class of inactive compounds.

Preparation of target proteins

Three different target proteins of neurodegenerative dis-
eases, viz. caspase-8 (1QTN), BACE (1W51), and AChE
(4EY7), were taken from the Protein Data Bank. Both A and
B chains of caspase-8 were used for docking. The structures
were cleaned using all other atoms such as ions, water, inhib-
itors etc. except protein. The missing residues in the crystal
structure of BACE and AChE were modeled using Modeller
10.4 (Sali and Blundell, 1993). The X-ray crystal structures
contained inhibitors that also served as control.

Virtual screening using molecular docking

The docking procedure was first validated by extracting the
inhibitors from their respective crystal structure and then
redocking. The preparation of receptors/proteins for molec-
ular docking was done using AutoDockTools-1.5.6 (Morris
et al., 2009). First, the polar hydrogen atoms were added
to the protein structures followed by adding the Kollman
changes. The structure was saved into the PDBQT format
prior to docking. The spacing of grid was fixed at A. The
details of grid size and grid center are given in Supplementary
Table S2. The molecular docking was done with AutoDock
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Vina (Trott and Olson, 2009). The PDB files of compounds/
inhibitors were opened as ligand and then their roots were
detected using AutoDockTools-1.5.6. This makes the ligand
flexible and helps in getting better docked conformations.
Post molecular docking analysis was done using PyMOL
and Discovery Studio 2021.

MD simulation

Based on the toxicity, drug likeliness, pharmacokinetics,
anti-neurodegenerative activity, binding site in target pro-
teins, and binding energy, two compounds were selected as
lead compounds. The top lead compounds are alstonine and
rauwolscine. The complexes of these lead compounds were
further studied for stability and dynamics using MD simula-
tion. The MD simulation was carried out with gromacs 2018.1
(Berendsen et al., 1995). The topology of target proteins was
produced with pdb2gmx utility of gromacs-2018.1. The topol-
ogy of ligands/compounds were produced with Antechamber
packages of AmberTools21 (Sousa da Silva and Vranken,
2012). Amber99sb-ILDN force field was used to simulate
the complexes (Wang et al., 2004). The topology of ligands
and proteins was merged manually to make the topology of
complex. One inhibitor (tetrapeptide inhibitor Ace-IETD-
aldehyde) of caspase-8 is also included that served as control.
Triclinic boxes were created around the structures in which the
distance between structure and edge of box was 1.0 nm to sat-
isfy periodic boundary conditions (PBCs). The systems were
solvated in water using the TIP3P water model and charges on
systems were neutralized by equal amount of counter ions (Na
or Cl) and then 150 mM NaCl was added to the box to mimic
the physiological salt concentration. The systems’ energy was
minimized through a maximum of 50,000 steps to eliminate
the relatively weak van der Waals forces. Two set of equili-
brations were done before the simulation. First equilibration
was done using NVT ensemble (constant volume, number of
particles, and temperature) at 310 K using a thermostat called
V-rescale for 1000 ps. Second equilibration was done using
NPT ensemble (constant number of pressure, particles, and
temperature) at 1.0 bar using Parrinello-Rahman barostat for
another 1000 ps (Parrinello and Rahman, 1981). The equil-
ibrated systems were used for the 100 ns simulation of all
systems. The PBC corrections were made to all trajectories
prior to the analysis. The proteins alone were also simulated
that served as control. Most of the analysis was done with the
gromacs utilities. The components of binding energy were
computed with molecular mechanics poisson-boltzmann sur-
face area (MM-PBSA) calculation with the g mmpbsa pack-
age (Kumari et al., 2014).

RESULTS AND DISCUSSION

ADMET properties of the phyto-
compounds of R. serpentina

First, toxicity of all compounds was predicted using pkCSM.
We considered Ames toxicity, hepatotoxicity, hERG 1
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inhibition, oral rat acute toxicity, Tetrahymena pyriformis
toxicity, skin sensitization, and minnow toxicity. The data
were interpreted as per the manual provided by the server.
The predicted toxicological properties are listed in Table 1.
Only three compounds were found to show the Ames tox-
icity. None of the compounds were predicted to be hERG 1
inhibitors and none showed oral rat acute toxicity. Only one
compound (2,6-Dimethoxybenzoquinone) was sensitive to
skin and showed T. pyriformis toxicity. 11 phytocompounds
were predicted to be hepatotoxic. 15 compounds showed
minnow toxicity. pkCSM predicted the LC, values for the
death of flathead minnows, and the model was built with the
LC,, measurements of 554 compounds. A study conducted
on the anticytotoxic and antigenotoxic effects revealed that
the root extract of R. serpentina protected chromium (IV)-
induced micronuclei induction, biochemical alterations of
liver enzymes, and chromosomal aberrations in Channa
punctatus (Trivedi et al., 2021).

