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Introduction 

Emerging and re-emerging viral diseases continue to pose serious 

threats to global public health. Among these pathogens, the 

Marburg virus (MARV) remains one of the most lethal human 

viruses. This virus is responsible for deadly diseases such as 

Marburg virus disease (MVD) (1). The absence of approved antiviral 

therapies for MVD necessitates the targeting of essential viral 

components to suppress infection. The Marburg virus belongs to 

the Filoviridae family. This family also includes the Ebola virus and 

these two viruses share many structural and functional similarities. 

MARV causes a deadly hemorrhagic fever with fatality rates of 

more than 24 % and reaching up to 88 % in certain cases (2). The 

MARV is reported to cause frequent epidemics, mainly in  

sub-Saharan African regions, with a fatality rate ranging from 24 % 

to 90 % (1). It  was first recognised in 1967 during simultaneous 

outbreaks in Marburg and Frankfurt (Germany) and Belgrade 

(Serbia). It was reported in laboratory workers handling tissues 

from infected African green monkeys (Cercopithecus aethiops) 

imported from Uganda.  On September 27, 2024, the Rwandan 

Ministry of Health announced the country’s first Marburg outbreak. 

Most confirmed cases were among healthcare facilities in Kigali. 

Rwanda recorded 66 cases and 15 deaths during the outbreak (3). 

The Marburg virus is an enveloped, negative-sense RNA virus with 

a genome of approximately 19 kb in length that encodes seven 

structural proteins, namely, nucleoprotein (NP), viral proteins (viral 

protein 35, viral protein 40, viral protein 30, viral protein 24), 

glycoprotein (GP) and L-polymerase, which are necessary for 

replication and immune evasion (4). The viral protein (VP) 24 

contributes to viral assembly, nucleocapsid formation and 

modulation of host immune responses, particularly by interfering 

with interferon signalling pathways (5). Similarly, VP40 dimers, 

VP30 transcriptional factors and VP35 nucleocapsids are 

responsible for various functions in the MARV and serve as 

potential targets for antiviral development. The VP30 accelerates 

the reporter gene activity by two times for viral replication and 

VP40 mediates the budding of viral proteins that are localised to 
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Abstract  

Marburg virus (MARV), a member of the Filoviridae family, is a highly virulent agent that exhibits clinical features similar to those of viruses in the 
Rhabdoviridae family. Currently, no antiviral or vaccine therapies are approved for MARV-infected patients. This highlights the need to identify 

new antiviral compounds. With the rising concerns of drug resistance, costs and side effects of synthetic drugs, the use of natural products as an 

alternative source of antiviral compounds is a promising approach. In the current study, potent inhibitors of MARV viral protein 24 (VP24) protein 
(PDB ID: 4OR8) were identified using structure-based virtual screening of phytochemicals derived from Ulex europaeus L. A library of 

phytochemicals was created using the IMPPAT database, followed by molecular docking and molecular dynamics (MD) simulation studies of the 

complexes formed between the identified compounds and the target protein. The MARV VP24 protein is an important target for antiviral therapy 

because of its involvement in viral nucleocapsid formation. The compound Ulexone B showed the highest binding affinity of -9.9 kcal/mol to the 
MARV VP24 protein, compared to Ulexone A and Ulexone C, which showed similar binding affinities of -8.7 kcal/mol each. Molecular dynamics 

simulation studies of the complex of Ulexone B and the MARV VP24 protein showed stable complex dynamics, as indicated by the root mean 

square deviation (RMSD), root mean square fluctuation (RMSF) and solvent accessible surface area (SASA) profiles of the complex.  
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the cell membrane (6). Host factors such as C-type lectins, TIM-1 

and Niemann–Pick C1 (NPC1) are critically involved in MARV entry 

and intracellular trafficking (7). Owing to the extreme biosafety 

requirements (BSL-4) associated with live MARV experimentation, 

in silico drug discovery approaches have become important for the 

preliminary screening of antiviral compounds. In parallel,                    

plant-derived natural products represent a chemically diverse and 

biologically rich source of antiviral scaffolds and have been widely 

recognised as valuable starting points for modern drug discovery. 

In the present study, ten medicinal plants were selected for 

computational screening based on their documented 

ethnopharmacological use and reported biological activities, 

including antimicrobial, antiviral, anti-inflammatory and 

immunomodulatory effects (8). The ethanolic extract of                            

U. europaeus L. exhibited the highest antioxidant activity and 

phenolic content. Anaphalis busua (Buch.-Ham. ex D.Don) DC. 

