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Computational Drug Design of Cyclotide-Based Inhibitors Targeting
Crimean—Congo Hemorrhagic Fever Virus: An Integrative Molecular

Docking and Dynamics Approach
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ABSTRACT

Crimean—Congo haemorrhagic fever (CCHF) is a highly pathogenic zoonotic disease caused by a negative-sense
single-stranded RNA virus of the Nairoviridae family and Orthonairovirus genus. The virus targets endothelial
and immune cells, leading to immune evasion and vascular damage. This study employs computational modelling
to evaluate cyclotides as potential antiviral agents targeting the glycoprotein of the CCHF viral envelope to
mitigate its pathogenicity. The target protein (PDB ID: 8VVL) was retrieved from the Protein Data Bank, refined
using PyMol, and its physicochemical properties were assessed via ProtParam. Cyclotides were obtained from the
CyBase database, and 3D structures were modelled using Swiss Model for molecular docking analysis conducted
via HDOCK. Toxicity and allergenicity predictions were performed, followed by molecular dynamics (MD)
simulations for 100 ns using Desmond from Schrédinger LLC. The MMGBSA method was employed to estimate
free binding energy. Physicochemical analysis indicated that the glycoprotein has a moderately hydrophilic
nature (GRAVY: -0.113) with a theoretical isoelectric point of 8.06. Among the tested cyclotides, Kalata B7
demonstrated the highest docking score (-213.76 kcal/mol) and was identified as non-toxic and nonallergenic.
MD simulations confirmed stable protein-ligand interactions, suggesting Kalata B7 as a promising therapeutic
candidate. Further in vitro and in vivo studies are warranted to validate its potential for clinical application in
combating CCHF.
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INTRODUCTION

The species, Crimean—Congo hemorrhagic fever (CCHF) causes
severe hemorrhagic fever in humans. An RNA virus with negative-
sense single stranded RNA genome is classified within the kingdom
Orthornavirae, belongs to a family Nairoviridae and a member of genus
Orthonairovirus. The order of Crimean—Congo hemorrhagic fever is
Bunyavirales' .CCHF is primarily distributed through bites of infected
Hyalomma tics to humans or in contact with tissue or blood, secretion
or other body fluids of infected humans®. The highly pathogenic
zoonotic virus has an ability to target endothelial cells, immune cells
also lead to immune evasion and vascular damage. Farmers are at high
risk of infection and those who are at slaughterhouses. The fatality
rate is typically between 10% to 40% and high rate in some outbreaks
observed as 80%? Initially detected in the 1940s, in Crimea when local
civilians and Soviet troops had severe hemorrhagic illnesses. During
the 1960s, a similar virus was identified in Kisangani. Crimean—Congo
hemorrhagic fever (CCHF) cases were observed in wide range including
Russia, Africa, Middle East and Asia, also in Balkans* There were 114
fatal cases out of 494 cases of Crimean—Congo hemorrhagic fever was
reported in Africa between 1956 to 2020. Nine nations Nigeria, Kenya,
Sierra Leone, South Sudan, Sudan and Tunisia, Senegal, Mali and
Mozambique have reported the first case of CCHF?. Crimean—Congo
hemorrhagic fever (CCHF) has a protective outer layer Gn known as
envelope made up of Glycoproteins. Gn has a C-terminus section at the
end which sticks to the cytoplasmic tail that helps to interact with the
host cell®. The genetic material of the virus consists of segments which
are S, M and L segments. The S segment protects the virus RNAs inside

the cell. Its codes for the Nucleocapsid protein. M segments contain
the instructions to make the viral Glycoprotein. While the L segment
carries the Instructions to an enzyme the virus needs to replicate which
is RNA dependent RNA polymerase’.

