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Abstract 

Malaria is a major burden for the most resource-poor nations of the world. The goal of eradicating 
malaria, once thought to be possible, was abandoned decades ago, and the present goal of malaria 
control is instead first to retard the accelerating rates of disease and death caused by the world’s most 
important parasitic disease and then to “roll back malaria”. Resistance to antifolates occurred soon 
after their deployment as antimalarials. In malaria, this has been shown to be due to the evolutionary 
changes in dihydrofolate reductase (DHFR) which resulted into a decrease in binding strengths of the 
inhibitors. In this study, two groups of compounds were analyzed for their potency against 
Plasmodium falciparum DHFR. The first group is made up of a set of known antifolate drugs 
(Cycloguanil, Proguanil and Pyrimethamine) while the second group is made up of compounds isolated 
from plants with history of antimalaria activities (Gedunin, Lycorine and 1,2-di-O-acetyllycorine). The 
plant isolates were designed using the MarvinSketch software while the inhibitory effect of each 
experimental compounds against the Plasmodium falciparum DHFR were measured through a 
molecular docking approach, where the potency of a drug/compound is determined by their binding 
energy to the target enzyme. Binding energy predictions from the molecular docking study showed 
that the 3 plant isolates might be better antimalarial agents than the antifolate drugs when targeted at 
the Plasmodium falciparum DHFR. The laboratory synthesis and preclinical studies on these compounds 
are therefore recommended. 
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Introduction 

Antifolates are a class of antimetabolite 
medications that blocks the activity of folic acid [1]. 
The primary function of the folic acid in the body is 
to serve as a cofactor to various methyltransferases 
involved in serine, methionine, thymidine and purine 
biosynthesis. Consequently, antifolates inhibit cell 
division, DNA/RNA synthesis and repair and protein 
synthesis. Some such as proguanil and 
pyrimethamine selectively inhibit folate's actions in 
microbial organisms such as bacteria, protozoa and 
fungi. The majority of antifolates work by inhibiting 
dihydrofolate reductase (DHFR) [2].  

The empiric use of antifolates against malaria 
long predates definitive demonstration of the folate 
metabolism pathway in Plasmodium spp. De novo 
synthesis of folate by Plasmodium spp. was 
demonstrated over 25 years ago [3], and although 

an exogenous folate salvage pathway has been 
found in isolates from around the world [4], it does 
not appear to be Plasmodia’s primary source of 
folate. Disruption of folate synthesis by DHFR 
inhibitors leads to decreased levels of fully reduced 
tetrahydrofolate, a necessary cofactor in important 
one-carbon transfer reactions in the purine, 
pyrimidine, and amino acid biosynthetic pathways 
[3]. The lower levels of tetrahydrofolate result in 
decreased conversion of glycine to serine, reduced 
methionine synthesis, and lower thymidylate levels 
with a subsequent arrest of DNA replication [5, 6, 7]. 

DHFR exists as a bifunctional enzyme together 
with thymidylate synthase (TS), which forms d-TMP 
from d-UMP using methylenetetrahydrofolate as 
the methylating agent [8]. The dihydrofolate 
produced in this reaction, a part of the d-TMP 
synthesis cycle, as well as that formed from de novo 
and a folate salvage pathway [9], is reduced 
through DHFR catalysis to tetrahydrofolate. P. 
falciparum DHFR, unlike its human counterpart, is 
very sensitive to inhibition by pyrimethamine and 
other 2, 4- diaminopyrimidines, and cycloguanil and 
other 2,3- dihydrotriazines, providing the rationale 
for their use as antimalarials [10]. 

This paper is aimed at carrying out a comparative 
study on the inhibitory role of selected antifolate 
drugs and isolated plant antimalarial compounds 
against the Plasmodium falciparum dihydrofolate 
reductase. 