Andrographis paniculata (Burm.f.) Wall. ex Nees, Cajanus cajan 

(L.) Huth, Hardwickia binate Roxb., Harrisonia perforate (Blanco) 

Merr., Maclura pomifera (Raf.) C.K.Schneid., Malus communis 

Desf., Petiveria alliacea L., Prunus persica L. and Ulex europaeus L. 

are the plants that were selected for the current study. The 

ethanolic extract of U. europaeus exhibited the highest 

antioxidant activity and phenolic content (9). It has been 

reported that the stem of A. paniculata has the potential to block 

the protease and spike angiotensin-converting enzyme 2 (ACE2) 

interaction (IC50 0.034–11.61 uM across Calu-3/Vero-E6 models) of 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 

complemented by the cytokine modulation, which prevents the 

hyperinflammatory cascades in viral replication activity (RA) and 

RA-associated problems (10). The H. perforata has also been 

reported to give luteolin-rich extracts and 16-not limonoids. 

These selectively inhibit 11 beta-hydroxysteroid dehydrogenase 

type 1 (HSD1) while simultaneously suppressing spike                                       

protein-triggered mitogen-activated protein kinase (MAPK)/NOD 

like receptor family pyrin domain containing 3 (NLRP3) 

inflammasome activation. This significantly reduces interleukin 6 

(IL-6)/IL-1beta in epithelial cells of the lung (11). The M. pomifera 

extracts cause inclusion due to specific disruption of 

hydroxybenzyl alcohol in human respiratory syncytial virus 

(hRSV) membrane fusion and attachment (EC50 3.85 mg/mL, 

selective index > 10) (12). The M. domestica juices are polyphenol 

rich and are reported to demonstrate prophylactic efficacy 

against influenza A/B via enhanced natural killer (NK) cell activity 

along with a reduction in viral hemagglutination (13). 

Researchers prioritised Himalayan methanol extracts of A. busua 

for protein denaturation inhibition (IB50 24.10 ug/mL) and DPPH 

scavenging, which mitigate oxidative bursts (14). Oxidative burst 

is a characteristic of persistent viral infections. Methanol extracts 

of P. persica bark show concentration-dependent suppression of 

lipopolysaccharide (LPS)-induced nuclear factor kappa B (NF-kB) 

p65 translocation and downstream proinflammatory cytokines 

(TNF-alpha, IL-6, IL-1beta) in BV2 microglia (p < 0.01) (15). The 

study discusses the potential of iso-flavonoids from the leaf of     

C. cajan to demonstrate anti-inflammatory activity through the 

suppression of cytokine cascades (TNF-alpha, IL-6) and NF-kB 

signalling (16). Inhibition of pro-inflammatory mediators by the 

production of prenylated isoflavonoids in elicited hairy root 

culture is portrayed as evidence. Bark methanol extracts from    

P. persica also exhibit concentration-dependent inhibition of  

LPS-induced NF-kB p65 nuclear translocation (20–200ug/mL;       

p < 0.01) with reduction of TNF-alpha, IL-6 and IL-1beta in BV2 

microglia (15). The study focuses on the potential of 

isoflavonoids from the leaf of C. cajan to demonstrate                   

anti-inflammatory activity through the suppression of cytokine 

cascades (TNF-alpha, IL-6) and NF-kB signalling (16). According 

to the documented medicinal properties of A. paniculata, related 

plants were selected and verified via the IMPPAT database using 

related species. These plants were chosen due to their high level 

of bioactive phytochemicals suitable for drug development (6). 

The present study is guided by the objective of evaluating 

whether a systematic in silico pipeline integrating virtual 

screening, molecular docking and molecular dynamics 

simulation can identify phytochemicals from U. europaeus as 

effective inhibitors of the MARV. Given that the VP24 protein of 

the MARV remains relatively underexplored as a therapeutic 

target, it is further assessed for its potential in identifying novel 

inhibitors. Therefore, the objective of this study is to identify a 

potential lead molecule from U. europaeus against the VP24 

protein using an in silico approach.  

 

Materials and Methods  

Protein selection and preparation 

The crystal structure of the MARV VP24 protein (PDB ID: 4OR8; 

resolution 2.65 Å) was obtained from the Research Collaboratory 

for Structural Bioinformatics (RCSB) protein data bank (https://

www.rcsb.org/). The protein structure was checked for missing 

residues. The protein was further processed in BIOVIA Discovery 

Studio (v25.1.0.24284), which included the removal of 

heteroatoms and water molecules, followed by the addition of the 

polar hydrogen atom (17).  

Phytochemical library generation 

The Indian medicinal plants, phytochemistry and therapeutics 

(IMPPAT 2.0) database (https://cb.imsc.res.in/imppat/), a manually 

created database, was used to build the library of 207 

phytochemicals. From the 10 selected plants, A. busua,                           

A. paniculata, C. cajan, H. binata, H. perforata, M. pomifera,                        

M. communis, P. alliacea, P. persica and U. europaeus were used for 

virtual screening (18). Phytochemicals that passed Lipinski's rule of 

five were downloaded. PubChem was used to retrieve the 3D 

structures of the selected phytochemicals in SDF format for further 

analysis. A library of 207 phytochemicals used in this study is 

provided in Supplementary Table 1 (19, 20).  