After entering the human body, the virus starts its replication cycle and
targets specific type of cells which are endothelial, epithelial cells and
macrophages. It triggers both innate and adaptive immune responses®.
The early stage of infection, which is known as pre-hemorrhage phase,
the patient notices some symptoms such as fever, muscle aches, neck
pain, dizziness and headache. While in acute infectious phase symptoms
include nausea, diarrhea, vomiting with bleeding, abdominal pain and
sore throat’. After a few days symptoms become more severe and lead
to neurological disorders, a person may experience mood swings,
confusion and restlessness'’. As the infection proceeds the abdominal
pain occurs on the upper right side and the liver becomes enlarged.
The agitation becomes turn into sleepiness, fatigue and depression.
As the illness moves into hemorrhage phase the symptoms become
more transparent, including the bleeding at the injection sites, heavy
nosebleeds, large bruises starting from the fourth day of infection and
usually last for about 2 weeks!!. Other signs include petechiae, a small
rash under the mouth, skin or throat. This can turn into ecchymoses
which is larger rashes, Tachycardia and Lymphadenopathy. After the
5% day, the liver shows some signs of hepatitis and in some cases,
patients suffer from kidney failure, lungs problems and liver failure.
The incubation period is typically from 2 to 3 days but can last as long
as 9 days. While the incubation period within the infected blood or
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tissue usually lasts 5 to 6 days and maximum of 13 days'2.

There is no FDA and World Health Organization (WHO) approved
drug available against this virus and no vaccine available commercially.
Prevention involves avoiding contact with body fluids of infected
animals or humans. To reduce the risk of tick-to-human transmission
wear protective clothes and light-colored clothes for easy detection
of ticks on clothes, use approved chemicals like repellent on skin and
clothes, also avoid that type of areas where ticks are usually present'>.
To reduce the risk of animal-to-humans transmission wear protective
gloves or clothes while handling animals during the procedure of
slaughtering, culling and butchering. Routinely treat animals with
pesticides two weeks before they enter slaughterhouses. To reduce
the risk of human-to-human transmission avoid contact with CCHF
infected people, wash hands regularly and wear protective gloves
during take care of ill people'.

One of the most comprehensive options for novel antiviral and
antibacterial drugs is cyclotides, a class of cyclic peptides derived
from plants. These peptides are incredibly stable due to their circular
architectures and many disulfide connections’. Cyclotides have
demonstrated remarkable effectiveness in combating bacterial, fungal,
and viral infections. Their primary mode of action is to damage
bacterial membranes, which leads to cell rupture and death. Cyclotides
can be very important for creating novel medications to eradicate
antibiotic-resistant microorganisms because of their remarkable ability
to reverse superoxide anion, expression of antibacterial solid activity,
and structural stiffness'®. Future studies on the usage of cyclotides
to treat Crimean—Congo hemorrhagic fever is valuable because of
the pressing need to create new medications since drug resistance is
becoming more prevalent.

METHODOLOGY
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Figure 1. Methodology flowchart followed during the cyclotides based
drug designing

Target protein retrieval and preparation: The target protein of
Crimean—Congo hemorrhagic fever (CCHF) was retrieved from
Protein Data Bank (http://www.rcsb.org) with the ID 8VVL , the extra
water molecules and ligands were cleaned and visualized by PyMol'"
Accurate modeling can be done with the PDB as it offers atomic-level
information on protein structure. PDB format, which may be used to
update the input for further computer research, was used to preserve
the structure'®

Physico-chemical properties: Physico-chemical properties of
proteins were predicted through the ProtParam tool on the ExPasy
server (https://web.expasy.org/protparam/),which express the physical,
chemical and structural characteristics of proteins such as their
hydrophobic and hydrophilic nature, shape, size, polarity charges
and solubility etc. ExPasy ProtParam parameter involves molecular
weight, extinction coefficient, Instability index, Theoretical isoelectric
point, Aliphatic index, amino acid and atomic composition, Grand
average of hydropathicity and provide the values of hydrophobicity
and hydrophilicity of protein sequences'. And PSIPRED tool ( http://
bioinf.cs.ucl.ac.uk/psipred/ ) shows the charts cartoon which indicates
the protein secondary structure components®*

3D structure prediction and Cyclotides retrieval: Cyclotides were
retrieved from the CyBase database in Fasta format (https:/www.
cybase.org.au/). CyBase is an integrated database and tool for cyclic
peptides having unique stability and biological activity (often studies
for potential application in drug design and therapeutic development?!
3D models were generated using the trRosseta (https://yanglab.qd.sdu.
edu.cn/trRosetta/). trRosseta is an extension of Rosseta designed for
rapid and accurate modeling and protein structure prediction*

