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PfCRT-Mediated Drug Transport in Malarial Parasites†
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ABSTRACT: A wide range of drug transport studies using intact infected red blood cells, isolated malarial
parasites, heterologous expression systems, and purified protein, combined with elegant genetic experiments,
have suggested that chloroquine transport by the Plasmodium falciparum chloroquine resistance transporter
(PfCRT) is a key aspect of the molecular mechanism of quinoline antimalarial drug resistance. However,
many questions remain. This short review summarizes data that have led to drug channel versus drug pump
hypotheses for PfCRT and suggests ways in which recent contrasting interpretations might be reconciled.

Ten years ago, pfcrt1 gene mutations conferring amino acid
substitutions in the encoded PfCRT protein were shown to be the
major determinant for what is arguably the most important form
of antimalarial drug resistance, chloroquine (CQ) resistance
(CQR) in Plasmodium falciparum malarial parasites (1). Since
then, dozens of studies have surveyed pfcrt mutations in field
isolates, questioned how they evolved, and probed whether they
also confer resistance to drugs other than CQ (2-4). Central
points from this work and related work (5-8) include the fact
that PfCRT amino acid substitutions occur in a variety of
patterns that indicate the geographic origin of the resistant
parasite, substitutions confer 5-10-fold resistance to the growth
inhibitory effects of chloroquine (CQ), and that additional
mutations in other genes such as pfmdr1 and pfnhe may more
subtly contribute to drug resistance in a PfCRT-dependent
manner. However, interestingly, mutations in the Plasmodium
vivax orthologue PvCRT apparently do not cause CQR in P.
vivax malaria (9). Parasite CQR can in principle be overcome
with new chemotherapy that can be perfected by screening versus
CQR strains (10-15). There has been hope that detailed knowl-
edge of CQR would expedite second-tier drug development
versus malaria, and this hope is now beginning to be realized.

Although progress has been made, resistance to CQ and other
drugs is still not fully understood, and the list of new drug
treatments ready for clinical deployment is very short. For
centuries drugs (most developed from bioactive plant extracts)

have been the most successful treatments. This will remain the
case for some time into the future, but as new drugs and drug
combinations are introduced, CQR pathways continue to evolve
and new resistance pathways emerge. One long-term solution
might eventually be a vaccine; however, promising results with
candidate vaccines notwithstanding, there are major challenges
with this approach (16). For example, at least five Plasmodium
spp. infect humans, they exist in the body as multiple highly
differentiated forms, mixed infections with multiple species can
occur, the parasites spend most of their time in the human host
hidden intracellularly, infected red blood cells (iRBC) deviously
sequester at distal sites, the parasite decorates these cells with an
array of immunological epitopes, and the pathophysiology of
malaria in pre-immune versus naı̈ve children, adults, and preg-
nantwomen differs. The point being that even if effective vaccines
can be developed, a single vaccine is unlikely to be fully effective
against all malarial disease. Multiple vaccines will be required,
and each will likely be only partially effective (16).

In the meantime, multiple effective classes of antimalarial
drugs exist, including the quinolines (4-amino-, 8-amino-, and
quinoline methanols), the reactive endoperoxides (artemisinins),
and various antifolates that poison pyrimidine biosynthesis or
utilization. All have problems associated with their use on a global
scale, but the past 10 years has taught us that new candidate drugs
based on these (10-12) and additional (13-15) pharmacophores
that are active against CQR malaria can be developed, assuming
drug resistance is understood.

This review briefly summarizes our current molecular under-
standing of PfCRT and mutant PfCRT-mediated CQR. Recent
debates and conclusions offer insight into antimalarial drug
resistance pathways and suggest concepts relevant for additional
antimalarial drug design.

BASIC BIOLOGY AND EARLY OBSERVATIONS

The life cycles of the five humanmalarial parasites are complex,
involving two hosts (Anopheles mosquitoes and humans) or, for
Plasmodium knowlesi, three (transmission of this species is zoono-
tic via macaques). P. falciparum and P. vivax infections are
the most common, with the former causing most mortality.
P. falciparum sporozoites injected during anAnopheles bloodmeal
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quickly localize to the liver, invade hepatocytes, and are released
approximately two weeks later as large “merosome” clusters of
bloodstream merozoites. These then rapidly invade RBC and pro-
ceed through ring, trophozoite, and schizont stages before lysing
the RBC∼48 h postinvasion (see ref 17 for a detailed discussion of
the parasite life cycle). PfCRT protein is expressed at all iRBC
stages (18), with maximal expression at the trophozoite stage.

