
Pyrimethamine - Sulphadoxine Resistance genes in Plasmodium falciparum
Introduction

With the global spread of chloroquine resistance in Plasmodium falciparum, the combination of sulfadoxine and pyrimethamine served as the first line of defense against P.falciparum malaria in South America and Southeast Asia. Pyrimethamine binds and inhibits Dihydrofolate Reductase (DHFR) and sulfa drugs act on Dihydropteroate Synthase (DHPS).These compounds act synergistically and interfere with the synthesis of parasite DNA from guanosine triphosphate (GTP) and thus act as folate pathway blockers. But with the widespread use of Pyrimethamine – Sulfadoxine, clinical failure to this drug combination arose rapidly. In P. falciparum the resistance to pyrimethamine and sulfadoxine is attributed to one or more point mutations in parasites dhfr (Hyde, 2002; Yuthavong, 2002) and dhps genes (Triglia et al., 1994) respectively. These point mutations alter the active binding site of the enzyme and thus reduce the capacity of these enzymes to bind to the above drugs resulting in the emergence of resistant parasite strains.
Dihydrofolate Reductase – Thymidylate Synthase

DHFR is a part of bi-functional enzyme DHFR-TS (Dihydrofolate reductase – thymidylate synthase). The gene encoding this enzyme is present on chromosome 4 and is 1.827 kb long fragment without any intervening sequences.  The DHFR-TS of P.falciparum contains 608 amino acids, the first 231 comprising the DHFR domain, the next 89 residues forming the junction region, which joins the remaining 288 residues of thymidylate synthase domain (Bzik et al., 1987). The amino acid identity of PfDHFR with DHFR from bacterial and mammalian species ranges from 24 to 42%, while the identity of PfTS with TS from the other species ranges from 42 to 63%. Significant sequence differences, especially around the active site regions, between DHFR of Plasmodium and the human host have allowed the development of differential inhibitors as antifolate drugs, in contrast with the more conserved nature of TS. 
In the P.falciparum dhfr gene, the first point mutation to occur is S108N which is necessary for pyrimethamine resistance (Peterson et al., 1990). This is followed by C59R, N51I and I164L mutations, which are present only in association with S108N mutation. Single, double, triple or quadruple mutations are present depending on the level of drug resistance, with increased number of PfDHFR mutations showing a higher degree of pyrimethamine resistance (Bzik et al., 1987; Triglia et al., 1994; Peterson et al., 1991). For example, in vitro, the single mutation S108N caused a 25 folds greater IC50 of Pyrimethamine than wild type DHFR. Double mutations did not cause significant further increases in IC50, but the triple DHFR mutant (S108N/N51I/C59R) was 225 fold more resistant to Pyrimethamine. 
There are reports of a new DHFR mutation at position 140 (Val to Leu) in a single Vietnamese isolate (Zindrou et al., 1996) and two new mutations at DHFR codon; C50R and an in frame 15bp repeat insert at codon 30 in Bolivian isolates where resistance to SP is high (Plowe et al., 1997). Genetic transformation studies in yeast suggested that the C50R mutation plays a role similar to the African C59R mutation, and these two mutations appear to be mutually exclusive. The Bolivia repeat was subsequently not found to play a role in resistance (Cortese et al., 1998) and may compensate for the decreased DHFR enzyme function that accompanies the I164L mutation in South American isolates.
Why S108N is the preferred primary mutation? 

Structural studies related to PfDHFR indicate that residue 108 of this enzyme lies in the middle of α- helix which forms one face of the binding site for folate substrate and inhibitors. Thus, single point mutations at position 108 could confer the antifolate resistance necessary to initiate a stepwise evolutionary pathway to the highly resistant multiple mutants of P.falciparum DHFR. But why it is that S108N is the preferred primary mutation, In an attempt to determine this, Sirawaraporn et al., used 10 different amino acid substitutions in place of asparagine at position 108 (Sirawaraporn et al., 1997). Only asparagine provided an enzyme with near wild-type kinetics. Despite other substitutions providing a higher level of antifolate resistance, the asparagine substitution provides the enzyme kinetics necessary for parasite survival with the least number of base-pair substitutions
Relationship of Point mutations to DHFR Structure:

According to the molecular model given by Delfino et al., the primary DHFR mutation, S108N, affects the drug accommodation at the active site of the enzyme, rather than affecting drug entry into this site. The NH2 of asparagine 108 interferes with the chlorine atom of pyrimethamine, causing the later to be displaced within the active site (Warhurst, 1998, 2002). Further compromise of the planar aspect of the pyrimethamine pteridine ring is caused by the carboxylate group of asparagine 54 and the pyrimethamine ethyl group. This loss of planarity is theorized to be responsible for the pyrimethamine resistance caused by the S108N mutation (Delfino et al., 2002). The additional mutations N51I and C59R are distant from the enzyme active site, but on the same helix as residue 54, which is critical to substrate binding (Yuvaniyama et al., 2003). The side chain of C59R extends away from the inhibitor binding site and may be involved in DHF binding, improving substrate binding affinity in the presence of S108N and N51I. Mutations at residues 51 and 59 may also impede admission of the inhibitor binding site ( Warhurst, 2002). This could occur via interactions of polar or charged residues on isoleucine and arginine and the protonated pyrimethamine and cycloguanil (Delfino et al., 2002). The effect of the additional mutations at 51 and 59 must be essentially silent in the absence of the S108N mutation, but additive when it is present (Sirawaraporn et al., 1997), and this is supported by the crystal structure, which demonstrates little change in the orientation of D54 in the presence of N51I and C59R. In agreement with kinetic data (Sirawaraporn et al., 1997), I164L incorporated into the model in the absence of other mutations predicts a decrease in pyrimethamine resistance, a mild increase in cycloguanil resistance, and a marked increase in resistance to both drugs in the presence of S108N, N51I, and C59R. Crystal data suggests that this is due to an increase in the active site gap between the α-carbon of C50 and I164L.

Pyrophosphokinase – Dihydropteroate Synthase

Sulfadoxine acts as a competitive inhibitor of the enzyme dihydropteroate synthase (DHPS) (Triglia et al., 1997) which couples p-aminobenzoic acid (pABA) with 6-hydroxymethyldihydropterin pyrophosphate to yield 7, 8-dihydropteroate. Like DHFR, DHPS is a bifunctional polypeptide encoded by a gene also encoding 7, 8- dihydro-6- hydroxymethylpterin pyrophosphokinase; the enzyme preceding DHPS in the folate biosynthetic pathway. The gene encoding these enzymes is present on chromosome 8 and is ~ 2.4Kb in size with the intervening introns.  The region from the amino acid 379 – 706 (328 a.a.) at the C-terminal encodes the DHPS enzyme in the P.falciparum and has a strong homology of 56% to 64% with the DHPS enzymes from other organisms. 25 amino acids of DHPS are absolutely conserved throughout evolution, suggesting a role for these in substrate binding and catalysis. The 378 a.a. of the N terminal end codes for PPPK enzyme and shows 45% to 57% homology with other PPPK enzymes. The PfPPPK domain has 2 insertions of 92 amino acid residues (residues 35-126 and 220-311) with respect to other PPPK enzymes. The dhps and pppk genes are joined together by a hinge region (Brooks et al., 1994; Triglia et al., 1994).
Similar to pyrimethamine resistance, the point mutations in the Pfdhps gene are responsible for sulfadoxine resistance.  The sulfadoxine resistant strains showed mutations at S436F/A; A437G; A613S/T and A581G (Triglia et al., 1994; Brooks et al., 1994). Additional mutation K540E was also reported in isolates from Thailand, Bolivia, Kenya and Tanzania (Plowe et al., 1997; Triglia et al., 1997; Wang et al., 1997). Expression of variant forms of P.falciparum PPPK-DHPS in Escherichia coli and subsequent kinetic analysis of the purified enzymes has shown that the mutations decrease the affinity of binding to sulfadoxine, which is consistent with their importance in the mechanism of resistance to this drug. The A437G mutation alone was found to be least resistant, while the resistance increased with the addition of S436A or A581G to A437G and was greater still with A437G/ K540E allele. Maximum resistance was seen in S436A/A437G/A613T or S436A/A437G/K540E allelic forms (Triglia et al., 1997). The prevalence of mutant forms of DHPS also varies among countries; 3% in Cameroon and Kenya, 4.5% in India, almost 30-34% in Tanzania and Thailand, 94% in Mali and 100% in Vietnam as per published reports (Plowe et al., 1997; Wang et al., 1997; Biswas et al., 2000; Basco et al., 1998).
Asymmetric selection for point mutations in P.falciparum DHFR and DHPS:
Pyrimethamine and sulfadoxine target DHFR and DHPS, respectively, and one might expect that initial resistance to the combination would arise equally often from a mutation in either gene. However, this seems not to be the case in P. falciparum. Selection for mutations in dhfr seems usually to occur first, and mutations in dhps are selected only when most parasites in the population also carry at least a double, and usually a triple, mutant allele of dhfr. The data from diverse malarious areas support this trend. A possible explanation for the asymmetry relates to the observation that pyrimethamine can block the use of exogenous folate. Normally, P. falciparum can take up preformed folate from the blood of its host, bypassing the de novo biosynthesis pathway and rendering the DHPS catalysed step, and thus its blockade, unimportant. However, in the presence of a level of pyrimethamine that can block exogenous folate use, any viable parasites will be dependent on endogenous folate biosynthesis. The block in the use of salvaged folate consequently restores the ‘sensitivity’ of the DHPS site and the parasites are then exposed to the full force of sulfadoxine selection. However, although mutations to resistance in dhps would restore folate biosynthesis, a functional DHFR would still be required for its use and, because pyrimethamine can inhibit wild-type DHFR completely even at very low concentrations, the parasites would die before selection for mutations in dhps could occur. Thus, dhps mutants would not be selected by sulfonamides in a dhfr-sensitive background if pyrimethamine was also present. 

