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ertussis or whooping cough is a disease caused by Bordetella 

pertussis bacteria, and the spread disease can be controlled 

by vaccination. Currently, some pertussis toxoids are 

prepared by chemical modification, which makes it possible to 

change the immunospecificity. Genetic modification is considered 

more harmless than chemical modification to avoid altering the 

structure of toxoids. A mutant of R9K/E129G is known to have 

lower toxicity and can be used as a component of the pertussis 

vaccine. However, the reason behind the low toxicity of this toxoid 

at the molecular level remains unclear. Hence, this study aimed to 

investigate the molecular mechanism behind the low toxicity of 

R9K/E129G using molecular dynamics simulation. The structure 

of the mutant was built using the homology modeling approach, 

and the behavior of wild-type and mutant toxoid were studied by 

molecular dynamics simulation for 300 ns. The changes in the 

structure in all systems were calculated by POVME, which was 

further investigated by molecular docking with NAD+ as the 

substrate. The results showed that the active site of the wild type 

was opened in the reducing environment while the mutant 

remained closed, which hindered the binding of NAD+. In 

conclusion, the dual mutation of R9K/E129G reduces pertussis 

toxoid's toxicity by preventing the catalytic site's opening. 

Therefore, this natural mutant can be further optimized in the 

development of a safer vaccine for pertussis. 
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Bordetella pertussis bacteria are the cause behind the whooping 

cough and pertussis diseases. Vaccination is one of the solutions to 

combat this problem. In 2012, WHO reports 200,868 cases of 

pertussis and 95% of the cases were derived from developing 

countries (1). Pertussis toxin is the most important virulence factor 

of B. pertussis and is one of the targets in the process of intoxication 

of bacterial and genetic antigens, as well as in the ADP-ribosylation 

process due to the binding of NAD+ (2). Pertussis toxin consists of 

an oligomer B pentameric ring and Pertussis subunit 1 (PT1) (3). 

PT1 is the target of detoxification in vaccine production due to the 

activity of ADP-ribosylation and catalyst transfer of the ADP-ribose 

group in the C-terminal region of GTP-binding protein (G protein) 

(2). 

 

 

The changes in the activity of ADP-ribosyl transferase after 

translation become reversible and are involved in the normal cellular 

process. Cell signaling, DNA repair, gene regulation, and apoptosis 

are the changes in post-translational in cellular processes (3). 

Mutation in the specific PT1 residues can investigate the 

contribution of individual amino acid side chains in PT1 properties 

(4). 

 

In the selection of a rational vaccine component, identifying the 

genes that encode protein pathogen is used (5). The mutation of 

R9K/E129G is the most recognizable mutant of pertussis toxin. 

Many studies have been conducted in the last 20 years, but the 

mechanism effect behind this mutation into the activity of pertussis 

toxin in the binding of NAD+ is still unclear (6). The molecular 

mechanism of R9K/E129G (PT2) can be investigated by the 

bioinformatics approach, molecular dynamics simulation (MD) (7). 

 

In this study, we used MD simulation to explore the behavior of 

wild-type and mutant of pertussis toxin. The POVME program was 

used to monitor the volume changes in the pocket of pertussis toxin 

in all systems. The molecular docking of NAD+ and pertussis toxin 

was also studied to evaluate the binding of NAD+. 

 

Methods 

Equipment 

All procedures were carried out on a computer running Ubuntu 

20.04.2.0 LTS and equipped with an Intel Xeon ® CPU E5-2678 v3 

@2.5 GHz × 24, a GPU NVIDIA Ge Force RTX 2080Ti 6 GB, and 

RAMof 16 GB. 

 

Material 

The sequence of PT1 B. pertussis strain Pelita III was retrieved from 

https://www.ncbi.nlm.nih.gov, with the accession number 

CP019957.1(8). The structure of the B. pertussis Tohama 1 (PDB ID 

1PRT). 

