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Chloroquine Resistance

Introduction
For long, Chloroquine was the first line drug to treat complicated and uncomplicated malaria. The 4 aminoquinoline CQ is a diprotic weak base at low pH and therefore accumulates to high levels in the acidic digestive vacuole of the erythrocytic stage parasites. Once inside the erythrocytes it forms non covalent complexes with heme, a toxic metabolite released from the proteolytic digestion of hemoglobin in the parasite, which otherwise gets sequestered into inert microcrystalline form haemozoin. Regrettably the wide use of CQ has led to the emergence of CQR parasites. CQ was first reported in South East Asia and South America in the late 1950’s Papua New Guinea in the 1960’s, East Africa in the late 1970’s and throughout Africa in the 1980’s and 1990’s (Payne, 1987; Wellems, 2002). 
The fact that chloroquine resistance took many years to develop suggests that multiple mutations are required in the gene/s responsible for chloroquine resistance. Recently the gene, Pfcrt (Plasmodium falciparum chloroquine resistance transporter gene), has been found to be perfectly associated with the inheritance of chloroquine resistance in a P. falciparum laboratory cross (Fidock et al., 2000). In addition, point mutations in the Pfmdr-1 (Plasmodium falciparum multidrug resistance -1) gene have been associated with increased levels of resistance.
Chloroquine Resistance Transporter gene

Pfcrt is a highly interruptive gene present on chromosome 7 with 13 exons and 12 introns (Fidock et al., 2000; Warhurst, 2001). It encodes a 48 kDa protein containing 424 amino acids, 10 predicted transmembrane – spanning domains and is localized to the digestive vacuole membrane in erythrocytic stage parasites. Bioinformatics analyses suggests that PfCRT belongs to a drug/ metabolite transporter superfamily The N terminal and the C terminal of the PfCRT are predicted to be located on the cytoplasmic side of the digestive vacuole membrane. PfCRT is also predicted to dimerize within the digestive vacuolar membrane, with transmembrane domains 1, 2, 3, 6, 7 and 8 functioning mainly in substrate discrimination and recognition; transmembrane domains 4 and 9 in substrate binding and transmembrane domains 5 and 10 in the formation or stabilization of homodimeric structure.Fifteen polymorphic amino acid positions in PfCRT are associated with CQR in field isolates. These include C72S, M74I, N75E/D/K, K76T, H97Q, A144T/F, L148I, L160Y, I194T, A220S, Q271E, T333S, N326S, I356T and R371I (Fig. 3.1). These vary significantly depending on the geographic location and selection history, while CQS strains maintain an invariable wild type allele (Wootton et al., 2002; Chen et al., 2003; Plummer et al., 2004; Durrand et al., 2004).
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Figure 3.1: Predicted protein structure of PfCRT. Black and red filled circles indicate the positions of mutations published from full-length pfcrt cDNA sequences identified in CQR parasites from field samples (Fidock et al., 2000; Chen et al., 2003; Nagesha et al., 2003; Durrand et al., 2004; Johnson et al., 2004). The critical K76T mutation is indicated in red. The green filled circle indicates the position of the S163R mutation in amantadine- and halofantrine-resistant parasites, while blue circles represent additional mutations (T152A and P275L) in these drug-pressured parasite lines (Bray et al., 2005).
Among the above mutations, the K76T change appears necessary for the resistance phenotype and the evidence for this was provided by Fidock et al. They carried out experiments by taking 16 CQS lines from geographically distant regions; all but one showed wild type Pfcrt sequence of the sensitive HB3 parent in the genetic cross. This one exception was P. falciparum clone 106/1 which carried every mutation associated with CQR in South East Asia and Africa except K76T indicating a clear critical role for the mutation at position 76. Further evidence was provided by the loss of the transfected DNA on giving CQ pressure and selection of highly CQR line having single K76I mutation. The presence of other mutations always in concert with the K76T mutations suggests their possible requirement to maintain certain critical functional properties of the transporter in the resistant phenotype. Other than K76T, the A220S mutation is also found in all foci of CQR. The suggestion that K76T mutation cannot occur in absence of other mutations may be considered as an explanation for the slow genesis of chloroquine resistance (Fidock et al., 2000).