The ADME properties of compounds were also predicted
using pkCSM. Two parameters of absorption (intestinal
absorption and water solubility), three parameters of distri-
bution (volume of distribution/VDss, central nervous system
(CNS) permeability, and fraction unbound), one parame-
ter each for metabolism (CYP3A4 Inhibitor) and excretion

(Renal OCT2 substrate) are analyzed here. The predicted
ADME properties are listed in Table 2. Only one compound
(rutin) exhibited very less intestinal absorption (23.446%).
Most of the compounds were either moderately soluble or
poorly soluble in water. Only one compound (renoxidine)
showed good distribution; the rest of compounds were mod-
erate or poor. Six compounds were CNS permeable, and five
compounds exhibited 50% or more fraction unbound value.
Six compounds were predicted to be CYP3A4 inhibitors and
substrates for renal OCT2.

Drug-like properties and
pharmacokinetics

The drug-like properties and pharmacokinetics of com-
pounds were predicted using SwisSADME. The drug-
like properties of compounds of R. serpentina are listed
in Supplementary Table S3. Lipinski’s rule of five, com-
monly known as Pfizer’s rule of five, is a thumb rule for
the evaluation of drug likeness that a certain compound
should exhibit for being able to be orally administered in
humans. Christopher A. Lipinski formulated this rule in
1997, drawing upon the observation that the majority of

Table 1: Assessment of the toxicity of different bioactive compounds of Rauwolfia serpentina using the pkCSM webserver.

Phytocompounds of hERG I ORAT (LD, Hepatotoxicity TPT MT

R. serpentina inhibitor (mg/kg) (log ng/L) (log mM)
Raunescine No No 15.72 Yes No 0.285 -1.476
Reserpinine No No 19.56 No No 0.286 -0.015
Alstonine No No 12.80 Yes No 0.887 0.332
Rauwolscine No No 10.43 No No 0.339 -0.165
Rescinnamidine No No 19.66 No No 0.286 -0.065
Yohimbine No No 10.43 No No 0.339 -0.165
Renoxidine No No 17.87 No No 0.286 -1.19
Deserpidine No No 17.46 No No 0.288 -0.094
Ajmalicidine No No 10.36 Yes No 0.67 0.61
Isorauhimbine No No 10.43 No No 0.339 -0.165
Raucaffricine Yes No 12.78 Yes No 0.285 3.741
Reserpine No No 18.00 No No 0.286 0.303
Serpentine No No 10.22 Yes No 0.569 -2.181
Isosandwicine No No 9.85 Yes No 0.289 1.196
Tetraphylline No No 11.62 Yes No 0.602 -0.265
Rutin No No 15.21 No No 0.285 7.677
Isoajmaline No No 9.85 Yes No 0.289 1.196
Rauhimbine No No 10.43 No No 0.339 -0.165
Papaverine No No 7.90 Yes No 0.454 0.16
Raupine Yes No 8.29 No No 0.318 0.786
Kaempherol No No 7.01 No No 0.312 2.885
2,6-Dimethoxybenzoquinone No No 3.43 No Yes -0.836 2.929
Reserpiline No No 12.80 Yes No 0.504 -0.048
Thebaine No No 8.53 No No 0.937 1.221
Ajmaline No No 9.85 Yes No 0.289 1.196
17-O-Acetylajmaline No No 10.63 No No 0.287 1.739
Diisobutyl phthalate No No 4.43 No No 1.115 -0.24
Ophioxylin Yes No 3.08 No No 0.714 1.751
7-Dehydrositosterol No No 10.51 No No 0.431 -1.759

Abbreviations: Ames Tox, Ames toxicity; MT, minnow toxicity; ORAT, oral rat acute toxicity; SS, skin sensitization; TPT, Tetrahymena

pyriformis toxicity.
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Table 2: Evaluation of the ADME properties of the phytocompounds of Rauwolfia serpentina using the pkCSM web server.

