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Abstract

:

Raltitrexed is a classical antifolate drug with antimetabolite and anticancer properties. In this research, we provide its detailed antitrypanosomal inhibition against six Trypanosoma species and investigate its potential mode of action. Molecular dynamics (MD) simulations and in silico analyses were used to track the binding strength and stability. Raltitrexed showed broad-spectrum trypanocidal actions against Trypanosoma brucei brucei GUTat3.1, T. b. rhodesiense IL1501, T. b. gambiense IL1922, T. evansi Tansui, T. equiperdum IVM-t1 and T. congolense IL3000. The estimated IC50 was found to be in the range of 5.18–24.13 µg/mL, indicating inhibition of Trypanosoma in the low micromolar range. Although the co-crystallized ligand had robust hydrogen bonding and lipophilic characteristics, its docking score was only −4.6 compared to raltitrexed’s −7.78, indicating strong binding with T. brucei dihydrofolate reductase-thymidylate synthase (TbDHFR-TS). MD simulations support the strong binding of raltitrexed with TbDHFR-TS evidenced by low root mean square deviation (RMSD), low residues fluctuations, a tight radius of gyration (ROG) and an average of 3.38 ± 1.3 hydrogen bonds during 50 ns MD simulation. The prospective extended spectrum of raltitrexed against Trypanosoma species grants further research for the synthesis of raltitrexed derivatives and repurposing against other protozoa.
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1. Introduction


Raltitrexed, a classical antifolate, was the first drug approved for treating advanced colorectal cancer in the United Kingdom in 1996 [1]. It is a quinazoline analog with a 6-6 ring-fused structure, like natural folates, and is considered a “classical antifolate” [2]. The chemical structure of classical antifolates comprises folate analogs with a pterin ring, an aromatic ring and a glutamate tail [3]. Due to their charged glutamate tail, they are unable to passively diffuse across cell membranes and must be actively transported [3].



Folic acid is required for DNA synthesis in bacteria and other organisms because of its role in the production of nitrogenous bases purine and pyrimidine. As the prevalence of infectious diseases rises, there is an urgent need for the discovery of new therapies [4]. Anticancer antifolate drugs can also be tested for antimicrobial potential, as these compounds can target the major enzymes required for folic acid metabolism, which is required to maintain microbial species integrity [5]. As raltitrexed is a thymidylate synthase (TS) inhibitor, it can act as an antibacterial agent because DHFR-TS catalyzes the reduction of folate or 7,8-dihydrofolate to tetrahydrofolate and intimately couples with DHFR-TS. Targeting DHFR-TS eventually inhibits the catalysis of folic acid to its constituents which ultimately stops the synthesis of DNA, and the integrity of microbial cells will be disturbed [6].



Trypanosomiasis is a devastating and fatal blood protozoal disease affecting humans and animals worldwide. The Trypanosoma cruzi parasite that causes Chagas disease is already present in 21 countries across Latin America and the southern United States. More than 7 million individuals are infected with Chagas disease at present, causing 10,000 deaths annually from its complications, and another 70 million are at risk of infection [7]. Human African trypanosomiasis (HAT), often known as sleeping sickness, remains one of Africa’s most dreaded and lethal diseases, affecting an estimated 70 million people across 36 nations in sub-Saharan Africa [8]. The safety and toxicity of many antitrypanosomal medicines are extremely poor. New kinds of antitrypanosomal drugs that are more effective and have lower host toxicity need to be discovered [9]. There is an immediate need for effective, safe and cost-effective antitrypanosomal medications because of microbial resistance to the few traditional antitrypanosomal drugs, increasing vector resistance to insecticides, a lack of effective vaccinations and the side effects of the present drugs [10].



The data regarding the antimicrobial action of classical antifolates as raltitrexed is very limited. Because conventional antifolates are strongly negatively charged chemicals that cannot enter the bacterial cell membrane, their utility as antimicrobials have been limited. As a result, almost all commercially available antibacterial folates fall into the non-classical group of antifolates [11,12]. In protozoal infections, several reports support the value of raltitrexed in this class of parasites. In Toxoplasma gondii (T. gondii)-infected mice, the peritoneal fluid and liver imprints had fewer tachyzoites after treatment with raltitrexed, which also prevented mortality. The findings showed that raltitrexed has significant anti-T. gondii RH strain protective properties [13]. Raltitrexed is a DHFR-TS inhibitor, which might be an important target for its antiprotozoal actions [14]. Although raltitrexed’s antiprotozoal activity appears promising, there are few reports to back up this claim. The antitrypanosomal activities of raltitrexed will be investigated in six Trypanosoma species in this study.




