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Summary
Chloroquine resistance in Plasmodium falciparum is primarily conferred by mutations in pfcrt.
Parasites resistant to chloroquine can display hypersensitivity to other antimalarials; however, the
patterns of cross-resistance are complex, and the genetic basis has remained elusive. We show that
stepwise selection for resistance to amantadine or halofantrine produced previously unknown pfcrt
mutations (including S163R), which were associated with a loss of verapamil-reversible chloroquine
resistance. This was accompanied by restoration of efficient chloroquine binding to hematin in these
selected lines. This S163R mutation provides insight into a mechanism by which PfCRT could gate
the transport of protonated chloroquine through the digestive vacuole membrane. Evidence for the
presence of this mutation in a Southeast Asian isolate supports the argument for a broad role for
PfCRT in determining levels of susceptibility to structurally diverse antimalarials.

Introduction
The malaria parasite Plasmodium falciparum is responsible for up to 2.7 million deaths
annually, with children from sub-Saharan Africa bearing the brunt of this disease. Recent
increases in mortality rates have been attributed to the spread of parasites resistant to
chloroquine (CQ), still the most affordable and widely used antimalarial for many parts of
Africa (Trape, 2001).

The importance of point mutations in pfcrt (P. falciparum chloroquine resistance transporter)
in producing the chloroquine resistance (CQR) phenotype is beyond dispute (Sidhu et al.,
2002). However, many questions remain regarding the CQR mechanism, the role of pfcrt
mutations in crossresistance to other antimalarials, and the function of PfCRT. This protein
contains ten putative transmembrane helices and is localized to the digestive vacuole (DV)
membrane in the parasitized erythrocyte (Fidock et al., 2000). Such a location is consistent
with our understanding of the mode of action of CQ, which is believed to interfere with heme
detoxification by binding to hematin and preventing its sequestration into inert hemozoin
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(Fitch, 1970). Reduced CQ access to hematin has been observed in CQ-resistant parasites
(Bray et al., 1998), but how PfCRT might account for this has not been established.

The treatment of mild to moderately severe falciparum malaria known or suspected to be CQ-
resistant has included the use of the potent antimalarial halofantrine (HF). Widespread use of
this phenanthrene methanol, however, has been restricted by high recrudescent rates, elevated
costs, and cardiotoxicity (Gay et al., 1990; Bouchaud et al., 1994). Like CQ, HF is thought to
bind to hematin and inhibit its incorporation into hemozoin (Egan et al., 1999). While little is
known about the genetic basis of HF resistance, experiments selecting for resistance to the
related antimalarial drug mefloquine (MFQ, a quinoline methanol) reported crossresistance to
HF and increased sensitivity to CQ, and demonstrated amplification and overexpression of
pfmdr1 (Wilson et al., 1989; Peel et al., 1993, 1994; Cowman et al., 1994).

Previously, we described the selection of a HF-resistant line, termed K1HF, from the CQ-
resistant K1 isolate (Ritchie et al., 1996). K1HF exhibited crossresistance with MFQ, enhanced
sensitivity to CQ, and loss of the verapamil (VP)-reversible component of CQR. A thorough
analysis of K1HF, however, found no pfmdr1 amplification, overexpression, or sequence
changes (Ritchie et al., 1996).

Moderate in vitro antimalarial activity has been reported with the antiviral agent amantadine
(AM) (Evans and Havlik, 1993). Surprisingly, this drug, used for the treatment and prophylaxis
of influenza A infection, is more effective against P. falciparum CQ-resistant strains even
though it bears no structural similarity to any current antimalarial. AM binds to the M2 ion
channel, a viral envelope protein that is activated by the acidic pH found in the endosomal
compartment after endocytosis (Kelly et al., 2003). By blocking M2, AM prevents normal
proton flow into the virion leading to the disruption of viral replication. Interestingly, AM
resistance in the influenza virus can be readily selected and is associated with M2 point
mutations that improve pH regulation in the presence of drug (Hay et al., 1985; Kelly et al.,
2003).

We have tested the hypothesis that PfCRT might contribute to these intriguing inverse patterns
of antimalarial susceptibility by using a combination of drug selection and allelic exchange
approaches. These studies have led to the discovery of PfCRT mutations that implicate a
defining role for this gene in antimalarial crossresistance. This leads us to propose a “charged
drug leak” hypothesis to explain the CQR mechanism.