Phytocompounds of Absorption Distribution Metabolism Excretion
R. serpentine Int Abs ws VDss FUH CYP3A41 Renal OCT2
(log mol/L) (log L/kg) substrate
Raunescine 94.90 -4.767 0.554 -3.159 0.033 No No
Reserpinine 96.81 -5.527 0.32 -3.155 0.023 No No
Alstonine 97.61 —-4.538 0.427 -1.883 0.09 No No
Rauwolscine 94.70 -3.106 1.335 -2.17 0.509 No No
Rescinnamidine 96.23 -5.521 0.344 -3.212 0.029 No No
Yohimbine 94.70 -3.106 1.335 -217 0.509 No No
Renoxidine 100 -5.51 -0.341 -3.449 0 No No
Deserpidine 100 -5.364 0.483 -3.236 0.021 No No
Ajmalicidine 94.74 -3.972 0.938 -1.994 0.223 No No
Isorauhimbine 94.70 -3.106 1.335 -2.17 0.509 No No
Raucaffricine 71.17 -3.262 0.28 -3.813 0.446 No No
Reserpine 100 -5.345 0.356 -3.364 0.019 No No
Serpentine 97.73 -3.715 1.442 -2.123 0.235 Yes Yes
Isosandwicine 98.07 -2.851 0.728 -1.623 0.4083 No No
Tetraphylline 94.06 -3.861 1.049 -2.156 0.21 No Yes
Rutin 23.44 -2.892 1.663 -5.178 0.187 No No
Isoajmaline 98.07 -2.851 0.728 -1.623 0.4083 No No
Rauhimbine 94.70 -3.106 1.335 -217 0.509 No No
Papaverine 95.90 -5.118 -0.027 -2.251 0.102 Yes No
Raupine 95.35 -3.667 1.573 -2.085 0.373 Yes Yes
Kaempherol 74.29 -3.04 1.274 -2.228 0.178 Yes No
2,6-Dimethoxybenzoquinone 100 -0.257 -0.177 -2.94 0.735 No No
Reserpiline 94.18 -4.119 0.931 -2.306 0.224 No Yes
Thebaine 97.57 -3.208 1.001 -2.326 0.277 No Yes
Ajmaline 98.07 —-2.851 0.728 -1.623 0.4083 No No
17-O-Acetylajmaline 97.09 -2.892 0.733 -2.387 0.254 No Yes
Diisobutyl phthalate 95.89 —4.407 -0.117 -2.229 0.103 Yes No
Ophioxylin 96.25 —2.655 0.14 -2.829 0.448 Yes No
7-Dehydrositosterol 94.61 -6.753 0.192 -1.705 0 No No

Abbreviations: CNS per, CNS permeability; CYP3A4 |, CYP3A4 inhibitor; FUH, fraction unbound (human); Int Abs, intestinal absorption
(human); WS, water solubility. VDss is for human.

orally administered drugs tend to be moderately lipophilic
molecules and are relatively small (Lipinski, 2004). Only
rutin showed three violations to Lipinski’s rule. Four com-
pounds showed two Lipinski’s rule violations and one
Lipinski’s rule violations. The rest of the compounds did
not show violation to Lipinski’s rule of five. Similarly, the
Ghose filter is another knowledge-based filter that is a rep-
resentation of drug-like properties used in the designing of
chemistry libraries for drug discovery (Ghose et al., 1999).
The rules are molecular weight should be between 160
and 480 Daltons; logP should be —0.4 to 5.6, the number
of atoms should be 20 to 70, and molar refractivity should
lie between 40 and 130. The Ghose filter is more stringent
than Lipinski’s rule of five and a compound is expected to
show more Ghose filter violations than Lipinski’s rule of
five. Rutin showed four violations to Ghose filter. Out of 29
compounds, 9 compounds showed 3 Ghose filter violations.
The rest of compounds were within the range of the Ghose
filter.

The pharmacokinetics of compounds were also examined
using SwissADME. Three important parameters (blood—
brain barrier permeability, gastrointestinal absorption, and
P-glycoprotein substrate) are analyzed here. The pharma-
cokinetic properties of the phytocompounds of R. serpentina
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are listed in Supplementary Table S3. Renoxidine, raucaf-
fricine, rutin, and 7-dehydrositosterol showed gastrointes-
tinal absorption; rest of the compounds were predicted to
be of high gastrointestinal absorption. 11 compounds were
impermeable to blood-brain barrier. 19 out of 29 were pre-
dicted to be substrates for P-glycoprotein. Overall, two lead
compounds identified in this study exhibited good drug-like
properties and pharmacokinetics, which are important for
their ability to be developed as successful drugs.