Association studies have shown that substitution of Threonine for lysine at position 76 is the hallmark of CQR parasites worldwide. However a few exceptions have been reported from Laos (Labbe et al., 2001) and India (Vinayak et al., 2003) where the parasites with K76T mutation were cleared by CQ treatment or the parasites survived the CQ treatment while carrying K76 allele. 
According to the mutations at a.a. 72 -76 two major haplotypes have been defined, CVIET from Asian and African isolates and SVMNT from South America and PNG isolates, representing two major CQR selective sweeps in Southeast Asia and South America respectively. But interestingly, the predominant haplotype found in a study in India was SVMNT, although the South East Asia haplotype CVIET was also present. 
Multiple Drug Resistance gene – 1 
Besides Pfcrt, there are other mutations also which may not be the main cause of chloroquine resistance but which are responsible for increasing the resistance levels.  Among these, the main mutation is Pfmdr-1 gene mutation (Wilson et al., 1989). Pfmdr-1 gene is a 5.5kb long sequence and encodes a protein known as Pgh-1 (p – glycoprotein homologue 1). Pgh-1 is a typical member of the ABC transporter superfamily, a polypeptide of ~ 162kDa, with a conserved structure of two domains consisting of six predicted transmembrane segments coupled to a nucleotide binding fold joined together by a linker region. It is localized to the parasite vacuole throughout the asexual cycle of the parasite. These are pumps involved in access and egress through the plasma membrane thus controlling the accumulation of drugs inside the cell (Cowman et al., 1991). 
There are 2 ways in which Pfmdr–1 gene polymorphism may lead to drug resistance: gene amplification and mutation (Foote et al., 1990). But inheritance of point mutations rather than gene amplification is likely to be more efficient means of transmitting a resistance genotype through a population. Pgh-1 molecules with different sets of polymorphisms have been identified in parasites from South and Central America, Southeast Asia, Africa, and Papua New Guinea (Foote et al., 1990). Polymorphism was observed at five codon positions – 86, 184, 1034, 1042 and 1246. In a well defined allelic exchange experiment, replacement of 3 of 4 polymorphisms (S1034C, N1042D, and D1246Y) reduced the chloroquine IC50 of a South American parasite in 3H-hypoxanthine incorporation assays (Reed et al., 2000). 
Pgh-1 N86Y, a widespread polymorphism in Asia and Africa, has been given the most attention in field studies of chloroquine resistant and chloroquine-sensitive parasites. Some surveys have shown a statistical association of Pgh-1 N86Y and chloroquine resistance (Foote et al., 1990; Basco et al., 1995; Duraisingh et al., 1997), but others have not (Basco et al., 1998; Bhattacharya et al., 1997). Statistical evidence also has been provided for a relationship between Pgh-1 N86Y and elevated IC50 measures of chloroquine resistance in vitro (Babiker et al., 2001). However, multivariate analyses of Pgh- 1 N86Y and PfCRT K76T in Mali showed no independent effect of Pgh-1 N86Y in treatment failure rates and no interaction or strengthening of the association of PfCRT K76T with these failure rates (Djimde et al., 2001). Thus, even if introduction of the Pgh- 1 N86Y polymorphism can be shown by genetic manipulation to affect the IC50s of parasites in culture, the relationship between the in vitro parasite phenotypes and clinical outcomes remains to be clarified. The evidence that different in vivo outcomes and in vitro resistance phenotypes can be disassociated suggests that Pgh-1 polymorphisms are not necessary for chloroquine resistance but may relate to fitness adaptations in response to the physiological changes from PfCRT mutations (Wellems et al., 2001).
Inspite of all the progress that has been made recently, the molecular basis of CQ resistance is not totally elucidated. Warhurst has given a hypothesis to explain the mechanism of resistance to chloroquine in Plasmodium falciparum (Warhurst, 2001). According to this, in the lysosome of a chloroquine-sensitive parasite (Fig. 3.2, Panel A), hydrogen ions enter through the proton pump, acidifying the lysosomal environment (pH 5.5). This process is probably regulated by the Pgh1 protein, which releases anions into the lysosome to optimize the difference in the transmembrane charge. During the digestion of hemoglobin (Hb), protonated basic amino acids (AAH+) are released together with toxic ferriprotoporphyrin IX (Fp9). Ferriprotoporphyrin IX is detoxified by polymerization to crystalline hemozoin. The weak base chloroquine, present in the cytoplasm (pH 7.4), dissolves in the lysosomal membrane and enters the acidic environment, undergoing protonation to a form (CQH+) that is insoluble in the membrane and that quickly becomes concentrated. CQH+ binds to ferriprotoporphyrin IX and thus inhibits its polymerization, which leads to the accumulation of ferriprotoporphyrin IX, causing membrane damage. The protonated basic amino acids exit the lysosome by means of the transmembrane protein PfCRT. The PfCRT protein probably has a limited affinity for CQH+ and exports some of the drug from chloroquine-sensitive parasites.