Results
CQ-Resistant PfCRT Haplotypes Confer Hypersensitivity to AM

To explore preliminary indications of an inverse CQ and AM response (Evans and Havlik,
1993, 1994), we assayed the AM response of the CQ-resistant lines Dd2 and 7G8 and the CQ-
sensitive (CQS) lines 3D7 and GC03. Results showed much higher sensitivity to AM in Dd2
than in the CQS lines (Figure 1A). 7G8, which carries a mutant PfCRT haplotype that is distinct
from Dd2 (Table 1), was intermediate. We also tested 106/1, a CQS Sudanese isolate that
contains seven out of eight pfcrt mutations typically found in Asia but lacks the critical K76T
polymorphism. Results were compared with J3D4, a CQ-resistant line carrying the PfCRT
K76I mutation (on a Dd2-like pfcrt background) that had been selected and cloned after
application of CQ pressure to 106/1 parasites (Fidock et al., 2000). Strikingly, the acquisition
of CQR in J3D4 was accompanied by a dramatic increase in AM sensitivity, compared to the
CQS (AM-resistant) parents (Figure 1A). These data suggested that PfCRT might constitute a
key determinant of this differential pattern of CQ and AM susceptibility.
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To test this hypothesis, we took advantage of recent work (Sidhu et al., 2002) in which the
endogenous pfcrt allele of a CQS clone (GC03) was replaced by the pfcrt allele from various
CQ-resistant lines (Table 1). Clones C3Dd2 and C4Dd2 contained the pfcrt allele from Dd2,
clones C5K76I and C67G8 contained the pfcrt alleles from J3D4 and 7G8 respectively, and clone
C2GC03 controlled for any basal effect of pfcrt allelic exchange without introducing point
mutations. Each of the three CQR-associated pfcrt alleles was sufficient to increase the CQ
IC50 from 29 nM for the parental GC03 line to 100–150 nM for the mutant pfcrt clones, a level
of resistance close to that of nontransfected CQ-resistant lines (Figure 1A; Table 2). These
mutant CQ-resistant clones also showed increased susceptibility to MFQ and HF (Figure 1B;
Table 2).

The C3Dd2,C4Dd2,C5K76I, and C67G8 clones displayed AM IC50 values of 36 ± 11, 26 ± 14, 5
± 1, and 51 ± 7 μM, respectively (Figure 1A; Table 2). In comparison, both the initial CQS
(wild-type) line GC03 and the negative control C2GC03 were relatively insensitive to AM, with
IC50 values of 348 ± 16 and 388 ± 7 μM, respectively. These assays unequivocally
demonstrated a major role for pfcrt in determining parasite sensitivity to CQ and AM. We note
that the subtle differences in AM susceptibility between the mutant pfcrt clones mirrored
differences between the nontransfected (parental) lines, providing further evidence that the
degree of AM susceptibility observed in the CQ-resistant lines was largely dictated by the
mutant PfCRT haplotypes (Figure 1A; Tables 1 and 2).

Stepwise Selection for AM Resistance Can Ablate CQR
We were interested to see if AM selection of CQ-resistant isolates might result in changes in
CQ sensitivity. This study employed K1H6/2, a CQ-resistant P. falciparum clone of the
Thailand isolate K1. The K1H6/2 is resistant to CQ (IC50 101 ± 19 nM), relatively
hypersensitive to AM (IC50 27 ± 7 μM), and harbors the Dd2-type pfcrt allele typical of CQ-
resistant Asian lines (Wootton et al., 2002; Table 1).

Parasite cultures were subjected to intermittent exposure to increasing AM concentrations (5.5–
100 μM) over a 3 month period, after which time they exhibited normal growth rates in medium
containing 100 μM AM. The AM IC50 increased significantly from 27 ± 7 μM in the K1H6/2
parent line to 283 ± 63 μM in the AM-resistant line, denoted K1AM (Table 2). Of particular
interest was the 4-fold increase in CQ sensitivity of the AM-resistant line (CQ IC50 of 26 ± 9
nM and 101 ± 19 nM for K1AM and K1H6/2, respectively). This was accompanied by a
complete loss of the VP-reversible component of CQR (Figure 1A; Table 2). The acquisition
of AM resistance had no major effect on the parasite response to HF, MFQ, or QN compared
to the CQ-resistant parent K1H6/2, although diminished VP-reversal was observed for QN
(Figure 1B; Table 2).

The AM-resistant, CQS phenotype of K1AM was stable over at least 4 months of continuous
culturing without drug (data not shown). To eliminate the possibility that we had selected a
contaminating strain that displayed this particular drug-sensitivity profile, PCR fingerprinting
was performed with the polymorphic microsatellite marker, PfRRM, previously shown to
differentiate between laboratory lines (Su et al., 1998). This revealed an identical banding
pattern for K1H6/2 and K1AM, contrasting with very different patterns for all other lines used
in this study (Figure 2A). Further fingerprinting analysis with primers flanking variable regions
of the genes MSA-1, MSA-2, and CSP (Wooden et al., 1992) yielded identical banding patterns
for K1H6/2, K1AM, and K1, indicating that K1H6/2 and K1AM both originated from K1 (data
not shown).
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CQ Sensitivity in K1AM Is Not Attributed to pfmdr1
To explore the genetic basis of the restoration of CQ sensitivity in K1AM (selected prior to
the discovery of pfcrt), we initially focused on pfmdr1. Until recently, pfmdr1 was considered
by some investigators to be a primary candidate gene for CQR, in view of earlier reports
indicating its potential involvement in P. falciparum multidrug resistance (Foote et al.,
1990). The K1 pfmdr1 allele harbors the codon 86 asparagine to tyrosine substitution (N86Y),
which has shown an association with CQR in some, but not all, parasite lines (Foote et al.,
1990; Su et al., 1997; Peel, 2001).