 

Modeling of PT1 and PT2  

The structure of PT1 and PT2 was constructed by homology 

modeling using MODELLER 9.19 (9). The sequence of PT1 B. 
pertussis strain Pelita III was retrieved from 

https://www.ncbi.nlm.nih.gov, with accession number 

P 
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CP019957.1(8). The structure of the B. pertussis Tohama 1 (PDB ID 

1PRT) was selected as a template for protein modeling due to the 

high similarity of 99.15%. The discrete-optimized protein energy 

(DOPE) value, statistical potential energy to evaluate the model, was 

used to select the best model. The model of  PT1 and PT2 were 

evaluated by the RAMPAGE (10) program to get the results of the 

phi and psi torque angles in the Ramachandran plot. The model was 

also evaluated by the ProSA-web program to get the Z-value and 

determine the quality of the structure based on the similarity with 

the value of the experimental results (X-ray and NMR) (11,12). 

 

Molecular Dynamics Simulation 

The disulfide bridge of PT1 and PT2 was removed to mimic the 

endosome environment. The protonation states of histidine were 

adjusted using the pdb4amber provided in AmberTools 16. An 

explicit model system was added by a box of TIP3P water models 

with a minimum radius of 10Ǻ from the surface of the protein.  

 

All the minimization and MD simulations were performed by 

AMBER16 (13). In the minimization step, 1000 steps of the steepest 

descent algorithm were used and then 2000 steps of the conjugate 

gradient with 500 kcal/molÅ restraint on the backbone were applied, 

and the last 1000 steps of the unrestrained conjugate gradient were 

performed to remove any sterical clashes.  

 

The system was gradually warmed up to stabilize at 37°C≈300 K for 

60 ps in the NVT ensemble with harmonic restraint of 5 kcal/molÅ2 

on the backbone. After that, the system density and pressure were 

adjusted for 1000 ps in NPT. The restraint was released gradually 

during equilibrium to reach zero. Then the production stage is 

carried out for 300 ns. The timestep of the production run was 2 fs 

since the SHAKE algorithm was used. The Langevin thermostat was 

used to control the temperature and the collision frequency 

parameter was set to 1 ps-1. The Berendsen barostat was used to 

control the pressure and the parameter of coupling constant and 

target pressure were set to 1 ps and 1 bar, respectively. The non-

bonded cut-off value of 9 Å was set and Particle Mesh Ewald was 

activated to tread the long-range electrostatics. The MD simulation 

trajectory was then analyzed by AmberTools. 

 

Binding Pockets Volume 

The POVME 3.0 is used for measuring the volume of binding pocket 

prediction based on ligand pouches, convex gastric options, 

coloration, thickness and surface, and file conventions (14). The 

binding pockets volume was calculated at 200 to 250 ns every 10 ns 

from the MD simulation trajectory. The area of POVME analysis 

was set to 3 Å of NAD+ binding site prediction of PT. Two-color 

boundaries were also defined as "adjacency" and "surface." 

Adjacency represents a thick layer of pocket volume that binds near 

the surface of proteins and may be interesting in measuring the burial 

of voxels. The surface is a thin volume layer on the surface of the 

protein that lines the binding pocket and is used in the calculation of 

surface area.  

 

Molecular docking 

AutoDock Vina was used to executing molecular docking using 

rigid conformations. The structure of PT1 and NAD+ was docked at 

240 ns from the MD simulation trajectory. The hydrogen atom was 

added to the polar portion to match the original environment of the 

molecule. The grid position of NAD+ with the receptor was set to 

cover the whole structure. The grid set map of the ligand is then 

saved in the gpf format, which consists of location, position, and 

accurate data in the calculation. The free energy of binding from 

NAD+ with PT1 was present as the free energy of binding (ΔG). 