No malarial parasite cell culture is easy, but live P. falciparum
blood stage culture using matched human serum and washed
RBC is currently the most accessible (19). For this reason, and
because almost all known antimalarial drugs act against the
intraerythrocytic stages, most laboratory research has focused on
iRBCharboringP. falciparum. The parasite is haploid in humans
but briefly diploid in the mosquito. Genetic crosses are thus
difficult, and until relatively recently (20), transfection of iRBC
harboring haploid parasites has been cumbersome and ineffi-
cient.Nonetheless, a few transfection anddrug-pressuring studies
that engineer either pfcrt allelic substitution or expression of
mutant PfCRT in addition to endogenous wild-type PfCRThave
provided some clues for elucidating PfCRT function (21-24).

PfCRT (Figure 1) is a unique 424-amino acid protein with 10
predicted transmembrane domains that is found in themembrane
of the parasite digestive vacuole (DV) (24). The DV is the site of
obligate hemoglobin (Hb) degradation (2, 25). Studies have
suggested PfCRT is likely essential for RBC stages of parasite
development, because in iRBC, wild-type pfcrt can be replaced
with other pfcrt alleles (21), the level of expression can be
reduced (22), but the gene apparently cannot be deleted (22).
The essential physiologic function of PfCRT likely includes
maintaining osmotic balance across the DV membrane, because
as described belowDVvolume and ionic perturbations have been
noted for strains and isolates harboringmutant PfCRT isoforms.
This has led to the suggestion that the physiological function of
PfCRT must include the transport of one or more essential
osmolytes into or out of the DV, perhaps products of Hb
digestion and/or ions (26-28, 32). Along with the initial observa-
tion that PfCRTmutations conferred CQR (1), these points have
provoked more in-depth molecular studies of this intriguing
organellar membrane protein.

The P. falciparum genome is notoriously AT rich, with native
pfcrt cDNA being ∼80% AT. For molecular studies to proceed,
perfection of heterologous expression systems is required. To
date, expression of PfCRT in Saccharomyces cerevisiae and
Pichia pastoris yeast (28), HEK cells (29), Dictyostelium discoi-
deum (30), and oocytes (31, 32) has been achieved. Yeast and
HEK expression requires synthesis of codon-optimized genes to
reduceATbias (28), and plasmamembrane expression in oocytes
requires significant modification of the PfCRT N-terminal
domain and other mutations (32). Purification of PfCRT from
yeast has been reported by two laboratories (33, 34). Molecular
studies with these preparations are discussed after a brief review
of experiments with iRBC and vesicles harboring different iso-
forms of PfCRT.

CELL-BASED ANALYSIS OF CQR

As is the case for studies of drug resistance in tumor cells and
bacteria, CQR phenomena in P. falciparum were first analyzed
using whole cell preparations. These essentially fall into three
categories, either whole parasites extracted from iRBC with
detergent or intact stage-synchronized versus unsynchronized
iRBC. Forty years ago, Fitch first reported reduced accumula-
tion of CQ in iRBC infected with drug resistant parasites (35).
Nearly 20 years later, decreased retention of CQ for CQR
parasites was reported in efflux experiments using unsynchro-
nized iRBC (36). The decreased retention was termed “increased
efflux” and quantified as the percent preloaded [3H]CQ remain-
ing versus time in zero-trans efflux assays. Efflux was analyzed in
the presence and absence of 1 nM external CQ and was hypothe-
sized to be 40-50 times faster for CQRparasites (36); however, no
precise molar quantification of transport (moles of free CQ per
parasite per unit time) was possible for these experiments. At the
time, decreased retention of the drug in such experiments for a
number of cell types was often interpreted as being caused by faster
cellular efflux via plasma membrane-localized drug pumps (37).
Suchwas also the case forCQ retention byP. falciparum, and soon
thereafter, several papers suggested that CQRwas due to outward
pumping of CQ by a P. falciparum homologue of human

FIGURE 1: Schematic of PfCRT generated using TMRPres2D (http://bioinformatics.biol.uoa.gr/TMRPres2D/index.jsp). The vertical arrow
indicates the covalent attachment site of the terminal domain of a CQ photoaffinity probe (62). Dashed boxes (horizontal arrows) denotes the
proposed binding site of the chloroquine quinolinal ring system, based on photolabeling data and mass spectrometry (see ref 62).
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P-glycoprotein (hu MDR1), named PfMDR1, encoded by the
pfmdr1 gene on Pf chromosome 5 (38, 39). However, at approxi-
mately the same time, Wellems and colleagues reported that the
determinant for CQR identified in aMendelian cross resided on Pf
chromosome 7, not chromosome 5 (40). This led to the search for
other genes involved in CQR and the subsequent identification of
pfcrt 10 years later (1).

