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Abstract: Malaria is one of the most common diseases caused by 

protozoa of the genus Plasmodium in tropical countries. 

Plasmodium falciparum dihydrofolate reductase (pfDHFR) is 

essential for parasite growth and has been validated as an 

antimalarial drug target for development of new Antifolate 

antimalarial agents. In this study, we have used 22 known 

Pyrimidine inhibitors of pfDHODH were used for building 2D 

QSAR model using linear regression analysis with five variables 

(descriptors) namely Binding energy, Intermol Energy, Torsional 

Energy, Internal Energy and Docking Energy, which are 

computed by AutoDock 3.0.5 tool. The observed and predicted 

biological activities of the molecules are reported. The results 

obtained from this study were used in predicting activities in 

terms of pKi value of Pyrimidine derivatives. This methodology 

allows the identification of probable lead candidates 

expeditiously prior to chemical synthesis and characterization 

and is more cost effective. 
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I.  INTRODUCTION 

       Malaria is a major public health problem all around the 

world mostly in developing and under developed countries, 

accounting for sizeable morbidity, mortality and economic 

loss. Apart from preventive measures, early diagnosis and 

complete treatment are the important modalities that have been 

adopted to contain the disease.  Four species of plasmodium 

commonly infects human, but most severe form of the disease 

is caused by Plasmodium falciparum. The World Malaria 

Report 2011 summarizes that there were 216 million cases of 

malaria in 2010 in which 81% of these were in the WHO 

African region. An estimated 655 000 persons died of malaria 

in 2010. 86% of the victims were children under 5 years of 

age, and 91% of malaria deaths occurred in the WHO African 

region. 

     Antifolate antimalarial drugs interfere with folate 

metabolism, a pathway essential to malaria parasite survival. 

Unfortunately, the antifolates have proven susceptible to 

resistance in the malaria parasite. Resistance is caused by       

point mutations in dihydrofolate reductase, the key enzyme in 

the folate biosynthetic pathway that is targeted by the 

antifolates. Resistance to these drugs arises relatively rapidly 

in response to drug pressure and is now common worldwide.  

     The genes encoding the enzymes in the folate pathway 

targeted by existing antifolate drugs, dihydrofolate reductase 

(DHFR) has been cloned and sequenced, and mutations in this 

gene have been determined to play a role in resistance to the 

antifolate drugs Disruption of folate synthesis by DHFR 

inhibitor 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 [5].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 [37,43]. 

      In this study, we have used 22 known Pyrimidine 

derivative inhibitor  of mutant forms of PfDHFR were used 

for  building 2D QSAR model using linear regression analysis 

with five variables(descriptors) namely EBind (EBind), 

Intermol Energy (EInterMol), Torsional Energy (ETors), 

Internal Energy (EEnt) and Docking Energy (DE), which are 

computed by AutoDock 3.0.5 tool. The structures observed 

and predicted biological activities of the molecules are 

reported. The results obtained from this study were used in 

predicting activities in terms of pKi value of Pyrimidine 

derivatives screened on the basis of docking scores.  
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II. MATERIALS AND METHODS 

A.  Receptor x-ray structure   

The Protein Data Bank (PDB) is a repository for the 3D 

structural data of large biological molecules, such as proteins 

and nucleic acids. The data typically obtained by X-ray 

crystallography or NMR spectroscopy can be accessed at  

TABLE I.  LIST OF INHIBITORS KNOWN TO BE ACTIVE AGAINST PFDHFR. 

Sl. 

No. 

CID 

No. 
Structure 

IUPAC 

Name 

Exp. 

Ki(µM) 

MWT 

(g/mol) 

Molecular 

formula 
X Log P HBD HBA 

1. 4993 

 

5-(4-

chlorophenyl)-

6-

ethylpyrimidine

-2,4-diamine 

0.0097 248.71142 C12H13ClN4 2.7 2 4 

2. 10927461 

 

5-(3-

chlorophenyl)-

6-[2-(3-

phenoxypropox

y)ethyl]pyrimid

ine-2,4-diamine 

0.0017 398.88592 
C21H23ClN4O

2 
3.8 2 6 

3. 10090457 

 

5-(3-

chlorophenyl)-

6-[3-(4-

methoxyphenyl

)propyl]pyrimid

ine-2,4-diamine 

0.002 368.85994 C20H21ClN4O 4.4 2 5 

4. 9974420 

 

