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Abstract

Rift Valley fever is a zoonotic disease that can spread through livestock and mosquitoes, and its
symptoms include retinitis, photophobia, hemorrhagic fever and neurological effects. The World Health
Organization has identified Rift Valley fever as one of the viral infections that has potential to cause a
future epidemic. Hence, efforts are urgently needed toward development of therapeutics and vaccine
against this infectious disease. Notably, the causative virus namely, the Rift Valley fever virus (RVFV),
utilizes the cap-snatching mechanism for viral transcription, rendering its cap-binding domain (CBD) as
an effective antiviral target. To date, there are no published studies towards identification of potential
small molecule inhibitors for the CBD of RVFV. Here, we employ a virtual screening workflow comprising
of molecular docking and molecular dynamics (MD) simulation, to identify 5 potential phytochemical
inhibitors of the CBD of RVFV. These 5 phytochemical inhibitors can be sourced from Indian medicinal
plants, Ferula assa-foetida, Glycyrrhiza glabra and Leucas cephalotes, used in traditional medicine. In
sum, the 5 phytochemical inhibitors of the CBD of RVFV identified by this purely computational study are
promising drug lead molecules which can be considered for detailed experimental validation against
RVFV infection.

Introduction

The zoonotic disease Rift Valley fever is mosquito-borne and is prevalent among humans and animals in
sub-Saharan African countries [1, 2]. The name Rift Valley originates from Kenya's Great Rift Valley, where
the causative virus for this disease was first identified [3, 4]. The Rift Valley fever virus (RVFV) belongs to
the genus Phlebovirus and the family Phenuiviridae (previously known as Bunyaviridae) [5, 6]. RVFV is
transmitted to humans via mosquito or by the contamination with infected animal body fluids or tissues
[3]. The Rift Valley fever disease has symptoms such as photophobia, headaches, retinitis, encephalitis,
hemorrhagic fever, blindness and neurological effects [2, 5]. Originally endemic to sub-Saharan African
regions, RVFV has spread outside to the Arabian peninsula in 2000 [7-9]. The World Health Organization
(WHO) has expressed the need to accelerate research and development towards effective therapies and
vaccines against RVFV, since the virus has potential to cause world-wide outbreak and public health
emergency [10, 11]. During the COVID-19 pandemic, there are also reports of Rift Valley fever outbreak in
Uganda [12], and more recently in Mauritania [13]. Although, the overall documented human mortality rate
for RVFV infections is less than 1% [14], in the case of severe infection, the human mortality rate can
steeply increase to 10—20% [15]. In addition, RVFV is potential bioterrorism agent, as the virus can spread
easily through mosquitoes and livestock, and thus, necessitating studies towards development of safe
therapies against the RVFV infection [16—19].

RVFV is a single-stranded tri-segmented negative-sense RNA virus [20]. The Large (L) and Medium (M)
segments of the RVFV genome have negative polarities, while the Small (S) segment of the RVFV
genome has ambisense polarity [20—-22]. The M segment of the genome encodes for two glycoproteins
(Gn and Gc), and a non-structural protein. The non-structural protein is expressed by itself (NSm1) orin
fusion with the glycoprotein Gn (NSm2) [23, 24]. In the negative sense, the S segment of the genome
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expresses the nucleoprotein (N protein), and in the positive sense, the S segment expresses the non-
structural protein NSs [21, 22]. L segment, the largest segment of RVFV genome, expresses L protein
which plays an important role in the viral genome replication and mRNA transcription [25-27]. The L
protein has an endonuclease domain at the N-terminal region, an RNA-dependent RNA polymerase in the
middle and a cap-binding domain (CBD) at the C-terminal region. Generally, in Bunyaviruses such as
RVFV, the L protein initiates the transcription process by a cap-snatching mechanism [26, 28, 29]. In the
cap-snatching mechanism, the two domains, endonuclease and cap-binding domains, of the L protein are
actively involved. CBD recognizes the m’GTP cap-analogue present in the 5’ region of the host cell mMRNA.
The endonuclease domain of the L protein cleaves off the 5 host mRNA cap which are used as primers in
the transcription of viral mMRNA in the host cell [24, 28]. In short, the recognition of the host mRNA cap by
the CBD of RVFV L protein is crucial for the initiation of viral transcription. Therefore, the CBD of RVFV L
protein can serve as an effective drug target for viral inhibition.