Sequence analysis of the complete 4.3 kb pfmdr1 gene of K1AM and K1H6/2 revealed no
change from K1. Also, there was no change in either pfmdr1 copy number, as determined by
competitive PCR (data not shown) or expression of its product Pgh1 (Figure 2B). Therefore
the increased sensitivity of K1AM to CQ was not related to pfmdr1 changes.

Loss of CQR Is Associated with Previously Unidentified pfcrt Mutations
Given the recent reports implicating pfcrt as the primary determinant of CQR (Fidock et al.,
2000; Sidhu et al., 2002; Wootton et al., 2002), we searched for mutations in this gene. Note
that the K1H6/2 parent contains the pfcrt mutations at codons 76 (K76T) and 220 (A220S) that
are typically associated with CQR (Table 1). These mutations were detected in K1AM despite
its complete loss of VP-reversible CQR (Table 2). To our knowledge, this is the first validated
example of a culture-adapted line that harbors these critical pfcrt mutations and that is clearly
and reproducibly CQS. Western blot analysis indicated equivalent PfCRT levels in the mutant
and control lines (Figure 2C). Subsequent sequencing of the full-length pfcrt cDNA revealed
two novel mutations in K1AM: a codon 163 serine to arginine substitution (S163R) and a codon
356 isoleucine to valine substitution (I356V). To our knowledge, pfcrt codon 163 mutations
have never been previously reported. For codon 356, other polymorphisms (I356T and I356L)
have previously been identified, implicating this as a residue with a role in drug-resistance
phenotypes (Fidock et al., 2000; Wootton et al., 2002).

Previously we have described the K1HF line, which has been of particular interest because the
selection for HF resistance resulted in a 3-fold increase in MFQ IC50 values and was
accompanied by the loss of VP-reversible CQR (Table 2; Ritchie et al., 1996). As discussed
earlier, this occurred independently of any change in pfmdr1 (Ritchie et al., 1996). Sequencing
of the K1HF pfcrt cDNA revealed three polymorphisms: a codon 152 threonine to alanine
substitution (T152A), S163R, and a codon 275 proline to leucine substitution (P275L). Thus
the same mutation (S163R) was selected, accompanied by the same phenotypic change, in
independent experiments that used two structurally unrelated drugs, both of which display
inverse crossresistance with CQ (Oduola et al., 1988;Nateghpour et al., 1993;Evans and Havlik,
1993,1994;Ritchie et al., 1996).

Loss of VP-Reversible CQR in K1AM Is Due to Increased CQ Access to Hematin
To determine the mechanistic basis of this altered CQ response, we assayed the CQ cellular
accumulation ratio (CAR) and how this was affected by addition of the plasmepsin inhibitor
Ro40-4388. This competitive protease inhibitor reversibly blocks hemoglobin digestion,
prevents the release of hematin, and has been used to assess the extent of CQ-hematin binding
in intact, infected erythrocytes (Moon et al., 1997; Bray et al., 1998, 1999).

The steady-state accumulation of [3H]-CQ was increased 3- to 4-fold in both K1AM and K1HF
relative to the parental K1H6/2 line (Figure 3), consistent with the increase in CQ susceptibility
(as measured by using [3H]-hypoxanthine assays; Figure 1A and Table 2). This was reversed
in the presence of Ro40-4388, implying that the increased accumulation in the drug-selected
lines was due to a restoration of CQ access to hematin (Figure 3). VP had no effect on the CAR
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for these mutant lines. In contrast, VP produced a 3-fold increase in the steady-state [3H]-CQ
accumulation of K1H6/2 that was inhibited by Ro40-4388, suggesting that VP could restore
access to hematin in this parental CQ-resistant line. Taken together, our data suggest that drug
selection of both K1AM and K1HF resulted in a loss of a VP-sensitive mechanism that reduced
the access of CQ to its hematin target.

