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Abstract 
 Introduction: The common treatment for toxoplasmosis was pyrimethamine. In recent 

years, it has been found that this parasite is getting resistant to this treatment, therefore urgent 

alternative treatments are needed. Material and Methods: In this study, by using drug 

repurposing and in silico methods we tried to make a selective treatment by inhibiting the 

Calcium-Dependent Protein Kinase 1 from Toxoplasma gondii which doesn’t exist in 

mammalians. We screened the FDA approved drugs by molecular docking and after ranking 

them by their binding energies and inspecting the top scored ones, we chose Cefpiramide, 

Ceftriaxone and Cefotiam as the hit compounds. After that, we used molecular dynamics 

simulations to test the hit compounds in a much more realistic environment. Results: By 

analyzing the results, we found that all of the hit compounds and good and can bind strongly to 

the active site of the protein. Therefore, they can be potential candidates for inhibiting Calcium-

Dependent Protein Kinase 1 from Toxoplasma gondii. Conclusion: Moreover, because the 

predicted compounds are FDA approved drugs, their toxicity profiles are well known and their 

newly predicted use can be tested in clinical trials. 
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Introduction 
 

Toxoplasmosis is an infection disease caused by Toxoplasma gondii and its infection is 

very widespread. It is estimated that in US and UK, 16 to 40% of the population and in the Central 

and South America and continental Europe, 50 to 80% of the population are infected (1-6). 

Toxoplasma gondii is a dangerous opportunistic pathogen and invade the entire body, thus 

effective treatments are urgent.  

To this date, there are only a few treatments for Toxoplasma gondii infection: sulfadiazine 

and pyrimethamine or clindamycin, that have severe side effects. Therefore, effective drugs with 

good efficacy and little side-effects are needed. 

In 2010, a study (7) proved that calcium-dependent protein kinase 1 in Toxoplasma gondii 

is a selective target to inhibit the growth and indeed the invading of this parasite. By designing 

effective compounds with great efficacy, they managed to overcome Toxoplasma gondii.  

Moreover, since this target is not present in human beings, it is a perfect target for this treatment. 

 According to the Tufts Center for the Study of Drug Development (CSDD), the high cost 

of newly approved drugs is due to the costly R&D (Research and Development) processes. It 

shows that for bringing a new approved drug to the market, it takes 15 years and 2 billion dollars 

on average (8-10) and moreover, risky drugs such as antibiotics that can get resistant to treatment 

in a matter of short time, attract less attention from pharmaceutical companies (11, 12).  A good 

solution to this problem is drug repurposing. 
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 Drug repurposing is using an old drug for a new indication (13-18). Drug repurposing is a 

famous and arguable method to bring down the cost of research and development in drug 

discovery. Health organizations such as the Food and Drug Administration of USA (FDA) 

examine and evaluate new chemical entities for a certain indication in preclinical and clinical trials. 

They make sure that the drug is safe and has the efficacy to treat an specific disease and then 

approve it to be used in public (19). However, if an old drug is a candidate for another indication, 

it does not need to pass any safety tests and all of the pharmacokinetics and safety profiles are 

available (20).  

 Wet lab experiments, sometimes, can cost large amounts of money and using 

computational methods, as well as drug repurposing, bring down expenses in experiments (21, 22). 

Computational methods in drug discovery such as Ligand-based or structure-based drug designing 

are gaining attention and numerous projects have been carried out over the last years (23-27). In 

the past years there have been a few studies that tried to find a treatment for Toxoplasma gondii 

by in silico methods and they have chosen profilin and dihydrofolate reductase as their target 

protein (28, 29). However, these targets might not be safe targets to inhibit and more selective 

treatments are needed. 

In this study, by using drug repurposing and computational drug design methods such as 

Virtual High Throughput Screening, Molecular docking, Molecular dynamics simulation and 

related analysis, we ought to discover new potential compounds that can inhibit the Calcium-

Dependent Protein Kinase 1 from Toxoplasma gondii in order to treat this parasite.  