Previously, multiple in vitro and computational (virtual) screening studies have been published in the
literature with the aim of identifying potential inhibitors to combat RVFV infection or against RVFV
proteins such as L protein, glycoprotein N (Gn), glycoprotein C (Gc), and Nucleocapsid (N) proteins [30—
34, 27,35, 19]. In particular, Fatima et al,, [35] have performed virtual screening of more than 6000 natural
products against multiple proteins of RVFV to identify potential natural product inhibitors. However, to
date, there is no published study with the aim of identifying potential inhibitors for the CBD of RVFV L
protein. In this contribution, we used established computational approaches to identify potential natural
product inhibitors for the CBD of RVFV L protein.

Plants or plant-derived products continue to be valuable sources of therapeutics against viral infections
[36, 37]. In this direction, some of the authors have previously built, Indian Medicinal Plants,
Phytochemistry And Therapeutics (IMPPAT) database [38], a dedicated online resource on the
phytochemicals of the Indian medicinal plants. Subsequent to its publication, IMPPAT has been widely-
used in virtual screening studies to identify potential phytochemical inhibitors against viruses including
SARS-CoV-2 and SFTSV [39-42]. In this virtual screening study, we leveraged a natural product library of
14011 phytochemicals specific to Indian medicinal plants, compiled from IMPPAT and other literature
sources, along with established computational methods such as molecular docking and molecular
dynamics (MD) simulations, to identify potential inhibitors of the CBD of RVFV L protein.

Methods
Phytochemical library for virtual screening

In this virtual screening study, we considered a list of 14011 phytochemicals compiled from IMPPAT
database [38], a phytochemical atlas specific to Indian medicinal plants, and additional phytochemical
information compiled from literature specific to traditional Indian medicine [43-57]. At first, we used
Lipinski’s rule of five (RO5) [58] to evaluate the potential drug-likeness of the 14011 phytochemicals in
our chemical library. Using the ROS5 filter, 10510 phytochemicals were identified as drug-like in our
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chemical library. For these 10510 drug-like phytochemicals, we retrieved the three-dimensional (3D)
chemical structure files in .sdf file format from PubChem [59]. Thereafter, the 3D chemical structures of
the phytochemicals were energy-minimized using OpenBabel [60] with the MMFF94 force field, and
further, were converted to .pdb file format. Afterwards, we used this filtered library of 10510 drug-like
phytochemicals for virtual screening.

Preparation of cap-binding domain structure of RVFV L protein

Gogrefe et al. [26] have published the x-ray crystal structure of the cap-binding domain (CBD) of RVFV L
protein with a resolution of 1.48 A, and we obtained this published structure (PDB: 6QHG) from Protein
Data Bank (PDB) (https://www.rcsb.org/) for this study. For subsequent docking, we prepared the protein
structure of the CBD of RVFV L protein by replacing the selenomethionine residues (MSE) with
methionine (MET) residues using the Dock Prep tool in UCSF chimera [61]. Hereafter, the prepared
structure of the CBD of RVFV L protein is referred to as ‘RVFV-CBD’ in the text.

Molecular dynamics simulation

We performed MD simulation of the prepared crystal structure of RVFV-CBD using GROMACS 5.1.5 [62]
along with the force field CHARMM36 [63]. For the MD simulation, we prepared the system by placing the
protein at the center of a dodecahedron box with periodic boundary conditions, and further, the minimum
distance of the protein to any of the box edges was set to 12 A. Thereafter, we solvated and neutralized
the system by adding simple point charge (SPC216) water and six chloride (CI”) ions. To minimize the
energy of the system, we used the steepest descent algorithm with the tolerance for energy minimization
set at 100 kJ mol™ ! nm™". Thereafter, we performed NVT simulation for 1 ns with 2 fs time step. The
temperature of the system during NVT simulation was set to 300 K. After 1 ns of NVT simulation, we
performed 1 ns of NPT simulation with 2 fs time step. The pressure of the system in NPT simulation was
set to 1 bar. During both NPT and NVT simulations, the positions of the heavy atoms in the protein were
restrained using a force constant of 1000 kJ mol™ ! nm™2. Note that the bond lengths were constrained
using the LINCS algorithm [64]. After removing the position restraint, we performed 1 ns of equilibration
simulation with 2 fs time step. Finally, we performed MD simulation for 300 ns in quintuplicate (5
replicates). During this 300 ns MD simulation, we employed v-rescale [65] temperature coupling and
Parrinello-Rahman [66] pressure coupling method to keep the temperature of the system at 300 K and
pressure of the system at 1 bar.