We have previously shown that while the total CQ-hematin binding capacity is similar between
lines, CQ-resistant lines exhibit a reduced apparent affinity of saturable CQ-hematin binding
at equilibrium (Bray et al., 1999). Scatchard analysis clearly shows that K1AM exhibits an
increased apparent affinity of CQ-hematin binding (Kd = 64.9 ± 5.4 nM) relative to K1H6/2
(Kd = 151.5 ± 18.3 nM) (Figure 4A). Similar data were obtained with K1HF (data not shown).
Importantly, the binding capacity did not differ between the parental and drug-selected lines,
consistent with the view that loss of VP-reversible CQR restored CQ access to hematin.

The dichotomous relationship between CQ and AM prompted us to look for interactions
between these two drugs. AM was observed to act similarly to VP in that it could increase CQ
accumulation in K1H6/2 by 2- to 3-fold but was without significant effect on the level of CQ
accumulation in K1AM (Figure 4B). One possibility is that AM might increase cellular
accumulation of CQ in the parental line by competing for a VP-sensitive CQ transport process.

Detection of the S163R pfcrt Mutation in a Southeast Asian Field Isolate of P. falciparum
Given that the pfcrt S163R mutation arose independently in resistance-selection experiments
with two unrelated drugs, we hypothesized that this mutation might also have arisen in field
isolates. PCR screening for this mutation (which introduced a HinfI restriction enzyme site) in
44 geographically distinct P. falciparum field isolates identified S163R in a single isolate,
Pf164, from Southeast Asia. This non-culture-adapted isolate had a CQIC50 value of 21 nM
recorded with the WHO microtest, which classifies this as CQS. This mutation was confirmed
by DNA sequence analysis of the genomic region flanking this codon. We then amplified and
sequenced a 3.0 kb region of genomic DNA spanning all 13 pfcrt exons. This showed the
S163R mutation to be the only codon that differed from the K1H6/2 sequence (Table 1). We
note that sequencing of this region, as well as the corresponding regions from the K1AM and
K1HF mutants, showed several codon differences (Table 1), indicating that the S163R mutation
in Pf164 was not a product of contamination with either of those mutant lines. Molecular typing
with PfRRM (Su et al., 1998) revealed similarity in the banding pattern between Pf164 and the
K1 lineage; however, Pf164 clearly differed by the loss of a band shared between K1, K1AM,
and K1HF (Figure 2A). Similar data indicating differences in microsatellite typing were found
with the TA1 marker (Anderson et al., 1999; data not shown).

Discussion
This report provides evidence that point mutations in the transmembrane protein PfCRT can
not only determine whether P. falciparum is resistant to CQ but can also significantly influence
parasite susceptibility to structurally unrelated antimalarials. These results extend earlier
observations on the role of PfCRT in contributing to parasite response to quinoline drugs
(Cooper et al., 2002; Sidhu et al., 2002) and implicate this transporter as a key component
underlying the complex cross-resistance patterns observed in this organism.

The once immeasurable benefit of CQ in treating P. falciparum malaria provided hope that its
use, alongside DDT, would provide the foundation for the eradication of this disease
(D’Alessandro and Buttiens, 2001). Characteristics unique to this drug included its rapid
efficacy, minimal toxicity, ease of use, widespread availability, and, above all, affordability—
a critical criterion for populations in malaria-endemic countries. The increasing ineffectiveness
of CQ and its replacement drug sulfadoxine-pyrimethamine has dramatically compromised the
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treatment of uncomplicated malaria, shifting the clinical spectrum toward severe disease and
increasing fatalities (Trape, 2001).

The genesis of CQR, driven by massive drug pressure and a noted preference for genetic
outbreeding of this haploid parasite (Fidock et al., 1999), has been traced to a handful of
mutational events that gave rise to region-specific PfCRT haplotypes (Chen et al., 2003; Lim
et al., 2003; Mehlotra et al., 2001; Wootton et al., 2002). Common to all mutant haplotypes is
the pfcrt mutation K76T, previously found only in lines displaying CQR. In vivo, this mutation
has proven to be a valuable molecular marker for CQR (reviewed in Waller et al., 2004). For
example, work from Mali found the presence of pfcrt alleles with the K76T mutation to be
associated with a nearly 20-fold increase in CQ treatment failure (Djimde et al., 2001a). This
increased risk was similar in regions with widely differing transmission rates, and K76T
prevalence rates served to estimate rates of CQ treatment failure (an important consideration
for regional treatment policy) (Djimde et al., 2001b).

Here, we report the isolation of mutant P. falciparum lines that retain the pfcrt K76T mutation
yet have clearly lost CQR. This change was associated with the selection of point mutations
in PfCRT domains not previously associated with modification in drug response (Figure 5A).
Such mutations may explain the relatively rare occurrence of K76T in P. falciparum isolates
that were thought to be CQS in vitro (Durand et al., 2001; Thomas et al., 2002). The possibility
that additional pfcrt mutations exist outside of known polymorphisms should now be
considered in molecular epidemiological investigations into P. falciparum drug resistance.