Toxicity and Allergenicity prediction of selected Cyclotides:
Toxicity and Allergenicity were predicted through the tools which
are ToxinPred (https://webs.iiitd.edu.in/raghava/toxinpred/) specially
designed for toxicity in peptides and proteins® and through AllerTOP
(https://www.ddg-pharmfac.net/allertop _test/) predicting the
allergenicity of peptides or protein to check whether this protein or
peptide triggers an allergic reaction toward humans®. These tests are
essential for determining the effectiveness and safety of cyclotides as
medicinal substances. The protein-stability heatmap was determined
using the Protein-Sol server (https://protein-sol.manchester.ac.uk/
heatmap). Two heatmap graphs representing the data were produced:
one for energy and one for charge®.

Molecular Docking: Docking analysis were performed through
HDOCK (http://hdock.phys.hust.edu.cn/). A web-based tool to analyze
molecular interactions between protein DNA/RNA and protein-
protein®. This platform combines both blind docking and template-
based modeling. It generates a list of docked complexes based on their
binding affinity or binding energy scores. The most advantageous
binding interactions and their possible biological significance were
determined by analyzing the data. The top-scoring 8vvl-kalata7B
complex was docked, and PyMol'” was used to identify the binding site.
A comprehensive examination of the docking contact was interpreted
using the PDBsum online tool*”

Molecular Dynamic Simulations: MD simulations were run with
Desmond from Schrédinger LLC for 100,000 picoseconds(100ns).
Docking research yielded first 8vvl-kalata7B protein-ligand (cyclotide)
combinations using static binding predictions®. Atomic motions
in physiological contexts are predicted throughout time by MD
simulations utilizing Newton's classical equations. Preprocessing,
optimization, and minimization of complexes were done with Maestro's
Protein Preparation Wizard . To avoid interactions with periodic
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Figure 2. The left side displays the three-dimensional structure of the Crimean-Congo hemorrhagic fever virus's glycoprotein, while the right side

displays the secondary structure.

pictures, the system was housed in an orthorhombic simulation box
with a minimum gap of 10 A between the protein and the box edges.
Using the System Builder tool, the system was created using the
OPLS 2005 force field, the TIP3P solvent model, and 0.15 M sodium
chloride to simulate physiological circumstances®. The NPT ensemble
was used with a temperature control of 300 K and a pressure of 1 atm.
A thorough examination of the system dynamics throughout time was
made possible by the saving of trajectories at 100 ps intervals. The R
package "Bio3D" was also used to assess the dynamic cross-correlation
matrix (DCCM) and principal component analysis (PCA)*! (Figure 1).

RESULTS

Target protein retrieval and Physicochemical properties analysis:
The structural protein of Crimean—Congo hemorrhagic fever retrieved
from PDB having resolution 1.80 A and 233 amino acids. The molecular
weight of 8VVL protein is 26632.83 and the Instability index shows
that this protein is stable. GRAVY score indicated that the protein
has hydrophilic nature. Theoretical PI value is 8.06 and the estimated
half-life in mammalian reticulocytes is 30 hours (Table 1). PSIPRED
analysis of Crimean—Congo hemorrhagic fever protein was shown in
Figure 2. The confidence score indicated the certainty and uncertainty
in several regions. The score ranges from 0 to 9 which indicates greater
confidence score in the prediction®. The alpha helices, strands and
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coils were represented in pink, yellow and grey. This chart shows that
there is a low proportion of alpha helices as compared to beta sheets
and coils (Figure 2).