Clustering of the MD simulation trajectories and extraction of the
representative protein structures

Clustering of the MD simulation trajectories and extraction of the representative protein structures
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In order to perform the clustering of MD simulation trajectories of the free protein, we combined the
trajectories from the quintuplicate simulations by considering only the time interval of 100 ns to 300 ns,
and thereafter, extracted 10000 frames from the combined trajectory at equal time intervals. Using C,
atoms of the amino acid residues, we next superimposed the extracted frames on the initial frame of the
combined trajectory. Thereafter, we performed the clustering of the 10000 frames by considering only the
heavy atoms of the active site residues using Jarvis-Patrick method [67, 62]. This clustering led to the
identification of 423 clusters, wherein the top 10 clusters represented nearly 32% of the total frames
(3190 frames). We extracted 10 protein structures corresponding to the centers of the top 10 clusters, and
these 10 protein structures along with the prepared crystal structure were used for ensemble docking. In
sum, we performed ensemble docking of 10510 drug-like phytochemicals with 11 protein structures
namely, the prepared crystal structure of RVFV-CBD and 10 protein structures corresponding to the top 10
cluster centers.

Molecular docking using AutoDock Vina

We used AutoDock Vina [68] to perform docking of the ligands in the chemical library (i.e., 10510 drug-like
phytochemicals) against 11 protein structures of RVFV-CBD (namely, the prepared crystal structure and
10 structures corresponding to the top 10 cluster centers). The 3D structures of ligands and proteins were
converted to .pdbgt format from .pdb format using the scripts namely, prepare_ligand4.py and
prepare_receptor4.py in AutoDockTools [69], respectively. To perform the docking, the search space center
and grid box dimensions were determined manually by considering the critical residues F1713, R1716,
Q1717,Y1728 and M1782 in the cap-binding site of the RVFV L protein (Fig. 1). In particular, the grid
center was determined in PyMOL [70] by computing the center of mass of the cap-binding site residues
across all 11 protein structures considered for docking. Thereafter, we performed the protein-ligand
docking in AutoDock Vina with a grid box dimension of 25 A x 25 A x 25 A and exhaustiveness parameter
set to 24.

Computation of protein-ligand interactions

To compute the different non-covalent interactions between the protein and the ligand in complex, we
considered the best docked pose (lowest binding energy) of the ligand with the protein. Using custom
python scripts and pdb-tools [71], we generated the configuration of the protein-ligand complex wherein
the ligand is in the best docked pose. As detailed in our previous publications [72, 73], we used custom
scripts to analyze and compute different types of non-covalent interactions between the protein and the
ligand in the protein-ligand complex. In the computation of the different interactions between the protein
and the ligand in the best docked pose, we identified the ligand binding site residues and non-covalent
interactions namely, hydrogen bond interactions, hydrophobic interactions and aromatic interactions.

MD simulation of the protein-ligand complexes
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To assess the stability of the protein-ligand complexes, we performed MD simulations of 150 ns for the
prepared crystal structure of RVFV-CBD in complex with one of the top 9 potential phytochemical
inhibitors predicted by docking. For these simulations, we generated the topology parameters for the
ligands using SwissParam [74]. We remark that the MD simulation of 150 ns for each protein-ligand
complex was carried out using the same parameters as described for the MD simulation of the free
protein. Using GROMACS, we computed three different quantities namely, Radius of gyration (Ry), Root
Mean Square Deviation (RMSD), and Root Mean Square Fluctuation (RMSF), of the protein or the ligand
from the MD simulation trajectories of the protein-ligand complexes.

Binding energy calculation

We computed the binding energies for the 5 potential phytochemical inhibitors predicted to remain stable
in the MD simulation of their corresponding protein-ligand complexes using Molecular Mechanics
Poisson-Boltzmann Surface Area (MM-PBSA) method. For each of these protein-ligand complexes, we
extracted 51 frames from the MD simulation trajectories between 100 ns to 150 ns at a time interval of 1
ns. Thereafter, using g_mmpbsa [75, 76], we computed the binding energy of the ligands in the protein-
ligand complexes.

Physicochemical, ADMET and drug-likeness properties of potential
phytochemical inhibitors

For the top potential phytochemical inhibitors of RVFV-CBD, we computed the physicochemical
properties, drug-likeness properties, and predicted absorption, distribution, metabolism, excretion and
toxicity (ADMET) properties using RDKit (https://www.rdkit.org/), SwissADME [77] and ProTox-Il [78].
Further, we predicted the chemical classification of the top phytochemical inhibitors using ClassyFire [79]
(http://classyfire.wishartlab.com/).

