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Abstract

The ability to treat and control Plasmodium falciparum infection through chemotherapy has been
compromised by the advent and spread of resistance to antimalarial drugs. Research in this area has
identified the P. falciparum chloroquine resistance transporter (PfCRT) and the multidrug
resistance-1 (PfMDRZY) transporter as key determinants of decreased in vitro susceptibility to several
principal antimalarial drugs. Transfection-based in vitro studies are consistent with clinical findings
of an association between mutations in the pfcrt gene and failure of chloroquine treatment, and
between amplification of the pfmdrl gene and failure of mefloquine treatment. Many countries are
now switching to arte-misinin-based combination therapies. These incorporate partner drugs of
which some have an in vitro efficacy that can be modulated by changes in pfcrt or pfmdrl. Here, we
summarize investigations of these and other recently identified P. falciparum transporters in the
context of antimalarial mode of action and mechanisms of resistance.

Malaria and drug resistance

The spread of drug resistant strains of the malaria parasite Plasmodium falciparum has led to
a significant resurgence of malarial morbidity and mortality, and a growing crisis in global
public health [1]. P. falciparum causes an estimated 500 million clinical infections and at least
one million deaths annually, primarily in sub-Saharan Africa [1,2]. Infection begins when
Anopheles mosquitoes deliver sporozoite forms that invade hepatocytes and replicate as liver-
stage parasites, before emerging into the blood stream and infecting red blood cells. The asexual
blood-stage infection causes clinical disease characterized by cyclical fevers and shaking chills,
which can lead to complications such as severe anemia or cerebral malaria [3,4]. Red blood
cells can also harbor sexual-stage gametocytes that can be transmitted to mosquitoes, where
they undergo genetic recombination and complete the lifecycle of the parasite.

For decades, the treatment of malaria depended on chloroquine — an extensively used 4-
aminoquinoline characterized by its rapid efficacy, low toxicity, availability and affordability
[5]. The eventual appearance of chloroquine resistance in Southeast Asia and South America
sparked the global dissemination of resistance [6]. The first-line treatment for chloroquine-
resistant (CQR) malaria — sulfadoxine—pyrimethamine — rapidly met with resistance and is also
becoming increasingly ineffective [7]. Failure of P. falciparum clinical treatment resulting
from confirmed in vivo parasite resistance has now been documented for all current antimalarial
drugs apart from the artemisinins, placing artemisinin-based combination therapy at the
forefront of current malaria control programs [8,9].

Here, we review recent studies into the P. falciparum chloroquine resistance (PfCRT) and
multidrug resistance-1 (PfMDR1) transporters that are now known to be key contributors to
P. falciparum antimalarial drug resistance. We also briefly discuss the Ca2* transporter
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PICRT

PFfATPG, which has been implicated in artemisinin action [10-13] (for reviews on parasite
determinants of resistance to antimalarial antifolates, mitochondrial inhibitors and antibiotics,
see Refs [7,14,15]).

The putative transporter PFCRT was identified through the analysis of a genetic cross between
a chloroquine-sensitive (CQS) and a CQR clone, which mapped resistance to the gene pfcrt
[16,17]. The 45-kDa PfCRT protein contains ten predicted transmembrane domains and is
located on the membrane of the digestive vacuole — an acidic, lysosome-like compartment in
which hemoglobin is degraded and detoxified, and in which the weak base chloroquine
concentrates in its diprotonated form and binds hematin (a dimeric form of oxidized heme)
[6,18,19]. pfcrt shows extraordinary sequence diversity among geographically distinct isolates:
point mutations have been detected at 15 residues and 4-8 individual mutations are present in
individual CQR lines (Figure 1). This level of diversity corresponds to at least five independent
origins of mutant pfcrt [20]. The Asian and African CQR alleles seem to confer a fitness cost,
as evidenced by data from Malawi and China that show a decrease in the prevalence of these
alleles upon discontinued use of chloroquine [21].