Prediction of activity against AD
and neurodegenerative diseases

The prediction of ability of compounds of R. serpentina in
the treatment of AD, neurodegenerative diseases, and acute
neurologic disorders was also performed and the data are
presented in Supplementary Table S4. Four compounds
including alstonine were predicted to be active against the
neurodegenerative diseases and AD. A total of 10 compounds
including rauwolscine were predicted to be active against
acute neurologic disorders. The data clearly depict the abil-
ity of several phytocompounds of R. serpentina to be active
against neurological disorders. Alstonine has been found to
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be a potent antipsychotic in mice models (Costa-Campos
et al., 1998). Moreover, there is also report on the anxiolytic
properties of alstonine (Costa-Campos et al., 2004).

Molecular docking

First, the molecular docking procedure was validated by
extracting the inhibitor/ligand attached to the crystal struc-
ture of target proteins. The ligands were docked at the same
position where they were present in the crystal structure.
The molecular docking of the phytocompounds of R. ser-
pentina was performed against three different targets of
neurodegenerative diseases. The values of binding energies,
binding constants, inhibition constants, and binding sites
are listed in Table 3. Out of all compounds, alstonine exhib-
ited the highest affinity to AChE with a binding constant of
—10.1 kcal/mol. Similarly, yohimbine showed highest affin-
ity toward BACE, and raunescine showed highest affinity
toward caspase-8. Based on the toxicity, drug likeliness,
pharmacokinetics, anti-neurodegenerative activity, binding
site in target proteins, and binding energy, two compounds
were selected as lead compounds. The top lead compounds
are alstonine and rauwolscine. Hence, the interaction of
only these two compounds with target proteins is discussed
in this section. Alstonine formed two hydrogen bonds with
Try72, Glyl21, and Tyr124 of AChE with bond lengths
of 3.28 A, 3.26 A and 2.44 A, respectively (Fig. la). The
complex was also found to be stabilized by hydrophobic
bonds that involved Trp86, His447, Tyr337, Tyr341, Tyr72,
and Try124. Moreover, there was also involvement of van
der Waals forces. In the AChE-rauwolscine complex, two
hydrogen bonds were established that included Ser293 and
Tyr341. The complex was further stabilized by van der Waals
interaction (GIn291, Leu289, Val294, Arg296, Phe295, and
Phe338) and hydrophobic interactions (Trp286) as presented
in Figure 1b. It is interesting to note that both the ligands
interacted at the site where its inhibitor (donepezil) binds.
The active site of AChE is comprised of certain residues
including Tyr72, Tyr124, Leu289, Trp286, Ser293, Phe295,
Val294, Arg296, Tyr337, Phe297, Phe338, Gly342, Tyr341
etc. (Arulraj et al., 2020). The interaction of alstonine and
rauwolscine at the active site might lead to the inhibition of
this enzyme and may protect against NDs.

Alstonine was found to be docked at the active site of
caspase-8 with a binding energy of —7.7 kcal/mol (Fig. 2a).
Alstonine formed two hydrogen bonds with Ser411 and
Cys360 of caspase-8 at distance of 3.25 A and 3.47 A,
respectively. Tyrd412, Arg413, Arg260, Tyr324 and Leu254
were strengthened by van der Waals interactions. Likewise,
Tyr365, Val410, Cys360, His317, and Ile 257 were com-
plexed by hydrophobic forces. The binding energy for the
complexation of rauwolscine to caspase-8 was —7.6 kcal/
mol (Fig. 2b). The binding constant and inhibition con-
stant for caspase-8-rauwolscine were 37.516 x 10* M~! and
2.666 uM, respectively. Rauwolscine formed three hydro-
gen bonds, one with Tyr412 and two with Arg413. The com-
plex was further stabilized by van der Waals interactions
(Tyr324, Leu254, His317, Arg258, and Ser411) and hydro-
phobic interactions (Ile257, Val410, Tyr412, and Tyr365).