Virtual screening and molecular docking of the selected 

phytochemicals  

Molecular docking was performed using the PyRx 0.8 virtual 

screening tool, which examined the binding affinity of the different 

phytochemicals against the target protein (21). The ligand energies 

were minimised and converted to the protein data bank, partial 

charge and atom type (PDBQT) format. Molecular docking was 

performed with the following coordinates, X:54.35, Y:49.11 and 

Z:67.92 Å. Molecular docking values of 207 phytochemicals against 

target protein VP24 (PDB ID: 4OR8) are provided in Supplementary 

Table 2. The top 10 phytochemicals, which showed the highest 

binding affinities, were selected for further studies.  Further, the 

amino acid residues involved in the interactions of the target 

protein with the top 3 docked ligands were analysed and 

visualised using BIOVIA Discovery Studio (v25.1.0.24284) (22). 

https://plantsciencetoday.online
https://www.rcsb.org/
https://www.rcsb.org/
https://cb.imsc.res.in/imppat/


3 

Plant Science Today, ISSN 2348-1900 (online) 

Absorption, distribution, metabolism, excretion and toxicity 

analysis  

The pharmacological and drug-like properties of the 

phytochemical compounds were evaluated using Swiss ADME 

(http://www.swissadme.ch/). The ADME allows users to evaluate 

parameters such as lipophilicity, water solubility, drug-like rules, 

pharmacokinetic properties and medicinal chemistry (23). Along 

with absorption, distribution, metabolism, excretion and toxicity 

(ADMET) parameters, the toxicity class of the phytochemicals, 

Ulexone A, Ulexone B and Ulexone C, was predicted by the 

ProTox3.0 (https://tox.charite.de/protox3/) tool (24).   

Molecular dynamics simulations 

Based on the molecular docking results, the complex of Ulexone B 

with target protein VP24 was subjected to molecular dynamics 

(MD) simulations. These simulations were performed using 

GROMACS 2024.2 to evaluate the structural stability and the 

influence of the ligand on the internal dynamics of the 4OR8 

receptor. 

 Following the docking studies of the lead phytochemical, 
Ulexone B, present in the root of U. europaeus (plant), the resulting 

protein-ligand complex was further investigated using MD 

simulations to identify its stability and influence on the internal 

dynamics profile of the 4OR8 receptor. All simulations were carried 

out with GROMACS 2024.2 for 100 ns using the assisted model 

building with energy refinement (AMBER) 99 side-chain backbone 

(SB)-improved leucine, isoleucine, aspartate, asparagine (ILDN) 

force field (25). Docked complexes were then solved in a 

dodecahedral box of transferable intermolecular potential with 3 

points (TIP3P) water molecules at 1 Å from the complex. Several 

counterions were added to make the system electrostatically 

neutral. Long-range electrostatics were treated using Particle Mesh 

Ewald (PME) and Newton's equations were numerically integrated 

with a timestep of 2 fs by leapfrog. For the LINCS algorithm, all 

bonds were constrained. Systems were equilibrated after energy 

minimisation, 100 ps number of particles, volume, temperature 

(NVT) and 100 ps number of particles, pressure, temperature 

(NPT). Production MD was conducted for 100 ns, recording 

coordinates and velocities every 1 ps. The trajectory analyses were 

carried out employing the tools included in GROMACS, such as 

root mean square deviation (RMSD), root mean square fluctuation 

(RMSF) (by gmx rms and gmx rmsf), radius of gyration (Rg) and 

solvent-accessible surface area (SASA) (by gmx gyrate and gmx 

sasa) (Gromacs, 2005). Graphs were generated using XMGrace 

(v5. 0. 5). 

Principal component analysis 

Principal component analysis (PCA) was applied to analyse the 

collective atomic motions using molecular dynamics trajectories. 

The mass-weighted covariance matrix of atomic positional 

fluctuations was computed and diagonalised using the gmx covar 

tool from GROMACS. The eigenvalues describe the atomic motion 

amplitudes, while the eigenvectors define the directions of the 

principal components. The obtained principal components were 

projected onto the molecular dynamic trajectories using gmx 

anaeig. The cosine content of the principal components was 

computed using gmx analyse to ensure proper convergence of the 

PCA. The cosine content of principal component 1(PC1) was found 

to be less than 0.5, indicating proper convergence and avoiding 

diffusive motion.  

Free energy landscape 

The free energy landscapes were computed from the projections 

along the first and second principal components using gmx sham 

from GROMACS. The Boltzmann inversion of the two-dimensional 

probability histogram identifies energy minima as the most stable 

conformation. Peaks indicate less stable states of the receptors.  

Binding free energy 

Binding free energy (ΔG_binding) calculations were carried out 

using the molecular mechanics/Poisson-Boltzmann surface area 

(MM/PBSA) method and implemented in gmx_MMPBSA. The 

trajectories of the phytochemical-receptor complex and the 

phytochemical alone were analysed over 100 ns. The total free 

energy is partitioned as ΔG_binding = G_complex-(G_receptor + 

G_phytochemical) and accounts for molecular mechanics, polar 

solvation using the Poisson-Boltzmann method and the non-polar 

surface area term. 