By allelic exchange, CQR alleles have been shown to confer in vitro chloroquine resistance to
CQS parasites [22]. This resistance phenotype is defined as a half-maximal inhibitory
concentration (1Csg) of >80 nM, decreased [3H]chloroquine accumulation and verapamil
reversibility. Removal of the K76 T mutation, which is ubiquitous in CQR lines, results in CQR
parasites becoming fully CQS and losing their verapamil reversibility phenotype [23]. It has
not proved possible to introduce this single mutation into CQS parasites, indicating that this
mutation might have a detrimental effect on function that needs to be compensated by other
pfcrt mutations. These in vitro results are largely consistent with in vivo findings that document
a strong association between the PFCRT K76T mutation and failure of chloroquine treatment,
leading to its widespread use as a molecular marker of chloroquine resistance [5,7,21]. The in
vivo studies have also found that some individuals carrying parasites with mutant pfcrt have
an adequate clinical response to chloroquine treatment. This has been attributed, at least in
part, to synergy between partially effective chloroquine treatment and acquired immunity [5].

Interestingly, studies have shown that the PfCRT transporter can also significantly influence
parasite in vitro susceptibility to many antimalarial drugs including quinine,
monodesethylamodiaquine (the primary metabolite of amodiaquine), halofantrine and
artemisinin [18,22-24]. A significant contribution of pfcrt to parasite susceptibility to
antimalarial drugs in addition to chloroquine might explain the unusual diversity of pfcrtalleles,
particularly in parts of Asia such as Cambodia where chloroquine is used rarely if at all against
P. falciparum infection [25,26].

To disseminate, resistance determinants must not only ensure parasite survival against drug
treatment but also be successfully transmitted through the gametocyte stage into the mosquito
vector. Recent findings in the Gambia show a strong selection for mutant pfcrt in gametocyte
populations in individuals exposed to chloroquine [27,28]. These mutants might prevent
chloroquine from killing very-early-stage gametocytes [29] or, alternatively, game-tocytes
harboring mutant pfcrt might have enhanced transmissibility. Such effects would provide a
compelling explanation for how mutant pfcrt became so prevalent across malaria-endemic
regions [30].

PfCRT and biochemical models of chloroquine resistance

Historically, investigations into the chloroquine resistance mechanism have generated vastly
differing models, including reduced chloroquine influx, increased efflux, pH effects on drug
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accumulation and/or receptor availability, and glutathione degradation of hematin or
chloroquine-hematin complexes [6,31]. From these studies, several tenets regarding the mode
of action of chloroquine and the mechanism (or mechanisms) of resistance have become widely
accepted: first, chloroquine enters the acidic digestive vacuole by passive diffusion as an
uncharged species and becomes trapped in the digestive vacuole in its diprotonated, membrane-
impermeable form; second, chloroquine is retained in the digestive vacuole as chloroquine?*—
hematin complexes that are central to its antimalarial activity [32,33]; and third, the chloroquine
resistance mechanism restricts chloroquine access to hematin and leads to reduced drug levels
in the digestive vacuole [34]. The availability of isogenic lines expressing variant pfcrt alleles
has also demonstrated that the chloroquine resistance mechanism is dependent on replacing
the positively charged PfCRT K76 residue in the first transmembrane domain with a neutral
residue (such as threonine, asparagine or isoleucine) [17,18,23].

Three models of chloroquine resistance that attempt to reconcile the existing data have now
come to the forefront: (i) efflux of chloroquine out of the digestive vacuole via an energy-
coupled transporter [35-38]; (ii) leak of chloroquine out of the digestive vacuole down its
concentration gradient in a manner that is not directly coupled to energy [20,24,34]; and (iii)
pH-dependent reductions in chloroquine accumulation in the digestive vacuole, possibly
associated with a role for PFCRT in mediating direct transport of the drug [33,39-41] (Figure
2). Whereas the first two models are mutually exclusive in their interpretation of whether drug
movement is directly coupled to energy, the digestive vacuole pH model is non-exclusive and
could potentially combine with either of the two other models to yield chloroquine resistance.
The idea that PfCRT is directly involved in chloroquine transport in the cell is consistent with
both bioinformatic analyses that place this protein in the drug-metabolite effluxer family of
transporters [42,43], and data from heterologous systems suggesting that mutant PfCRT can
bind to and physically transport chloroquine [44,45].