The binding energy for the docking of alstonine with
BACE was obtained as —7.6 kcal/mol. The complex was sta-
bilized by one hydrogen bond (Glyl1l) with a bond length
of 3.71 A (Fig. 3a). Moreover, there is also involvement
of hydroponic bonds (Lys107, Ile110, and Leo30) and van
der Waals forces (Ilel18, Trp115, Phel08, and Phe47) in
the complexation. The interaction diagram of the BACE-
rauwolscine complex is presented in Figure 3b. The binding
energy was found to be —8.9 kcal/mol. This energy value
corresponds to the binding constant and inhibition constant
of 337.054 x 10* M~! and 0.297 uM. Rauwolscine formed
three hydrogen bonds with Asp32, Asp228, and Thr231 of
BACE. There was also involvement of van der forces and
a small contribution of hydrophobic interactions. Both the
ligands interacted at the active site of BACE which may
lead to the inhibition of this enzyme. It is interesting to note
that both lead compounds (alstonine and rauwolscine) were
docked at the active/catalytic site of target proteins.

MD simulation

Analysis of root-mean square deviation
and RMSF

To further investigate the dynamics and stability of hit com-
pounds with the target proteins, MD simulation was per-
formed. The primary investigation was done by calculating
the root-mean square deviation (RMSD) of each trajectory
with respect to the initial structure and the data are shown
in Figure 4a. The RMSD of caspase-8 showed some devi-
ations till 60 ns and it became stable. Likewise, the RMSD
of the caspase-8—alstonine complex and the caspase-
8—-rauwolscine complex also became stable past 60 ns.
The average RMSD values of uncomplexed caspase-8,
caspase-8—alstonine complex, and caspase-8—rauwolscine
complex were found to be 0.388, 0.387, and 0.418 nm,
respectively. The average RMSD of caspase-8—inhibitor
complex was 0.252 nm. On the contrary, RMSD of BACE
and AChE and their complexes became stable during the
initial stages of simulation (within 20 ns). The average
RMSD of BACE and AChE, and their complexes was less
than 0.25 nm. The data give the preliminary idea regarding
the stable nature of complexes in a physiological environ-
ment. The finding is consistent with an earlier report where
the RMSD of caspase-8-rutaecarpine got equilibrated
roughly at 0.6 nm (Ahmad et al., 2020).

The fluctuation in residue of all test proteins in the uncom-
plexed and complexed states was also computed (Fig. 4b).
The root mean square fluctuation (RMSF) of nearly all res-
idues of proteins and their complexes with alstonine and
rauwolscine was below 0.25 nm. For instance, the average
RMSF values of BACE alone, BACE-alstonine complex,
and BACE-rauwolscine complex were 0.094, 0.113, and
0.093 nm, respectively. However, the average RMSF of the
caspase-8-rauwolscine complex (0.230) was higher than
those of caspase-8 alone (0.139) and caspase-8—alstonine
complex (0.142). The terminal segments of all proteins
exhibited comparatively greater fluctuations, a consequence
of their location at the ends, where they tend to experience
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Figure 1: (a) Docked pose of the AChE—alstonine complex. (a-i) Three-dimensional representation of the AChE—-alstonine
complex; alstonine is shown as blue sticks. AChE is shown as a colored ribbon in which interacting residues are heighted.
(a-ii) Two-dimensional representation of the AChE—alstonine complex prepared using Discovery Studio 2021. (b) Docked
pose of the AChE-rauwolscine complex. (b-i) Three-dimensional representation of the AChE-rauwolscine complex;
rauwolscine is shown as blue sticks. AChE is shown as a colored ribbon in which interacting residues are heighted. (b-ii) Two-
dimensional representation of the AChE—rauwolscine complex prepared using Discovery Studio 2021. Abbreviation: AChE,

acetylcholinesterase.

more movement in an aqueous environment. In summary,
the data indicate that the majority of residues remained sta-
ble even when subjected to simulations under physiological
conditions, even in the presence of complexes. The RMSF
of individual atom of both ligands was also computed to
examine their dynamics. The RMSF of ligands is shown in
Supplementary Figure S1. Both the ligands showed some
fluctuations when complexed with the target proteins. This
fluctuation is attributed to the movement of ligands at the
binding or active site of proteins (Qais et al., 2023). It is
interesting to note that the interaction of rauwolscine with

AChE decreased the RMSF of active site residues, which
further explains the stability of the complex.