During this time, a number of cell-based drug influx and/or
efflux studies were being reported for CQS versus CQR parasites
(e.g., refs (41-44)). These were performed using tritiated
drug and bulk populations of either intact iRBC or detergent-
extracted parasites. To separate cell-entrapped radioactivity from
that in the supernatant, various filtration or oil layer centrifuga-
tion approaches were employed. Subtraction of control (e.g.,
accumulation for noninfected RBC) or calculated nonsaturable
drug accumulation (see refs 43 and 44) was typically done. The
various experimental protocols generated a variety of data, but
none ever recapitulated the remarkable 40-50-fold faster efflux
hypothesized in 1987 (36). A consensus was nonetheless reached,
namely, that at low external CQ concentrations (1-50 nM) CQR
parasites typically accumulated 2-10-fold less CQ than CQS in a
similar amount of time. Depending on the calculated nonsatur-
able accumulation that was subtracted from these data, some
studies (43) extended this observation to hypothesize that satur-
able uptake differed by as much as 100-1000-fold for CQR
versus CQS parasites. However, this conclusion rests on several
assumptions used in the mathematical modeling of traces depicting
drug accumulation versus time (43, 44).Measured differences in net
CQ accumulation are more typically 2-10-fold (e.g., refs (41-44),
and see below).

As noted, a faster rate of drug efflux back out of the iRBCwas
one particularly popular explanation for reduced iRBC drug
accumulation (36, 42), and initially, the PfMDR1 protein was
proposed to mediate this increased efflux. After identification of
PfCRT, it was proposed that this protein, not PfMDR1, could be
responsible for the putative increased cellular drug efflux, but as
one might imagine, the different conditions used to preload,
wash, and dilute whole iRBC for efflux experiments again
produced a myriad of data as these questions were explored
(44-48). From these studies, several interpretations were offered:
(1) PfCRT-mediated outward pumping of drug from CQR
parasites; (2) PfCRT-mediated drug counterflow (exchange) in
the presence of appropriate drug gradients; (3) Altered binding
to intracellular targets caused by PfCRT mutations promoted
decreased drug retention (increased efflux) in zero-trans efflux
experiments.

A difficulty in reconciling the first two interpretations with a
faster cellular efflux model for reduced CQ accumulation is the
fact that both PfCRT and PfMDR1 proteins reside in a
subcellular organellar membrane (the DVmembrane), with three
additional membranes between it and the outside of the iRBC.
How one transporter at the DV membrane (via whatever
thermodynamic mechanism one chooses to invoke) could kine-
tically compete with fast passive influx of the drug across these
other membranes to result in net movement of drug out of the
entire iRBC remains unclear. These arguments enticed our group
to suggest a fourth model, in which PfCRT is envisioned to
facilitate downhill leak of charged CQ from the DV to the
cytosol (26). This would not “pump” CQ from the iRBC per se,
but it would promote decreased net cellular accumulation by
acting to lower the level of time-dependent CQ binding to intra-
DV targets.

In support of this general idea, one particularly insightful
paper (41) published early on hinted that “increased efflux”
conclusions were highly dependent on incubation time and the
concentration of drug used for preloading the iRBC prior to the
zero-trans efflux experiment. Regardless, presumably because of
the costs of [3H]CQ and live parasite culture, nearly all subse-
quent drug transport experiments with live cells were conducted
at only one low nanomolar drug concentration. Concomitantly,
the onlyway inwhich resistance toCQ has typically been assayed
involves relatively long-term growth inhibition at 101-102 nM
levels of drug to compute IC50. That is, sensitivity to CQ for
various strains is reported to be 101-102 nM, and consequently,
the level of CQR is nearly always defined as a ratio of IC50.
Correspondingly, with only the one noted exception (41), all cell-
based transport during this period was assayed at 1-10 nM CQ.
These concentrations are approximately 100-1000 times below
the peak plasma CQ concentration.

In 1996, in situ autoradiography of trophozoites with fully
intact DV directly showed that accumulated [3H]CQ localized
nearly exclusively to theDV of themidstage trophozoite (49), but
these experiments were conducted at even lower external levels of
drug (picomolar).WhenPfCRTwas identified, abundant PfCRT
was found to be expressed in theDVmembrane (1, 24).Nearly all
evidence seemed to point in favor of a straightforward inter-
pretation of the Fitch hypothesis (35) and a DV membrane drug
pump or drug channel explanation for CQR. The Fitch hypoth-
esis states that the DV is the principle site of CQ accumulation
because heme released via Hb catabolism within the DV is its
principle molecular target. Simply moving CQ from the DV
faster than it passively diffuses back inward from the cytosol
would then decrease the level of binding to the heme target that is
continuously delivered as Hb is digested and thereby cause CQR.
Alternatively, or in addition, the dynamics of CQ2þ versus
CQþ versus CQ binding to different chemical forms of heme
(monomer vs μ-oxo dimer vs head-to-tail dimer) might be
different in CQS versus CQR parasites, causing decreased
retention of CQ. In support of both models, several studies have
recently defined both covalent and noncovalent heme-drug
complexes for CQ and related drugs (50-52). Decreased
CQ-heme adduct accumulationwithin theDVof CQRparasites
is very likely at least part of the explanation for the elevated IC50

in these CQR parasites. However, the early observations of
Geary and Ginsburg (41), as well as those of Bray and
Ward (43, 44), continue to hint that the mechanism(s) of CQR
could be multifaceted.