Energy-coupled chloroquine efflux

In support of the first model, CQR parasites have been reported to release pre-accumulated
chloroquine almost 50 times faster than have CQS parasites [35]. Investigation of the Kinetics
of accumulation shows a transient, rapid increase in chloroquine accumulation in resistant
parasites, which resolves to little or no accumulation within minutes. By contrast, there is a
continuing rise in chloroquine accumulation in CQS parasites that reaches a plateau far higher
than that attained in CQR parasites [46]. In all parasites, the initial chloroquine uptake is
maximal at 37-40 °C, arguing that uptake is a temperature-dependent active process. Addition
of glucose markedly stimulates chloroquine accumulation in CQS parasites, but reduces
steady-state accumulation of chloroquine in CQR parasites, suggesting that there are energy-
coupled mechanisms of chloroquine uptake and chloroquine efflux in sensitive and resistant
parasites, respectively [36,38].

Preloading CQR parasites with different concentrations of unlabeled chloroquine before
adding [3H]chloroquine has recently provided intriguing evidence of a ‘trans-stimulation’
effect, whereby accumulation of [3H]chloroquine first increases at low external preloaded
chloroquine concentrations and then decreases [38]. This trans-stimulation phenotype has been
previously described for the human red blood cell GLUTL1 transporter and is thought to
distinguish active efflux carriers from channels, pores or leaks, through which solutes move
by passive diffusion [47]. This effect in CQR lines is not seen in CQS lines, where external
preloaded chloroquine seems to compete with [3H]chloroquine for carrier sites at all
concentrations. This observation has led to the proposal that CQR parasites have an active
chloroquine efflux carrier, such that pre-equilibrated, preloaded chloroquine at low
concentrations competes for carrier sites, leading to an increase in [3H]chloroquine
accumulation, whereas preloaded chloroquine at high concentrations saturates the carrier sites
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and outcompetes [®H]chloroquine in binding to its intracellular receptor (heme), leading to a
reduction in [®H]chloroquine accumulation [38]. This trans-stimulated accumulation of
chloroquine by CQR parasites is glucose dependent (implying that ATP is involved), is blocked
by verapamil, and also occurs when preloaded chloroquine is substituted by related quinoline
drugs such as amodiaquine, quinine and quinidine [37]. Recent studies with pfcrt-modified
recombinant parasites have indicated that mutant PFCRT might fulfill this role of a substrate-
specific, verapamil-reversible, ATP-dependent chloroquine efflux carrier [48].

Leak of charged chloroquine out of the digestive vacuole

The second model postulates that chloroquine leaves the digestive vacuole by a mechanism of
facilitated diffusion driven by a large concentration gradient of the protonated forms of the
drug. Here, energy is proposed to drive the digestive vacuole proton pump and to maintain the
concentration gradient of protonated chloroquine, rather than being directly coupled to drug
movement.

Features of this model were first proposed by Warhurst et al. [49], who indicated some
similarities between PfCRT and bacterial CIC chloride channels and noted that the crucial
K76T mutation removes a positively charged residue from transmembrane domain I in a
putative pore, increasing the hydrophobicity and potentially providing a route for the more
polar (protonated) forms of chloroquine to escape the digestive vacuole. More hydrophobic
chemo-sensitizers such as verapamil have been proposed to block chloroquine efflux sterically,
effectively countering the resistance mechanism [49]. Support for the importance of the charge-
loss mutation has come from the demonstration that a compensatory charge substitution
(S163R in transmembrane domain IV) fully restores chloroquine sensitivity in drug-pressured
mutant pfcrt lines [24].