Results and Discussion

Virtual screening workflow to identify potential
phytochemical inhibitors of RVFV-CBD

In this study, we followed a virtual screening workflow comprising of five stages to identify potential
phytochemical inhibitors of RVFV-CBD. In stage 1, we used Lipinski’s ROS5 filter to retrieve a subset of
10510 drug-like phytochemicals among 14011 phytochemicals produced by Indian medicinal plants in
our chemical library (Methods; Fig. 2). In parallel, the RVFV-CBD protein was subjected to MD simulation
in quintuplicate to analyze the conformational diversity of the active site residues. Thereafter, we
clustered the MD simulation trajectories of the free protein to retrieve 10 representative protein structures
(Methods).
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In stage 2, we used AutoDock Vina to perform the docking of the 10510 drug-like phytochemicals against
11 protein structures namely, prepared crystal structure of RVFV-CBD and 10 representative protein
structures from clustering of MD simulation trajectories (Methods). From docking computations, we
identified the top 10% phytochemicals in terms of their docking based binding energy with respect to
each of the 11 protein structures (Fig. 2). In stage 3, we shortlisted 84 phytochemicals (Supplementary
Table S1) that were common to the top 10% phytochemicals based on docking binding energy for each
of the 11 protein structures.

Subsequently, in stage 4 we used relevant criteria such as non-covalent interactions between critical
active site residues in protein and ligand in best docked pose, and toxicity of shortlisted phytochemicals
to further filter among the 84 phytochemicals (Methods; Fig. 2). Using the non-covalent interaction filter,
we shortlisted 37 out of the 84 phytochemicals that form non-covalent interactions with at least three
critical active site residues of RVFV-CBD. Thereafter, we used ProTox-Il webserver to predict the toxicity of
these 37 phytochemicals (Supplementary Table S2) that satisfy the non-covalent interaction filter. After
imposing the toxicity filter, we obtained 9 phytochemicals (Supplementary Table S2) to be non-toxic
(Class 5 or Class 6) based on ProTox-ll predictions, and these 9 phytochemicals were further considered
for stability analysis in stage 5 (Fig. 2).

In stage 5, we assessed the stability of the protein-ligand complexes for each of these 9 phytochemicals
using MD simulations. After assessing the results of this MD based stability analysis of protein-ligand
complexes of top 9 phytochemical inhibitors, we finally put forward 5 out of the 9 phytochemicals as
potential inhibitors for RVFV-CBD (Fig. 2).

Conformational dynamics of RVFV-CBD protein structure

The protein structure of RVFV-CBD consists of seven B-strands, one B-hairpin, and a long a-helix [26].
RVFV-CBD plays an important role in the cap-snatching process during the viral transcription. Five amino
acid residues namely, F1713, R1716,Q1717, Y1728 and M1782, which are present in active site of the
protein (Fig. 1) were found to interact with the cap-analogue m’GTP of the host cell mMRNA [26]. We
performed MD simulation for 300 ns in quintuplicate of the prepared crystal structure of RVFV-CBD to
study the conformational dynamics of the free protein. From these quintuplicate simulations, we
observed that the RMSD of the C, atoms of the amino acid residues in the protein structure remains
stable with the RMSD values being close to 2 A throughout the simulation (Fig. 3a). Notably, the RMSD
values in the quintuplicate simulations show lesser fluctuations after 100 ns (Fig. 3a). Further, little
variation is observed in case of the radius of gyration (Ry) indicating that the protein structure remains
compact during the MD simulation (Fig. 3b). Moreover, the RMSF of the amino acid residues in the
protein structure also highlights the stability of the free protein during the MD simulation (Fig. 3c).
Overall, the analysis of the simulation trajectory of RVFV-CBD shows that the protein structure remains
stable and compact during the MD simulation.
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Identification of the top phytochemical hits of RVFV-CBD

Using the virtual screening workflow (Fig. 2), we identified top 9 phytochemical hits of RVFV-CBD based
on docking binding energy, non-covalent interaction filter and toxicity filter (Table 1). Figure 4 displays the
two-dimensional (2D) structures of these top 9 phytochemicals. The 9 phytochemicals belong to four
chemical classes namely, ‘Coumarins and derivatives’, ‘Linear 1,3-diarylpropanoids’, ‘Isoflavonoids’ and
‘Steroids and steroid derivatives’ based on predictions by ClassyFire (Methods; Supplementary Table S3).