5-(3-

chlorophenyl)-

6-(3-

phenylpropyl)p

yrimidine-2,4-

diamine 

0.002 38.83396 C19H19ClN4 4.2 2 5 
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5. 10018953 

 

methyl 4-[2,6-

diamino-5-(3-

chlorophenyl)p

yrimidin-4-

yl]butanoate 

0.0027 285.42378 C19H27NO 4.5 1 2 

6. 10060600 

 

5-(3-

chlorophenyl)-

6-

ethylpyrimidine

-2,4-diamine 

0.0033 248.71142 C12H13ClN4 2.7 2 4 

7. 11463215 

 

3-[2,6-diamino-

5-(3-

chlorophenyl)p

yrimidin-4-

yl]propyl 

benzoate 

0.0036 382.84346 
C20H19ClN4O

2 
3.8 2 6 

8. 10476801 

 

benzyl 3-[2,6-

diamino-5-(3-

chlorophenyl)p

yrimidin-4-

yl]propyl 

carbonate 

0.0036 412.86944 
C21H21ClN4O

3 
4.2 2 7 

9. 9814965 

 

5-phenyl-6-(3-

phenylpropyl)p

yrimidine-2,4-

diamine 

0.0047 304.3889 C19H20N4 3.8 2 4 
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10. 11152240 

 

3-(2,6-diamino-

5-

phenylpyrimidi

n-4-yl)propyl 

benzoate 

0.014 348.3984 C20H20N4O2 3.4 2 6 

11. 13926968 

 

5-(3-

chlorophenyl)-

6-

methylpyrimidi

ne-2,4-diamine 

0.014 348.3984 C20H20N4O2 3.4 2 6 

12. 10266000 

 

methyl 4-(2,6-

diamino-5-

phenylpyrimidi

n-4-

yl)butanoate 

0.024 286.32902 C15H18N4O2 1.7 2 6 

13. 11290186 

 

3-[2,6-diamino-

5-(3-

chlorophenyl)p

yrimidin-4-

yl]propyl 

acetate 

0.0314 320.77408 
C15H17ClN4O

2 
2.2 2 6 

14. 93114 

 

6-ethyl-5-

phenylpyrimidi

ne-2,4-diamine 

0.032 214.26636 C12H14N4 2.1 2 4 



 

Intl  J Engg Sci Adv Research 2015 Mar;1(1):7-17                                                               Molecular Modeling Studies 

 

11 

 

15. 29142 

 

5-(3,4-

dichlorophenyl)

-6-

ethylpyrimidine

-2,4-diamine 

0.053 283.15648 C12H12Cl2N4 3.1 2 4 

16. 11369471 

 

3-[2,6-diamino-

5-(3-

chlorophenyl)p

yrimidin-4-

yl]propan-1-ol 

0.057 278.7374 C13H15ClN4O 1.6 3 5 

17. 11121319 

 

5-(4-

chlorophenyl)-

6-(3-

phenylpropyl)p

yrimidine-2,4-

diamine 

0.17 338.83396 C19H19ClN4 4.5 2 4 

18. 11369668 

 

3-(2,6-diamino-

5-

phenylpyrimidi

n-4-yl)propyl 

acetate 

0.237 286.32902 C15H18N4O2 1.8 2 6 
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19. 11020649 

 

6-ethyl-5-(4-

methylphenyl)p

yrimidine-2,4-

diamine 

0.284 228.29294 C13H16N4 2.4 2 4 

20. 134626 

 

5-(4-

bromophenyl)-

6-

ethylpyrimidine

-2,4-diamine 

0.0443 293.16242 C12H13BrN4 2.8 2 4 

21. 10426185 

 

methyl 4-[2,6-

diamino-5-(4-

chlorophenyl)p

yrimidin-4-

yl]butanoate 

0.36 320.77408 
C15H17ClN4O

2 
2.3 2 6 

22. 13926986 

 

6-ethyl-5-(4-

methoxyphenyl

)pyrimidine-

2,4-diamine 

0.086 244.29234 C13H16N4O 2 2 5 

 

http://www.rcsb.org. The 3D coordinates of the crystal 

structure of Quadruple mutant (N51I+C59R+S108N+I164L) 

Plasmodium falciparum dihydrofolate reductase-thymidylate 

synthase (PfDHFR-TS) complexed with WR99210, NADPH, 

and dUMP (PDB id: 1J3K) was retrieved from PDB and taken 

as the receptor model in flexible docking program.  