2. Materials and Methods


2.1. The Evaluation of Trypanocidal Activity In Vitro


2.1.1. Materials


Raltitrexed was purchased from ApexBio (Houston, TX, USA), and CultureSure DMSO was obtained from Wako Pure Chemical (Osaka, Japan). T. b. brucei (Tbb) GuTat3.1 [15], T. b. rhodesiense (Tbr) IL1501 [16], T. b. gambiense (Tbg) IL1922 (isolated from Ivory Coast), T. evansi (Tev) Tansui (isolated from Taiwan), T. equiperdum (Teq) IVM-t1 [17] and T. congolense (Tc) IL3000 were also obtained for this study [18]. A 96-well Optical bottom plate was purchased from ThermoFisher SCIENTIFIC (Waltham, MA, USA). CellTiter-Glo Luminescent cell viability reagent and GloMax plate reader were purchased from Promega Corporation (Fitchburg, WI, USA). Hiram’s modified Isocove’s Dulbecco’s medium (HMI-9), HEPES, pyruvic acid sodium salt, BSA, thymidine, 2-β-mercaptoethanol, L-cysteine, bathocuproine and hypoxanthine were purchased from Sigma-Aldrich (Tokyo, Japan). A basic plate shaker was obtained from IKA® JAPAN (K.K., Osaka, Japan).




2.1.2. Antitrypanosomal Assay


The trypanocidal activity of raltitrexed was evaluated following a previous report [19]. The trypanosomes were cultured at 37 °C for Tbb, Tbg, Tbr, Teq and Tev and 33 °C for Tc in an incubator at 5% CO2 using HMI-9 supplemented with 20% heat-inactivated fetal calf serum, 60 mM HEPES, 10 μg/L insulin, 0.1 mM bathocuproine, 5.5 μg/L transferrin, 1 mM pyruvic acid sodium salt, 1 mM hypoxanthine, 16 μM thymidine, 6.7 ng/L sodium selenite, 0.0001% 2-β-mercaptoethanol, 2 mM L-cysteine and 0.4 g/L BSA. Trypanosomes were subcultured every two days. Raltitrexed was dissolved in DMSO:H2O (1:10, v/v). The effect of the solvent was assessed to be negligible on the parasite.



Initially, raltitrexed was examined at two concentrations of 25 and 0.25 µg/mL to check the possible extended spectrum opportunities against six trypanosomes. The initial screening revealed that raltitrexed showed promising trypanocidal activities at 25 µg/mL. As a confirmed inhibitor, the IC50 of raltitrexed was evaluated using serial dilution from 25 µg/mL to 0.78 µg/mL. This range was effective in the accurate estimation of the IC50 of the compound. After three days of cultivation, 25 µL of CellTiter-Glo Luminescent cell viability reagent were aliquoted into each well, and the plate was shaken for 500 shakes/min by an MS3 basic plate shaker for 30 s to facilitate cell lysis and release intracellular ATP. After mixing, the bioluminescence of each well was measured using a GloMax plate reader.





2.2. Docking Studies


Docking studies were performed to determine the binding potential of raltitrexed (Figure 1) with TbDHFR-TS. The protein, ligand and docking processes were carried out as previously described [20,21], with minor alterations. In all docking steps, the Schrodinger Maestro suit (Schrodinger LLC, New York, NY, USA) was employed.



2.2.1. Macromolecule and Compounds Retrieval and Preparation


The compounds’ 2D structures were obtained from the PubChem website, loaded using Ligprep, and then 3D optimized at optimal physiological pH. The Protein Data Bank was used to retrieve the protein structure file (PDB, 3RG9), which constitutes a TbDHFR structure in complex with WR99210 at 2.00 Å resolution [22].



Using the protein preparation module, the macromolecule structure was optimized for docking. Crystallographic chemicals and water molecules were removed from the solution. The protein was protonated by adding polar hydrogens, and the structures were optimized and the energy was reduced using the OPLS2005 force field. WR99210 was used as the center of a 20 Å grid box for docking grid generation.




2.2.2. Docking Runs


The standard precision SP Glide docking methodology was utilized, and the docking scores were used to rank the output results. Redocking of WR99210 was used to assess the correctness of the docking run, and the docking pose demonstrated complete complementarity and low RMSD when compared to the bound ligand.