Analysis of protein’s compactness and
energies

Further examination of the stability of all proteins and their
complexes was done by calculating the radius of gyration
(Rg), solvent-accessible surface area (SASA), and energies
(potential and total). Rg is defined as the root-mean-square
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2021.

distance, weighted by mass, between a group of atoms
and their shared center of mass. Usually, compact pro-
teins, exhibit lower fluctuations in R during simulation
while open or expanded proteins show higher alteration
in the Rg value over the course of simulation (Qais et al.,
2021). This property makes R as an important parameter
for the examination of stability and structural compactness
of proteins during molecular simulations (Fouedjou et al.,
2021). The Rg of proteins and complexes with respect to
time is shown in Figure 5a. The Rg of BACE and AChE
both when uncomplexed and complexed remained almost
constant during the entire simulation period. For example,
the average Rg values of BACE alone, BACE-alstonine
complex, and BACE-rauwolscine complex were found to
be 2.078,2.093, and 2.080 nm, respectively. Similarly, aver-
age Rg values of AChE alone, AChE-alstonine complex,
and AChE-rauwolscine complex were 2.313, 2.315, and
2.313 nm, respectively. The Rg of caspase and its complexes
showed some variations with time but within the acceptable

Journal of Disability Research 2023

range. In short, calculation of Rg also validates the stability
of the complexes.

SASA was also calculated as shown in Figure 5b. The
SASA of all systems was quite stable when simulated
by mimicking the physiological conditions. The trajec-
tory for SASA of all proteins and complexes was smooth
over the course of simulation. The average SASA values
of caspase-8 alone, caspase-8—alstonine complex, and
caspase-8-rauwolscine complex were 125.774, 127.204,
and 125.196 nm?, respectively. Likewise, average SASA
of the caspase-8—inhibitor complex was 127.181 nm?.
Similarly, a negligible difference in the SASA of other two
proteins (BACE and AChE) was observed compared to their
respective complexes. The examination of SASA further
verifies the stability of the hit compounds (alstonine and
rauwolscine) in complex with target proteins (caspase-8,
BACE, and AChE). The total and potential energies of sys-
tems were also computed (Supplementary Fig. S2). Both
these energies were constant over the simulation trajectory.
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Figure 3: (a) Docked pose of the BACE—alstonine complex. (a-i) Three-dimensional representation of the BACE—-alstonine
complex; alstonine is shown as blue sticks. BACE is shown as a colored ribbon in which interacting residues are heighted. (a-ii)
Two-dimensional representation of the BACE—alstonine complex prepared using Discovery Studio 2021. (b) Docked pose of
the BACE—rauwolscine complex. (b-i) Three-dimensional representation of the BACE—rauwolscine complex; rauwolscine is
shown as blue sticks. BACE is shown as a colored ribbon in which interacting residues are heighted. (b-ii) Two-dimensional
representation of the BACE-rauwolscine complex prepared using Discovery Studio 2021. Abbreviation: BACE, -secretase.

The analysis of R, SASA, and energies confirms that both
the ligands formed stable complexes with test proteins
under physiological conditions.

Effect of lead compounds on the
structure of target proteins

The effect of binding of alstonine and rauwolscine on the
structural stability of target proteins was studied by cal-
culating the secondary structures. The average percentage
of coils, B-sheets, B-bridges, bends, turns, o-helices, and
3’-helices in caspase-8 alone were found to be 29.78, 18.93,

1.32, 7.51, 15.30, 24.16, and 2.96, respectively (Fig. 6a).
All these secondary structural components of caspase-8
remained roughly unchanged when the protein was simu-
lated with alstonine and rauwolscine. The secondary struc-
tures of uncomplexed and complexed BACE is shown in
Figure 6b. The coils, B-sheets, B-bridges, turns, bends,
o-helices, and 3’-helices in BACE were 22.66, 38.65, 0.99,
12.01, 13.98, 7.13, and 4.55, respectively. A negligible
effect on the structure of BACE was observed after the com-
plexation of ligands. The amount of secondary structures
in AChE alone and in complexes is presented in Figure 6c.
A negligible change in the secondary structure of AChE
was recorded following the complexation of alstonine and
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(Igbal et al., 2023). The analysis of the secondary structure
confirms that binding of ligands to the target proteins does
not alter the stability of target proteins.

rauwolscine. This discovery aligns with a previous report
in which the interaction of F1094-0201 with BACE did
not cause any changes in the secondary structural elements
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Hydrogen bond analysis