But in the lysosome of a parasite with mutations in Pfcrt and Pfmdr 1 related to chloroquine resistance (Fig. 3.2, Panel B) the mutant PfCRT probably has an increased affinity for CQH+ and exports large amounts of the drug, enabling the polymerization of ferriprotoporphyrin IX to proceed normally. Concomitantly, the mutant PfCRT would have a reduced affinity for AAH+, which may reduce the efficiency of the export of AAH+ and, in the absence of chloroquine, result in the accumulation of more protons (H+) in the lysosome. The presence of mutant Pgh1 may partially prevent this accumulation of protons, increasing the fitness of parasites with Pfcrt and Pfmdr 1 mutations. The mutation in Pfmdr 1 also increases the sensitivity of the parasite to mefloquine and artemisinin, probably as a result of the partial inactivation of the ability of mutant Pgh1 to export these drugs.
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The above situation has become alarming in present context due to the development of CQR in Plasmodium vivax also. To investigate whether similar mechanisms also exist in P. vivax, Pfcrt homologues were identified in P.vivax and assessed for CQR. The orthologues were found to have a highly interrupted gene structure, with splice junctions at 12 identical positions in the coding frame. The splice junctions differ only by the presence in pvcg10 of an additional junction between exons 3 and 4, which joins 2 separate exons corresponding to exon 3 of the P. falciparum gene.  It was found that this gene family is highly conserved in both the lineages, but no association was found between codon mutations in P.vivax and P. falciparum. This clearly indicates that the molecular events underlying chloroquine resistance in P.vivax differ from those in P.falciparum (Nomura et al., 2001). The study done by Hernando A. Portillo shows that expression of Pvcrt-o in transgenic lines of P. falciparum can modulate CQ response and that expression of Pvcrt-o in D. discoideum reduces CQ accumulation independent of the K76T mutation. While there are important differences from PfCRT-mediated resistance, a role for PvCRT-o in the CQ response of P. vivax is seen (Martha et al., 2006)

Results and Observations: 
Amplification of Genes:

To amplify Pfcrt and Pfmdr-1 gene of Plasmodium falciparum, oligonucleotides were designed using the gene sequence of Dd2 and GH2 respectively (GenBank Accession Nos. AF030694 and S53996). Primers were designed to amplify the partial regions of both the genes containing the mutations reported to be responsible for chloroquine resistance. Oligos were also designed to amplify the partial P. vivax cg10 (pvcrt-o) gene. For this, gene sequence of P. vivax Salvador-1 was used (GenBank Accession No. AF314649). (Table 3.1)
Table 3.1: Primers for Chloroquine resistance Genes in Plasmodium falciparum and Plasmodium vivax
	PRIMER Id.
	SEQUENCE

	SGAKD10
	5’GCG CTG CAG CTT GTC ATG TTT GAA AAG CAT A3’

	SGAKD31
	5’CGA GCG TTA TAG AGA ATT AGA3’

	SGAKD32
	5’GGT AGG TGG AAT AGA TTC TC3’

	SGAKD33
	5'ATG GGT AAA GAG CAG AAA GAG3'

	SGAKD34
	5'AAA CCT ATA TGT AAT GCT TCT AC3'

	SGAKD39
	5'CAA GTT TTT TAA TAC AGG AAG CA3'

	SGAKD40
	5'GCA GCA AAC TTA CTA ACA CGT3'

	SGAKD15
	5’GCG GAG CTC ATG ACC ATC CTG AAA AAG AAG AAG3’

	SGAKD16
	5’GCG GTC GAC GGG GAA ATG TGC ACT TGA AAT AT3’


Amplification of Pfcrt gene:

The initial ~540bp region of crt gene of Plasmodium falciparum containing the K76T mutation was amplified using the primers SGAKD31 and SGAKD32 (Fig. 3.3). The primer SGAKD31 was also paired with SGAKD10 to amplify the initial 1.2 kb region containing the A220S mutation (Fig. 3.4).