 

Results 

Modeling of PT1 and PT2  

The sequence of PT1 was obtained from the sequencing of B. 
pertussis Pelita III bacteria developed by PT. Biofarma for vaccine 

production in Indonesia (8). The template for PT1 was explored 

using BLAST (https://www.ncbi.nlm.nih.gov) and obtained the 

template with the PDB ID 1PRT chain A (Identity 94% and 

similarity 95%). Alignment sequences of PT1 and templates are 

presented in Figure 1. Gaps occur in the structure at positions 211 to 

220 when compared to the sequence of PT1 (Figure 1). 

 
Figure 1. Crystal structure of Pertussis toxin (PDB ID 1PRT) and sequence alignment between PT1 and the template (1PRT). Uncomplete 

structure and gap are shown in black circle and black box, respectively. 

 

The lowest DOPE score was chosen as a model and the quality of 

the model was assessed by Ramachandran plots. It is shown that 

96.1% of residues were located in the most favored regions, an 

appropriate amount of residue in the permitted area is 3.9%, and 

there is no residue in the unauthorized area (Figure 2). In general, 

protein structures with more than 90% residue in the permitted area 

are categorized as a good model (15). The PROPKA (16) analysis 

showed that the model has a similar value to the template. The Z 

score value also showed a comparative score with the template, 

which showed -4 and -5, respectively for model and template.  
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Figure 2 Ramachandran plot of PT1 model structure 

Loop Stability at the Active Site Prediction (207-218) of PT1 and 

PT2 

A 300 ns of MD simulation was performed to investigate and predict 

the binding site of pertussis toxin. The Root Mean Square Deviation 

(RMSD) of the main protein was calculated throughout 300 ns MD 

simulation. RMSD value represents the deviation of the receptor 

throughout simulation compared to the initial structure. From the 

graph, the changes in the structure throughout the simulation can be 

observed. It is shown that PT1 has a higher deviation than PT2, ± 

3Ǻ and ±2Ǻ respectively (Figure 3). After 200 ns, the difference 

between PT1 and PT2 occurred. This phenomenon happened might 

be due to the mutation in PT2. The reason behind this finding was 

probably because PT1 has a loop section that frequently moves in 

the active site to accommodate a stable binding of NAD+. While, in 

PT2 the mutations affect the shape of the loop consisting of residues 

210-217 become fluctuating that PT1, hence the conformation of 

PT1 change to be open and make the activation pathway of the 

NAD+. 

 

 
Figure 3. RMSD and RMSF profile of PT1 and PT2 throughout 300 ns of simulation. 

 

The Root Mean Square Fluctuation (RMSF) plot will depict the ratio 

of fluctuation in a particular atom or group of atoms in the amino 

acid residue (17). Hence the RMSD and RMSF plots are important 

to carry out the prediction of structural stability on protein. The 

RMSF profile is shown in Figure 2, and all systems have an almost 

similar RMSF profile. The high fluctuation in the C-terminal, on the 

active site, and in several other areas is caused by the area having 

very high flexibility. The end of the C-terminal consists of loops that 

have very high flexibility, and there are no interactions that stabilize 

this area. High fluctuations occur at PT1 at residues number 207, 

208, 210, 211, 216, 217, and 218 which are natural characters of 

very flexible loop structures.  

 

Interestingly, the loop of residue number 211 to 218 opened at 240 

ns in PT1 but not in PT2 (Figure 4). This loop is predicted to open 

the NAD+ pathway to enter the active sites. The loop in PT1 seems 

more fluctuating than in PT2. This phenomenon occurs possibly 

because the mutant of R9K/E129G was unable to bind NAD+ to the 

active site (4,16) which functions in the ADP-phosphorylation 

process (18), the process of cell toxification by pertussis toxin. This 

mutation changes the process of detoxification which can enhance 

the immune system through the recognition of T cells and antibodies 

by avoiding ADP-ribosylation and toxicity (19). From this result, the 

area near the loop is predicted as an active site of pertussis toxin. 