Both the charged drug leak and the energy-coupled efflux models posit that PFCRT is directly
involved in chloroquine movement but with the following key difference: in the former
protonated chloroquine passively leaks out of the digestive vacuole through mutant PfCRT,
whereas in the latter this protein actively effluxes drug. Both models can adequately explain
most of the existing chloroquine transport data, and direct comparisons of the different
experimental conditions with the same isogenic pfcrt-modified lines are warranted to resolve
the differences between these models.

pH-dependent physiological changes at the digestive vacuole membrane

Early models of chloroquine accumulation postulated that uptake of chloroquine into the acidic
digestive vacuole was primarily due to weak-base ion-trapping in accordance with the
Henderson—Hasselbach equation [50-52]. These models predicted that a more acidic pH in the
digestive vacuole, leading to a larger pH gradient across the digestive vacuole membrane,
would result in greater accumulation of chloroquine. Innovative developments in P.
falciparum single cell photometry, however, have produced the surprising result that CQR and
not CQS lines have the most acidic digestive vacuoles [39,40]. One explanation is that the
lower digestive vacuole pH in CQR isolates might accelerate the rate of heme aggregation and
hemozoin formation, reducing the amount of hematin available to bind chloroquine and
resulting in less uptake of chloroquine [41]. Some concerns have been expressed about the
appropriateness of using fluorescent pH sensor dyes and the possibility of photobleaching and
laser-induced disaggregation of the digestive vacuole [53-55]. Nevertheless, independent
studies in pfcrt-transfected Dictyostelium discoideum also provide evidence that pfcrt
expression has an effect on intracellular pH and that mutant PFCRT confers a more acidic pH
than does the wild-type protein [45].
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PfMDR1

Notwithstanding, it is generally thought that differences in the digestive vacuole pH are
themselves not primarily responsible for CQR, and recent data from the proponents of the pH
model have provided evidence that physical interactions with chloroguine are also a factor in
how mutant PFCRT mediates resistance [44].

More than a decade before the discovery of pfcrt, research into the genetic basis of chloroquine
resistance had focused on pfmdrl, a P. falciparum ortholog of mammalian P-glycoproteins
that mediate verapamil-reversible multi-drug resistance in mammalian cancer cells [35].
pfmdrl encodes a 162-kDa protein (PfMDR1; also known as Pgh1) that localizes to the
digestive vacuole membrane and consists of two homologous halves, each with six predicted
transmembrane domains and a conserved nucleotide-binding domain [56,57] (Figure 3). The
transport function of PFIMDR1 was evidenced by its complementation of a yeast strain defective
for the STEG transporter [58]. A recent study, using fluorescein derivatives that are widely
used in surrogate assays of P-glycoprotein function, has provided intriguing evidence that
PfMDR1 might function to import solutes, including some antimalarial drugs, into the digestive
vacuole [59].

Two pfmdrl alleles have been identified in CQR field isolates: the K1 allele (containing the
point mutation N86Y) and the 7G8 allele (containing Y184F, S1034C, N1042D and D1246Y).
In vitro studies using field isolates or laboratory lines have identified a partial association
between the N86Y mutation and chloroquine resistance [60-63]. By contrast, a role for the
7G8-type-3 mutations has been harder to ascertain [6,57]. For these 3’ mutations, direct
evidence was obtained in allelic exchange experiments, which showed that the mutations
enhance the degree of in vitro chloroquine resistance, although they do not confer resistance
to sensitive parasites [64]. Another study using similar genetic techniques, however, observed
no effect of these 3’ mutations on chloroquine [65]. The interpretation that pfmdrl mutations
might enhance chloroquine resistance in some genetic backgrounds but are themselves
insufficient to confer resistance has support from some clinical studies [61,62,66].
Alternatively, the increased frequency of pfmdrl polymorphisms in CQR parasites might
reflect physiological compensation for the altered function of mutant pfcrt [5].

Studies of field isolates and a genetic cross have also identified an association between
pfmdrl point mutations and the degree of parasite in vitro susceptibility to other antimalarial
drugs including mefloquine, halofantrine, quinine and artemisinin [57]. These data have been
largely confirmed by genetic studies, which reinforce the notion that these effects are strain
dependent [64,65]. Their impact on therapeutic outcomes seems more limited [67].
Nevertheless, a recent study that monitored recrudescence of infection after treatment with a
lumefantrine—artemether combination (Coartem) has reported significant selection for the
pfmdrl 86N polymorphism, suggesting that this mutation might be useful as a molecular
marker of lumefantrine resistance [68].