Another degree of complexity was uncovered when some
studies reported that CQR isoforms of PfCRT might alter the
pH equilibrium for the DV, or lysosomes and vesicles harboring
PfCRT (28-30, 53). The original DV and lysosome studies were
conducted at the single-cell level under perfusionwith physiologic
buffers. Subsequent studies using bulk populations of iRBC or
detergent-isolated parasites and cuvette or FACs approaches for
estimating subcellular compartmental pH (54-56) have con-
cluded that no significant changes in DV pH are caused by
mutation of PfCRT, but as pointed out in one of these stud-
ies (55), these approaches may not have adequate resolution to
quantify the 0.2-0.4 pH unit differences measured for live DV
with single-cell methods (29, 53). The point remains controver-
sial, but regardless of the interpretation regarding DV pH,
another study with individual iRBC under physiologic perfusion
noted significant perturbations in DV volume and regulation of
that volume upon mutation of PfCRT (57). It seems likely that
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traffic of endogenous DV osmolytes (ions and/or small molecule
metabolites) is perturbed upon mutation of wild-type PfCRT to
CQR isoforms and that this altered osmolyte traffic then directly
or indirectly affects DV pH, at least transiently (57). If so, this
easily provides several potential explanations for altered DV
retention of CQ at low external levels of the drug, because DV-
localized heme is a chief CQ target, because conversion between
drug binding and non-drug binding chemical forms of heme is
highly dependent on pH and concentration (50-52, 57, 58), and
because these differ in their aqueous versus lipid partitioning
behavior (25, 58, 59). The latter point is particularly important,
because the lipid phase catalyzes conversion of heme (which
binds drug) to hemozoin (which binds very little drug) (25).

VESICLE STUDIES

Experiments with vesicles prepared from yeast, bacteria, or
some other host heterologously expressing PfCRT can in theory
simplify interpretation of whole cell drug transport experiments.
However, as mentioned, heterologous expression of large P.
falciparum membrane proteins is in general difficult and typically
requires extensive codon optimization because of the very highA-T
bias of the parasite genome (28). Initial vesicle-based studies of
hypothesized PfCRT drug transport function used plasma mem-
branes from yeast and first tested for direct binding of [3H]CQ to
PfCRT (26). Scatchard analysis indicated a single drug binding site,
and, surprisingly, that CQS and CQR isoforms of PfCRT have
similar affinities for CQ (Kd=435 and 385 nM, respectively). It
was noted in this study that, assuming parasites were incubated at
IC50 levels of CQ, the Kd corresponded to the CQ concentration
predicted for the DV, not for the cytosol. A recent follow-up study
of CQbinding uses covalent attachment of a perfluoroazido-tagged
CQ probe to quantify competition between binding of CQ and
other quinoline antimalarials (60). Upon proteolytic digestion of
the labeled protein followed by mass spectrometry, this study was
also able to define a single drug binding site on PfCRT, which is
indeed predicted by hydropathy analysis to be disposed toward the
DV side of theDVmembrane (60). These data are arguably the best
molecular evidence in favor of a direct interaction between PfCRT
and quinoline antimalarial drugs.

Noting that mutations in putative PfCRT helix 1 significantly
alter drug response (1, 24) and that the covalent attachment site
for the CQ probe is found within a short segment of the loop
connecting putative helices 9 and 10 (60), Lekostaj et al. (60)
proposed a model for the single PfCRT CQ binding site (see also
Figure 1). Via this model, the chemical strategy of placing the
azido and biotin tags of the CQ probe at the end of the flexible
aliphatic side chain provides a geometry that then allows the
quinoline ring pharmacophore to easily dock between intramem-
branous helical domains, while the terminal azido and biotin
moieties remain disposed outside the membrane bilayer. More
precisely, the CQ pharmacophore is easily positioned two or
three protein R-helix turns in from the DV side of the DV
membrane while the terminal aliphatic domain contacts the DV-
disposed H9-H10 loop (60). This is consistent with predictions
from equilibirum binding measurements (26) that showed Kd

values were consistent with intra-DV (not cytosolic) concentra-
tions of CQ. Satisfyingly, this binding site also places the
quinolinal ring of CQ near a variety of mutations in various
PfCRT isoforms that are known to modulate the response to
drugs, including “second site revertant”mutations that alter drug
resistance profiles in rather interesting ways (1, 24, 60, 61).