Table 1

Top 9 phytochemical hits (P1-P9) for RVFV-CBD identified based on molecular docking. For each
phytochemical, the table lists the chemical name, PubChem identifier, binding energy of the ligand with
the prepared crystal structure obtained from docking in kcal/mol, and the plant source.

Phytochemical
symbol

P1

P2

P3

P4

P5

P6

P7

P8

P9

Chemical name

Paratocarpin B

Glyinflanin G

Farnesiferol A

Mogoltadone

Assafoetidnol A

Kanzonol B

Gummosin

Lupinisolone A

7_
Oxostigmasterol

PubChem

identifier

CID:42607541

CID:15233561

CID:7067262

CID:14865891

CID:12041593

CID:10881804

CID:7092581

CID:14237665

CID:12044013

Docking binding energy Plant source

(kcal/mol)

9.9 Glycyrrhiza
glabra

9.3 Glycyrrhiza
glabra

9.3 Ferula assa-
foetida

9.2 Ferula assa-
foetida

9.2 Ferula assa-
foetida

-8.9 Glycyrrhiza
glabra

-8.6 Ferula assa-
foetida

-8.3 Lupinus
albus

-8.1 Leucas
cephalotes

Phytochemicals P1, P2 and P6 have been shown to be present in the plant extract of Glycyrrhiza glabra
(licorice) (Table 1). In traditional medicine, Glycyrrhiza glabra, is used to treat common cold and cough,
and the herb used in various systems of medicine such as Ayurveda, Siddha and Unani [80, 81].
Phytochemicals P3, P4, P5 and P7 have been shown to be present in the plant extract of Ferul/a assa-
foetida (Table 1). In Ayurveda, Ferula assa-foetida is used to treat whooping cough [82]. Phytochemicals
P8 and P9 have been shown to be present in the plant extracts of Lupinus albus and Leucas cephalotes,
respectively (Table 1). The herb, Lupinus albus, is used in Unani system of medicine [83]. The herb,
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Leucas cephalotes, is used in Ayurveda [84], and is reported to have therapeutic effect against common
cold and fever [85].

Phytochemical P1, Paratocarpin B is a chalcone that has docking binding energy with prepared crystal
structure of RVFV-CBD of -9.9 kcal/mol. Previously, chalcones have been reported to have antiviral
properties including against RVFV [86]. In the best docked pose or CBD-P1 complex, Paratocarpin B forms
two aromatic interactions with the active site residues F1713 and Y1728. Further, P1 forms hydrophobic
interactions with Y1728, P1755, M1782,V1727,F1713,R1716, and Q1717 residues of RVFV-CBD in the
best docked pose (Fig. 5; Fig. 6; Table 2).
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Table 2

Non-covalent interactions of the top 9 phytochemical hits in the best docked pose with the prepared
crystal structure of RVFV-CBD. For each protein-ligand complex, the table lists the amino acid residues in
the ligand binding site and amino acid residues which form hydrogen bond interactions, which form

hydrophobic interactions, and which form aromatic interactions with the ligand.

Protein- Binding site residues Hydrogen Hydrophobic Aromatic

Phytochemical bond interaction residues interaction

complex interaction residues

residues

CBD-P1 Q1717,M1782,Y1728, - Y1728, P1755, F1713,
P1755,N1749, Q1753, M1782,V1727, Y1728
F1713,R1716, 11747 F1713,R1716,

Q1717

CBD-P2 Q1717,M1782,Y1728, N1749 Y1728, P1755, F1713,
P1755,N1749, Q1753, M1782,F1713 Y1728
F1713,R1716, 11747

CBD-P3 M1782,Y1728, P1755, - Y1728, P1755, F1713,
V1727,V1726,F1713, V1727, M1782, Y1728
R1716,Q1717 F1713,R1716

CBD-P4 Y1728, P1755, M1782, - Y1728, P1755, F1713,
V1726,V1727,F1713, V1727, M1782, Y1728
R1716,Q1717 F1713,R1716

CBD-P5 M1782,Y1728, P1755, Y1728 Y1728, P1755, F1713,
V1727,V1726,F1713, V1727, M1782, Y1728
R1716,Q1717 F1713,R1716

CBD-P6 Q1717,Y1728, M1782, N1749 Y1728, M1782, F1713,
F1713,R1716, P1755, F1713,R1716, Y1728
11747,N1749 P1755

CBD-P7 M1782, P1755,V1726, Y1728 F1713, P1755, F1713,
V1727,D1781,Y1728, M1782,Y1728, Y1728
F1713,Q1717,R1716 R1716,Q1717