By contrast, the selection of dhfr mutants in the presence of sulfadoxine would require only that parasites encounter levels of pyrimethamine that are insufficient to block exogenous folate use but that can inhibit wild-type DHFR activity. If these dhfr mutants subsequently encounter a level of pyrimethamine that is high enough to block folate salvage while in the presence of sulfadoxine, they would then also be subject to selection by the sulfadoxine. The selection in this case would result in parasites that carry mutations in both genes. In short, under conditions where folate salvage is adequate, parasites can survive with a nonfunctional DHPS and a functional DHFR, but the converse cannot be the case under any circumstances (Sibley et al., 2001). 
Results and Observations:

To amplify the complete dhfr-ts and pppk - dhps genes of P.falciparum, oligonucletides were designed using the dhfr-ts sequence of HB3 (GenBank Accession No. J03772) and dhps sequence of NF7 strains (Accession No. PFU07706). The forward and the reverse primers were designed with GCG overhang and restriction enzymes sites at their respective ends (Table 4.1).

Table 4.1: Primers for Plasmodium falciparum dhfr-ts and pppk-dhps genes
	PRIMER Id.
	SEQUENCE

	SGAKD1
	5’ GCG  GGA TCC  ATG  ATG  GAA  CAA  GTC  TGC  GAC 3’

	SGAKD2
	5’ GCG  AAG CTT  ACA  CCT  ACT  CCC  GTT  CGA  TC  3’

	SGAKD3
	5’GCG  GGA TCC  ATG  ATG  ATG  ATG  AAG  AAG  AAG  AT 3’

	SGAKD4
	5’GCG  AAG CTT  TTA  AGC  AGC  CAT  ATC  CAT  TGA  AA   3’

	SGAKD21
	5'GCG GAG CTC ATG GAA ACT ATA CAA GAA CTA AT 3'

	SGAKD22
	5'GCG AAG CTT GTT ATA TAA ACA TCT GAT GGT AT 3'

	SGAKD23
	5'GCG GAG CTC ATG ATA CCC GAA TAT AAG CAT A 3'

	SGAKD24
	5'GCG AAG CTT TTA CAC TTG GTC TAT TTT TGT TA 3'


Amplification of PfDHFR-TS gene: 

The forward primer SGAKD1 was paired with SGAKD4 (Table 4.1) to amplify the complete P.falciparum dhfr-ts gene (Fig. 4.1). SGAKD1 was also paired with SGAKD2 to amplify the upper ~1kb region containing the dhfr gene (Fig. 4.2) while the reverse primer SGAKD4 was paired with SGAKD3 to amplify the latter half consisting of ts gene (Fig. 4.3).
Reaction Conditions for primers SGAKD1 and SGAKD4: (1.827 kb)
Pre Denaturation    - 94oC for 2 min 

Denaturation          - 94oC for 1 min

Annealing              - 57.5oC for 45 sec

Extension               - 72oC for 2.5 min

Post Extension       - 72oC for 4 min   
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Figure 4.1: Amplification of the complete PfDHFR gene; M = 1kb DNA Ladder Mix 
	Reaction Conditions for SGAKD1 and SGAKD2
	Reaction Conditions for SGAKD3 and SGAKD4