It is clear at this point that both wild-type (CQS) and mutant
(CQR) isoforms of PfCRT bindCQ at a single binding site under
deenergized conditions (i.e., conditions under which no trans-
membrane electrochemical potential is present). It is also clear
that related quinoline drugs such as mefloquine and quinine can
compete with CQ for binding to this site, but the precise affinities
of these drugs for the site in different PfCRT isoforms are yet to
be measured (60). One interesting caveat noted to date is that
chemoreversal agents such as verapamil (VPL) inhibit CQ
binding for only some PfCRT isoforms (60).

The paper that revealed direct binding of [3H]CQ (26) also
examined [3H]CQ efflux from inside-out plasma membrane
vesicles (ISOV) via flow dialysis techniques and concluded that
one CQR isoform of PfCRTmediated downhill passive efflux of
[3H]CQ faster than that observed for control ISOV or ISOV
harboring CQS PfCRT. This was the first direct biochemical
evidence in support of CQ transport by PfCRT, but because of
the resolution of flow dialysis approaches, the thermodynamic
and kinetic characteristics of this CQ transport could not be
rigorously defined. Subsequently, another paper applying a
similar approach with vesicles made fromD. discoideum reached
similar conclusions after the observation that vesicles harboring
mutant PfCRT accumulated less CQ than those with wild-type
PfCRT (30). In this case, no extensive modification of pfcrt base
composition was required because D. discoideum is one of a very
few known organisms with similarly high A-T genome bias,
relative to P. falciparum. In this study (30) as well as an earlier
yeast vesicle study (28), additional evidence of ion or osmolyte
transport via PfCRT was also obtained.

Shortly thereafter, additional intact iRBC experiments using
pfcrt transfectants (47) seemed to further substantiate an evolving
model, namely, that PfCRT mediates electrochemically passive
facilitated diffusion of charged CQ that might also perturb DV
ion or osmolyte transport. However, other studies with intact
iRBC appearing at this time argued that the CQ transport was
more characteristic of a carrier or pump (46, 48). Again, studies
with whole cells are usually more difficult to interpret, because
variable levels of DV-localized drug target (free heme released
during Hb catabolism) are present in these experiments, leading
to difficulty in precisely quantifying free versus bound drug inDV
versus cytosolic compartments.

Also, as a diprotic weak base with pKa values of 8.4 and 10.2,
CQ can exist as a neutral, singly charged, or doubly charged
compound under biological conditions, and we now know that
these different species have different reactivities toward multiple
chemical forms of free heme [i.e., monomers vs dimers in either
aqueous or lipid phase (see refs 50-52, 58, 59)], and perhaps
even other targets (62, 63). Once formed, some drug-heme
species aggregate and fall out of solution, generating amorphous
drug-heme aggregates that then re-establish aqueous equilibria
between heme species not bound to drug (51, 52, 64, 65). Others
prefer to partition into lipid as 1:1 drug-heme complexes (52, 59).
This drug-heme chemistry competes with heme-to-hemozoin
conversion that is not fully understood (25, 63-65). In any case,
because the DV pH is approximately 2 units lower than that of
the cytosol (53), because the relative passive membrane perme-
abilities of the three CQ species are unknown, and because CQ
binds to multiple forms of heme in a manner that is highly
dependent on pH and lipid, precisely predicting weak base
partitioning for the drug within live cells is impossible (65).
Without this information, the magnitude of gradients in free CQ
across the DV membrane cannot be unequivocally determined.
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Knowledge of such gradients (as well as DV transmembrane
electrochemical potential driving force for diffusion and trans-
port of CQþ and CQ2þ) is essential for defining the thermo-
dynamic and kinetic characteristics of transport of CQ by
PfCRT. Difficulty in quantifying free CQ within the DV has
led to different interpretations of CQ counterflow phenomena
measured with whole iRBC under some conditions but not
others (46-48). The initial suggestion was that counterflow
(indicative of a carrier or pump mechanism for CQ transport)
existed for CQR but not CQS parasites (46). A follow-up study
that investigated different CQ loading conditions found counter-
flow for both CQS and CQR parasites (48). Some degree of
transport by both isoformsmight be more consistent with similar
drug affinity for the two isoforms (26). As discussed by
others (47), these conflicting counterflow data might be rationa-
lized by different intra-DV binding of CQ for CQS versus CQR
parasites. As pointed out in this work and elsewhere (26), another
complicating feature could be that direct transport of CQ by
PfCRT might be specific for one protonated form of CQ. In
summary, although cell- and vesicle-based studies have been
quite useful, complete definition of CQ transport by PfCRT
ultimately requires less complex model systems for molecular
analysis of transport.