CBD-P8 G1752,Y1728,Q1753, - G1752,V1727, Y1728
V1727,V1726, M1782, Y1728, M1782,
F1713,P1755 F1713

CBD-P9 Y1728, P1755, M1782, - Y1728, P1755, -

V1727,Q1753,G1752,
F1713,N1749

M1782,V1727,
G1752,F1713

Phytochemical P2, Glyinflanin G, has docking binding energy with prepared crystal structure of RVFV-CBD
of -9.3 kcal/mol. In the best docked pose or CBD-P2 complex, P2 forms two aromatic interactions with
F1713 and Y1728 residues. Further, there is one hydrogen bond formed between P2 and N1749 residue of
RVFV-CBD. Moreover, P2 forms hydrophobic interactions with Y1728, P1755, M1782, and F1713 residues
of RVFV-CBD in the best docked pose (Fig. 5; Fig. 6; Table 2).
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Phytochemical P3, Farnesiferol A, has docking binding energy with prepared crystal structure of RVFV-
CBD of -9.3 kcal/mol. In the best docked pose or CBD-P3 complex, P3 forms hydrophobic interactions
with Y1728, P1755, V1727, M1782, F1713, and R1716 residues. Further, P3 forms aromatic interactions
with F1713 and Y1728 residues of RVFV-CBD in the best docked pose (Fig. 5; Fig. 6; Table 2).

Phytochemical P4, Mogoltadone, has docking binding energy with prepared crystal structure of RVFV-
CBD of -9.2 kcal/mol. In the best docked pose or CBD-P4 complex, P4 forms hydrophobic interactions
with Y1728, P1755,V1727, M1782, F1713 and R1716 residues. Further, P4 forms aromatic interactions
with F1713 and Y1728 residues of RVFV-CBD in the best docked pose (Fig. 5; Fig. 6; Table 2).

Phytochemical P5, Assafoetidnol A, has docking binding energy with prepared crystal structure of RVFV-
CBD of -9.2 kcal/mol. In the best docked pose or CBD-P5 complex, P5 forms a hydrogen bond with Y1728
residue of RVFV-CBD. Further P5 forms hydrophobic interactions with Y1728, P1755, V1727, M1782,
F1713 and R1716 residues. Moreover, P5 forms aromatic interactions with F1713 and Y1728 residues of
RVFV-CBD in the best docked pose (Fig. 5; Fig. 6; Table 2).

Phytochemical P6, Kanzonol B is a chalcone that has docking binding energy with prepared crystal
structure of RVFV-CBD of -8.9 kcal/mol. In the best docked pose or CBD-P6 complex, P6 forms a
hydrogen bond interaction with the N1749 residue of RVFV-CBD. Further, P6 forms hydrophobic
interaction with Y1728, M1782, F1713, R1716, P1755 residues. Moreover, P6 forms aromatic interactions
with F1713 and Y1728 residues of RVFV-CBD in the best docked pose (Fig. 5; Fig. 6; Table 2).

Phytochemical P7, Gummosin, has docking binding energy with prepared crystal structure of RVFV-CBD
of -8.6 kcal/mol. In the best docked pose or CBD-P7 complex, P7 forms a hydrogen bond with Y1728
residue of RVFV-CBD. Further, P7 forms hydrophobic interactions with F1713, P1755, M1782, Y1728,
R1716 and Q1717 residues. Moreover, P7 also forms two aromatic interactions with F1713 and Y1728
residues of RVFV-CBD in the best docked pose (Fig. 5; Fig. 6; Table 2).

Phytochemical P8, Lupinisolone A is an isoflavonoid that has docking binding energy with prepared
crystal structure of RVFV-CBD of -8.3 kcal/mol. Previously, isoflavonoids have been shown to have
antiviral activity against herpes simplex virus [87] and SARS-CoV-2 [88]. In the best docked pose or CBD-
P8 complex, P8 forms hydrophobic interactions with G1752, V1727,Y1728, M1782 and F1713 residues.
Further, P8 forms one aromatic interaction with the active site residue Y1728 of RVFV-CBD in the best
docked pose (Fig. 5; Fig. 6; Table 2).