	Reaction conditions (for SGAKD31 and SGAKD32)
	Reaction conditions (for SGAKD31 and SGAKD10) 

	Pre Denaturation    - 94oC for 3 min 

Denaturation          - 94oC for 1 min
Annealing              - 53oC for 1 min

Extension               - 72oC for 1.5 min

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

Denaturation          - 94oC for 1 min
Annealing              - 55oC for 1.5 min

Extension               - 72oC for 2 min

Post Extension       - 72oC for 4 min  
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	Figure 3.3: Amplification of initial 536 bp of Pfcrt gene; M = 1kb DNA Ladder Mix ( Fermentas #SM0331)
	Figure 3.4: Amplification of initial 1.3 kb of Pfcrt gene; M = 1kb DNA Ladder Mix ( Fermentas #SM0331)


Amplification of Pfmdr-1 gene:

The region of Pfmdr1 gene containing the mutations responsible for chloroquine resistance was amplified using 2 set of primers. The initial region was amplified using primers SGAKD33 and SGAKD34 (Fig. 3.5). The latter part was amplified using the primers SGAKD39 and SGAKD40 (Fig. 3.6). A band of 842 bp was obtained for the first set and a band of 921 bp showed the amplification of the latter region.
	Reaction conditions for SGAKD33 & SGAKD34 
	Reaction conditions for SGAKD39 & SGAKD40 

	Pre Denaturation    - 94oC for 3 min 

Denaturation          - 94oC for 1 min
Annealing              - 51.9oC for 1 min

Extension               - 72oC for 1.5 min

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

Denaturation          - 94oC for 1 min
Annealing              - 54oC for 1 min

Extension               - 72oC for 1.5 min

Post Extension       - 72oC for 4 min
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	Figure 3.5: Amplification of upper 842bp region of mdr-1 gene of Plasmodium falciparum (Lanes 1 – 4); M = 1kb DNA Ladder Mix ( Fermentas #SM0331)
	Figure 3.6: Amplification of lower 921bp region of mdr-1 gene of Plasmodium falciparum (Lanes 1 – 3); M = 1kb DNA Ladder Mix (Fermentas #SM0331)


Amplification of the cg10 (Pvcrt - o) gene of P.vivax
The initial 1193 bp region of the cg10 gene of P.vivax was amplified from 50 samples using the primers SGAKD15 and SGAKD16 (Fig. 3.7). This region contains the codon 76 where in P.falciparum; all the resistant samples contain a K76T mutation.
Reaction conditions:

Pre Denaturation    - 94oC for 2 min 

Denaturation          - 94oC for 1 min
Annealing              - 62oC for 1.5 min

Extension               - 72oC for 2 min

Post Extension       - 72oC for 4 min   
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Figure 3.7: Amplification of initial 1.2 Kb region of Pvcrt-o gene of P.vivax (M = 1kb DNA Ladder Mix (Fermentas #SM0331))
Restriction Fragment Length Polymorphism
To analyze the type of Pfmdr-1 allele (wild or mutant) present at codon 86, the initial 842 bp region was amplified from 20 samples using the reaction conditions described above. The purified amplicons were digested with ApoI restriction enzyme (New England Biolabs). The digested product was run on 1% agarose gel (Fig. 3.8). The bands at positions 255bp, 250bp, 261bp and 76bp indicate the wild type allele (Asparagine) at codon 86 while the bands at 505bp, 261bp and 76bp indicate the mutant allele (Tyrosine). Out of the total samples analyzed, 9 samples showed a band at ~500bp showing that ApoI is not cutting at codon 86. This indicates the presence of mutant allele at this position. 11 of the 24 isolates showed a thick band at ~ 250bp and no band at 500 bp suggesting the presence of wild type allele at codon 86 of Pfmdr-1 gene.
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Figure 3.8:  RFLP analysis of Pfmdr – 1 gene. Lanes 77 – JD1 = P. falciparum isolates; M= 1kb DNA Ladder mix (Fermentas #SM0331)