 

Materials and Method 

 Obtaining the structures 
The crystallographic structure of Calcium-Dependent Protein Kinase 1 from Toxoplasma 

gondii (TgCDPK1) (PDB code: 3I7B in complex with NM-PP1) (7) was obtained from Protein 

Data Bank (30). We deleted the co-crystalized ligand (NM-PP1) and the crystallographic water 

molecules. The missing segments in the structure were built by MODELLER software (31) 

The structures of the FDA approved drugs were obtained from Drug Bank database (32). 

The hydrogens were added and the charges were assigned by using Gasteiger–Marsili method 

(33). These modifications were done by the UCSF chimera software (34). We also used UCSF 

chimera for visualization and validation of the structures. We only included compounds with a 

molecular weight of between 100 and 800 Da in our data-set. 

 Virtual screening 
For the virtual screening (35), we used molecular docking algorithm using Ledock 

software package (36). We prepared the protein via Lepro tool from Ledock package. Then, we 

defined a cubic box in the center of the active site of TgCDPK1with 20*20*20 Å diameters. We 

performed the virtual screening via Ledock docking program and then ranked the docked poses 

according to their binding Energies. Then we chose our hit compounds from the top scored 
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compounds. We used NM-PP1 as the reference ligand since it is a proved inhibitor of Calcium-

Dependent Protein Kinase 1. 

Molecular Dynamics simulations 
 The topology files and the parameters of the potential compounds were generated by 

ACPYPE tool (37). For the MD simulations, we used GROMACS 2018 software (38) and 

Amber99SB force field (39) and TIP3P water mode. We chose triclinic boxes for the simulation 

systems and the boxes were under periodic boundary conditions (PBCs). the complexes 

consisted of the Calcium-Dependent Protein Kinase 1 enzyme and the docked poses of the hit 

compounds in the active site of the enzyme. The complexes were placed in the middle of the 

simulation boxes. The gap between the complex and the box edges was set to 1 Å. The boxes 

were filled with water and 150 mM of NaCl ions were added to neutralize the systems. The 

simulation systems were energy minimized using the steepest descent minimization algorithm. 

Then 100 ps NVT (constant number of particles (N), volume (V), and temperature (T)) and 300 

ps NPT (constant number of particles (N), pressure (P), and temperature (T)) equilibrations were 

performed for each system. For the MD production, we simulated all the systems for 10 ns. 

 The MD simulation were performed to make sure that the identified hit compounds are 

not some noises in our data and in order to evaluate them we used analyzes such as Root Mean 

Square Distance (RMSD), Root Mean Square Fluctuation (RMSF), the number of hydrogen 

bonds and interaction diagrams to validate our findings. 

 Results & Discussion 

 Virtual screening 

We screened roughly 1800 FDA approved drug in order to fine appropriate compounds 

that can bind to and also inhibit the Calcium-Dependent Protein Kinase 1. We supposed that this 

strategy can be effective since this enzyme is one of the key elements in Toxoplasma gondii’s 

invasion. By using the FDA approved drugs as the initial data set for the virtual screening, we 

wanted to find safe compounds, which have been widely used and extensively tested, that can be 

used as a treatment for Toxoplasmosis.  

After the virtual screening, we ranked the docked poses by their interaction energies. We 

analyzed the top 20 compounds visually and inspected them in the binding site of the target enzyme 

and eventually, we chose 3 compounds for further calculations (indicated in red). As it is shown 

in the table 1, amazingly, in the top 20 scored compounds, 7 compounds were actual kinase 

inhibitors (indicated in purple). This means that the docking procedure has been done very well 

and accurately and also it shows that there is a good possibility for the predicted compounds to be 

effective inhibitors. Additionally, in order to validate the docking procedure, we also docked the 

co-crystallized ligand. The interaction energy of the co-crystallized ligand was -7.03 kcal/mol 

which is quite good and reasonable. 
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Table 1 The ranking of the top 20 scored compounds in order of their binding energy (Kcal/mol). The hit compounds are 

indicated in red and the kinase inhibitors are indicated in purple. 