Several investigations have noted a correlation between pfmdr1 expression and drug resistance
in P. falciparum, paralleling the multidrug resistance mechanism observed in mammalian
tumor cells. In a study based on drug-sensitive strains, pfmdr1 transcript levels were observed
to increase after treatment with chloroquine, mefloquine and quinine, but not after treatment
with pyrimethamine, suggesting that induction of pfmdrl might be a drug-specific mechanism
of resistance [69]. Other studies with field isolates or drug-pressured laboratory lines have
found an association between in vitro mefloquine resistance and a higher pfmdr1 copy humber,
which in some instances is also associated with increased susceptibility to chloroquine [57,
67,70,71].
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The relationship between pfmdrl copy number and mefloquine treatment outcome has been
comprehensively investigated in a large, prospective study in Thailand, where quantitative real-
time PCR analysis of over 600 patient samples has shown that pfmdr1 amplification is highly
associated with failure of mefloquine or mefloquine—artesunate treatment [67]. pfmdrl
amplification has also been associated with an increased risk of failure of short-term
artemether—lumefantrine treatment [72]. These clinical findings have been confirmed by a
genetically controlled experiment showing that an increase in pfmdrl copy number causes a
decrease in in vitro susceptibility to mefloquine, quinine, halofantrine and artemisinin [73].
Amplified pfmdrl copy number, which is prevalent mostly in Asia, has also been observed in
some earlier field isolates from Gabon, possibly because of local drug pressure [74]. How
PfMDR1 mediates these effects is unclear, although a recent study indicates that pfmdrl point
mutations or changes in pfmdrl copy number might affect the degree of drug accumulation in
the digestive vacuole, which could affect the in vitro potency of the drugs [59].

Other transporters implicated in antimalarial drug resistance

Recent studies in antimalarial chemotherapy have also implicated several other transporters,
most notably PFATP6 — the P. falciparum ortholog of the mammalian sarcoendoplasmic
reticulum Ca2* ATPase (SERCA). Expression of PFATP6 in Xenopus laevis oocytes revealed
that its ATPase activity is inhibited by artemisinin in addition to thapsigargin — a known
SERCA inhibitor [10]. Modeling of this protein against mammalian SERCA led to the finding
that amino acid variants at position 263 in the predicted thapsigargin-binding pocket can ablate
inhibition by artemisinin derivatives in the Xenopus oocyte system [12]. Recent studies have
also reported an association between the S769N mutation in PFATP6 and increased 1Csq values
for artemether in field isolates from French Guyana [11]. Genetic experiments in the parasite
should further define the role of PFATP6 in the mode of action of artemisinin derivatives.

Recent genomic analyses have implicated other putative transporters in modulating parasite
response to antimalarial drugs [63,75,76]. For example, quantitative trait loci mapping of a P.
falciparum genetic cross in which inheritance of chloroquine and quinine resistance are
correlated found an association between quinine resistance and mutations in pfcrt and
pfmdrl, and also implicated a locus on chromosome 13 that contains a predicted Na*—H*
exchanger (pfnhe) [75]. Analysis of microsatellite variations noted a significant association
between DNNND repeats in the C-terminal cytoplasmic domain of PFNHE and in vitro quinine
response. In addition, reduction of pfnhe expression by genetic manipulation has recently
identified an association between PFNHE expression levels and the degree of quinine resistance
in CQR parasites (L. Nkrumah et al., unpublished).

Analyses of single nucleotide polymorphisms in different parasite isolates have also identified
additional candidates for antimalarial resistance genes. Linkage disequilibrium analysis of 97
culture-adapted parasite isolates from around the world found that single nucleotide
polymorphisms from pfcrt, pfmdrl and at least nine new putative transporter genes located on
different chromosomes were associated with chlorogquine and quinine resistance [63].
However, a follow-up study examining polymorphisms in these nine new genes in isolates
from two independent population samples in Southeast Asia found only one consistent
association, which was between increased artesunate 1Csq values and the putative ABC
transporter G7 [76]. These discrepancies might be due to variations in study design or to the
different geographic origins of the parasite samples.