Phytochemical P9, 7-Oxostigmasterol is a steroid that has docking binding energy with prepared crystal
structure of RVFV-CBD of -8.1 kcal/mol. In the best docked pose or CBD-P9 complex, P9 forms
hydrophobic interactions with Y1728, P1755, M1782, V1727, G1752 and F1713 residues of RVFV-CBD
(Fig. 5; Fig. 6; Table 2).
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MD based stability analysis of the RVFV-CBD in complex with top
phytochemical hits

We assessed the stability of the protein-ligand complex for each of the top 9 phytochemicals by
performing 150 ns of MD simulations for each complex. For each of the 9 phytochemicals, we initially
ran the MD simulations in duplicates (2 replicas). The ligand in the protein-ligand complex was
considered to be stable if both the replicas were stable during the MD simulation. Further, to confirm our
observation for the ligand that was unstable in at least one of the replicas in the first round of MD
simulations, the protein-ligand complex was subjected to another round of 150 ns MD simulations in
duplicate (2 replicas). We considered a ligand in the protein-ligand complex to be stable, if both the
replicas were stable, otherwise, the complex was considered to be unstable. Using this approach, we
found that 4 phytochemicals namely, P1, P2, P7 and P8, among the top 9 hits are unstable in the protein-
ligand complex during the MD simulations (Figure S1). The remaining 5 phytochemicals namely, P3, P4,
P5, P6 and P9, are observed to be stable in the protein-ligand complex during the MD simulations (Fig. 7;
Table 3).

Table 3

Five potential phytochemical inhibitors of RVFV-CBD whose protein-ligand complexes are stable during
150 ns MD simulations of the complexes. For each phytochemical, the table provides the chemical name
along with the binding energy in kcal/mol of the ligand obtained from molecular docking and MM-PBSA

based computation, in the best docked pose with the prepared crystal structure.

Phytochemical Chemicalname  Docking binding MM-PBSA binding energy
symbol energy (kcal/mol)
(kcal/mol)

P3 Farnesiferol A 9.3 -17.38 £3.91

P4 Mogoltadone 9.2 -21.30+3.02

P5 Assafoetidnol A 9.2 -19.99 £ 5.07

P6 Kanzonol B -8.9 -15.26 £ 2.11

P9 /- -8.1 -22.45+3.53

Oxostigmasterol

Figure 7 shows the analysis of the trajectories from 150 ns of MD simulations of the protein-ligand
complexes for 5 phytochemicals namely, P3, P4, P5, P6 and P9, which were ascertained to be stable
during MD simulations. For the 5 phytochemicals, we observed that the RMSD of C, atoms in the amino
acids of the protein in the protein-ligand complex is stable throughout the simulation (Fig. 7a). The
average RMSD values of the C, atoms in RVFV-CBD in the complexes, CBD-P3 =1.93+0.42 A, CBD-P4 =
2.91+0.75 A, CBD-P5=2.74+0.51 A, CBD-P6 = 2.84+0.53 A and CBD-P9 = 2.30 + 0.42 A. Further, the R,
for the complete protein structure was found to be stable throughout the simulation for the 5
phytochemicals (Fig. 7b), which suggests that the compactness of the protein is not affected by ligand
binding. The average Ry values for the complexes, CBD-P3=14.55+0.11 A, CBD-P4=14.61+0.12 A,
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CBD-P5=14.64+0.12 A, CBD-P6 = 14.54 + 0.13 A and CBD-P9 = 14.39 + 0.11 A. Moreover, the RMSF
values of the amino acid residues of the RVFV-CBD in the protein-ligand complexes for the 5
phytochemicals are stable throughout the simulation and closely follow the RMSF values in the free
protein simulation of the RVFV-CBD (Fig. 7c; Fig. 3c). Lastly, the RMSD of the heavy atoms of the
phytochemical in the protein-ligand complexes for the 5 phytochemicals show that the 5 phytochemicals
are stable during the MD simulations (Fig. 7d).

MM-PBSA based approach is a widely-used method to compute the binding energy of a ligand in protein-
ligand complexes. Notably, the MM-PBSA based binding energies are considered to be more accurate
than docking based binding energies [89]. Therefore, we computed the binding energy of the 5 potential
phytochemical inhibitors in their corresponding protein-ligand complexes using the MM-PBSA approach
(Methods; Table 3). The computed MM-PBSA binding energy for P3 in CBD-P3 complex is -17.38 + 3.91
kcal/mol, P4 in CBD-P4 complex is -21.30 + 3.02 kcal/mol, P5 in CBD-P5 is -19.99 + 5.07 kcal/mol, P6 in
CBD-P6 complex is-15.26 + 2.11 kcal/mol, and P9 in CBD-P9 complex is -22.45 + 3.53 kcal/mol (Table 3).