DrugBank 

ID 

Energy 

(kcal/mol) Name 

DB06441 -11.8 Cangrelor 

DB11703 -10.3 Acalabrutinib 

DB00878 -10.2 Chlorhexidine 

DB06590 -10.2 Ceftaroline fosamil 

DB08881 -10.2 Vemurafenib 

DB01259 -10.1 Lapatinib 

DB09050 -10.1 Ceftolozane 

DB00157 -9.92 NADH 

DB08995 -9.86 Diosmin 

DB03310 -9.85 Glutathione disulfide 

DB06589 -9.66 Pazopanib 

DB00398 -9.56 Sorafenib 

DB01987 -9.41 Cocarboxylase 

DB00430 -9.35 Cefpiramide 

DB01212 -9.32 Ceftriaxone 

DB04868 -9.16 Nilotinib 

DB01145 -9.12 Sulfoxone 

DB00229 -9.09 Cefotiam 

DB08901 -9.08 Ponatinib 

DB01204 -9.01 Mitoxantrone 

 

Molecular dynamics simulation 

We took Cefpiramide, Ceftriaxone and Cefotiam as the hit compounds and to test them in 

molecular dynamics simulation. In a molecular dynamics simulation, environmental conditions 

such as temperature, pressure, solvent and ion molecules are present. These conditions mimic the 

real world in the cell as much as possible. The movements of the compounds in the active site of 

the enzyme can help us understand the key residues and key interactions which are essential in the 

binding mechanism.  

To further investigate the binding mechanism of the hit compounds, we performed 4 

simulations. We simulated each of the hit compounds plus the co-crystallized ligand for 10 ns. 

After the production runs of 10 ns, we validate the runs by RMSD, RMSF calculations. 

RMSD stands for Root Mean Square Distance and it is used to measure the movement of 

the simulated structure according to the initial structure. In a molecular dynamics simulation, it is 

very important for the structure to reach an equilibration state and get stable. In a RMSD plot, at 

the very first moments, the value of RMSD of the simulated structure suddenly rise and it is 

because of the sudden change in the structure. This change in the structure is mostly related to the 

crystallizing method. In the crystallization, the protein loses its motion and become almost rigid 
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and when it is put in a box full of solvent and ion molecules, it gains its motion back and therefore 

the structure has little changes. As it is shown in the Fig. 1, the value of RMSD of all systems 

reach an equilibration state except for Ceftriaxone. In about 6 ns, the protein structure starts to 

change and as a result of that, the value of RMSD goes up. However, by analyzing the trajectory 

movie, we found that this rise was due to the conformational changes of Ceftriaxone in the binding 

site of the protein and it shows that more production run is needed to get a correct conformation 

and orientation for this ligand. Despite this, the conformation of this compound was acceptable 

and reasonable and had good interactions with the residues in the protein which will be discussed 

later.  

 

Figure 1 Backbone RMSD values of protein-ligand complexes in the 10-ns period of MD simulations. 

RMSF stands for Root Mean Square Fluctuation and it shows the average movement of 

each residue during the simulation period. In the Calcium-Dependent Protein Kinase 1 from 

Toxoplasma gondii, the gatekeeper position of the active site is owned by the Gly128. This position 

is critical in the ligand binding and in fact, this is the main difference between this kinase and 

mammalian kinases (7) and this allows us to design or find selective inhibitors that have the least 

side effects in the human body. 

The N-terminal and the C-terminal of the proteins always have high amount of fluctuations 

and most of the time their movement are not considerably important. As it is shown in the Fig. 2, 
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the RMSF plot, all the compounds made the residues have the same fluctuation as the co-

crystallized ligand except for the ceftriaxone. As it was mentioned in the RMSD plot, the 

Ceftriaxone complex need more production run. Because, in theory, we think it is jiggling in the 

active site to find the best orientation and because of that, it makes some of the region fluctuate 

more that usual. However, other compounds are considered good and their RMSF values shows 

that they can manage the residues fluctuations just like the co-crystallized ligand which is a good 

inhibitor. 

 

 

Figure 2 RMSF values of backbone atoms against residue number of protein-ligand complexes. 