 

B. Active site analysis  

     The active site residues of Quadruple mutant 

(N51I+C59R+S108N+I164L) Plasmodium falciparum 

dihydrofolate reductase-thymidylate synthase (PfDHFR-TS) 

was  taken from the PDBSUM entry of 1J3K  having binding  

 

site residues ASP54, CYS15, ILE14, LEU164, ASN108, 

PHE58, PRO113, ILE112 and MET55 for inhibitor WRA( 

6,6-dimethyl-1-[3-(2,4,5-trichlorophenoxy)propoxy]-1,6-

dihydro-1,3,5-triazine-2,4-diamine).  

 

C. Inhibitors Dataset 

   Twenty-two compounds with experimentally derived 

quadruple mutant PfDHFR pKi values were obtained from the 

literature [12]. The 3D structures of known 22 inhibitors were 

downloaded in .sdf format from pubchem compound database. 

They were later converted in  

http://www.rcsb.org/
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.pdb format by the help of open babel  [31]software. Babel is a 

cross-platform program designed to converts chemical objects 

(currently molecules) from one file format to another. This 

chemical toolbox is used in molecular modeling, 

computational chemistry and related areas to convert, analyze, 

or store data. The 2D structure of these inhibitors along with 

Ki values is shown in Table 1. 

 

D. Molecular docking 

     AutoDock 3.0.5 is a suite of automated docking tools used 

to predict how small molecules such as substrate, ligand or 

drug candidates, bind to a receptor of known 3D structure. To 

understand such interactions it is important for insights into 

molecular recognition and networks such as signal 

transduction pathways in cells. To assist in studying protein 

interactions, we use autodock programs for protein-ligand 

docking. AutoDock actually consists of two main programs: 

autodock and autogrid. AutoDock performs the docking of the  

ligand to a set of grids describing the target protein; Auto Grid 

pre-calculates these grids (http://autodock.scripps.edu).    
AutoDock 3.0.5 is parameterized to use a model of the protein 

and the ligand that includes polar hydrogen atoms, but not the 

hydrogen atoms which are bonded to carbon atoms. An 

extended format of the .PDB, known as PDBQS, is used for 

coordinate files, which includes atomic partial charges and 

atom types. The current AutoDock force field uses several 

atom types for the most common atoms, including separate 

types for aliphatic and aromatic carbon atoms, and separate 

types for polar atoms that form hydrogen bonds and those that 

do not form hydrogen bonds.   

      Auto Dock tools detects whether the ligand already has 

charges or not. If not, AutoDock tools determine whether the 

ligand is a peptide, by checking all of its residues’ names 

appear in the standard set of the 20 commonly occurring 

amino acids. If all the residues are amino acids, AutoDock 

tools add Kollman charges to the ligand. If not, then it 

computes Gasteiger charges; it is essential that for the 

Gasteiger calculation to work correctly, the ligand must have 

all the hydrogen atoms added, including both the polar and 

non-polar ones. If the charges are all zero, then AutoDock 

tools try to add charges. It checks whether the total charge per 

residue is an integer. Kollman charges are added up using a 

look-up dictionary based on the names of the atoms in the 

ligand. If the name is not found, a charge of 0.0 is assigned  

      Docking of 22 inhibitor screened from literature against 

Plasmodium falciparum DHFR structure was done using 

molecular docking program AutoDock 3.0.5 [22]. Gasteiger 

charges are added to the ligand and maximum 6 numbers of 

active torsions are given to the lead compounds using 

AutoDock tool [26].Kollman charges and the solvation term 

were then added to the protein structure using the same.  We 

have made the grid and adjusted the number of points in X, Y, 

Z-axis so that the entire active site residue (ASP54, CYS15, 

ILE14, LEU164, ASN108, PHE58, PRO113, ILE112 and 

MET55) of the DHFR is covered. The default value is 0.375 Å 

between grid points, which is about a quarter of the length of a 

carbon-carbon single bond. The spacing between grid points 

can be adjusted with another thumbwheel. Grid spacing values 

of up to 1.0 Å can be used when a large volume is to be 

investigated. The Lamarckian genetic algorithm implemented 

in Autodock was used. Docking parameters were as follows: 

30 docking trials, population size of 150, maximum number of 

energy evaluation ranges of 25,0000, maximum number of 

generations is 27,000, mutation rate of 0.02, cross-over rate of 

0.8, Other docking parameters were set to the software’s 

default values. After docking, the ligands were ranked 

according to their docked energy as implemented in the 

AutoDock program. 