Astute choices for malaria chemotherapy require a detailed understanding of the determinants
and patterns of crossresistance. HF exhibits a degree of crossresistance with MFQ, associated
with pfmdr1 amplification or polymorphisms (Cowman, 1991; Reed et al., 2000; Price et al.,
2004). However, our HF-resistant line (K1HF) showed crossresistance to MFQ without
detectable changes in pfmdr1 sequence or expression (Ritchie et al., 1996). Likewise, we found
no pfmdr1 changes in our AM-resistant line (K1AM). The loss of CQR in both lines is
consistent with earlier reports documenting an inverse crossresistance between these
compounds and CQ (Basco et al., 1992; Evans and Havlik, 1993; Ritchie et al., 1996). Our
finding of multiple pfcrt point mutations (T152A/S163R/P275L and S163R/I356V in K1HF
and K1AM, respectively) strongly implicates this gene in contributing to these patterns of
antimalarial drug susceptibility. The independent selection of the common S163R mutation
also implicates this change as causing the loss of VP-reversible CQR in both these lines.
Presumably, the other PfCRT mutations selected by AM or HF pressure (I356V and T152A/
P275L, respectively) add some specificity to AM or HF resistance, respectively. Interestingly,
a preliminary molecular screen of geographically diverse field isolates has identified one
isolate, Pf164 from SE Asia, which harbors the pfcrt S163R mutation. This mutation possibly
resulted from the widespread use of MFQ in SE Asia (Nosten et al., 1991; Price et al., 1999).
Studies are in progress to further characterize its prevalence in malaria-endemic regions.

Formal proof of a causal relationship between these mutations and drug phenotypes requires
long-term allelic exchange experiments, which have been initiated. We note from a statistical
argument the extreme improbability that these mutations would have occurred by chance and
not as a result of the selection procedure: in view of previous studies with both the antifolate
drug-resistance determinant dhfr-ts and with pfcrt, which have estimated that single point
mutations in P. falciparum occur at a frequency of <10−9 per codon (Paget-McNicol and Saul,
2001; Cooper et al., 2002). Just considering S163R, the probability of its random appearance
in both lines would therefore be <10−18. Assuming instead that S163R resulted from the drug
selection, one would predict that AM and HF resistance are mechanistically related to PfCRT
function(s) and that the acquisition of resistance to both drugs is related to the loss of CQR.
This argument is supported by several additional lines of evidence. (1) Studies with field

Johnson et al. Page 6

Mol Cell. Author manuscript; available in PMC 2010 September 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



isolates have always found an increased susceptibility to AM in lines with mutant PfCRT
haplotypes (Table 2; Evans and Havlik, 1993). (2) Increased AM susceptibility was observed
when mutant pfcrt was genetically engineered into CQS parasites (an experiment that used
neither AM nor CQ during the allelic exchange approach). (3) The dramatic change in AM
response observed in the CQ-selected J3D4 clone (generated from the CQS 106/1 clone), which
had undergone a single PfCRT K76I mutation, was reproduced almost identically when this
mutant allele was introduced via a CQ-independent transfection strategy into a CQS parasite
(Table 2). For HF, similar arguments can apply in that earlier studies have noted that CQ-
resistant parasites can display increased susceptibility to HF (Ritchie et al., 1996), and the
introduction of mutant pfcrt into CQS parasites produced a consistent trend toward increased
HF susceptibility (Figure 1B).

Previously, we demonstrated that CQ-resistant parasites exhibited reduced CQ access to
hematin, characterized by a reduced apparent affinity (higher Kd) of CQ binding at equilibrium,
and concluded that resistant parasites had evolved a mechanism to reduce the local CQ
concentration in their DV (Bray et al., 1998). Our K1H6/2 parent line harbors the CQR-
associated K76T and A220S mutations and exhibits a typically low apparent affinity of CQ
binding (Kd 150 nM; Figure 4A). Yet the selection of these previously unidentified pfcrt
mutations in the mutant lines (without loss of K76T and A220S) was associated with a
significant increase in the apparent affinity of CQ binding. This change can be attributed to the
loss of a VP-reversible mechanism that restricts CQ access to hematin (Table 2; Figure 4A).