Materials and Methods 
Sequence Retrieval 
The human dihydrofolate reductase amino acid 

sequence was retrieved from the National Center 
for Biotechnology Information (NCBI) Database [11]. 
The NCBI houses database series with relevance to 
biotechnology and biomedicine and is also a useful 
resource for bioinformatics services, analysis and 
tools. Major databases comprise the GenBank which 
is for sequences of DNA and PubMed which is a 
bibliographic repository for literatures regarding 
biomedicine [12]. Other databases include the NCBI 
and the Epigenomics database [13]. The human 
dihydrofolate reductase was assigned an accession 
number of NP_001182572.1. The Plasmodium 
falciparum dihydrofolate reductase amino acid 
sequence was downloaded from the Protein Data 
Bank repository [14]. 

Physiological–biochemical characterization 
The Expasy Protparam server [15] was used for 

the physicochemical characterization and to know 
the molecular weight, theoretical isoelectric point 
(pI), total number of negative and positive residues, 
aliphatic index, extinction coefficient, instability 
index, and grand average hydropathicity (GRAVY) of 
this TIM protein [16]. 

Sequence Alignment 
The human and Plasmodium falciparum 

dihydrofolate reductase sequences were aligned 
using the clustalW software. Just like other Clustal 
tools, ClustalW is used for multiple nucleotide and 
protein sequence alignment in a manner that is 
efficient. ClustalW make use of progressive 
alignment methods, where the first set of aligned 
sequences are the most similar down to the least 
similar up to the point of creation of a global 
alignment [17].  

Protein 3D Structure 
The crystallized 3D structure of the Plasmodium 

falciparum dihydrofolate reductase was 
downloaded from the Protein Data Bank (PDB) 
repository [18]. The Protein Data Bank (PDB) is a 3D 
(three-dimensional) database for structural proteins 
and nucleic acids which are large biological 
molecules [19]. Biologists and biochemists from all 
over the world submit these data which were 
obtained through NMR spectroscopy, X-ray 
crystallography and cryo-electron microscopy [20]. 

Ligand Preparation
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The 2D structure of gedunin, 1,2-diacetoxylycorine 
and lycorine were designed using the MarvinSketch 
software [21] while SMILES strings for the three 
selected antifolate drugs were copied from the 
PubChem database. All designed structures were 
downloaded and saved as mrv files in preparation 
for docking 

Molecular Docking 
The binding energy scores between the 

experimental ligands and the Plasmodium 
falciparum dihydrofolate reductase was predicted 
using the AutoDock Vina software [22]. AutoDock 
Vina is a molecular modeling and simulation 
software. It is especially designed and effective for 
protein-ligand docking [23]. 

Results and Discussion 
The usefulness of sequence alignment is for the 

discovery structural and functional information in 
biological sequences. The importance also gives 

important information about the evolutionary 
relationship between sequences of different species 
of organisms. [24]. The 32% similarity observed from 
the alignment result between the human and 
Plasmodium falciparum dihydrofolate reductase 
primary structures is an indication that the 
Plasmodium falciparum DHFR might be an ideal 
target for druglike compounds based on the low 
percentage similarity that exists between the two 
amino acid sequences. The low percentage similarity 
also consequently serves as an indicator to the 
distant relationship between the two sequences 
with regards to evolution. 

The pI of the Plasmodium falciparum 
dihydrofolate reductase by the biochemical 
characterization analysis has predicted the protein 
to be slightly acidic with a value of 6.86 [25]. The 
hydrophobicity scale produced values that define 
relative hydrophobicity of amino acid residues. The 
more positive the value, the more hydrophobic the 
amino acids located in that region of the protein 
[26]. The GRAVY calculator used in predicting the 
hydrophobicity assigned to the protein a value of -
0.506  

The instability index provides an estimate of the 
stability of a protein in a test tube. A protein whose 
instability index is smaller than 40 was predicted as 
stable and a value above 40 predicts the protein 
may be unstable [27]. The Plasmodium falciparum 

dihydrofolate reductase is therefore a stable protein 
with an instability value of 35.23.  