Table 1. Physiochemical properties of target protein of Crimean-
Congo hemorrhagic fever virus

Sr.no Properties Protein
1 no. of amino acids 233
2 molecular weight 26632.83
3 Theoretical pl 8.06
4 instability index (II) 33.70 (stable)
5 Aliphatic index 102.02
6 Estimated half-life 30 hours (mammalian
reticulocytes)
7 Estimated half-life >20 hours (yeast, in vivo)
8 Estimated half-life >10 hours (Escherichia
coli, in vivo)
9 Grand average of 0113
hydropathicity (GRAVY)
extinction coefficient (M!
10 cm’!, at 280 nm measéred in 20900 (Abs 0.1% (=1 ¢/l)

water)

0.785)
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Toxicity and Allergenicity and heatmap prediction of Cyclotides:
Allergenicity and toxicity prediction of selected cyclotides were
predicted through the AllerTOP and ToxinPred servers. There are some
cyclotides which are Allergen while all are non-toxin and the SVM
score also given in the Table 2. The top cyclotide's 3D structure on the
base of docking score and further Kalata B7 features are displayed in
Figure 3.

Table 2. The toxicity and allergenicity of the cyclotides

Cyclotides Allergenicity  Toxicity SVM score
Kalata B1 Non-Allergen  Non-Toxin -1.42
Kalata B2 Non-Allergen  Non-Toxin -1.41
Kalata B3 Non-Allergen  Non-Toxin -1.31
Kalata B4 Non-Allergen  Non-Toxin -1.45
Kalata B5 Allergen Non-Toxin -1
Kalata B6 Non-Allergen  Non-Toxin -1.24
Kalata B7 Non-Allergen  Non-Toxin -1.45
Kalata B8 Non-Allergen  Non-Toxin -1
Kalata B9 Non-Allergen  Non-Toxin -1.26
Kalata B10 Non-Allergen  Non-Toxin -1.29
Kalata B11 Non-Allergen  Non-Toxin -1.38
Kalata B12 Non-Allergen ~ Non-Toxin -0.82
Kalata B13 Allergen Non-Toxin -1.19
Kalata B14 Allergen Non-Toxin -1
Kalata B15 Non-Allergen  Non-Toxin -1.23
Kalata B16 Allergen Non-Toxin -1
Kalata B17 Allergen Non-Toxin -1
Kalata B18 Allergen Non-Toxin -0.89
Kalata S Non-Allergen  Non-Toxin -1.34

Figure 4 displays the energy values in (J per aa) Joules per amino acid
from the "Energy Heatmap." The green areas are where the top selected
peptide Kalata B7 shows the most stability, indicating that these
circumstances are ideal for its possible application as a medication.
Figure 5 shows the data in the "Charge Heatmap" as electrons per
amino acid (e per aa). The heatmap's blue preponderance indicates that
the Kalata B7 peptide has a comparatively constant charge under many
circumstances, which is beneficial for its stability. The little red patches
show that larger charge densities are present under a small number of
circumstances, although they are not common.

Molecular Docking: The HDOCK server was used to forecast the
complex that will form between the cyclotide Kalata B7 and the
target protein 8vvl, and the data was arranged in a table 3. A simple
comparison of the docking results between different cyclotides and the
targeted protein was made easier by Table 3, and additional analysis
was conducted using the complex with the highest docking score.

Table 3. The docking score and 3D structures of cyclotides against
target protein

Cyclotides Docking Score 3D structures

Kalata B1 -193.6

Kalata B2 -197.4
4
Kalata B3 -196.22 \4!"*
Kalata B4 -188.63
Kalata B6 -212.4
C)
\
Kalata BY 21376 /\) t \|
\
e
Kalata B8 -193.58 / )
/)
\
\ \
Kalata B9 -200.88 PR \
Kalata B10 -200.3 (/q.)
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Interaction analysis

Kalata B7 was chosen as a potential treatment option as it had the
highest docking score (-213.76) of all the complexes. Figure 6 showed
the target protein's 3D docking, interaction, and binding site visualizing