Conclusion

Re-emergence of certain diseases once considered eradicated in the 21st century has sparked world-wide
concern and caught the attention of various stakeholders in public health. Rift Valley fever caused by
RVFV is one such disease identified by the WHO as a disease of concern. Initially endemic to African
region, RVFV has spread to countries like Saudi Arabia, Yemen, and recently, to Mauritania. If RVFV
spreads to other regions, it may lead to massive economic loss and cause panic among the general
populace. As recommended by the WHO, research and development towards therapeutics and vaccines
against RVFV is critical to combat another possible looming pandemic.

Natural products or natural product-derived molecules have made monumental contributions to drug
discovery. Medicinal plants used in traditional medicine remain an untapped resource for identifying
potential drugs against emerging viral diseases. In case of RVFV, the cap-binding domain of L protein
plays a vital role in viral transcription and is an ideal target for development of potential drugs. In this
study, we attempted to identify phytochemical inhibitors against the CBD of RVFV L protein by employing
multiple computational approaches. From a library of 14011 phytochemicals, we identified the subset of
potential drug-like phytochemicals, and thereafter, docked the drug-like phytochemicals against the
protein structures of RVFV-CBD. From the docking results, we used several filtering criteria such as non-
covalent interaction filter and toxicity filter to identify 9 phytochemicals hits (P1-P9) for RVFV-CBD.
Furthermore, using MD simulations, we assessed the stability of the 9 phytochemical hits in their
corresponding protein-ligand complexes, and found that 5 phytochemicals are stable throughout the MD
simulations. The 5 phytochemicals identified as promising and potential inhibitors of RVFV-CBD, can be
sourced from Indian medicinal plants which have been used in traditional Indian systems of medicine. In
conclusion, this work is a purely computational study with the aim of identifying potential phytochemical
inhibitors from Indian herbs against RVFV infection. The promising phytochemical inhibitors predicted by
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this computational study require additional validation against RVFV using wet lab experiments before the
hits can be taken further in the drug discovery pipeline.
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Figures

Figure 1

Cartoon representation of the prepared crystal structure of RVFV-CBD. The critical active site residues
F1713,R1716,Q1717,Y1728 and M1782 are shown as red color sticks. The active site residues are also
shown in an expanded view.
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Figure 2

Schematic overview of the computational workflow comprising of five stages for the identification of
potential phytochemical inhibitors of RVFV-CBD.
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Figure 3

Analysis of the trajectory of the 300 ns MD simulation in quintuplicate for RVFV-CBD. (a) RMSD of the C,
atoms of amino acid residues in the protein. (b) Radius of gyration (R,) of the complete protein structure.
(c) RMSF of the C, atoms of amino acid residues in the protein.
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Figure 4

Top 9 phytochemical hits based on docking of RVFV-CBD. The figure displays the two-dimensional (2D)

structures, symbols and names of the top 9 phytochemicals.
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Figure 5

Three-dimensional (3D) cartoon representation of the interaction of the top 9 phytochemical hits (P1-P9)
with the amino acid residues of RVFV-CBD. Note that, interactions are shown for the ligand in its best
docked pose with the protein. For each case, the amino acid residues of the protein, which form aromatic
interactions are shown in deep blue, which form hydrophobic interactions are shown in violet, and which
form hydrogen bond interactions are shown in yellow. The hydrogen bond interactions are shown in grey
dotted lines. The carbon atoms are shown in forest green for P1, salmon red for P2, yellow for P3, grey for
P4, deep olive for P5, deep teal for P6, dirty violet for P7, yellow sand for P8, and blue for P9. The oxygen
atoms for all the ligands are shown in red color.
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Figure 6

Two-dimensional (2D) cartoon representation of the interaction of the top 9 phytochemical hits (P1-P9)
with the amino acid residues of RVFV-CBD. Note that, interactions are shown for the ligand in its best
docked pose with the protein. For each case, the amino acid residues of the protein, which form aromatic
interactions are shaded in orange, which form hydrophobic interactions are shown as spiked circular
segments, and which form hydrogen bond interactions are shown as empty circles. Further the hydrogen
bond interactions are shown by blue dashed lines.
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Figure 7

Analysis of the trajectories from 150 ns MD simulations of the five potential phytochemical inhibitors (P3,
P4, P5, P6 and P9) in complex with RVFV-CBD. (a) RMSD of C, atoms of the amino acid residues in the

protein. (b) Radius of gyration (R,) for the complete protein structure. (c) RMSF of C, atoms of the amino
acid residues in the protein. (d) RMSD of heavy atoms of the 5 potential phytochemical inhibitors (P3, P4,
P5, P6 and P9).
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