RECENT ANALYSIS OF CQ TRANSPORT USING

PROTEOLIPOSOMES AND OOCYTES

Two approaches have recently been pursued in this regard.
One is injection of oocytes with modified pfcrt mRNA followed
by measuring the extent of accumulation of [3H]CQ into in-
dividual eggs expressing the putative transporter (32). The other
is purification of recombinant PfCRT from yeast followed by
reconstitution into proteoliposomes (PLs), and analysis of efflux
of a fluorescently tagged CQ from these PLs (34). Advantages of
the former include the use of [3H]CQ instead of a fluorescently
tagged CQ analogue, and the ability to use more easily obtained
accumulation data to model presumed drug efflux via PfCRT.
However, filtration of oocytes to quantify entrapped [3H]CQ-
associated radioactivity versus the time of accumulation does
not allow for high-resolution kinetic analysis of transport. Also,
use of oocytes does not allow for convenient manipulation of
driving forces for transport (electrical membrane potential and
pH gradients) that are almost certainly relevant for CQ efflux
from the parasite DV. In the oocyte system, it is also difficult to
control the amount of PfCRT present within the plasma mem-
brane and to know whether the levels of different transporters
(e.g., CQS vs CQR isoforms of PfCRT) are precisely the same
in the many different eggs needed for a comprehensive transport
analysis.

The use of reconstituted PLs harboring purified transporter
addresses these issues and has additional important advantages,
but also other disadvantages. Transporter density in multiple
preparations can be controlled and quantified; the topology of
the transporter within the PL membrane is easily assessed, and
membrane potential and pH gradient driving forces are much
more easily manipulated and quantified. The last point is
particularly relevant because, physiologically, transport of CQ
from the malarial parasite DV occurs in the presence of a high
pH gradient (approximately 2 units, acid inside) and high ΔΨ
(positive inside). Electrochemical driving forces of this mag-
nitude do not exist across the oocyte plasma membrane but
can be rather easily produced across PL membranes. Also, the

effects of small changes in these driving forces can be conveni-
ently quantified with PL systems, but not with oocytes. On the
other hand, [3H]CQ fast filtration approaches for PLs have low
signal-to-noise ratios and even poorer kinetic resolution relative
to that of oocytes because of the small internal volume of the PLs,
as well as the amphipathic nature of the drug versus hydro-
phobicity of the PLs and filters (33). Circumventing these
problems is particularly difficult. One compromise has been to
use fluorescently tagged drug analogues that behave like the
unmodified drug in biological assays (66). Such probes, in
combination with PLs, allow for development of high-resolution
kinetic assays that can help distinguish carrier versus channel
characteristics, define turnover, and more precisely elucidate the
character of any putative CQ transport inhibition via other drugs
or PfCRT inhibitors. One caveat, however, is that the chemically
tagged drug probe is not identical to the unmodified drug.
Importantly then, recent work with CQ photoaffinity analogues
showed that placing additional chemical groups at the very end of
the aliphatic side chain of the molecule did not appear to perturb
physiologically meaningful CQ binding (60), unlike the case in
which the quinolinal ring system of CQ was modified in other
probe design (67). Following the former design approach, recent
synthesis of “NBD-CQ” places a small fluorometric reporter at
the CQ aliphatic chain terminus and yields a probe that behaves
like CQ in vivo (66). This probe has been useful in defining the
thermodynamics and kinetics of quinoline transport in PLs and
live cells (34, 62, 66).

Both the PL and oocyte approaches (32, 34) have recently
provided what is arguably the best evidence for direct CQ
transport by PfCRT. However, some important differences in
interpretation are noted upon comparison of data from the two
studies. One key difference is quantification of apparent turnover
(moles of drug per mole of transporter per second) at specific
[3H]CQ (ooctyes) or NBD-CQ (PLs) concentrations. The paper
reporting CQ transport in oocytes (32) does not present explicit
turnover calculations, presumably because the molar density
of PfCRT within the oocyte membrane cannot be precisely
quantified and because the transport that is measured does not
plateau. The uptake data appear to be linear over several hours,
suggesting time-dependent intra-ooctye metabolism (isotope
scrambling) or sequestration of [3H]CQ.