The interaction of lead compounds with all three proteins
was investigated by computing the hydrogen bonds’ num-
ber and analyzing the hydrogen bond profile. The number
of hydrogen bonds shared between ligands and proteins
with respect to time is shown in Supplementary Figure S3.
Rauwolscine made a higher number of hydrogen bonds
with caspase-8 compared to alstonine. The average number
of hydrogen bonds formed by alstonine and rauwolscine
with caspase-8 was found to be 0.553 and 1.136, respec-
tively. It is worth noting that the inhibitor (tetrapeptide
inhibitor Ace-IETD-aldehyde) of caspase-8 formed an
average of 8.88 hydrogen bonds with caspase-8. Similarly,
rauwolscine also made more hydrogen bonds with BACE
and AChE. The average number of hydrogen bonds formed
by alstonine and rauwolscine with BACE was 0.746 and
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1.670, respectively. The existence of hydrogen bonds was
also calculated over the course of trajectory (Supplementary
Fig. S4). Hydrogen bonds between ligands and BACE
were consistently observed. A similar result was obtained
for caspase. Nonetheless, in the AChE—-alstonine complex,
hydrogen bonds were present during the initial 30 ns, but
they subsequently disappeared. The hydrogen bond occu-
pancy was also calculated for the complexes. Arg413
exhibited hydrogen bond occupancy among all residues of
caspase-8 with alstonine. Asn458 exhibited hydrogen bond
occupancy in the caspase-8—rauwolscine complex. The res-
idues of BACE that showed highest hydrogen bond occu-
pancy with alstonine and rauwolscine were Lys107 and
GIn73, respectively. The data confirm the involvement of
hydrogen bonds in the complexation of lead compounds to
target proteins.
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Figure 7: (a) FEL of caspase-8 alone. (b) FEL of the caspase-8—alstonine complex. (c) FEL of the caspase-8-rauwolscine
complex. (d) FEL of BACE alone. (e) FEL of the BACE—alstonine complex. (f) FEL of the BACE—-rauwolscine complex. (g) FEL
of AChE alone. (h) FEL of the AChE—-alstonine complex. (i) FEL of the AChE-rauwolscine complex. Abbreviations: AChE,
acetylcholinesterase; BACE, B-secretase; FEL, free energy landscape.
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Principal component analysis

Principal component analysis (PCA) is a conventional statis-
tical technique used to investigate the extensive movements
of proteins. PCA accomplishes this by reducing the dimen-
sionality of data sets while retaining critical information,
which is represented as eigenvectors (Siddiqui et al., 2021).
PCA was performed to examine the flexibility of proteins in
the absence and presence of ligands. The projection of eigen-
vectors of uncomplexed and complexed proteins in a two-
dimensional space is presented in Supplementary Figure S5.
The AChE-alstonine complex and the AChE-rauwolscine
complex appeared to occupy a similar conformational space
in the 2D projection of eigenvectors when compared to AChE
alone. This suggests that the flexibility of AChE remained
relatively consistent after binding with these ligands. Similar
results were observed for BACE. The conformational space
occupied by caspase-8—rauwolscine complex was relatively
higher compared to caspase-8 alone and the caspase-8—al-
stonine complex. This shows that binding of rauwolscine to
caspase-8 increased the flexibility of this protein.

The eigenvectors were further used to make the free
energy landscape (FEL). The FEL of all proteins and their
complexes with alstonine and rauwolscine is shown in
Figure 7. It is interesting to note that all trajectories reached
the energy minimum. However, the position of energy min-
ima differed in the landscapes for the complexes. The coor-
dinates of structures corresponding to free energy minima
were extracted and further examined using Ramachandran
plots. Ramachandran plots of the lowest energy structures
are presented in Supplementary Figure S6. In both caspase-8
alone and the caspase-8—alstonine complex, no residues were
located within either the generously allowed or disallowed
regions. However, in the caspase-8-rauwolscine complex.
Only one residue was situated in the generously allowed
region, and none were found in the disallowed region in the
caspase-8—rauwolscine complex. This observation indicates
the stability of caspase-8 when interacting with these ligands.

(a) . Caspase-8-ALS complex
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Three residues were found to lie in the generously allowed
region of BACE in uncomplexed and complexed forms. Two
amino acids were found in the disallowed regions of AChE
alone while the complexation reduced the disallowed resi-
dues to one. Overall, these structural analyses further vali-
date the stable nature of complexes.