 

Results 

Protein selection  

The protein 4OR8, which shows the crystal structure of MARV VP24, 

was obtained from the RCSB database (https://www.rcsb.org/) 

(Fig. 1). The VP24 plays a crucial role in inhibiting interferon 

signalling by binding to karyopherin α, thereby preventing STAT1 

nuclear translocation (26). Other computational studies have also 

reported the VP24 protein as a potential target for the investigation 

of an efficient lead molecule against MARV (27). 

Molecular docking  

Virtual screening has emerged as a powerful tool in modern drug 

design, enabling the rapid identification of potential drug 

candidates with high affinities for target proteins or nucleic acids. 

This was performed to identify potential ligands that could interact 

with the 4OR8 protein. The PyRx was used to screen a 

phytochemical library containing 207 compounds. A -7.5 kcal/mol 

threshold was set based on the most notable negative docking 

result. Based on the binding energy score, 10 phytochemicals were 

shortlisted, namely Ulexone B, Ulexone A, Ulexone C, Kaempferol, 

Oroxylin A, Ursonic acid, Tovoxanthone, 6-Deoxyjacareubin, 

Warangalone and Ulexone D. These 10 candidates showed high 

binding affinities of -9.9, -8.7, -8.7, -8, -8, -8, -8, -7.9, -7.9 and -7.9 

kcal/mol respectively (Table 1). 

Protein-ligand interactivity analysis 

The natural compound Ulexone B formed three bonds like 

conventional hydrogen, π-alkyl and π-sigma with residues Thr A 

72 (Thr A chain residue 72), Val A 170 and Val A 170 respectively. 

Additionally, eight van der Waals forces within proximity were 

identified with residues Asp A 172, Asn A 171, Val A 169, Asn A 194, 

Val A 193, Phe A 76, Gln A 71 and Leu A 75. Similarly, for another 

natural compound, Ulexone A, it also has the same bonds as those 

of Ulexone B. The Thr A 72 interacts with the ligand via a 

conventional hydrogen bond and Val A 170 shows Pi-Sigma and   

Pi-Alkyl interaction. Additionally, Gln A 71, Leu A 75, Phe A 76 and 

Asn A 194 showed van der Waals forces in proximity (Fig. 2. 1,             

Fig. 2. 2 and Fig. 2. 3).  Further, ADMET analysis was conducted to 

check the absorption, distribution, metabolism, excretion and 

toxicity of Ulexone A and Ulexone B. Both compounds (C₂₅H₂₄O₅ 

and C₂₅H₂₂O₅, MW ~402–404 g/mol) have good drug-like properties 

http://www.swissadme.ch/)
(https:/tox.charite.de/protox3/)%20
https://www.rcsb.org/
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Table 1. Properties and predicted toxicity class of phytochemicals identified through virtual screening and molecular docking  

Compounds 
Compound 

identification 
number 

Binding affinity 
(kcal/mol) 

Molecular 
weight 

Log P 
H-Bond 

acceptors 
H-Bond 
donor 

Drug 
likeness 

Toxicity class  
(as per ProTox 3.0) 

Ulexone B 14583601 −9.9 402.45  5.53 5  1 passed 5 

Ulexone A 14583600 −8.7 404.46 5.56 5 2 Passed 5 

Ulexone C 14583602 −8.7 420.46 4.42 6 2 Passed 5 

Kaempferol 5280863 −8 286.05 1.96 6 4 Passed 5 

Oroxylin A 5320315 −8 284.27 2.88 5 2 Passed 5 

Ursonic acid 9890209 −8 454.7 7.3 2 1 Passed 4 

Tovoxanthone 71588335 −8 310.08 2.96 5 2 Passed 5 

6-Deoxyjacareubin 5281629 −7.9 310.08 3.1 5 2 Passed 5 

Warangalone 5379679 −7.9 404.16 4.38 5 2 Passed 5 

Ulexone D 14583603 −7.9 418.45 4.51  6 2 passed  5  

Fig. 1. (A) Unprocessed structure of viral protein 24 (PDB ID: 4OR8); (B) Processed structure of viral protein24 (PDB ID: 4OR8).  

Fig. 2. 1. Ulexone A-2D interaction with the protein viral protein 24 (PDB ID:4OR8).  

https://plantsciencetoday.online
https://pubchem.ncbi.nlm.nih.gov/compound/14583601
https://pubchem.ncbi.nlm.nih.gov/compound/14583600
https://pubchem.ncbi.nlm.nih.gov/compound/14583602
https://pubchem.ncbi.nlm.nih.gov/compound/5280863
https://pubchem.ncbi.nlm.nih.gov/compound/5320315
https://pubchem.ncbi.nlm.nih.gov/compound/9890209
https://pubchem.ncbi.nlm.nih.gov/compound/71588335
https://pubchem.ncbi.nlm.nih.gov/compound/5281629
https://pubchem.ncbi.nlm.nih.gov/compound/5379679
https://pubchem.ncbi.nlm.nih.gov/compound/14583603
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Fig. 2. 2. Ulexone B–2D interaction with the protein viral protein 24 (PDB ID:4OR8).  

