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Abstract 
   
  
 Malaria is a major public health disease that affects over half a billion people worldwide with millions 
of death annually.  Four species of Plasmodium parasites could infect human and Plasmodium vivax is 
responsible for 80 million cases per year. Chemotherapy against vivax malaria includes primaquine and 
chloroquine but not antifolate drugs such as pyrimethamine (Pyr), because its inherit resistance towards P. 
vivax has been commonly considered.  This critical problem needs serious attention upon the emergence of 
resistance of the parasite to chloroquine.  It has been recently demonstrated that wild-type P. vivax 
dihydrofolate reductase, (DHFR), a cellular target of antifolates approved by the WHO, be in fact sensitive to 
the inhibition by pyrimethamine, cycloguanils, and other antifolates.  Mutant parasites, with the most common 

double mutant (SP21, (SP21, Ser-58 →Arg + Ser-117 →Asn), showed reduced affinities towards these 
antifolates by as much as 1,000 times, causing these drugs ineffective for P. vivax treatment. Previous 
biochemical studies revealed point mutations of the DHFR gene was the cause of antifolate drug resistance 
such as pyrimethamine and cycloguanil.  To elucidate the detailed mechanism of the antifolate drug resistance 
in P. vivax, we investigated the three-dimension structures of both wild-type and mutant DHFRs by means of 
X-ray crystallography.   

Our crystallographic investigation has yielded the 1.9 Å resolution crystal structure of the genetically 
engineered DHFR domain in complex with several inhibitors in both wild-type and mutant forms.  Successful 
crystallization efforts of the ternary PvDHFR complex of the NADPH cofactor and the Pyr inhibitor, in 
PEG4000 at pH 7.2, yielded the monoclinic crystal with unit cell parameters of a = 136.53 Å, b = 55.61 Å, c = 

45.75 Å and β = 107.46º. The flash-freezed crystal diffracted beyond 2.0 Å resolution and data were measured 
from both in-house diffractometer and synchrotron radiation facilities.  One copy of PvDHFR ternary 
complex occupied the asymmetric unit, corresponding to the solvent content of 59%. The protein structure 
was solved in the space group C2 by the molecular replacement method.  The binding site of the enzyme 
revealed the NADPH cofactor and a well-defined pyrimethamine.  Pyrimethamine interacted with the enzyme 

with extensive hydrogen bonds (Asp-53, Ile-13, Ile-173) and π-π interactions (Phe-57) in the pyrimidine ring 
and van de Waals interaction in the p-Cl phenyl ring (NADPH) and a weak hydrogen bond between p-
chlorine atom and Ser-120’s OH group. In the wild-type PvDHFR crystal structure, Ser-117 was in close 
proximity of the chlorine atom of the pyrimethamine. To understand the basis of pyrimethamine drug 
resistance, crystal structures of the double mutant SP21 PvDHFR-pyrimethamine complex (with Pyr and des-
chloropyrimethamine) were investigated.  Comparison of the crystal structures of PvDHFR from wild-type 
and the Pyr-resistant strain as complexes with NADPH and Pyr or its analog lacking p-Cl (Pyr20) clearly 
shows that the steric conflict arising from the side chain of Asn-117 in the mutant enzyme, accompanied by 
the loss of binding to Ser-120, is mainly responsible for the reduction in binding of Pyr. Pyr20 still effectively 
inhibits both the wild-type and SP21 proteins, and the x-ray structures of these complexes show how Pyr20 
fits into both active sites without steric strain.    

The long-awaited crystal structure of P. vivax DHFR-TS has been determined.  The protein 
crystallized in the orthorhombic space group with cell parameters of a = 62.366, b = 114.813, c = 198.901 Å. 
The calculated solvent content was 50% with two copies of PvDHFR-TS in each asymmetric unit.  The 
structure was solved by molecular replacement in the space group P212121 and the current resolution is 3.5 Å 
resolution. These findings in this structural investigation of plasmodial DHFR have provided a better 
understanding of the enzyme’s function, drug resistance mechanism and would provide a strong basis in the 
rational inhibitor design to combat with malaria in the future.   