2.3. Molecular Dynamics Simulation


A molecular dynamics simulation lasting 50 ns was performed using Desmond software according to the previously performed protocol [21,23]. Docking studies provided the protein–ligand complexes needed for molecular dynamics simulation. In static conditions, the binding status of a ligand can be predicted by molecular docking studies. Predictions of ligand binding in a physiological setting were simulated. The Protein Preparation Wizard or Maestro was used to perform complex optimization and minimization prior to actual protein–ligand complex preparation. The System Builder application was used to set up all the systems. Tip3P opted for the Solvent Model, which features a square orthorhombic box (Transferable Intermolecular Interaction Potential 3 Points). The simulation makes use of the OPLS 2005 force field. When necessary, counter ions were added to the models to achieve electrical neutrality. Physiological conditions were mimicked by adding 0.15 M NaCl. As the simulation was conducted at a constant 300 K and 1 atm, the NPT ensemble was used (Isothermal-Isobaric: moles (N), pressure (P) and temperature (T) are all conserved). Before running the simulation, the models were softened. Trajectories were saved at 100 ps intervals so that the RMSD of the protein and ligand could be calculated over time and used to assess the stability of the simulations.




2.4. Statistical Analysis


MS Excel and GraphPad Prism were used to handle and present all of the data. The data were reported as Mean SD or, in some cases, as the mean plus range. Changes in each isolation parameter were expressed using descriptive statistics.





3. Results and Discussion


3.1. Trypanocidal Assay


Initially, raltitrexed was examined at 0.25 or 25 µg/mL, constituting high and low concentrations of the drug (Table 1). Raltitrexed showed broad-spectrum trypanocidal actions. At 25 µg/mL, raltitrexed suppressed all of the test strains. Stronger action was noticed on TbbGUTat3.1, TbrIL1501, TbgIL1922, Tev Tansui and Teq IVM-t1 by showing more than 99% inhibition rate (Table 1). However, a low trypanocidal rate was observed for TcIL3000.



In light of raltitrexed’s potential in vitro antitrypanosomal activity, the IC50 was determined in the presence of various doses of the molecule. The IC50 for raltitrexed was found to be in the range of 5.18–24.13 µg/mL, indicating that it possessed potent antitrypanosomal activity (Table 2). The strongest trypanocidal activity was found in Teq IVM-t1 with IC50 = 5.18 ± 0.53 µg/mL, while TcIL3000 showed the highest resistance to the trypanosomal activity of raltitrexed with IC50 > 25 µg/mL. The strength of the trypanocidal actions of raltitrexed was in the following order Teq IVM-t1 > Tev Tansui > TbrIL1501 > TbgIL1922 > TbbGUTat3.1 > TcIL3000.



Nanomolar potency against T. brucei was determined for methotrexate, pemetrexed and raltitrexed in thymidine and folate-deficient medium. Adding folate and thymidine decreased the effectiveness of the antifolates, with the exception of nolatrexed. The addition of thymidine decreased the effectiveness of raltitrexed and pemetrexed more so than the addition of folate [24]. The medium used to incubate the trypanosomes in our study contained 1 mg/L folic acid and thymidine at a final concentration of 16 µM. Even though these two substances, folic acid and thymidine, were present in the culture media, inhibitory qualities were visible. This may further support the hypothesis that raltitrexed effects include mechanisms other than folate synthesis. This observation might be species-specific and varies according to the nature of DHFR-TS mutation or amino acid changes.




3.2. Molecular Docking


Given the interactions and inhibition of DHFR-TS with raltitrexed, it was modeled with TbDHFR-TS to verify its binding conformations and binding potency. Raltitrexed had a docking score of −7.78, compared to −4.6 for the co-crystalized ligand WR99210 (Table 3), indicating the possibility of significant strong interaction with TbDHFR-TS. The binding of raltitrexed was supported by both favorable hydrogen bonds and lipophilic interaction scores. Because of its superior ligand efficiency, lower hydrogen bond score and lower Lipo score (Table 3), raltitrexed formed more robust contact than WR99210 (Figure 2A,B).



Inspection of the mode of binding of raltitrexed with TbDHFR-TS indicated a favorable binding mode supported by hydrogen bonding with the side chain of ILE17 and with LY44 and stacking interaction PHE94, which helps in orientation and fixation into the active site of TbDHFR-TS (Figure 2).