Transport data in the oocyte experiments are presented as the
percent of [3H]CQ uptake in the absence and presence of mutant
PfCRT, from which initial rates are calculated and expressed as
picomoles of CQ per oocyte per hour. Assuming that the site
density of PfCRT is within the range reported for many other
transporters and channels expressed in oocytes [∼1010-1011 per
oocyte (see ref 68)], then these data convert to 0.002-0.02 CQ
molecule PfCRT-1 s-1 (CQS isoform) and 0.009-0.09 CQ
molecule PfCRT-1 s-1 (CQR isoform) at 300 nM external
[3H]CQ. Given that the external pH was 6.0 and the intracellular
pH can be assumed to be 7.4 (68), the pH gradient across the
oocyte membrane could be as high as 1.4, at least in the first
minutes of the experiment, but the electrical potential across the
oocyte plasma membrane is low relative to the potential that
exists across the parasite DV membrane. Perhaps not coinciden-
tally, this estimated turnover translates to 1-2 orders of magni-
tude lower than thatmeasuredwith purified protein reconstituted
into PLs (34) and does not initially appear to be sufficient to
account for the reduced level of CQ accumulation in the parasite
DV (66). However, it should also be noted that these turnover
numbers are not computed from oocyte effux experiments, but
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from uptake into oocytes wherein it is assumed that the topology
of PfCRT is reversed relative to that in the DV membrane
(meaning, presumably, cytosolic domains are pointed to the
oocyte cytosol, with intra-DV domains pointed to the outside
of the egg) and wherein (as mentioned) electrochemical driving
forces for charged substrate transport are much weaker relative
to those of the DV membrane.

The PL experiments were conducted with preparations in
which the topology of PfCRT in the membrane can be directly
confirmed to be predominately the same as that found in the DV
membrane (34, 60). In other words, cytosolic domains of PfCRT
are pointed to the outside of the PL and intra-DV domains are
pointed to the (acidified) PL interior. Thus, efflux of free CQ
probe from an acidified PL interior can be measured instead of
influx into the oocyte. Experiments with these PLs and the
fluorescent CQ analogue yield rates of turnover that are much
higher than those computed from the oocyte data (34). Impor-
tantly, the rates of turnover were found to be highly dependent
on the magnitude of ΔpH and ΔΨ, which might be expected
for a transporter that is designed to operate physiologically under
high electrochemical driving forces. At 5 μM NBD-CQ, turn-
over rates were determined to be 0.8 NBD-CQ molecule
PfCRT-1 s-1 in the presence of a 1 unit pH gradient and a 0 mV
ΔΨ, 1.6 NBD-CQmolecules PfCRT-1 s-1 in the presence of a 2
unit pH gradient and a 0 mV ΔΨ, and 3.4 NBD-CQ molecules
PfCRT-1 s-1 in the presence of a 2 unit pH gradient and an
∼120 mV ΔΨ (34).

Along with very different electrochemical driving forces,
another way in which data from the two approaches might be
reconciled is the degree of modification of the amino acid
sequence of PfCRT. For the PL experiments, the only modifica-
tion to the amino acid sequence of PfCRT is a hexa-His tag added
at the C-terminus (34), but to engineer expression in oocytes, four
putative lysosomal/endosomal targetingmotifs in theN-terminus
and two motifs in the C-terminus were removed via replacement
of 15 residues (at positions 17, 20, 22, 23, 26, 27, 47, 48, 50, 51,
409, 412, 414, 421, and 422) with alanine (32). It is possible that,
along with a very different electrochemical driving force, these
extensive modifications to the PfCRT primary sequence affect
the catalytic efficiency of CQ transport.

A second key difference in comparing these studies is the
relative transport measured for CQS versus CQR isoforms of
PfCRT. In the PL study, small differences in CQ transport by the
two isoforms are noted when transport is measured at the same
ΔpH andΔΨ. These small differences parallel the relatively small
differences in CQ binding affinity measured previously (26).
However, it is also noted that small changes in the concentration
of free CQ2þ or inΔ pH (∼0.2 unit) and/orΔΨ (∼30 mV) would
lead to significantly altered CQ transport from the CQR DV
harboring CQR PfCRT. If rates of turnover calculated from the
PL data are invoked (34), these small changes in free concentra-
tionor in driving force could then easily account for the decreased
level of CQ accumulation measured in many previous whole
iRBC studies (42-48, 66).

In contrast, it has been reported that the oocyte system does
not show statistically significantCQ transport above background
for the CQS isoform of PfCRT. Again, levels of transporter are
difficult to quantify for the oocyte system, andWestern blot data
that directly compare CQS toCQRPfCRT isoform expression in
the oocytes are not included in this study (32). Also, as men-
tioned, the extensive N-terminal modifications that are necessary
for effective oocyte expression of PfCRT could be compromising

activity, as could different lipid compositions in the different
membrane systems. Perhaps relatedly, other differing interpreta-
tions from oocyte versus PL experiments have also recently been
offered with regard to how another P. falciparum membrane
transporter, the PfATP6 calcium ATPase (SERCA homologue),
interacts with drugs. Mutations in PfATP6 have been proposed
to be responsible for conferring altered sensitivity to reactive
endoperoxide antimalarial drugs such as artemisinin (ART) (69).
Early work with oocytes expressing pfatp6 cDNA seemed to
indicate that ART bound to the ATPase and significantly
affected PfATP6 ATP hydrolysis (69, 70). However, more recent
direct studies with purified PfATP6 isolated from yeast show that
ART does not inhibit PfATP6 ATPase activity at all (71). Effects
of oocyte drug binding, and the complex background of addi-
tional superimposed transport reactions and ATPase activities in
oocyte plasma membrane, are presumably responsible for the
different interpretation relative to experiments with pure protein.