Fig. 2. 3. Ulexone C–2D interaction with the protein viral protein 24 (PDB ID:4OR8).  
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that satisfy the Lipinski rule of five. They exhibit moderate polarity 

(TPSA = 68–80 Å2), low flexibility, high gastrointestinal absorption 

and moderate bioavailability (score 0.55) (Fig. 3. 1 and Fig. 3. 2). 

Both compounds reported the toxicity class 4.  

Molecular dynamics simulation results 

Principal component analysis and free energy landscape  analysis 

The free energy landscape (FEL) and PCA of the MARV                      

VP24-Ulexone B complex revealed an exceptionally stable 

structural ensemble. The FEL shows one large global energy 

minimum (dark purple basin) with its centre at PC1= -2.5,                        

PC2= -2.0, which shows that the system has reached a 

thermodynamically favourable, stable equilibrium state. Such 

localised sampling in phase space implies that Ulexone B binding 

rigidifies the VP24 protein, constraining it with respect to a 

particular low-energy conformation and reducing the protein’s 

conformational ruggedness compared to its unbound, flexible 

state. The same stabilisation was observed in the respective RMSD 

data, which indicated that the structure was equilibrated at 0.45 

nm and the RMSF data indicated that the protein core had low 

variations. Overall, these findings provide good evidence that 

Ulexone B is a powerful stabiliser of the protein VP24, which 

probably prevents the change in the manner of conformational 

transitions essential for the viral activity of this protein (Fig. 4). 

Root mean square deviation analysis 

The stability of the MARV VP24-Ulexone B complex was 

determined by computing the RMSD of the C-alpha atoms of 

proteins over 100 ns. There was an initial peak of significant 

increase in the RMSD evident in the first 20 ns, to a value close to 

0.7 nm, indicating that the complex underwent a significant 

reorganisation to accommodate the ligand. At 20 ns -80 ns, the 

system stabilised at a relative plateau with fluctuations of 

approximately 0.45 nm, indicating structural equilibrium. A 

secondary deviation occurred at the end of the simulation                                       

(85–100 ns) when the RMSD values varied between 0.5 nm and     

0.7 nm. These late-stage fluctuations indicate that Ulexone B 

binding is retained, whereas the VP24 protein has some 

framework of flexibility (Fig. 5A). The ligand (Ulexone B) RMSD with 

respect to the protein (VP24) showed variations, which provided 

insights into the stability of the ligand position in the binding 

pocket, regardless of the overall movement of the members of the 

protein complex. The ligand RMSD increased rapidly to a range of 

0.5–0.6 nm at the very beginning of the first 5 ns, indicative of the 

initial equilibration phase, where the ligand changes its position to 

maximise interactions between the protein residues (Fig. 5B). 

Root mean square fluctuation analysis 

The profile of the proteins on the RMSF showed that the centre of 
the VP24 protein was very stable, with the majority of the residues 

showing low fluctuations of less than 0.2 nm. Flexibility peaks were 

found at 240 and at the C-terminal region (320–350), where there 

were significant variations greater than 1.2 nm (Fig. 6). These 

fluctuating regions probably correspond to flexible loop regions or 

terminal tails, which are not close to the Ulexone B binding site and 

the RMSF values are low in other areas, indicating the high 

structural stability of the binding pocket. 

Radius of gyration 

The radius of gyration (Rg) was calculated to determine the 

structural compactness and stability of the Marburg virus              

VP24-Ulexone B complex. The 100 ns trajectory of the MD 

simulation was used, as shown in Fig. 7. The Rg profile showed 

an initial increase between 2.25 nm and 2.45 nm in the first              

5–10 ns, due to the equilibration of the system and minor 

conformational changes as the system bound the ligand. After 

this, the Rg values stabilised, oscillating in an acceptable range 

between 2.30–2.50 nm, with an average Rg of 2.40 ± 0.05 nm. 

These minimal fluctuations suggest a rigid and compact             

protein-ligand structure, indicating that Ulexone B does not 

cause significant changes in the interactions with VP24 without 

inducing a significant unfolding or expansion event. 

Analysis of solvent accessible surface area 

Further, the analysis of the SASA for the MARV VP24-Ulexone B 

complex was carried out to assess the solvent exposure and 

compactness of the complex conformation during the course of 

the MD simulation trajectory and the results are shown in Fig. 8. 