	Pre Denaturation    - 94oC for 2 min 

Denaturation          - 94oC for 45 sec
Annealing              - 60oC for 1 min

Extension               - 72oC for 1.5 min

Post Extension       - 72oC for 4 min 
	Pre Denaturation    - 94oC for 2 min 

Denaturation          - 94oC for 45 sec
Annealing              - 57oC for 1 min

Extension               - 72oC for 1.5 min

Post Extension       - 72oC for 4 min   
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	Figure 4.2: Amplification of upper ~1kb region of Pfdhfr-ts gene; M = 1kb DNA Ladder Mix (Fermentas #SM0331)
	Figure 4.3: Amplification of lower ~1kb region of Pfdhfr-ts gene; M = 1kb DNA Ladder Mix (Fermentas #SM0331)


Amplification of PfPPPK-DHPS  
The upper 1.2 kb of the pppk-dhps gene containing the whole pppk and the partial dhps gene of P.falciparum was amplified using the primers SGAKD21 and SGAKD22 (Fig. 4.4). The lower region containing the remaining partial dhps gene was amplified using the primers SGAKD23 and SGAKD24 (Fig. 4.5). 
	Reaction Conditions for SGAKD21 and SGAKD22


	Reaction Conditions for SGAKD23 and SGAKD24


	Pre Denaturation    - 94oC for 3 min 

Denaturation          - 94oC for 1 min
Annealing              - 55oC for 1 min 30sec

Extension               - 72oC for 2 min

Post Extension       - 72oC for 4 min   
	Pre Denaturation    - 94oC for 3 min 

Denaturation          - 94oC for 1 min
Annealing           - 55.7oC for 1 min 30sec

Extension               - 72oC for 2 min

Post Extension       - 72oC for 4 min   
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	Figure 4.4:Amplification of the upper 1.2 kb region of pppk-dhps gene from P.falciparum M = 1kb DNA Ladder Mix (Fermentas #SM0331)
	Figure 4.5: Amplification of the lower 1.2kb region of pppk-dhps gene from P.falciparum M = 1kb DNA Ladder Mix (Fermentas #SM0331)


Sequence Analysis:
(A) P.falciparum DHFR gene

The amplicons obtained were gel eluted using the Qiagen gel extraction kit and the purified products and clones were sent for commercial sequencing. Each region was sequenced at least twice to eliminate any sequencing errors. The nucleotide sequences of the pfdhfr-ts gene from 52 isolates in the Bikaner region were analyzed. The maximum number of isolates (92.3%) sequenced were found to be double mutants at codon 59 and 108. These isolates showed a S108N followed by C59R mutation. 4 isolates (7.6%) showed wild type DHFR genotype. Apart from these mutations, no other synonymous or non synonymous mutation was observed in the DHFR region in any of our isolates (Table 4.2). In the connector region as well as in the ts region no change was observed in our isolates as compared to HB3 dhfr-ts sequence.

Table 4.2: Differences observed in PfDHFR in isolates from Bikaner
	Samples
	Position (amino acid)
	No. of isolates

	
	16
	50
	51
	59
	108
	140
	164
	

	A
	A
	C
	N
	R
	N
	V
	I
	48

	B
	A
	C
	N
	C
	S
	V
	I
	4

	PfDHFR sensitive
	A
	C
	N
	C
	S
	V
	I
	


(B) P.falciparum DHPS gene
The Pfdhps gene was amplified from 26 samples and the amplified products were gel extracted and purified using Qiagen gel extraction kit. These purified samples were sequenced commercially and the obtained sequences were analysed for the already reported mutations as well as any other novel mutation. Most of the samples were found to be wild type for the residues responsible for sulfadoxine resistance. Of all the reported mutations at codon 436, 437, 540, 581 and 613, only 4 isolates were A437G mutated.
In addition to this, three novel mutations were observed in some of the isolates. 5 isolates (19%) were S587F mutated, while 3 samples showed a N666K mutation. 23% of the total isolates showed a change of C668W, while 65% of the total isolates showed the wild type genotype.  8 different genotypes were observed for the DHPS in isolates from Bikaner (Table 4.3). In addition two synonymous mutations were also observed in the dhps gene. At codon 357, GTG was replaced by GTT, both codes for Valine. Similarly, at codon 625, ACC was present in place of ACA (both code for Threonine). 
Table 4.3: Different PfDHPS genotypes present in isolates from Bikaner

	S.No.
	Genotype
	Isolate

	1
	A437S587N666C668
	15

	2
	A437F587N666C668  
	3

	3
	A437S587N666W668
	2

	4
	A437S587K666W668
	2

	5
	G437S587N666C668  
	1

	6
	G437F587N666C668
	1

	7
	G437S587K666W668
	1

	8
	G437F587N666W668
	1


Discussion:

In India, P. falciparum CQ resistant strains have spread throughout the country mainly in high transmission areas. In these areas, sulfadoxine - pyrimethamine combination drugs are introduced as the first line of treatment. But the resistance to this drug combination has been reported from many parts of the north-eastern, central, southern and eastern regions of the country and some of them have now shifted to ACT. During the last few years there have been progressive rise in the mutations in the Pfdhfr and Pfdhps genes. The presence of DHFR S108N, the principal factor responsible for pyrimethamine resistance, in almost all the Indian isolates with or without additional mutations, indicates the declining trend of pyrimethamine efficacy in the country. In contrast, for DHPS, most of the isolates still are of wild type. Among the mutants, isolates showing single mutations are more prevalent as compared to double or triple mutations (Ahmed et al., 2004). So far, none of the above enzymes have shown more than triple mutations in the country, except in Car Nicobar islands where DHFR showed quadruple mutations (Ahmed et al., 2006). To study whether similar trend is observed in the Bikaner region, we studied these genes responsible for Sulfadoxine and pyrimethamine resistance from Bikaner region, where several complicated cases of P.falciparum are also reported.
On analysis of the Pfdhfr gene, more than 93% isolates showed mutations responsible for resistance. All these mutant samples showed double mutations i.e. C59R + S108N. 
These numbers indicate the developing potential for antifolate resistance in this region. Apart from these, no other mutation was observed in the dhfr gene of our samples. The absence of A16V and S108T mutations responsible for resistance to cycloguanil, is in accordance with the fact that this drug is not being used in India for the treatment of malaria (Ahmed et al., 2004).  Further no isolate showed an in-frame 15bp repeat insert at codon 30 as seen in Bolivian isolates (Plowe et al., 1997).
In contrast to this, most of the P. falciparum isolates (~ 60%) showed the wild type allele for dhps gene (Fig. 4.6). The only mutation found at the reported resistant residues was at the 437 codon in 4 isolates, where a Glycine was present in place of Alanine. Although a mutation at codon 437 can contribute to Sulfadoxine resistance, most of the other codons in the DHPS which may cause Sulfadoxine resistance (codons 436, 581, 540 and 613) did not show any signs of mutation. Specially 436A/F and 613S which seem to play major role in the development of in vivo Sulfadoxine resistance (Schmider et al., 2003) were not present in any of our isolates.
In addition to the above mutations, the dhps gene in some of our isolates showed novel mutations at positions 587, 666 and 668. The residue at position 666, Asparagine is one of the predicted binding residues for Sulfadoxine. Thus, these mutations may affect the binding of this drug to the DHPS enzyme. To understand this, models of wild and mutant DHPS enzyme were generated and binding of Sulphadoxine to these structures was performed by Molecular docking (Chapter 6).

On comparison of these 2 genes for the same isolates, it was observed that the isolates having wild type dhfr genotype showed the same wild type genotype for the dhps gene and the mutants for the dhps gene were all double mutant for the dhfr gene. Other isolates that showed double mutations in the dhfr gene showed the wild type genotype for the dhps gene. This shows the asymmetric distribution of mutations in these 2 genes as earlier reported (Sibley et al., 2001).
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Figure 4.6: Prevalence of dhfr and dhps mutations in P.falciparum from Bikaner
Since SP is given as a combined dose to malaria patients, its resistance is measured by detecting mutations in both DHFR and DHPS enzymes. Several field studies carried out in different countries have shown association between certain DHFR-DHPS two locus genotypes and in vivo SP resistance. Higher the number of combined DHFR-DHPS mutations, higher was the SP resistance shown by the parasite. Kublin et al. have found that quintuple DHFR – DHPS mutations (triple DHFR mutation and double DHPS mutation) caused SP treatment failure (Kublin et al., 2002). Another study done by Wang et al., suggested that double DHFR mutations plus a single DHPS mutation or triple DHFR mutations alone can cause higher level of SP resistance (Wang et al., 1997). The analysis of P.falciparum DHFR and DHPS two locus mutations in our isolates showed mainly double or triple mutations. Thus our data is an indication that resistance is developing in this region but has not yet reached a stage where SP treatment failure will occur. However, the presence of some novel mutations in the DHPS suggests that with the continuous drug pressure there will be further increase in these mutations which may finally lead to SP treatment failure.
Chapter 4
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