Plasmodium falciparum dihydrofolate reductase 
contains 608 amino acid residues. The docking 
structures of all the compounds showed that they 
bind in a very similar pattern with the active site of 
Plasmodium falciparum dihydrofolate reductase, as 
is evident from the superposition of all experimental 
ligands in figures 4-9. The calculated free energy of 
binding of gedunin, 1,2-di-O-acetyllycorine and 
lycorine were -9.5, -9.0 and -8.7Kcal/mol respectively 
while the calculated free energy of binding of 
cycloguanil, proguanil and pyrimethamine were -8.0, 
-7.7 and -8.0Kcal/mol respectively (Table 1). This 
confirms that the structural uniqueness of each 
ligand as observed in this study is significantly 
related to their activity [28]. Also, this proved the 
reliability of the docking results [28].  

The solubility of a compound in water could 
improve its biotransformation and elimination as a 
drug [29]. All experimental ligands used for the 
purpose of this study were soluble in water (Table 
1).  

The molecular weight of all the experimental 
ligands were less than 500g/mol, showing that they 
can be considered as drug [30]. A compound can 
also be considered drug-like if it is characterized by 
high lipophilicity (less than 5) [31]. This is expressed 
as Log Po/w. The lipophilicity values of all 
experimental ligands were less than 5 and are most 
likely to be drugs.  

Lipinski’s rule of 5 helps in distinguishing between 
drug-like and non drug-like molecules. It predicts 
high probability of success or failure due to drug 
likeness for molecules complying with 2 or more of 
the following rules: Molecular mass less than 
500g/mol; High lipophilicity (expressed as Log Po/w 
less than 5); Less than 5 hydrogen bond donors; 
Less than 10 hydrogen bond acceptors; Molar 
refractivity should be between 40-130. These filters 
help in early preclinical development and could help 
avoid costly late-stage preclinical and clinical failures 
[32]. All the experimental ligands used in his study 
complied with the Lipinski’s rule and therefore are 
likely to be drugs (Table 1).  

High penetration is needed for most of the drugs 
targeting the central nervous system (CNS), 
whereas blood brain barrier (BBB) penetration 
should be minimized for non-CNS drugs to avoid 
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undesired side-effects [33]. Pharmacokinetically, 
the gastrointestinal drug absorption of all 
experimental ligand was high and all but 
pyrimethamine showed no blood brain barrier (BBB) 
permeation ability. This calls for caution in the 
administration of pyrimethamine in order to 
minimize side effects due to the penetration of the 
blood brain barrier.  

For synthetic accessibility, values of 5 to10 means 
that the drug could be synthesized [34]. All the 
experimental ligands but gedunin showed synthetic 
accessibility values of less than 5. This means that 
the compounds can easily be synthesized in the 
laboratory. Synthetic studies followed by pre-clinical 
studies are further recommended. 

Conclusion  
The results obtained from this study has indicated 

that the 3 isolated plant compounds (gedunin, 1,2-di-
O-acetyllycorine and lycorine) might be better 

antimalarial drugs having exhibited stronger 
binding energies against the Plasmodium falciparum 
dihydrofolate reductase than their antifolate 
counterparts (cycloguanil, proguanil and 
pyrimethamine).  

Pyrimethamine could pose a threat to the Central 
Nervous System (CNS) as it possess the ability to 
penetrate the blood brain barrier. Caution should 
therefore be taken in the administration of this drug 
in order to avoid undesirable side effects. 

Synthesis and pre-clinical studies of the 3 plant 
compounds against Plasmodium falciparum 
dihydrofolate reductase is recommended to confirm 
their activity as better antimalarial drugs. 

References 

1. Ivan M. Kompis, Khalid Islam, Rudolf L. Then 
(2005). "DNA and RNA Synthesis:  
Antifolates". Chem. Rev. 105: 593–620. 
doi:10.1021/cr0301144 

2.  Trexall, Rheumatrex (methotrexate) dosing, 
indications, interactions, adverse effects, 
and more". Medscape Reference. WebMD. 
Retrieved 10 January 2014. 