The present findings are in agreement with the previous in vitro activity of raltitrexed. Raltitrexed was found to be an inhibitor for the DHFR and TS activities of TbDHFR-TS with IC50 values of 93.1 and 215 nM, respectively [24,25]. Trimethoprim, pyrimethamine and raltitrexed were reported to function as powerful competitive inhibitors of T. brucei DHFR with Ki values of 11.4 ± 1.2, 17.6 ± 2.3 and 70.4 ± 7.2 nM, respectively [24].



To gain a better understanding of how raltitrexed interacts with humans and T. brucei DHFR, comparative docking, protein sequence alignment and alignment satisfaction were all compared. The docking score, as well as the ligand efficiency, was a little bit higher with TbDHFR (Table 4). The carboxylate group of raltitrexed was more interactive with human DHFR (Figure 2C). Hydrogen bonds and a salt bridge were formed between raltitrexed and the side chains of GLU30, ASN64 and ARG70. The pairwise alignment showed approximately 34 gaps and 175 amino acid differences between the human and T. brucei enzymes (Figure 2C). These distinctions accounted for approximately 28.31% of the identity percentage (Figure 2D). A low homology rate and a significant number of differences could serve as a foundation for designing more selective antitrypanosomal medicines. Further, raltitrexed chemical modifications targeting the terminal charged atoms are likely to reduce the affinity for human DHFR without reducing the affinity for the parasitic enzyme.




3.3. Molecular Dynamics Simulations


RMSD was calculated for the raltitrexed-TbDHFR-TS complex. The RMSD graph (Figure 3) shows that the structure remained stable throughout the simulation time with some fluctuation within the range of ~1 Å, which is a normal behavior of the globular protein. The raltitrexed-TbDHFR-TS complex reached stability within five ns at the start of the simulation (Figure 3A). These findings support the observed docking scores and the strong binding of raltitrexed with TbDHFR-TS. The raltitrexed-TbDHFR-TS complex showed low RMSF and indicated modest variations of amino acid residues, with the exception of a flexible loop made up of residue no. 45–55 (Figure 3B).



The total number of hydrogen bonds formed between raltitrexed and TbDHFR-TS was traced during 50 ns simulation (Figure 4A). The hydrogen bonding statistics indicated that hydrogen bonds ranged from 0–7 with a mean value of 3.38 ± 1.3. This indicates the fixation and consistent binding of raltitrexed with TbDHFR-TS. The slight changes (Figure 4B) in ROG indicate the general compactness of the raltitrexed–TbDHFR-TS complex.



Several drugs belonging to the sulfonamides family and non-classical antifolates have already been reported as potent antimicrobial agents. Similarly, mafenide is regarded as the first-line antibacterial treatment regime for severe burn wounds and shows greater antibacterial potential against silver sulfadiazine-resistant Pseudomonas spp as it has a higher penetration ability and thus can easily pass through the bacterial membrane and destroy the bacterial cell [11]. Coadministration of DHFR (dihydrofolate reductase) and DHPS (dihydropteroate synthase) inhibitors are the most widely used antifolate-based antibacterial treatment as it has a broad spectrum of action by killing both Gram-negative and Gram-positive types of bacteria effective against drug-resistant bacteria (Stenotrophomonas maltophilia, methicillin-resistant Staphylococcus aureus) with minimum side effects [26,27]. The present findings of raltitrexed suggest further investigations regarding its synergists of actions. The combination of raltitrexed with DHPS and its effect on Trypanosoma species are still to be determined.



In this study, we showed for the first time how raltitrexed affects a wide range of trypanosomes. This range has highly distinct host characteristics; in addition to T. brucei species, T. evansi affects camels, cattle, horses and dogs. Furthermore, T. equierdum is a parasite that infects horses and other equines. The examined trypanosomes impact a wide range of tissue infections. In addition to the well-known blood protozoal illness caused by trypanosomes, T. equiperdum is well-known for its genital tract infection and for being a venereal disease that is not spread by an insect vector. The variety of species included in our investigation, as well as their host range and diverse diseased tissues, indicated that raltitrexed could be used to treat diseases such as dourine in equines and T. evansi in camels and other animals.