In considering how this might occur, we note that CQ (with pKa values of 8.1 and 10.2) is
thought to passively diffuse as an uncharged species into the acidic DV (whose pH is believed
to be in the range of 5.0–5.5; Bennet et al., 2004; Waller et al., 2004). Inside the DV, protonation
of CQ’s two nitrogen atoms would lead to trapping of positively charged, membrane-
impermeable drug (Yayon et al., 1985). We hypothesize that the critical PfCRT K76T
substitution in transmembrane domain I (Figure 5B) removes a positive charge from a putative
transporter pore, allowing diprotonated CQ to escape from the DV along a massive
electrochemical gradient. This would reduce the local DV concentration of CQ and the apparent
affinity of CQ-hematin binding. Consistent with this model, CQR was produced in drug-
pressured parasites that had undergone a lysine to isoleucine (K76I) or a lysine to asparagine
(K76N) mutations in a variant pfcrt allele (Cooper et al., 2002). The relatively modest degree
of CQR in parasites harboring PfCRT K76N argues for a predominantly physicochemical
interaction of mutant PfCRT with CQ (Cooper et al., 2002). S163R substitutes a neutral for a
positively charged residue in transmembrane domain 4, which we propose can restore a positive
charge to the predicted pore involved in drug transport (Figure 5). This change may slow the
outward leak of charged CQ, restoring hematin access and CQ sensitivity.

In the case of AM, this agent has a pKa of 9.0 and is almost fully ionized at pH 5.0 (Spector,
1988). The nonionized form of this drug is membrane permeable, and it is probable that AM,
like CQ, can accumulate inside the DV via proton trapping. If so, the PfCRT K76T substitution
might allow the escape of charged AM from the DV. Distribution of charged drug across this
membrane should be strongly influenced by DV membrane potential, generated by an
electrogenic V type ATPase located on both the plasma and DV membranes (Saliba et al.,
2003; Allen and Kirk, 2004). The inside-positive potential of the DV could therefore accelerate
the efflux of charged AM and CQ from the DV, while at the same time, the inside-negative
potential of the cytoplasmic compartment would trap charged drug in the cytosol. Thus in
parasites harboring K76T, we propose that the concentration of the charged forms of both drugs
would be greatly reduced in the DV but moderately elevated in the cytoplasm.

Accordingly, the inverse pattern of sensitivity of AM and CQ suggests that the targets of AM
and CQ reside in the cytoplasm and DV, respectively. In the case of the hematin binding drug
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HF, the inverse-sensitivity patterns are more difficult to explain, although it is possible that
HF also exerts its effects on a target outside the DV. Alternatively, AM and HF may both target
PfCRT itself: being lipophilic weak bases, both drugs might bind more readily to a hydrophobic
region of mutant PfCRT harboring K76T. This might interfere with its function, providing a
potential explanation for the hypersensitivity of mutant pfcrt parasites to these drugs. One could
then rationalize the induction of resistance to AM and HF by a compensatory mutation (S163R)
that restores a positive charge to the putative PfCRT substrate pore, making it more difficult
for AM and HF to bind and block this transport.

Our model for CQR is based on the hypothesis that PfCRT can transport drug, an argument
supported by a recent genome analysis implicating this protein as a member of the drug/
metabolite transporter superfamily (Tran and Saier, 2004). Definitive evidence of this function
has yet to be reported. Nonetheless, data presented in Figure 4B suggest that AM and CQ might
act as competing transport substrates for a leak pathway whereby AM would increase the
steady-state accumulation of CQ in the DV of the CQ-resistant K1H6/2 parental line, but not
the CQS K1AM line. VP and other lipophilic, positively charged reversal agents might partition
within the hydrophobic substrate pore, with their positive charge hindering the outward
movement of protonated CQ (Figure 5B).

Alternatively, it has been suggested that PfCRT might influence drug distribution indirectly,
by altering vacuolar ion gradients such as chloride, in turn affecting DV pH (Dzekunov et al.,
2000; Zhang et al., 2002). This alternative hypothesis however, does not readily account for
the inverse crossresistance patterns that are often seen between CQ and MFQ, QN, or HF. All
these compounds are lipophilic weak bases that might be expected to exhibit crossresistance
with CQ in the event of a change of resting vacuolar pH.

In conclusion, we provide evidence that previously unknown PfCRT point mutations can be
selected that totally abrogate VP-reversible CQR. We also show that PfCRT plays an important
role in conferring hypersensitivity to AM and the antimalarial drug HF. These data support the
view that sequence polymorphisms in PfCRT influence parasite response to an ever-increasing
range of antimalarial compounds. The challenge will be to decipher the genetic and
physiological effect of these individual mutations, as we strive to build a comprehensive
understanding of P. falciparum susceptibility to heme binding antimalarials and search for
ways to over-come resistance to this valuable family of drugs.

Experimental Procedures
P. falciparum Strains and Continuous Maintenance

K1 was kindly donated by Professor D. Walliker (University of Edinburgh) and was cloned
by two rounds of limiting dilution (Rosario, 1981), resulting in K1H6/2. The J3D4 clone was
similarly isolated from the 34-1/E line, a CQ-resistant mutant that had been selected after
application of CQ pressure to 106/1 parasites and that had acquired the pfcrt K76I mutation
(Fidock et al., 2000). All lines were cultured at 37°C in 2%–5% hematocrit in RPMI 1640 plus
23 mM NaHCO3, 25 mM HEPES, and 10% human AB serum (Trager and Jensen, 1976).
Cultures were maintained under an atmosphere of 93% N2, 4% O2, and 3% CO2.