3. Ferone R. (1977) Folate metabolism in 
malaria. Bull World Health Organ 55:291– 
298. 

4. Krungkrai J, Webster HK, and Yuthavong Y 
(1989) De novo and salvage biosynthesis of 
pteroylpentaglutamates in the human 

malaria parasite, Plasmodium falciparum. 
Mol Biochem Parasitol 32:25–37. 

5. Kamya MR, Dorsey G, Gasasira A, Ndeezi G, 
Babirye JN, Staedke SG, and Rosenthal PJ 
(2001) The comparative efficacy of 
chloroquine and sulfadoxinepyrimethamine 
for the treatment of uncomplicated 
falciparum malaria in Kampala, Uganda. 
Trans R Soc Trop Med Hyg 95:50 –55. 

6. Jelinek T, Ronn AM, Lemnge MM, Curtis J, 
Mhina J, Duraisingh MT, Bygbjerg IC, and 
Warhurst DC (1998) Polymorphisms in the 
dihydrofolate reductase (dhfr) and 
dihydropteroate synthetase (dhps) genes of 
Plasmodium falciparum and in vivo 
resistance to sulphadoxine/pyrimethamine 
in isolates from Tanzania. Trop Med Int 
Health 3:605– 609. 

7. Fivelman QL, Butcher GA, Adagu IS, 
Warhurst DC, and Pasvol G (2002) Malarone 
treatment failure and in vitro confirmation 
of resistance of Plasmodium falciparum 
isolate from Lagos, Nigeria. Malar J 1:1 

8. K.M. Ivanetich, D.V. Santi, Thymidylate 
synthase-dihydrofolate reductase in 
protozoa, Exp. Parasitol. 70 (1990) 367–371. 

9. P. Olliaro, Y. Yuthavong, An overview of 
chemotherapeutic targets for antimalarial 
drug discovery, Pharmacol. Ther. 81 (1999) 
91–110. 

10. W. Sirawaraporn, Y. Yuthavong, Kinetic and 
molecular properties of dihydrofolate 
reductase from pyrimethamine-sensitive and 
pyrimethamine-resistant Plasmodium 
chabaudi, Mol. Biochem. Parasitol. 10 (1984) 
355–367 

11. Mizrachi, I.  (2007). GenBank: The Nucleotide 
Sequence Database". National Center for 
Biotechnology Information (US) – via 
www.ncbi.nlm.nih.gov. 

12. Wang Y. & Bryant S H. (2014). The NCBI 
handbook, 2nd edition, NCBI PubChem 
BioAssay Database 

13. Altschul, S., Gish, W., Miller, W., Myers E. and 
Lipman, D. (1990). Basic local alignment 
search tool. Journal of Molecular Biology, 
215(3): 403– 410. 

14. Berman, H. M., Westbrook, J., Feng, Z., 
Gilliland, G., Bhat, T. N., Weissig, H., 

http://www.ncbi.nlm.nih.gov/


PhOL      Amadi, et al.      265 (pag 261-272) 
 

 
http://pharmacologyonline.silae.it 

ISSN: 1827-8620 

Shindyalov, I. N. and Bourne, P. E. (2000). 
The Protein Data Bank. Nucleic Acids 
Research, 28(1): 235–242. 

15. http://us.expasy.org/tools/protparam. 
16. Gasteiger E., Hoogland C., Gattiker A., 

Duvaud S., Wilkins M.R., Appel R.D., Bairoch 
A.; Protein Identification and Analysis Tools 
on the ExPASy Server; (In) John M. Walker 
(ed): The Proteomics Protocols Handbook, 
Humana Press (2005).  pp. 571-607. 

17. Thompson, J. D., Higgins, D. G. and Gibson, 
T. J. (1994). CLUSTAL W: improving the 
sensitivity of progressive multiple sequence 
alignment through sequence weighting, 
position-specific gap penalties and weight 
matrix choice. Nucleic Acids Research. 
22(22): 4673–4680. 