\ N\
Kalata B11 -187.19 \ with Kalata B7. In figure 6A highlighting regions of contact, this map
‘ highlights the ligand's spatial arrangement with respect to the protein's
active site. The red color sticks indicate the ligand, while the green
protein sphere represents the amino acid residues of the targeted
protein that are engaged in binding interactions.
Table 4. Physiochemical properties of top Cyclotide Kalata B7
Sr.no Properties Cyclotide Kalata B7
Kalata B12 -178.48 ¥ /| 1 no. of amino acids 29
f 2 molecular weight 3095.60
3 Theoretical pl 7.717
) 4 instability index (II) 49.86
5 Aliphatic index 50.34
6 Estimated half-life 30 hours (mammalian
reticulocytes)
Va,) 7 Estimated half-life >20 hours (yeast, in vivo)
. . >10 hours (Escherichia
Kalata B15 -194.03 \‘ ; 8 Estimated half-life coli, in vivo)
Grand average of
? hydropathicity (GRAVY) 0.038
P . 0
ext_llnctlon coefficient (M . 7365 (Abs 0.1% (=1 g/l)
10 cm!, at 280 nm measured in
2.379)
water)
A\ Molecular Dynamic Simulation: The RMSD of the ligand (Kalata B7
wa ) inred) and receptor (protein in blue) is shown in Figure 7. In comparison
Kalata S -191.13 J to the ligand, the receptor exhibits a high degree of flexibility with
/ RMSD values of around 3.4 A%. The ligand's structure appears to be
stable based on its reduced and steady RMSD values (~2.5 A).
In Figure 8, the RMSF is shown. The flexible portions of the receptor
are represented by certain residues that exhibit substantial variations®*
Name kalata B7
Sequence GLPVCGETCTLGTCYTQGCTCSWPICKRN
Class Cyclotide
Technique Amino acid analysis, ESTMS,NGS
Average Mass 3071.54
Monoisotopic Mass 3069.27
m/z M+H 3071.54
ProteinType Wild type
Parent
Organism Oldenlandia affinis
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Figure 3. 3D Structure visualization and details of top Cyclotide Kalata B7
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Figure 4. This heatmap shows how the energy levels of the peptide change under various scenarios. Red spots in this illustration denote lesser

stability (more energy), whereas green portions show higher stability (lower energy).
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Figure 6. Target protein docking imaging in three dimensions using the cyclotide Kalata B7. (A) The protein's molecular surface is depicted in
green in the image, while green spheres represent the active site. The bound ligand region inside the protein's binding pocket is shown by red sticks.
(B) The docking interaction analysis PDBsum is displayed in the figure. The receptor protein is denoted by chain A, whereas the ligand (Kalata
B7) is denoted by chain B.
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(Figure 8A). The ligand's significantly reduced RMSF values indicate
that it is firmly attached to the receptor (Figure 8B).

The receptor displays a large radius of gyration (~14 A) in Figure 9,
indicating a stable yet extended conformation® The ligand's structure
is compact and stable, as evidenced by its reduced and steady radius of
gyration (~7 A).

With a peak of roughly 13 bonds, Figure 10's hydrogen bond count
demonstrates a consistently high number of interactions between the
ligand and receptor, highlighting the complex's stability and robustness
over the course of the simulation®*

According to the PCA diagram, the first three panels, which depict
the separation of distinct conformations, show the clustering of data
points along PC1 vs. PC2 (34.52% vs. 9.57% variance explained),
PC2 vs. PC3 (9.57% vs. 6.17% variance explained), and PC1 vs. PC3
(34.52% vs. 6.17% variance explained), respectively*” The scree plot,
which shows the percentage of variance explained by each principle
component and shows that the first few components capture the most
important variation, is displayed in the fourth panel. 34.52% of the
variation is explained by the first principal component (PC1), 9.57% by
PC2, 6.17% by PC3, and increasingly smaller values by the remaining
components.

Figure 12 displays the DCCM graph, which reveals the dynamic
connection between the residues in an organism's protein structure.
The dynamic correlation between an receptor 8vvl protein structure's
residues is provided by the DCCM?3. In this instance, negative
correlations are lighter shades of blue and demonstrate that the motions
are counteractive, whereas positive correlations are dark blue and
reflect interacting movements.