 

E. Cygwin   

  Cygwin (http://www.cygwin.com/) is a collection of free 

software tools originally developed by Cygnus Solutions to 

allow various versions of Microsoft Windows to act similar to 

a Linux operating system. As AutoDock is programmed to run 

on Linux operating system, so for those systems which run on 

windows, Cygwin is a must. Cygwin consist of two parts: a 

Dynamic-link library (DLL) as an API compatibility layer 

providing a substantial part of the POSIX API functionality, 

and an extensive collection of software tools and applications 

that provide a Unix-like and feel.  

F. 2D QSAR 

 SAR is basically used to study the biological 

activities with various properties associated with the 

structures, which is helpful to explain how structural features 

in a drug molecule influence the biological activities. The 

analysis also gathers information that is very much useful for 

molecular drug design and medicinal Chemistry. Therefore 

correlating the physicochemical properties or structural 

features of the important compounds with their biological 

activity is essential. QSAR comprises a numerical set of 

calculations that help to derive mathematical formulas, which 

correlate chemical structure and biological activity. QSAR 

methods numerically represent chemical structures with 

descriptors and derive the algorithm that can take the 

mathematical descriptions and formulate some correlation 

with the increase or decrease of biological performance given 

to those descriptors. MLR tries to model the relationship 

between two or more independent descriptors and dependent 

variable such as pKi by fitting a linear regression equation to 

the observed data with corresponding parameters (constants) 

and an error term. wenty two known inhibitors of PfDHFR; 

[13] were used for 2D QSAR studies. 
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G.  Python Molecular Viewer 

 urther the best-docked complexes were analyzed 

through Python Molecular Viewer (PMV) software for their 

interaction studies. Python Molecular Viewer (Michel, et al., 

1999) is a tool to view the binding of hydrogen bonds in the 

target molecule. 

  

III. RESULTS AND DISCUSSION 

 

A. Results of molecular docking 

 ocking studies predicted the interaction of ligands 

with protein and residues involved in this complex. For such 

interaction studies, the most important requirement was the 

proper orientation and conformation of ligand which fitted to 

the enzyme binding site appropriately and formed protein-

ligand complex. Therefore, optimal interactions and the best 

autodock score were used as criteria to interpret the best 

conformation among the 30 conformations, generated by 

AutoDock program. The docking results of the compounds 

with PfDHFR were shown in table 2.  

 

B. 2D QSAR 

 After docking 22 known inhibitors, five types of 

energy values based descriptors were then used as independent 

variables for QSAR modeling. Biological activity was 

expressed in terms of pKi, the logarithm of measured Ki (μM) 

against PfDHFR enzyme. Using linear regression analysis, a 

QSAR based model was generated using five variables namely 

Binding Energy (EBind), Intermol Energy (EInterMol), 

Torsional Energy (ETors), Internal Energy (EEnt) and 

Docking Energy (DE), which accomplished correlation 

coefficient r2 value 0.47258. The equation was obtained for 

the inhibitory activities represented as pKi values, using the 

EBind, EInterMol, ETors, EEnt and DE as the variable 

descriptors. A model with the correlation coefficient (r2) of 

0.6617 was obtained for 22 compounds using the Equation 1. 

 

 

 

  

Fig.1.  Depict the experimental and predicted pKi value in X and Y direction respectively with r2 value 0.47258 using LINEAR MODEL. 

Predicted pKi= 2.58391+5.10265 (DE) + 20.89493 (EBind) -29.98146 (EInterMol) -18.53231 (ETors) -0.45963 (EEnt)        

 (1) 
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TABLE II.   THE EXPERIMENTAL AND PREDICTED PKI VALUES FOR THE TRAINING AND TEST SET MOLECULES DOCKED WITH PFDHFR. 

 

 

EBind: Binding Energy; EInterMol: Intermol Energy; ETors: Torsional Energy; EEnt: Internal Energy; DE:  Docking Energy 

Sl. 

