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Abstract 

Shiga toxin (Stx)–producing Escherichia coli (STEC), also known as “verocytotoxin- producing E. coli” is a major food 
and waterborne pathogen of zoonotic origin. STEC infection is involved in several life-threatening disease conditions 
that includes diarrhea, hemorrhagic colitis, and hemolytic-uremic syndrome.  We determined the binding affinities of 
selected approved drugs and Mucuna pruriens phytoconstituents to shiga toxin and ricin receptors (a toxin similar in 
structure to shiga toxin) by molecular docking simulations. The 3D crystal structures of Stx1, Stx2 and ricin receptor 
were obtained from the protein data bank. The receptors were prepared using PyMol 1.1eval, Chimera 1.10.1 and 
AutoDock tools vs 1.5.6. The 3D structures of selected approved drugs and Mucuna pruriens phytoconstituents were 
obtained from ZINC and PubChem databases. They were prepared for molecular docking simulations using AutoDock 
tools vs 1.5.6. Docking protocols were validated by reproducing the PDB crystal structures in silico. Molecular docking 
simulations were executed with a virtual screening script using AutoDockVina 1.1.2 on a Linux platform. Molecular 
dynamics simulations of two front runner compounds with the reference ligand and protein were done in 1500 ps.  
Morphine, Butorphanol and riboflavin (phytoconstituent of Mucuna pruriens) had binding affinities of -6.6±0.0,-6.4±0.1 
and -6.2±0.1 kcal/mol respectively as while the reference ligand, 3-(pyridine-1-ium-1-yl)propane-1-sulfonate had 
binding affinity of -4.5±0.0kcal/mol. Higher stability were demonstrated by morphine and butorphanol in the molecular 
dynamics simulations. Morphine, butorphanol and riboflavin are predicted as possible shiga toxin antidotes.  
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1. Introduction

Escherichia coli is an important pathogen in animals and humans, and Shiga toxin-producing Escherichia coli (STEC) has 
emerged as important food-borne pathogens, especially serotype O157:H7 (Iweriebor et al, 2015). STEC is the etiologic 
cause of post-diarrheal hemolytic uremic syndrome (HUS), a thrombotic microangiopathy characterized by 
thrombocytopenia, hemolytic anemia, and acute renal failure following a course of bacterially induced hemorrhagic 
diarrhoea (Mayer et al, 2012). Approximately 5–30% of patients suffer long term morbidity from chronic renal 
insufficiency, hypertension, or neurological deficits following the resolution of active HUS. Children younger than 2 
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years of age are particularly susceptible to Shiga toxin-induced HUS, and the overall HUS rates vary between 5–15% of 
confirmed STEC cases depending on the infecting bacterial strain (Hall et al, 2017). 

STEC strains are susceptible to antibiotics, but antibiotic therapy is generally contraindicated because antibiotic 
treatment leads to increased toxin production and risk of HUS development. As a result, the standard of care remains 
supportive and avoids antibiotics (Iweriebor et al, 2015). Diverse strains of microorganism exist in the environment, 
coupled with the limits of protein  detection in environmental samples and this has made it difficult to directly and 
specifically detect Stx producing microorganisms outside the laboratory (Mauro and Koudelka, 2011). 

Stx elicits its action by binding to a specific receptor, globotriaosylceramide (Gb3), on the surface of endothelial cells 
and toxin internalization by a receptor-mediated endocytic process, followed by toxin interaction with subcellular 
components that results in protein synthesis inhibition or apoptosis (Karmali, 2004). Binding of Stx to its target cells 
presumably initiates a complex chain of events, including coagulation and pro- inflammatory processes, that results in 
HUS. Blocking of Stx binding to endothelial cells to halt these events and prevent the development of HUS might be 
achieved by generation of specific Stx antibodies by active or passive immunization or by the use of synthetic Gb3 
receptor analogues that competitively block toxin binding to the endothelial cell receptor (Basu et al, 2016). 

The study sought to find possible shiga toxin antidotes from the approved drugs or Mucuna pruriens phytoconstituents. 
Some researchers had earlier demonstrated the venom blocking activities of extracts of Mucuna pruriens (Lampariello 
et al, 2012). 