Selection for Amantadine or Halofantrine Resistance
This employed the intermittent drug exposure method described in (Nateghpour et al., 1993).
Briefly, the parent CQ-resistant isolate K1H6/2 was exposed to AM or HF at the predetermined
IC50 concentration until the parasitemia fell to less than 40% of control values (parasite lines
cultured in the absence of drug). Medium-containing drug was then replaced with drug-free
medium until the parasite multiplication rate returned to control values. This procedure was
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continued until parasite growth, equivalent to that seen in the control culture, was achieved in
the drug-treated parasite line for 10 days or longer, at which time the drug concentration was
increased to the newly established IC50 value. The resulting drug-resistant lines, obtained after
at least three months of drug pressure, were designated K1AM and K1HF. The degree of genetic
similarity of cultured lines and field isolates was assessed by using microsatellite methods (Su
et al., 1998) and DNA fingerprinting (Wooden et al., 1992).

In Vitro Sensitivity and CQ Accumulation Assays
In vitro sensitivity assays were performed by using a [3H]-hypoxanthine method (Desjardins
et al., 1979). For CQ accumulation assays, parasites were synchronized at the trophozoite stage
and incubated in RPMI 1640 lacking serum and NaHCO3 and containing 3 nM [3H]-CQ
(specific activity 50.4 Ci/mmol). Time course samples were processed as previously described
(Bray et al., 1992). Steady-state CQ accumulation was measured over 1 hr in the presence or
absence of VP (5 μM) or AM (0-400 μM). CQ accumulation was also determined in the
presence of 10 μM Ro40-4388, an inhibitor of malarial plasmepsin aspartic proteases (Moon
et al., 1997). The cellular accumulation ratio (CAR) was calculated as the amount of labeled
drug in the infected cells divided by the amount of labeled drug in a similar volume of medium
(Bray et al., 1996).

To determine CQ-hematin binding parameters, parasitized cells were suspended in growth
medium containing 3 nM [3H]-CQ and 5 nM to 20 μM nonradioactive CQ. After 1 hr, the
reaction was terminated and the cells processed for counting as described previously (Bray et
al., 1996). The saturable uptake of CQ, represented with Scatchard plots, was calculated by
subtracting nonsaturable CQ uptake from total CQ uptake. The apparent affinity of binding
(Kd) was determined from the reciprocal of the slope and the amount of bound drug was given
by the X intercept.

PCR Analysis and DNA Sequencing
The 4.3 kb pfmdr1 gene was PCR amplified and fully sequenced from both strands with internal
primers. pfmdr1 gene copy number in K1H6/2 and K1AM was determined by a previously
reported competitive PCR method (Ritchie et al., 1996). For pfcrt, the full-length open reading
frame was PCR amplified from genomic DNA using the primers 5′-
CTTTCCCAAGTTGTACTGCTTC-3′ and 5′-CCTTATAAAGTGTAATGCGATAGC-3′
with the following cycling conditions: 94°C for 2 min, 35 cycles of 94°C for 20 s, 59°C for 10
s, 54°C 20 s, and 62°C for 10 min, with a final extension of 62°C for 15 min. The resulting
amplicon was cloned into the pCR 2.1-TOPO plasmid (Invitrogen) and sequenced with vector
and gene-specific primers.