Concluding remarks

The above studies provide a promising platform from which to direct future research on parasite
transporter proteins and drug resistance. In particular, elucidation of the mechanisms by which
PfCRT and PfMDR1 mediate resistance to multiple drug classes can help to guide efforts to
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overcome the spread of drug resistance. Furthermore, screens for other candidate transporter
loci involved in antimalarial drug resistance should be extended to assess copy number and/or
expression levels, in addition to identifying single nucleotide polymorphisms. A thorough
understanding of the complex interactions among malarial transport proteins, and how these
interactions influence parasite response to antimalarial drugs, will be an essential tool in
worldwide efforts to combat and control this important disease.
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Figure 1.

Predicted structure and representative haplotypes of P. falciparum chloroquine resistance
transporter. (a) PFCRT is predicted to have ten transmembrane domains, with its N and C
termini located on the cytoplasmic side of the digestive vacuole membrane (adapted, with
permission, from Ref. [20]). Mutations identified in pfcrt cDNA sequences from CQR lines
(black circles), the crucial K76T mutation common to all CQR strains (red) and the S163R
mutation identified in amantadine- and halofantrine-resistant parasites (yellow circle) [24] are
indicated. (b) Representative pfcrt haplotypes.
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Figure 2.

Mechanistic models of PFCRT-mediated chloroquine resistance. (a) Chloroquine-sensitive
parasites. In sensitive parasites expressing wild-type PfCRT, the weak base chloroquine (CQ)
concentrates (broken arrow) in the digestive vacuole. The acidic environment of the digestive
vacuole promotes diprotonation of chloroquine, trapping it within the organelle. This charged
form is thought to bind hematin, preventing its detoxification into hemozoin. pH estimates for
the cytoplasm and digestive vacuole are taken from Refs [17] and [39], respectively. (b)
Energy-coupled drug efflux. In this model, chloroquine resistance is due to carrier-mediated
drug efflux out of the parasite digestive vacuole. Glucose addition to the parasite culture
medium, which results in reduced chloroquine accumulation in resistant parasites, is
accompanied by production of ATP by the parasite [36,38]. Chloroquine-resistant parasites
show an energy-dependent trans-stimulation effect characteristic of carrier-mediated transport
[37,38]. Mutant PFCRT has been proposed to function as the drug effluxer (filled arrow) [48].
(c) Facilitated diffusion of charged drug. This model (also known as “‘charged drug

leak’ [20]) considers the possible effects of mutations in PFCRT on transport function.
Mutations in PFCRT alter the substrate specificity of the transporter and facilitate the diffusion
(broken arrow) of diprotonated chloroquine from the digestive vacuole down an
electrochemical gradient maintained by a digestive vacuole proton pump. Reversal agents, such
as verapamil, are monobasic and have been proposed to interact with mutant PFCRT, blocking
the passive efflux of drug in resistant parasites [49]. (d) Indirect effects of altered digestive
vacuole pH. CQR parasites have been reported to have a more acidic digestive vacuole than
have sensitive parasites [39]. This model postulates that alterations in the pH of the digestive
vacuole, caused directly or indirectly by changes in the transport properties of mutant PfCRT,
results in reduced accumulation of drug at its site of action. The increased rate of hematin
aggregation and hemozoin formation at acidic pH has been proposed to reduce the amount of
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target available for chloroquine binding [17]. The excess unbound drug could alter the

equilibrium of passive drug accumulation (broken arrows) or could be transported out of the
digestive vacuole by mutant PfCRT (filled arrow) [44,77].
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Figure 3.

Predicted structure and genetic polymorphisms in P. falciparum multidrug resistance-1. (a)
PfMDR1 has two homologous halves, each with six predicted transmembrane domains and a
nucleotide-binding pocket [56]. The nucleotide-binding domains (NBD1 and NBD2; orange
boxes) are each formed by large cytoplasmic domains. Polymorphic amino acids found in the
K1 allele (N86Y) and the 7G8 allele (Y184F, S1034C, N1042D and D1246Y) are indicated.
The D1246Y mutation is located in the predicted NBD2. (b) Representative haplotypes,
including the one most commonly associated with amplification of pfmdrl copy number.
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