2. Methodology 

2.1. Preparation of receptors 

Bioinformatics mining of the protein data bank (PDB) was done to identify Stx2(4M1U and 1R4P), Stx1(2C5C) and ricin 
crystal structures(1il4) suitable for the study. The 3D atomic crystal structures of the proteins were obtained from PDB. 
The proteins were prepared for molecular docking simulations using Chimera 1.10.1 and Auto dock tools 1.5.6. Polar 
hydrogens and charges were added. The grid spaces were assigned. 

2.2. Preparation of ligands 

Literature mining was done to identify the phytoconstituents of Mucuna pruriens. The electronic structure of the 
reference ligand, selected approved drugs and phytoconstituents of Mucuna pruriens were obtained from ZINC and 
PubChem database. The ligands were prepared for molecular docking simulations using Autodock tools 1.5.6. Rotatable 
bonds were assigned, Gesteiger charges were added and then saved as pdbqt files. The prepared proteins and ligands 
were used for molecular docking simulations.  

2.3. Molecular docking 

Autodock Vina 1.1.2 was used for molecular docking simulations. The ligands were docked into the receptor to predict 
their free binding energies using Autodock Vina with the aid of a virtual screening script. Four replicate simulations 
were done for each of the ligands and the binding affinities reported as mean ± standard deviation. The ligands were 
ranked based on binding energies and frontrunners selected for molecular dynamics simulations. 

2.4. Molecular dynamics  

Molecular dynamics simulations were done using GROMACS on Linux platform.  The molecular dynamics simulations 
for three front runner-complexes and for the receptor were implemented.  

2.5. Molecular dynamics simulation of protein 

The protein was inspected for missing residues, after which GROMACS topology file for the protein was generated. A 
simulation box for the system was generated after which in vacuo energy minimization was done. The system was 
neutralized appropriately. Energy minimization of the solvated and ionized system was done. Position restrain 
dynamics was done for 30ps so as to restrain the molecules in a reference position after which molecular dynamics was 
done for 1500ps and the results analysed. 
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2.6. Molecular dynamics simulation of protein – ligand complex 

In this process a directory was first made for the molecular dynamics simulation and the receptor was examined for 
missing residues. A .itp file was generated for the protein and ligand from PRODRG server which was used for the 
simulations. Molecular dynamics simulations were implemented as described above and the results analysed. 

3. Results and discussion 

The docking was done with three receptors of shiga toxin and one receptor of ricin. The docking results of the three stx 
receptors. From the result of 4m1u, a stx2 receptor, morphine and butorphanol were the foremost front runners with 
binding affinities of -6.5±0.0 kcal/mol and -6.2±0.0 kcal/mol respectively above the reference ligand 1PS with binding 
affinity of -4.5±0.1 kcal/mol. There are several other drugs which had higher binding affinities than the reference ligand 
as the reference ligand was the 76th ligand after collation as one hundred ligands were used for the docking simulation 
(Oranu et al, 2023). The results of 1R4P, a Stx2 receptor shows that morphine and Apomorphine were the foremost 
front runner with binding affinities of -6.6±0.0kcal/mol and -6.2±0.0 kcal/mol respectively above the reference ligand 
1PS with binding affinity of -4.5±0.0 kcal/mol on the 72nd position. The result of 2c5c, a Stx1 receptor (Boone et al, 
2016) shows that bedaquiline and propericiazine were the foremost frontrunner with binding affinities of -6.4±0.0 
kcal/mol and -6.4±0.0 kcal/mol respectively above the reference ligand dicarbamate with binding affinity of -3.3±0.1 
kcal/mol and on the 105th position after collation showing it had lots of frontrunners above it. 2c5c had different drugs 
used in the docking because it has a different reference ligand which was used for sorting of the drugs or compounds 
due to the fact that shiga toxin are of two types (Karmali, 2004) and this made it to have different front runners as well. 

These drugs having higher binding affinities above their reference ligands can be predicted as possible antidotes of 
shiga toxin, as high binding affinities above the reference indicates better activity above the reference as well. 

In order to further ascertain possible effective result, the receptor of ricin, a toxin similar in structure to shiga toxin 
(Kulkarni et al, 2016) was worked on and the result were collated.  Among the results obtained, glimepiride and 
zafirlukast were the foremost frontrunners with binding affinities of -9.8±0.2 kcal/mol and -9.4±0.0 kcal/mol 
respectively above their reference ligand 9-Deazeguanine with binding affinity of -6.1±0.0 kcal/mol and on the 91st 
position. 