4. Conclusions


In this study, raltitrexed was proposed as a possible treatment for trypanosomiasis. As part of this study, we described its efficacy as an antitrypanosomal agent against six different Trypanosoma species and delved into its possible mechanism of action. Binding stability and strength were monitored by MD simulations and in silico studies. Raltitrexed’s trypanocidal effects were observed against a wide variety of parasites, including TbbGUTat3.1, TbrIL1501, TbgIL1922, Tev Tansui and Teq IVM-t1. In silico studies provide credence to the robust binding of raltitrexed with TbDHFR-TS. Research into the manufacture of raltitrexed derivatives and its repurposing against additional protozoa is enabled by the potential broadened range of raltitrexed against several Trypanosoma species.
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Figure 1. The chemical structure of raltitrexed. 
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Figure 2. The ligand interactions and docking site of raltitrexed with DHFR. (A) The ligand interactions of raltitrexed with Trypanosoma brucei dihydrofolate reductase. (B) The docking site of raltitrexed with Humans dihydrofolate reductase. Hydrogen bonds in violet arrows, pi-pi stacking in green sticks, salt bridges in multicolored sticks and halogen bonds in amber. (C) Pairwise alignment of human (1DFR) and T. brucei (3RG9) DHFR. The different residues are highlighted in pink. (D) Pairwise comparison statistics of human (1DFR) and T. brucei (3RG9) DHFR. The number of amino acid differences is highlighted in red. The identity% is highlighted in blue. 
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Figure 3. RMSD and RMSF of the interaction of raltitrexed with Trypanosoma brucei dihydrofolate reductase. (A) RMSD of raltitrexed for 50 ns. (B) RMSF of raltitrexed for 50 ns. 
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Figure 4. The number of hydrogen atoms and radius of gyration during the interaction of raltitrexed with Trypanosoma brucei dihydrofolate reductase. (A) ROG of raltitrexed during simulation. (B) The number of hydrogen bonds that were formed during a 50 ns simulation between raltitrexed and T. brucei dihydrofolate reductase. 
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Table 1. The inhibition rate of raltitrexed at 0.25 or 25 µg/mL against 6 Trypanosoma species, TcIL3000, TbbGUTat3.1, TbrIL1501, TbgIL1922, Tev Tansui and Teq IVM-t1.






Table 1. The inhibition rate of raltitrexed at 0.25 or 25 µg/mL against 6 Trypanosoma species, TcIL3000, TbbGUTat3.1, TbrIL1501, TbgIL1922, Tev Tansui and Teq IVM-t1.





	
Trypanosome

	
Raltitrexed




	
Inhibition Rate at 25 µg/mL *

	
Inhibition Rate at 0.25 µg/mL *






	
TcIL3000

	
1.77 ± 2.5

	
0




	
TbbGUTat3.1

	
99.47 ± 0.07

	
0




	
TbrIL1501

	
99.68 ± 0.16

	
1.01 ± 1.4




	
TbgIL1922

	
99.6 ± 0.33

	
0




	
Tev Tansui

	
99.9 ± 0.12

	
0




	
Teq IVM-t1

	
99.8 ± 0.027

	
0








* The values are represented as (mean ± SD).
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Table 2. The IC50 of raltitrexed against six Trypanosoma species, TcIL3000, TbbGUTat3.1, TbrIL1501, TbgIL1922, Tev Tansui and Teq IVM-t1.






Table 2. The IC50 of raltitrexed against six Trypanosoma species, TcIL3000, TbbGUTat3.1, TbrIL1501, TbgIL1922, Tev Tansui and Teq IVM-t1.









	
	Raltitrexed





	Trypanosome
	IC50 (µg/mL) *



	TcIL3000
	>25



	TbbGUTat3.1
	24.13 ± 0.01



	TbrIL1501
	12.46 ± 0.05



	TbgIL1922
	23.98 ± 0.14



	Tev Tansui
	11.57 ± 0.24



	Teq IVM-t1
	5.18 ± 0.53







* The values are represented as (mean ± SD).
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Table 3. The docking score and binding parameters for raltitrexed and the compound WR99210 with T. brucei dihydrofolate reductase.
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	Title
	Docking Score
	Glide Ligand Efficiency
	Glide Hbond
	Glide Lipo





	Raltitrexed
	−7.78
	−0.24
	−0.3
	−3.1



	WR99210
	−4.6
	−0.19
	−0.1
	−1.7
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Table 4. The docking score and binding parameters for raltitrexed with human (PDB ID 1DRF) or T. brucei DHFR.






Table 4. The docking score and binding parameters for raltitrexed with human (PDB ID 1DRF) or T. brucei DHFR.





	Title
	Docking Score
	Glide Ligand Efficiency
	Glide Hbond
	Glide Lipo





	T. brucei
	−7.78
	−0.24
	−0.3
	−3.1



	Human
	−7.2
	−0.22
	−0.32
	−2.9
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