No 

CID No. R1 

 

R2 

 

R3 

 

Exp. 

pKi 

Predicted 

     pKi 

EBind 

(Kcal/

mol) 

EInterM

ol (Kcal/ 

mol) 

ETors 

(Kcal 

/mol) 

Ent 

(Kcal 

/mol) 

DE 

(Kcal/

mol) 

1 

4993 

(Pyrimi 

dine) 

–CH2CH3 Cl H 8.01 7.4902796 -8.54 -8.8 5.31 -0.11 -8.96 

2 10927461 –(CH2)2O(CH2)3OC6H5 H Cl 8.77 8.5685710 -7.21 -10.01 2.8 -0.07 -10.08 

3 10090457 –(CH2)3C6H4–(p-OCH3) H Cl 8.70 8.9142608 -9.9 -11.45 1.56 -0.26 -11.71 

4 9974420 –(CH2)3C6H5 H Cl 8.70 8.2926654 -9.62 -10.86 1.25 -0.41 -11.27 

5 10018953 –(CH2)3COOCH3 H Cl 8.57 8.0759143 -7.75 -9.62 1.87 -0.17 -9.79 

6 10060600 –CH2CH3 H Cl 8.48 7.6292443 -8.67 -8.98 0.31 -0.07 -9.05 

7 11463215 –(CH2)3OCOC6H5 H Cl 8.44 8.4600048 -9.38 -11.25 1.87 -0.65 -11.9 

8 10476801 –(CH2)3OCOOCH2C6H5 H Cl 8.44 7.4894828 -6.52 -9.01 2.49 -0.36 -9.37 

9 9814965 –(CH2)3C6H5 H H 8.32 7.8019075 -8.46 -9.71 1.25 -0.36 -10.07 

10 11152240 –(CH2)3OCOC6H5 H H 7.85 8.1639642 -8.37 -10.23 1.87 -0.26 -10.49 

11 13926968 –CH3 H Cl 7.85 7.7115650 -7.43 -8.05 0.62 -0.11 -7.95 

12 10266000 –(CH2)3COOCH3 H H 7.61 7.5391106 -6.98 -8.85 1.87 -0.2 -9.05 

13 11290186 –(CH2)3OCOCH3 H Cl 7.50 7.4111704 

 
-8.02 -8.34 0.31 -0.06 -8.4 

14 93114 –CH2CH3 H H 7.50 7.4111704 -8.02 -8.34 0.31 -0.06 -8.4 

15 29142 –CH2CH3 Cl Cl 7.27 6.8522305 -7.6 -7.91 0.31 -0.11 -8.03 

16 11369471 –(CH2)3OH H Cl 7.24 7.5485076 -8.1 -9.04 0.93 -0.36 -9.39 

17 11121319 –(CH2)3C6H5 Cl H 6.77 7.6792874 -8.42 -9.67 1.25 -0.43 -10.1 

18 11369668 –(CH2)3OCOCH3 H H 6.62 6.9760766 -6.61 -8.17 1.56 -0.29 -8.45 

19 11020649 –CH2CH3 -CH3 H 6.54 6.9628167 -7.72 -8.03 0.31 -0.11 -8.14 

20 134626 –CH2CH3 Br H 7.35 7.5071358 -8.01 -8.32 0.31 -0.31 -8.44 

21 10426185 –(CH2)3COOCH3 Cl H 6.44 7.6008052 -7.3 -9.17 1.87 -0.28 -9.46 

22 13926986 –CH2CH3 OCH

3 
H 7.06 

 
7.9538264 -8.23 -8.85 0.62 0.20 -8.65 
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C.  Evaluation of QSAR models 

To assess the predictive performance of QSAR models, 

different cross-validation procedures were adopted. First, in 

leave-one-out strategy (LOOCV), one molecule was 

removed from the dataset as a test compound and the 

remaining 21 molecules were used to build the model. This 

process was repeated 22 times with each inhibitor as a test 

molecule. Once a regression model was constructed, 

goodness about the fit and statistical significance was 

assessed using the statistical parameters. 

IV. CONCLUSION 

The   Plasmodium falciparum dihydrofolate reductase is a 

drug targeting protein for the drug discovery fighting with 

the malaria. Flexible docking of ligand from chemical 

database to receptor is an emerging approach and is widely 

used in drug discovery to reduce the cost and time. Twenty 

two known inhibitor of PfDHFR were used for 2D QSAR 

study. Using linear regression analysis, a QSAR based 

model was generated using five variables (descriptors) 

namely Binding Energy (EBind), Intermol Energy 

(EInterMol), Torsional Energy (ETors), Internal Energy 

(EEnt) and Docking Energy (DE), which accomplished 

correlation coefficient r
2
 value 0.47258. The biological 

activity of Pyrimidine derivatives in terms of Ki can be 

predicted using this QSAR model, which could be used as a 

guideline for antimalarial activity of compounds before their 

synthesis. 
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