The SASA profile showed a rapid decline in the values from                  

190 nm2, ranging from 175 to 180 nm2, in the first few 

nanoseconds, indicating rapid equilibration, minor adjustments 

in the conformations and covering of the residues on the surface 

in the binding interface. After equilibration, around 10 ns, the 

 

Fig. 3. 1. Swiss absorption, distribution, metabolism and excretion profile of Ulexone A.  

https://plantsciencetoday.online
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Fig. 3. 2. Swiss absorption, distribution, metabolism and excretion profile of Ulexone B.  

Fig. 4. Free energy landscape of the Marburg virus viral protein 24 -Ulexone B complex. The landscape is projected onto the first two principal 
components. (A) 2D contour plot; (B) 3D surface map.  

Fig. 5. Root mean square deviation profiles of the Marburg Virus viral protein 24-Ulexone B complex over a 100 ns simulation trajectory (A) 
Protein root mean square deviation vs time; (B) Ligand root mean square deviation with respect to the protein.  
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Fig. 6. The root mean square fluctuation plot highlights the local flexibility of individual amino acid residues in the viral protein 24 protein 
upon binding with Ulexone B.  

Fig. 7. Radius of gyration trajectory of the Marburg virus viral protein 24-Ulexone B complex at 100 ns molecular dynamics simulation, 
structural compactness and stability.  

Fig. 8. Time-dependent solvent accessible surface area of the Marburg virus viral protein 24 -Ulexone B complex over 100 ns molecular 
dynamics simulation, indicating solvent exposure and compactness of the protein-ligand interface.  

https://plantsciencetoday.online
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SASA values ranged from 175 to 205 nm2, with significant 

fluctuations in the range from 175 to 185 nm2 around 50–70 ns 

and a gradual rise in the range from 195 to 200 nm2 in the latter 

part of the trajectory, from 80 to 100 ns. The average SASA value 

for the equilibrated part of the trajectory, after 10 ns, is found to 

be around 192 ± 6 nm2, indicating a limited range of variations or 

expansions in the trajectory and the changes in the SASA profile 

indicate that binding with Ulexone B helps in covering some of 

the exposed regions, leading to a compact interface in the                  

mid-simulation trajectory and the fluctuations in the profile 

indicate the localised flexibility in the binding pocket. The 

absence of significant changes in the SASA profile indicates the 

stability in the conformations, showing no signs of significant 

unfolding, breaking, or overstretching in the complex. 

Hydrogen bond stability 

The stability of the protein-ligand interface was also examined 

through the formation of hydrogen bonds on an orientation basis 

over time. Within the initial 30 ns of the simulation, the density of 

polar interactions in the complex was very high, with numerous 

hydrogen bonds of the complexity maintaining 2–4 hydrogen 

bonds together. After this period of equilibration, the interaction 

shifted to a more dynamic phase, determining the interactions 

between 0 and 2 bonds as the main characteristics of the 

interaction throughout the rest of the 100 ns (Fig. 9). This tendency 

implies an elastic binding model with the ligand retained within 

the pocket through periodic polar contacts, which are probably 

supported by other noncovalent interactions. 

Per-residue energy decomposition 

The breakdown of the binding energy per residue was performed 

to determine the key amino acids that facilitated this interaction. 

The results showed that there are hotspot residues that play a 

significant role in stabilising the interaction, such as MET207, 

THR118, GLY121 and TRP265, which exhibited a significant 

negative binding energy contribution (Fig. 10). The ligand has a 

significant role to play and this is clearly demonstrated by its 

contribution to the energy network. These residues are key targets 

for structural optimisation because they appear to form a scaffold 

upon which Ulexone B binds to the MARV VP24 pocket. 

Binding free energy calculation (Molecular mechanics/Poisson-

Boltzmann surface area method) 

To quantify the thermodynamic affinity of the interaction, the 

binding free energy was estimated by employing the MM/PBSA 

method. We derived an overall binding energy of -23 kcal/mol, 

indicating a highly favourable and spontaneous interaction 

process at a specified concentration. Such stability is brought 

about through van der Waals interactions (ranging from 0 to                    

44 kcal/mol) and gas-phase energy (ranging from 0 to 62 kcal/mol). 

However, a desolvation penalty is derived from a polar solvation 

energy of + 45 kcal/mol. Nonetheless, a highly negative energy 

balance is maintained, which indicates a high potency of Ulexone 

B as an inhibitor (Fig. 11). 

 

Discussion 

The present study aimed to investigate the antiviral activity of 

phytochemicals derived from U. europaeus against the MARV 

VP24 protein by a structure-based virtual screening method and 

then further validated by molecular dynamic simulations and 

pharmacokinetic studies. The likelihood of the lead 

phytochemicals (Ulexone A, B and C) resembling a drug was 

tested using Lipinski’s Rule of Five (Ro5) (Table 2) (Fig. 3.1–3.3). 