Monitoring the interactions between the compounds and the residues inside the binding 

site is extremely important. These interactions widen our point of view about the properties of the 

binding pocket. The most important interactions are the strongest ones. One of the strongest 

interactions in a protein-ligand complex is the hydrogen bond. Monitoring the position and indeed 

the number of hydrogen bonds during the simulation period can help us find the correct 

conformation and orientation of the ligand inside the binding site. The number of the formed 

hydrogen bonds between each ligand and the residues inside the binding pocket during the 

simulation is shown in Fig. 3. As it is shown in the Fig. 3, the number of the hydrogen bonds of 
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the hit compounds is much more than the co-crystallized ligand and this indicate that the hit 

compounds have a good possibility to be good binders.   

 

Figure 3 The number of hydrogen bonds between the hit compounds and the residues of the active site of Calcium-Dependent 

Protein Kinase 1 from Toxoplasma gondii (TgCDPK1). A) TgCDPK1-NMPP1, B) TgCDPK1- Cefotiam, C) TgCDPK1- 

Cefpiramide, D) TgCDPK1- Ceftriaxone. 

Visualization of the ligand in the binding can help us understand the properties of the 

binding site and also help us find the critical interactions in the ligand’s binding mechanism. 

Therefore, we inspected the ligand in the binding site via the 2D interaction diagrams. The 2D 

interaction diagrams are shown in the Fig. 4. As it is shown in the Fig. 4, the number and also the 

strength of the interactions of the hit compounds are more than the co-crystallized ligand which 

indicate that the hit compounds are good binders and can strongly attach to the binding site. 
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Moreover, by inspecting the 2D diagrams, we can find the key residues in the binding of 

the hit compounds. We found that in cefotiam-protein complex, GLU178, GLU135, ILE66 and 

VAL79 formed hydrogen bonds and LEU181, LEU57, VAL65 and ALA78 formed pi-Alkyl 

interactions and other residues had van der Waals interactions with the ligand. In Cefpiramide-

protein complex, TYR131, LYS80 and ASP195 formed hydrogen bonds and PHE196 formed a 

Pi-Pi interaction and MET112 and ILE194 formed pi-Alkyl interactions. In ceftriaxone-protein 

complex, TYR131, GLU135 and GLY134 formed hydrogen bonds and LEU181 formed a pi-Alkyl 

interaction. In the NM-PP1-protein complex, TYR131 and GLU129 formed hydrogen bonds. 

Since NM-PP1 has four aromatic rings, several residues formed pi-Alkyl interactions and also 

GLU129 formed an amide-Pi stacked interaction.  

 

Figure 4 The 2D interaction diagrams of the hit compounds in the active site of the TgCDPK1. A) TgCDPK1-Cefotiam, B) 

TgCDPK1- Cefpiramide, C) TgCDPK1-Cefriaxone, D) TgCDPK1-NMPP1. 

The overall analysis showed that the hit compounds are quite good and can strongly interact 

and bind to the residues in the active site of the Calcium-Dependent Protein Kinase 1. 
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Conclusion 
 In the last decade, drug discovery has become a major concern due to the lack of efficient 

treatments and the increasing incidence of bacterial and tropical diseases in the world. The 

reason for the lack of efficient treatments is the complexity of drug design and also the huge cost 

of clinical trials. In order to get around these issues, we decided to choose drug repurposing as 

our course of study. In drug repurposing, by finding new uses for old and sheltered drugs, you 

can simply pass most of the safety test in the clinical trials. This can save a lot of time and 

money and can make drug discovery extremely efficient.  

Toxoplasmosis in a wide spread disease in the world and urgent treatment are needed. In 

this study by using drug repurposing and in silico methods such as molecular docking and 

molecular dynamics simulations we tried to find good inhibitors for Calcium-Dependent Protein 

Kinase 1 from toxoplasma gondii. This enzyme is one the key enzymes in the invasion 

mechanism of this creature and does not exist in mammalians. Therefore, it is a perfect target for 

a selective treatment. We used FDA approved drugs as our data set for the virtual screening and 

after ranking them by their binding energies and inspecting the top scored compounds, we chose 

the hit compounds. After that, we simulated the hit compounds to get a dynamic view of their 

binding and by analyzing the results we found that the hit compounds are quite good at binding 

to the active site and therefore can be potential inhibitors for this enzyme. 

Since the main idea of our study is drug repurposing, if any of these predicted drugs may 

actually inhibit this enzyme, there is no barriers for testing them in phase 2 clinical trials. 
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