18. Berman, H. M., Westbrook, J., Feng, Z., 
Gilliland, G., Bhat, T. N., Weissig, H., 
Shindyalov, I. N. and Bourne, P. E. (2000). 
The Protein Data Bank. Nucleic Acids 
Research, 28(1): 235–242.  

19. Laskowski, R. A., Hutchinson, E. G., Michie, 
A. D., Wallace, A. C., Jones M. L. and 
Thornton, J. M. (1997). "PDBsum: a Web-
based database of summaries and analyses 
of all PDB structures". Trends in Biochemical 
Science, 22(12): 488–490.  

20. Anon, H. (2014). Hard data: It has been no 
small feat for the Protein Data Bank to stay 
relevant for 100,000 structures. Nature, 
509(7500): 260-268. 

21. Chen, J., Swamidass, S. J., Dou, Y., Bruand, 
J., and Baldi, P. (2005). ChemDB: a public 
database of small molecules and related 
chemoinformatics resources. Bioinformatics. 
21(22): 4133–4139. 

22. Sousa, S. F., Fernandes, P. A. and Ramos, M. 
J. (2006). Protein-ligand docking: Current 
status and future challenges". Proteins: 
Structure, Function, and Bioinformatics. 
65(1): 15–26.  

23. Schames, J. R., Henchman, R. H., Siegel, J. S., 
Sotriffer, C. A., Ni, H. and McCammon, J. A. 
(2004). Discovery of a novel binding trench 
in HIV integrase. Journal of Medicinal 
Chemistry,47(8): 1879-1881. 

24. Kolodny, R., Petrey, D. and Honig, B. (2006). 
Current Opinion in Structural Biology, 16: 
393-398. 

25. Shi Q, Zhou Y, Sun Y. Influence of pH and 
ionic strength on the steric mass-action 
model parameters around the isoelectric 
point of protein. Biotechnol Prog. 
2005;21:516–23. 

26. Durojaye, O. A, Ajuluchukwu, P. S, Cosmas S, 
Igomu, R. O, Okagu, I. U, S.B, Sani. (2018). 
Binding Energy Prediction and Molecular 
Docking Studies of Falcarindiol and its 
Monosubstituted Analogues against 
Aspergillus fumigatus Chitinase; The In Silico 
Pharmacokinetics. International Journal of 
Scientific and Engineering Research, 9(6) 
271-283 

27. Durojaye. O.A Njoku. U.I. Cosmas. S., Akpan. 
E.N and Gayam. M.M (2018). In-Silico 
Structure–Activity Relationship and 
Molecular Docking study of Levofloxacin 
and its Monosubstituted Analogues against 
the Escherichia coli DNA Gyrase. 
International Journal of chemistry and 
pharmaceutical Science, (2018), 6(4) 121-126. 

28. Cosmas, S. Durojaye, O.A Asomadu, R.O 
Amorha, I.N Diyoke, O.I. and Osegbo. G.A 
(2018). Identification of Candidate Inhibitory 
Ligand from Allium cepa and Molecular 
Docking against Trypanosoma brucei 
Phosphoglycerate Kinase: the In Silico 
Structure-Activity Relationship. International 
Journal of Chemistry and Pharmaceutical 
Science, 6(8) 215-22. 

29. Jin, H. R.; Zhao, J.; Zhang, Z.; Liao, Y.; Wang, 
C. Z.; Huang, W. H.; Li, S. P.; He, T. C.; Yuan, 
C. S.; Du, W. (2012). "The antitumor natural 
compound falcarindiol promotes cancer cell 
death by inducing endoplasmic reticulum 
stress". Cell Death and Disease. 3 (8): 123-145 

30. ARTURSSON, P. & KARLSSON, J. (1991). 
Correlation between oral-drug absorption in 
humans and apparent drug permeability 
coefficients in human intestinal epithelial 
(Caco-2) cells. Biochemical and Biophysical 
Research Communications 175, 880–885. 