The three compounds qualitatively met the Ro5 criteria since 

their molecular weights were less than the 500 g/mol threshold, 

suggesting good oral bioavailability (28). The values of 

lipophilicity (LogP) and hydrogen bonding capacity (hydrogen 

bond donors (HBD) and hydrogen bond acceptors (HBA)) also 

conformed to the recommended ranges (LogP < 5; HBD ≤ 5;               

HBA ≤ 10), which suggested sufficient aqueous solubility and 

aqueous membrane permeability (5, 29). These hydrogen 

bonding properties are essential for stabilisation of                       

protein-ligand complexes and determining binding affinity (30). 

In addition, the topological polar surface area (TPSA) values of 

each compound were significantly less than the 140 Å2 trigger, 

which is a key indicator of effective cell permeation and 

gastrointestinal absorption (31, 32). Ulexone B was the strongest 

inhibitor of the screened compounds, with a docking score of               

-9.9 kcal/mol and stable interactions with VP24 as evidenced by 

100 ns MD simulations. Another new antiviral target in filoviruses 

is VP24, which is a major protein of viral assembly and immune 

evasion. The hydrogen bond (Thr72) and the hydrophobic 

interactions (Val170) occurred in Ulexone B, which is a derivative 

of U. europaeus and were supported by the neighbouring amino 

acids. Ulexone A and C were a little less affine (-8.7 kcal/mol), 

which means that slight structural variations influence binding. 

The essential residues that include Met207, Thr118, Gly121 and 

Trp265 are the ones that indicate a pharmacophoric region that 

will be utilised in designing future drugs. The 100 ns MD 

simulations also provided mechanistic information on the 

dynamic properties of the VP24-Ulexone B complex. The                

VP24-Cα RMSD converged to a value around 0.45 nm after an 

initial equilibration period, indicating that the protein maintains 

Table 2. Properties of the designed ligands Ulexone A, Ulexone B and Ulexone C that satisfy Swiss absorption, distribution, metabolism and 
excretion analysis against the target  

Properties Ulexone A  Ulexone B Ulexone C 

Binding affinity (kcal/mol) −8.7 −9.9 −8.7 
Moelcular weight (g/mol) 404.46 402.44 420.45 
TPSA (A square) 79.9 68.9 89.13 
GI absorption (High = 1; Low = 0) 1 1 1 
P-gp substrate (Yes = 1; No = 0) 0 0 1 

Log Kp (Skin permeation) (cm/s) −4.6 −5.05 −5/81 
Lipinski Yes Yes Yes 
Bioavailability Score 0.55 0.55 0,55 
PAIN 0 0 0 
Synthetic accessibility 4.22 4.22  4.73  

TPSA: Topological polar surface area; GI absorption: Gastrointestinal absorption; P-gp substrate: P-glycoprotein substrate; Log Kp: Logarithm 
of skin permeation coefficient; Lipinski: Lipinski's Rule of Five; PAIN: pan-assay interference compounds.  
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Fig. 9. Intermolecular hydrogen bond profiling.  

Fig. 11. Comparison of the individual energy components contributing to the total binding affinity of the viral protein 24-Ulexone B complex 
calculated using molecular mechanics / Poisson-Boltzmann surface area.  

Fig. 10. Per-residue binding energy decomposition. 
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a fairly constant shape when bound to Ulexone B and that it 

retains its structure during the simulation. Analysis of local 

flexibility via RMSF values indicated that most residues, 

especially around the interface, showed minimal movements, 

while larger movements were observed at the terminal and loop 

regions. This indicates that the binding of Ulexone B does not 

disrupt VP24 but rather stabilises it into a compact and 

functionally constrained form. Using ProTox 3.0, the predicted 

toxicity class for the natural phytochemicals- Ulexone A, Ulexone 

B and Ulexone C was 5, as shown in Table 3. 

 The VP24 Ulexone B complex exhibits good binding 

thermodynamics with an MM/PBSA energy of -23 kcal/mol, 

which is primarily due to van der Waals and hydrophobic                    

(pi-stacking) interactions with polar solvation penalties 

compensated by non-polar interactions. The PCA and free 

energy landscape analysis show that it forms a stable complex 

with a specific global minimum, indicating limited VP24 

conformational flexibility on binding, as it has been previously 

observed (33–35). General simulation parameters (RMSD, RMSF, 

Rg, SASA, PCA, FEL) validate the energetic favorability, as well as 

structural stabilisation. 

 Its potential is also supported by the ADMET analysis with 

Ulexone A, B and C meeting Lipinski rule, good membrane 

permeability and acceptable oral bioavailability. Ulexone B is 

expected to be low-toxicity (class 5, LD50 ~3850 mg/kg) and has 

no significant safety concerns, which makes it a promising 

candidate until it is validated by experiments. This study forms 

part of the increasing number of in silico research endeavours to 

identify inhibitors against MARV through docking and MD-based 

methodologies. In a recent study, previous researchers 

investigated repurposing approved antiviral compounds against 

MARV targets like VP24 and identified Bictegravir as one of the 

promising compounds with excellent binding scores and binding 

free energies (26). Previous researchers identified potential VP40 

inhibitors through molecular docking, ADMET analysis and MD 

simulations and found that their top-ranked compounds have 

excellent binding stability over long periods of time through                            

MD-based workflows (28). 