PfCRT and Pgh1 Protein Analysis
Rabbit PfCRT-specific antisera was raised against a peptide spanning amino acids 401–419
(KKMRNEENEDSEGELTNVDC) as described (Fidock et al., 2000). Rabbit antisera specific
for Pgh1 (amino acids 2–19, GKEQKEKKDGNLSIKEEV) was kindly donated by Dr. Alan
Cowman, Walter & Eliza Hall Institute, Melbourne, Australia. For Western blot analysis, P.
falciparum trophozoites were prepared by saponin lysis, followed by resuspension of the
parasite pellet in ice-cold PBS. A series of snap freezing and thawing of the parasite suspension
was performed with liquid N2 prior to sample trituration through a 26G needle. For each sample,
equal numbers of parasites (6 × 106 per well) were incubated with an equal volume of 2×
loading buffer (60 mM Tris-Cl [pH 6.8], 2% SDS, 10% glycerol, 5% 2-mercaptoethanol,
0.001% bromophenol blue) and heated at 65°C for 10 min prior to loading onto a 4%–15%
gradient denaturing polyacrylamide gel (Biorad). Proteins were transferred to PVDF
membranes (Immobilon-P 0.45 μm, Fisher Scientific, UK), and incubated with antisera specific
for PfCRT or Pgh1 (diluted 1:1000 or 1:5000 respectively), followed by HRP-conjugated
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donkey anti-rabbit IgG (1:10,000 dilution, Amersham Pharmacia). Bands were detected with
an Enhanced Chemiluminescence kit (ECL, Amersham Pharmacia). Sample loading was
standardized by stripping the PVDF membranes and probing with anti-HSP-70 antibodies
(1:100 dilution; Ritchie et al., 1996). Band intensities were analyzed with Syngene GeneTools
software (Synoptics, UK).
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Figure 1. PfCRT Controls Parasite Susceptibility to Multiple Unrelated Drugs
(A) CQ-resistant PfCRT haplotypes confer greater sensitivity to amantadine (AM). The data
represent the mean + SEM of the IC50 values derived from at least three individual sensitivity
assays for CQ ± VP and AM.
(B) CQ-resistant PfCRT haplotypes can also generate an increase in susceptibility to
halofantrine (HF) and mefloquine (MFQ). Values represent means + SEM of the IC50 values
derived from at least three individual assays.
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Figure 2. P. falciparum Microsatellite and Western Blot Analysis
(A) PfRRM fingerprint analysis.
(B) Pgh1 expression in K1H6/2 and K1AM.
(C) PfCRT expression in K1H6/2, K1AM, and K1HF. Equal amounts of protein were separated
on a 4%–15% gradient gel and incubated with antibodies raised against Pgh1 (160 kDa), PfCRT
(44 kDa), or HSP-70 (70 kDa).
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Figure 3. K1AM and K1HF Display Increased Heme-Dependent Steady-State Uptake of CQ
Compared to K1H6/2
The reversible effect of the plasmepsin hemoglobinase inhibitor Ro40-4388 on steadystate
uptake of [3H]-CQ is demonstrated in the presence or absence of 5 μM VP. The uptake data is
presented as the cellular accumulation ratio (CAR). Ro40-4388 was removed by washing the
infected cells with RPMI-1640 media, and this inhibitor’s effect on CQ accumulation was
determined before and after washing. Data shown are mean + SEM from five individual
experiments, each performed in triplicate.
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Figure 4. Novel Mutations in PfCRT Restore CQ Access to Hematin
(A) Scatchard plot of equilibrium CQ binding in K1H6/2 and K1AM. Data points represent
means of duplicate observations from three individual experiments. The derived Kd and
capacity values respectively were 151.5 ± 18.3 nM and 40 ± 1.2 μM for K1H6/2 and 64.9 ±
5.4 nM and 40.7 ± 1.6 μM for K1AM.
(B) AM competes for CQ transport in CQ-resistant P. falciparum. Shown is the effect of
increasing concentrations of AM on the steady-state uptake of CQ in K1H6/2 and K1AM. Data
show the mean ± SEM of triplicate observations from five individual experiments.
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Figure 5. Predicted Structure of PfCRT and Proposed Model for CQR
(A) Predicted protein structure of PfCRT, highlighting the ten transmembrane α helices and
the intracellular and extracellular loops. Black filled circles indicate the positions of mutations
frequently identified in the Eastern and Western hemispheres. The blue filled circle indicates
the position of the newly identified mutation S163R present in both the amantadine-resistant
and halofantrine-resistant lines K1AM and K1HF. The red and green closed circles indicate
the positions of additional mutations identified exclusively in K1AM and K1HF, respectively.
The S (serine) to R (arginine) change at codon 163 may be critical to the loss of chloroquine
resistance (CQR) in P. falciparum. Adapted and reproduced from Carlton et al., (2001, Curr.
Opin. Microbiol. 4, 415-420), with permission from Elsevier Science.
(B) Proposed mechanism of CQR. Allelic exchange studies have shown a definitive role for
PfCRT in CQR. In the wild-type state (CQ-sensitive and encoding K76), the positively charged
lysine residue may prevent the movement of diprotonated CQ through PfCRT (i). However,
in the mutant state (CQ-resistant and encoding the K76T mutation) the loss of the positive
charge at this position might allow the flux of CQ out of the digestive vacuole, thereby reducing
the vacuolar CQ concentration and conferring resistance (ii). Verapamil (VP) may work by
reintroducing a positive charge to a putative pore of the PfCRT protein and thus preventing
the flux of CQ through PfCRT, resulting in an increased sensitivity to CQ (iii). This might
explain why the VP effect is specific for CQ-resistant parasites. The selection for the S163R
mutation (in lines that still encode K76T) may mimic the effects of both VP and the normal
lysine residue at position 76, by introducing a positive charge to the putative PfCRT pore,
thereby preventing the flux of CQ through this protein (iv).
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