31. ARNOTT, J. A. & PLANEY, S. L. (2012). The 
influence of lipophilicity in drug discovery 

http://us.expasy.org/tools/protparam


PhOL      Amadi, et al.      266 (pag 261-272) 
 

 
http://pharmacologyonline.silae.it 

ISSN: 1827-8620 

and design. Expert Opinion on Drug 
Discovery 7: 863–875. 

32. Lipinski CA (2004) Lead- and drug-like 
compounds: the rule of-five revolution. Drug 
Discovery Today: Technologies 1(4): 337-341. 

33. CLARK, D. E. (2003). In silico prediction of 
blood-brain barrier permeation. Drug 
Discovery Today 8, 927–933. 

34. Cosmas, S. Parker, E. J. Durojaye, O.A 
Nnamani, V.I and Amorha, I.N (2018). In-
Silico Structure-Activity Relationship and 
Molecular Docking Studies of 
Monosubstitted 6-Gingerol against 
Streptococcus pneumonia 
Phosphomevalonate Kinase. International 
Journal of Scientific and Engineering 
Research, 9(6): 1733-1742. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PhOL     Amadi, et al.      267 (pag 261-272) 
  

 
http://pharmacologyonline.silae.it 

ISSN: 1827-8620 

 
Figure 1: Sequence alignment result between the human and Plasmodium falciparum dihydrofolate reductase
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Figure 2. The two dimensional (2D) structure of the experimental plant isolates designed using the 

MarvinSketch software. 
 

 
Figure 3. Three dimensional (3D) structure of the Plasmodium falciparum dihydrofolate reductase (PDB: 

3UM8)
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Figure 4. Docking pose of gedunin against the Plasmodium falciparum dihydrofolate reductase. 

 

 
Figure 5. Docking pose of 1,2-diacetoxylycorine against the Plasmodium falciparum dihydrofolate reductase.
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Figure 6. Docking pose of lycorine against the Plasmodium falciparum dihydrofolate reductase 

 

 
Figure 7. Docking pose of cycloguanil against the Plasmodium falciparum dihydrofolate reductase.
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Figure 8. Docking pose of proguanil against the Plasmodium falciparum dihydrofolate reductase. 

 

 
Figure 9. Docking pose of pyrimethamine against the Plasmodium falciparum dihydrofolate reductase 
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Table 1: Physicochemical properties, lipophilicity, solubility, pharmacokinetics and lipinski druglikeness of 
experimental ligands. 

Parameters Gedunin 1,2-
diacetoxylycorin

e 

Lycorine Cyclogua
nil 

Proguani
l 

Pyremethami
ne 

Formula C28H34O7 C20H21NO6 C16H17NO

4 
C11H14ClN5 C11H16ClN

5 
C12H13ClN4 

Molecular weight 
g/mol 

482.57 371.38 287.31 251.72 253.73 248.71 

Docking score 
Kcal/mol 

-9.5 -9.0 -8.7 -8.0 -7.5 -8.0 

Num. H-Bond 
acceptors 

7 7 5 2 2 2 

Num. H-Bond 
donors 

0 1 2 2 3 2 

TPSA Å² 95.34 85.30 62.16 80.00 88.79 77.82 

Lipophilicity 
Consensus Log 

Po/w 

3.64 1.28 0.87 1.35 1.59 2.29 

Water Solubility 
Log S 

Moderatel
y Soluble 

Highly Soluble Very 
Soluble 

Soluble Soluble Soluble 

GI absorption High High High High High High 

BBB permeant No No No No No Yes 

P-gp substrate Yes No Yes No No No 

CYP1A2 inhibitor No No No Yes No Yes 

CYP2C19 inhibitor No No No No No Yes 

CYP2C9 inhibitor No No No No No No 

CYP2D6 inhibitor No No Yes No No No 

CYP3A4 inhibitor No No No No No Yes 

Lipinski 
Druglikeness 

Yes; 0 
Violation 

Yes; 0 Violation Yes; 0 
Violation 

Yes; 0 
Violation 

Yes; 0 
Violation 

0 

Synthetic 
accessibility 

6.54 4.59 4.20 3.27 2.68 2.43 

 
 

 

 

 