 Filovirus inhibitors are among the natural products that 
have been identified as useful as antivirals. It has been 

demonstrated that phytochemicals of A. paniculata act as 

inhibitors of MARV proteins (36). Indonesian natural products 

have shown inhibitory activity against Ebola VP24 and 

nucleoprotein with good stability and drug-likeness properties 

(29, 32). The African-derived compounds have been found to 

inhibit VP35 to a large extent using integrated computational 

methods (4). Ulexone B of U. europaeus, in this respect, 

contributes to the list of natural antivirals, which act on MARV 

proteins. The PCA and free energy surface analysis additionally 

demonstrate that Ulexone B stabilises VP24 dynamics and 

sufficient sampling is provided by the first principal component 

and clear low-energy minima that represent stable 

conformations. Greater energies represent less desirable 

conditions, which is in line with prior literature on MARV and 

Poxviruses that support ligand-stabilised conditions (34). 

Altogether, the Ulexone B is a promising lead compound 

because convergence to a stable low-energy state supports it. 

Despite the valuable input of the current research, it is important 

to acknowledge certain limitations. First, the study relies entirely 

on computational predictions, which may not fully capture the 

complexity of biological systems. This can be resolved by                

follow-up in vitro and in vivo validation studies to determine the 

binding affinity and antiviral properties. Second, the binding 

energy results and stability calculations rely on the choice of 

force fields and simulation parameters. Future researchers can 

use longer simulation times, more force fields and better 

sampling methods to enhance the accuracy and strength of their 

results. Third, the single crystal structure (PDB ID: 4OR8) does not 

consider the variability in conformational changes and                   

strain-specific differences. This can be overcome by using 

ensemble docking and analysing several protein structures, 

including mutant forms. Finally, the prediction of 

pharmacokinetics and toxicity is theoretical and needs to be 

confirmed by experimental ADMET and toxicity analysis. The 

mitigation of these drawbacks will greatly increase the reliability 

and translational capabilities of the lead compound identified.  

However, the current study is part of and builds upon existing 

literature that has employed plant-based libraries and 

computational models to discover potential inhibitors of 

Marburg proteins, including VP40, VP35 and nucleoprotein. The 

study focused on a small subset of high-affinity U. europaeus 

plant compounds selected from a large phytochemical library. It 

also underscores the importance of ethnopharmacologically 

guided virtual screening strategies. The discovery of Ulexone B as 

a VP24 ligand with predicted favourable ADMET profiles 

underscores the importance of U. europaeus as a potential 

source of anti-filoviral compounds that should be systematically 

explored. In the context of emerging MARV outbreaks and the 

absence of licensed antiviral and/or vaccines, these leads could 

serve as starting points for next-generation therapeutic 

approaches when combined with drug development and 

virology research efforts. 

 

Conclusion  

This study highlights Ulexone B, a phytochemical compound of 

Ulex europaeus L., as a potent in silico inhibitor of the Marburg virus 

viral protein 24. Through a combination of virtual screening, 

molecular docking and molecular dynamics simulations, Ulexone 

B demonstrated the highest binding affinity among the tested 

phytochemicals (-9.9 kcal/mol). It also established strong 

interactions with the crucial VP24 residues and maintained a 

stable protein-ligand complex throughout the 100 ns molecular 

dynamics simulations, as revealed by root mean square deviation, 

root mean square fluctuation, radius of gyration, solvent 

accessible surface area, principal component analysis, free energy 

landscape and molecular mechanics/Poisson–Boltzmann surface 

Table 3. Toxicity studies of the selected ligands using ProTox 3.0  

Ligands 
Predicted LD50 

(mg/kg) 
Predicted 

Toxicity Class 

Activity of 
Hepatotoxicity (Active 

= Yes; Inactive = No)  

Activity of 
Carcinogenicity (Active = 

Yes; Inactive = No)  

Activity of 
Mutagenicity (Active 
= Yes; Inactive = No)  

Activity of 
Cytotoxicity (Active = 

Yes; Inactive = No) 
Ulexone A 3850 5 No No No No 
Ulexone B 3850 5 No No No No 
Ulexone C 3850 5 No No Yes No 
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area analyses. The in silico absorption, distribution, metabolism, 

excretion and toxicity profile analysis also indicated Ulexone B's 

drug-likeness and non-toxicity, which differentiates it from its very 

similar compound Ulexone C. In conclusion, the results of this 

study place Ulexone B as a promising candidate for further 

optimisation and experimental validation as a potential                           

anti-Marburg drug targeting VP24. Future studies should confirm 

the in silico predicted antiviral properties of Ulexone B through                  

in vitro binding and replication inhibition assays, which determine 

the impact of VP24 inhibition on the viral life cycle, host 

interactions and investigate structure-activity relationships 

through the synthesis of Ulexone B derivatives.    
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