However, this loop at PT2 remains close throughout the simulation 

and it is probably the reason for the inactive of PT2.  
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Figure 4 The snapshot of PT1 and PT2 at 0 and 240 ns. The binding site prediction and the size of loop changes are shown in orange circle and 

black arrow, respectively. 

Binding pocket of PT1 and PT2  

Both PT1 and PT2 were stable until 200 ns, hence the analysis was 

done after 200 ns. The binding pocket volume calculated by 

POVME showed that the volume has risen until 220 ns and then 

decrease until 250 ns (Figure 5A and 5B). The increase in volume 

indicated that the space of substrate, NAD+, is sufficient. The 

opening of the loop around the active site made the entrance of the 

substrate thereby activating the ADP-phosphorylation process. 

Opposite of PT1, the binding pocket volume of PT2 shown 

fluctuating volume (Figure 6A and 6B). The size of binding volume 

compared to PT1 showed that the largest volume reached 5443 and 

PT2 1727, respectively. These sizes indicated that the larger volume 

of binding pocket can accommodate and provide passage for the 

substrate entering the active site. Differ in PT2, the size presumed 

that there is no path for the substrate to enter the active site and it 

made PT2 inactive.  

 

 
Figure 5 Volume trajectories of PT1 for 50 ns after the loop open (200 ns until 250 ns) (A) and volume diagram of the surface binding pocket 

(B). 
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Figure 6 Volume trajectories of PT2 for 50 ns after the loop open (200 ns until 250 ns) (A) and volume diagram of the surface binding pocket 

(B). 

The prediction of the binding pocket area of PT1 was further 

analyzed by molecular docking (20). The molecular docking was 

done at the whole structure to find the possibility of the binding 

pocket. After the loop at PT1 opened at 240 ns, hence this structure 

was used as a receptor in the docking process. The result showed 

that ten conformations were found in the predicted binding site. The 

binding affinity of NAD+ with PT1 was -8,8 kcal/mol in the 

prediction binding site. In this site, NAD+ binds to the residue Phe63, 

Arg66, Glu69, Hie82, Glu206, Ser207, Ala218, and Glu220 (Figure 

7A and 7B). This prediction binding site is the same as finding by 

POVME. Hence, this site reinforces the notion that this area is an 

active site. 

 

 
Figure 7 Molecular docking of PT1 and NAD+ in 3D and 2D format. Hydrogen bond, attractive charge, and other molecular interaction is drawn 

in broken line. 
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Discussion 

The molecular mechanism behind the low toxicity of R9K/E129G 

mutant toxoid is interesting to investigate. Molecular dynamics 

simulation is one of the comprehensive methods that can reveal the 

molecular mechanism at the atomic level. From the simulation, PT1 

and PT2 showed differences in the loop movement at amino acid 

residues Ala211, Ser216, Glu217, Arg218, and Ala219 in the 

process of opening and closing. Predicted loop to open the NAD+ 

pathway to enter the direction of the active sites that exist in the 

pertussis toxin. The loop in PT1 looked more active movement than 

the loop in PT2. This effect is possible because mutant R9K/E129G 

was unable to bind NAD+ to the active site prediction which function 

in the ADP- phosphorylation process (18) which is the process of 

cell toxification by pertussis toxin. This amino acid change is a 

detoxification process that can enhance the immune system by being 

more recognized against T-cells and antibodies by avoiding the 

ADP-ribosylation and toxicity process (18). 

 

Conclusion 

Molecular dynamics simulation showed that the most significant and 

most apparent fluctuating in the PT1 is Arg217, Glu216, Ala218, 

Ser215, and Ala210. POVME calculation showed that the dual 

mutation in PT2 has a smaller volume at the active site than PT1. 

When the loop at PT1 opened, the volume of the binding site is 

increased, and it is predicted to be the path of substrate entering the 

active site. In contrast to PT1, the close of the loop is predicted to 

hinder the substrate and make PT2 inactive. Hence, one of the 

strategies is to reduce the size of PT1 binding site in order to develop 

a recombinant vaccine for pertussis. 
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