Analysis of binding energetics

The interaction of ligands with target proteins was further
investigated by calculating the involvement of different
energies in complexation. In typical ligand—protein com-
plexes, noncovalent interactions like hydrophobic forces,
electrostatic interactions, van der Waals interactions, hydro-
gen bonds, etc. are prevalent. All of these forces impact
the overall interaction (Rath et al., 2021). The MM-PBSA
binding energies are listed in Figure 8a. Van der Walls
forces were prevalent in the complexation of alstonine with
caspase-8. Electrostatic forces played a major role in the
interaction of rauwolscine with caspase-8 followed by van
der Walls forces. For the binding of both ligands with BACE
and AChE, electrostatic forces were predominant, followed
by the van der Walls forces. Additionally, there was a minor
contribution from SASA energy. The polar solvation energy
had a detrimental effect on the overall interaction. The bind-
ing energies for the interaction of alstonine and rauwolscine
with caspase-8 were found to be —29.807 and —41.101 kcal/
mol. Similarly, binding energies for the complexation of
alstonine and rauwolscine with BACE were —87.059 and
—80.340 kcal/mol. The data align with a previous report in
which the molecular mechanics generalized born surface
area (MM-GBSA) free energy for the binding of F1094-
0201 with BACE was determined to be —73.78 kcal/mol
(Igbal et al., 2023).

The MM-PBSA analysis was further employed to pin-
point the primary energy-contributing residues for each
of these interactions (Supplementary Fig. S7). Glu249,

b
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Figure 8: (a) MM-PBSA analysis for different energies of the caspase-8-alstonine complex, caspase-8—-rauwolscine com-
plex, BACE-alstonine complex, BACE-rauwolscine complex, AChE-alstonine complex, and AChE—rauwolscine complex.
BE, overall binding energy; Elec, electrostatic energy; PSA, polar solvation energy; SASA, SASA energy; vdW, van der Waals
energy. (b) Energy per frame of the caspase-8—alstonine complex, caspase-8—rauwolscine complex, BACE—alstonine com-
plex, BACE-rauwolscine complex, AChE—alstonine complex, and AChE-rauwolscine complex of 100 frames from 60 ns to
100 ns of each trajectory. Abbreviations: AChE, acetylcholinesterase; BACE, B-secretase; SASA, solvent-accessible surface

area.
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Asp259, Asp266, Asp319, Glu330, Asp363, Glu372,
Asp374, Glud17, Asp454, Asp455, and Asp479 were major
energy contributors for the interaction of alstonine with
caspase-8. In the caspase-8—rauwolscine complex, Asp259,
Asp266, Glu275, Glu276, Asp285, Asp286, Asp374,
Glu417, Glu431, Glud4s, Asp454, and Aspd79 were the
key energy contributors. Asp106 and Asp311 showed high-
est energy contribution in complexation of alstonine and
rauwolscine with BACE, respectively. Similarly, Asp74,
Glu81, Glu84, Asp131, Asp134, Glu202, Glu334, Asp349,
Glu450, Glu452, Asp460, and Glu469 were key energy-
contributing residues for the binding of alstonine with
AChE. The energy per frame of 100 snapshots of trajectory
from 60 ns to 100 ns was also calculated (Fig. 8b). The
energy per frame data also appeared to the stable during
the tested period of trajectory and did not show much fluc-
tuations. For example, the minimum and maximum ener-
gies of one frame for the BACE—-alstonine complex were
—98.673 and —-76.562 kcal/mol, respectively. Similarly,
the minimum and maximum energies of one frame for the
AChE-rauwolscine complex were —88.468 and —69.172
kcal/mol. Such small differences in energies are due to the
movement of ligand at the binding site.

CONCLUSION

Brain-related disorders, collectively termed as NDs, are
becoming a major health concern for older individuals.
Serious efforts are being made to tackle this problem. One
such approach is to look for chemical entities from tradi-
tionally used medicinal plants. We have examined the
effect of the compounds of R. serpentina against caspase-8,
BACE, and AChE, the well-known targets of NDs. The vir-
tual screening of several compounds was performed along
with the toxicological profile, ADME properties, and phar-
macokinetics. The screening data led to the identification
of alstonine and rauwolscine as hit compounds. Only a few
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