DISCUSSION

The target protein for the Crimean-Congo hemorrhagic fever virus used
in this study was acquired from the Protein Data Bank (PDB) using the
ID 8VVL. PyMol was used to clean and show the protein structure. The
physicochemical characteristics of the protein were predicted using the
secondary structure predicted by PSIPRED and the ProtParam program
on the ExPASy website. At 280 nm, the extinction coefficient is high
(20900 M cm™), indicating strong absorbance, which is characteristic
of aromatic amino acids. The protein's moderate aliphatic index of
102.02 and low instability index of 33.70 contribute to its stability.
The protein is hydrophilic based on its negative GRAVY score of
-0.113 (Table 1). The determined theoretical isoelectric point (pI) of
the protein is 8.06, indicating that it is basic and that pH can influence
its solubility and characteristics. Proteins are predicted to have a net
positive charge at pH values lower than 8.06, which might cause
precipitate and reduced solubility.

The HDOCK program was used for docking research in order to forecast
how the protein would interact with possible cyclotides. Because
Kalata B7 represented the complex with the highest docking score
(-213.76) out of all the complexes produced by docking calculations, it
was selected as the best medication candidate (Table 3). The docking
complex between the receptor's amino acids and the ligand cyclotide
showed a substantial binding affinity, according to interaction
analysis[39]. A protein known as Kalata B7 was extracted from the
Oldenlandia affinis Geophila repens plant. Amino acid analysis, EST,
MS, and NGS approaches were used to describe it*. It has a specific
amino acid order. Since Kalata B7 is a wild-type protein, it has not
undergone any genetic modification. Kalata B7, which has an SVM
score of -1.45, is regarded as non-toxic, nontoxic, and does not trigger

allergic responses. AlgPred and ToxinPred, respectively, were used to
forecast this attribute of toxicity and allergenicity*'. It has 415 atoms
and 29 amino acids, with a molecular weight of 3095.60, based on the
physiochemical characteristics predicted by ProtParam. There are not
many charged amino acids in this cyclotide, and the protein's extinction
coefficients vary according on the cysteine residues' oxidation state
(Table 4). Kalata B7's Aliphatic Index of 50.34 indicates that it is
somewhat stable. The protein's theoretical pl is 7.77, indicating that it
is somewhat basic, while its GRAVY score of 0.038 indicates that it is
moderately hydrophobic.

Using Desmond from Schrédinger LLC, MD simulations were run for
100,000 picoseconds. Using the R package "Bio3D," PCA and DCCM
were also assessed. The results show that some protein areas exhibit
structural flexibility, which may be essential for the protein's biological
function or ability to interact with ligands (cyclotides)*. The low RMSD
and RMSF values as well as the strong protein binding relationship
provide additional evidence for Kalata B7's structural stability. The
compact structure of Kalata B7 guarantees its stable engagement with
the receptor, whereas the radius of gyration value shows that the protein
maintains an extended shape. The binding affinities vary at different
times during the simulation, which may indicate that the ligand-
receptor relationship is flexible. The fluctuations in the hydrogen bonds
indicate that the affinity of the binding contact is not in an equilibrium
condition. regarded favorably, because it is known that the ligand and
target have a modest level of binding.

In the present work, the protein and cyclotides are involved; the
protein structure is observed in Chimera, the interaction between
the two is examined in PyMol, and toxicity and allergenicity are
predicted using ToxinPred and AlgPred, respectively, using HDOCK
for docking. Kalata B7 has the greatest docking score (-213.76) and
molecular dynamics, which provide details on binding stability and
conformational changes over time, validate the simulations' structural
stability and safety. The use of Insilco analysis in the current work can
be seen as thorough and forward-looking. Given the methods employed
in the current study, the implications suggest possible sources of novel
drugs, including plant-derived cyclotides against the Crimean-Congo
hemorrhagic fever virus, which are essential for the development of
new antibiotics to address this new health concern and may provide a
more effective method of finding new drugs.

CONCLUSIONS

The best medication candidate against Crimean-Congo
hemorrhagic fever virus was Kalata B7, which inhibited the
envelope glycoprotein with the highest docking score (-213.76). It
exhibits no toxicity or allergenicity. Additionally, it demonstrated
positive findings from dynamic simulations and molecular docking,
and it may be a great medication for clinical use. Additional in
vitro and in vivo research should be conducted in the future to
verify Kalata B7's efficacy and toxicity.
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