Another docking shows the result of the front runners of the receptors of shiga toxin against ricin receptor and this was 
done to know the effect of the front runners on that receptor since ricin is similar to shiga toxin (Roy et al, 2018). The 
front runners as well had higher binding affinity above the reference ligand 9-deazeguanine, making them to be 
predicted to be more active as one of the reasons for docking against ricin was to know if the front runners of shiga 
toxin will also be effective against ricin toxin 

 

Figure 1 The binding of the front runners (morphine, butorphanol and riboflavin) and reference ligand (1ps) to 4m1u 
receptor of shiga toxin 
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The phytoconstituents of Mucuna pruriens(an anti-venom) (Meenatchisundaram and Michael, 2010) was also obtained 
and docked against the receptors of shiga toxin. This had high binding affinities as well and posed front runners which 
can be potential antidote. Among the front runners obtained, riboflavin was the foremost front runner with binding 
affinity of -6.2±0.1 kcal/mol for 4m1u receptor, -6.2±0.4 kcal/mol for 1R4P receptor and -5.8±0.2 kcal/mol for 2c5c 
receptor. It can be seen that riboflavin had more activity against the Stx2 receptor than Stx1 receptor and this is good 
as stx2 is more virulent than shiga toxin one receptor (Basu et al, 2016) 

3.1. Molecular Dynamics Results 

Results from the trajectories of the production run were analysed and presented below: 

3.2. Production run 

Different results from the production run were computed from the production run trajectories. The results includes: 
Stability Profile analysis, radius of gyration and flexibility profile analysis.  

3.3. Stability profile analysis 

Fig 2 illustrates protein-ligand complex stability and protein stability in terms of RMSD and total energy. The Cα RMSD 
of the simulated protein over time is a reliable parameter to analyse the stability of the system. 

 

Figure 2 RMSD plot of the molecular dynamic’s simulation of the drug target and ligands 

From fig 2, it is evident that the first 200ps and 450ps were considered as equilibration phase where slight structural 
re-organisation occurs for the simulations. The Cα RMSD were averaged over the last 1500ps of the simulation.  

In fig 2 having the protein in complex with the ligand, the RMSD of the reference ligand in black colour showed varying 
degrees of flunctuation between 500ps to 1000ps of the simulation hence showing point of instability (Gooley et al, 
2005). The RMSD of the protein was more stable than that of the reference ligand. However, the RMSD of morphine in 
green and butorphanol in red shows higher point of stability than the reference ligand but a few instabilities between 
800ps to 1000 ps, notwithstanding all simulations exhibited stable total energy trajectories. 

It can be deduced from the graph that butorphanol in red and morphine in green is more stable than the reference ligand 
and the protein alone. 

3.4. Radius of gyration 

The radius of gyration measures the structure compactness profile of the ligand and shows various degree of 
fluctuations (Oranu et al,2024). The unstable structure of the reference ligand simulation between 500ps to 1000ps 
maintained the same degree of compactness throughout the simulation but such was not observed for the other ligands 
though there were varying compactness. The compacted and unstable structure may be responsible for the 
flunctuations in the Cα RMSD of the target. 
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Figure 3 Radius of gyration plot 

3.5. Flexibility profile analysis 

 

Figure 4 RMSF plot of the molecular dynamics simulation of the drug target and ligands 

Residues contributing to complex structural flunctuations can be accessed by root mean square flunctuations (RMSF) 
of each residue. Analysis of the RMSF shows the amino acid residues involved in the complex and their differences at 
different residue id (identity) (Gooley et al, 2005). Fig 4, shows the functional groups interacting with the residues as 
well and the type of bond formation involved. It can be seen that there is hydrogen bond formation present in this results 
showing higher affinity (Martis and Somani, 2005). 

It can however be deduced from the result and graphs that morphine and butorphanol are more stable than the 
reference ligand and can then be said that they are possible antidotes of shiga toxin.  

4. Conclusion 

Molecular docking simulations of the four receptors gave us front runners which had higher binding affinities than their 
reference ligand and can be predicted to be shiga toxin antidote. Mucuna pruriens phytoconstituents had higher binding 
affinities and can have anti shiga toxin activity. Molecular dynamics simulation using butorphanol and morphine further 
showed high stability of these drugs as antidotes of shiga toxin hence the validation.  It can then be concluded from this 
work that morphine, butorphanol, riboflavin from Mucuna pruriens and other drugs which have better binding affinity 
can be predicted as possible shiga toxin antidote.  
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