Sequence Analysis

On comparison of the Pfcrt gene sequence obtained from 50 isolates with the sequence of HB3 gene, it was found that at codon 76, Threonine was present in all the samples except 2 samples which showed a lysine at this position. Six of the above 50 samples when sequenced for the A220S mutation, showed Serine at this codon. The presence of Threonine at codon 76 in most of the samples and Serine at position 220 in the samples sequenced shows a trend towards the development of chloroquine resistance in Bikaner. All the mutant samples showed SVMNT haplotype, while the two sensitive isolates showed the CVMNK haplotype. 
The Pfmdr-1 gene was sequenced from 10 of these samples. At codon 86, only 2 samples showed the mutant genotype i.e. the presence of tyrosine, rest all samples showed the wild type asparagine at this position. But all the samples showed the Y184F mutation. On analysis of later part of the Pfmdr-1 gene, it was seen that all the samples contained the wild type residues i.e. Serine at codon 1034, Asparagine at codon 1042 and Aspartic acid at codon 1246. Of the 24 samples analyzed by RFLP, only 9 were N86Y mutant while remaining 11 were showing wild type alleles.
Some novel mutations were also observed in the initial region of Pfmdr-1. At codon 134, in an isolate Serine (AGT) was replaced by Cysteine (TGT). At the 232 codon, 2 novel alleles were seen in our isolates. In one isolate, Serine (TCC) was replaced by Phenylalanine (TTC) and in other it was replaced by Tyrosine (TAC). In addition to these non synonymous mutations, a synonymous mutation was observed at codon 182 where GGG was seen in place of GGT. Both code for Glycine. 
As compared to the initial region of crt and mdr-1 gene of P.falciparum, the crt gene of P.vivax showed no mutations in the initial 1kb region. All isolates showed Lysine at codon 76. The haplotype observed in all the samples showed a chloroquine sensitive type i.e. CVMNK. 
Discussion:
The identification of PfCRT as the central determinant of CQR P. falciparum malaria provides a molecular marker that can be used for surveillance of resistance to inform drug treatment and prophylaxis policies. These predictions will be most useful where chloroquine resistance is still relatively infrequent and PfCRT K76T is not yet highly prevalent. In regions of high resistance where chloroquine has been replaced by other drugs, periodic PfCRT K76T surveys may detect declining rates of resistance, permitting consideration of reintroducing chloroquine, perhaps in combination with chemo-sensitizing agents or other antimalarial drugs. Thus we amplified and sequenced the initial region of the Pfcrt gene containing codon 76.

Field studies in Mali with uncomplicated malaria have indicated that the Pfcrt K76T mutation is strongly associated with the development of CQ resistance. In addition, these investigators have shown that the Pfmdr1 N86Y mutation is also selected, since it was detected in 86% of the patients with CQ-resistant parasite infections, although its co-selection is not indicative of a direct causal role of the Pfmdr1 gene in resistance (Djimde et al., 2001). Thus we analyzed the mutations present in the pfmdr-1 gene, to see if there is any co-selection of these mutations with the K76T mutation.
The Pfcrt gene in 96% of our samples showed the K76T mutation indicating the developing potential of Chloroquine resistance in Bikaner. All these isolates showed predominance of the SVMNT haplotype at codon 72-76, as reported previously (Vathsala et al., 2004), from India and Papua New Guinea. It has been suggested that the CQ-resistant Pfcrt allele (SVMNT) in Papua New Guinea and South America (Brazil) has evolved independently due to CQ-selective sweeps, since the Pfcrt-flanking microsatellite haplotypes are notably different (Wootton et al., 2002). The predominant SVMNT haplotypes seen in the blood samples from India thus raises the question of whether independent sweeps due to CQ pressure with similar results are possible in geographically isolated regions of the world. If so, multiple geographic foci for the origin of CQ resistance mutations need to be considered, in addition to the foci already identified as originating from the Old World (Southeast Asia/Africa) and the New World (South America). 
The Pfmdr-1 gene amplified from the same samples showed only 46.7% samples containing the mutant allele at the codon 86. This shows that co-selection of the CQ-resistant Pfcrt haplotype and the Pfmdr1 N86Y mutation in the Indian samples is infrequent, unlike the results observed in Papua New Guinea and Mali, where both Pfcrt and Pfmdr-1 showed mutant alleles for most of the parasites. In contrast all the samples showed the Y184F mutation. In addition, few novel mutations were observed in the initial region of Pfmdr-1 gene. Whether these mutations can affect the sensitivity of these isolates towards chloroquine has to be investigated further.  
In the Pvcrt-o gene, no mutation at codon 76 is observed; this implicates that as reported earlier some factor other than the point mutations in the crt gene may be responsible for resistance in P.vivax, as the extensive use of chloroquine has not put any pressure on this gene for the development of point mutations.
Chapter 3








 1         2          M        3           4





~250bp





~505bp





  500bp





  1            2            3           M 





Figure 3.2: The Effect of Chloroquine on Heme Detoxification in the Lysosome of a Chloroquine-Sensitive P. falciparum Malaria Parasite (Panel A) and a Chloroquine-Resistant Malaria Parasite (Panel B). (Warhurst, 2001)
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