FUTURE DIRECTIONS

With only a few published studies of CQ transport in systems
of reduced complexity relative to iRBC, obviously many more
experiments that assess thermodynamic and kinetic details of
transport are necessary. More inspection of different PfCRT
isoforms, their “unnatural” substrate diversity (e.g., CQ vs other
drugs), and hypothesized physiologic substrate diversity [amino
acids vs dipeptides vs larger peptides (see refs 26 and 32)] is
required. These studies should lead to more precise definition of
transport catalyzed by PfCRT. This knowledge will be central for
future drug development, for elucidation of the function of
chemoreversal agents, and for understanding the unique DV
physiology of the malarial parasite.

However, it is critical to note that our current assessment of
CQR phenomena in P. falciparum is based upon an embarrass-
ingly incomplete definition of CQ pharmacology. That is, with
one exception (18), all quantification of CQR has been via
computation of a ratio in CQ IC50 for CQR versus CQS strains
or isolates. IC50 values are determined from long-term growth
inhibition assays inwhich live parasites are grown for one to three
iRBCcycles in the constant presence ofCQ.These IC50 values are
in the 101-102 nM range (depending on the strain) and are (with
current technology) relative easy to obtain, even in high-through-
put fashion with live cells (72, 73). Growth inhibition of parasites
is highly relevant to development of antimalarial therapy,
because a good antimalarial drug should prevent increases in
parasitemia and recrudescence, but it is also true that when CQ is
administered to a malaria patient the plasma concentration
of the drug is typically >1 μM (not 10-100 nM), for at least
the first 6-12 h. The most important initial effect of CQ therapy
is reduction of parasitemia from 1012-1011 parasites to e109,
within hours. That is, successful clinical administration of CQ or
any other antimalarial drug kills parasites; it does not merely
prevent their growth. A patient infected with CQR P. falciparum
does not show this dramatic drop in parasitemia because of
parasite death in the presence of a supramicromolar dose. If we
follow this logic, is it not true that clinically relevant CQR is
arguably more clearly defined via an elevated LD50? LD50 values
[defined as survival after a short-term bolus dose of CQ (see
refs 18 and 62)] have been reported for only two laboratory
strains ofP. falciparum, and these were treated with plasma levels
of drug under only a few specific conditions (none of which
completely model the clinical situation).Manymore such studies
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obviously need to be conducted. In one recent study, when drug
accumulation is analyzed for intact iRBC using LD50 levels of
drug (not IC50 levels), resistance-conferring reduction in DV
accumulation is not found for the CQR parasites relative to
CQS (62). In fact, this study reports that CQR parasites can
accumulate more toxic CQ relative to CQS and still exhibit
resistance to cell death (62). It is of course not uncommon for
antimicrobial or anticancer drugs to showboth growth inhibitory
(cytostatic) and toxic (cytocial) effects. When they do, cytotoxi-
city generally requires much higher levels of drug. It is also not
uncommon for targets that are relevant for cytostatic functions of
a drug to differ from those that are relevant for cytocidal. It is
critical then to point out that, with a few exceptions (34, 41, 62),
nearly all detailed CQ transport analyses for CQR versus CQS
parasites, vesicles, or oocytes that have been used to develop
models for CQR and PfCRT function have been conducted
at sub-IC50 levels of drug (typically, 1-50 nM). This has led to
logical explanations for CQR that are relevant for resistance to
the cytostatic functions of CQ [“CQRCS” (see ref 62)] but that, at
least initially, do not appear to be all that relevant for resistance
to the cytotoxic functions ofCQ [“CQRCT” (62)]. To fully elucidate
CQR, and in the design of additional antimalarial chemotherapy,
both facets are critical, and much more work is required to under-
stand the latter.

Perhaps related to this concept, two very recent papers may
further clarify the enigmatic role of PfMDR1 protein in com-
plementing quinoline drug resistance phenotypes. Following an
approach similar to that used in labeling PfCRT protein with a
photoaffinity analogue of CQ (60), Pleeter et al. (74) have
recently shown that partially purified PfMDR1 protein is also
photolabeled with this CQ analogue. Specific competition for
photolabeling using CQ and related quinoline drugs is seen, but
at higher levels of competitor relative to that previously observed
for PfCRT isoforms (60). This suggests that drug affinity for
PfMDR1 is lower than that for PfCRT. However, mixing
experiments in which CQS PfMDR1 and PfCRT isoforms
compete for probe versus where CQR isoforms compete show
that CQS PfMDR1 outcompetes CQS PfCRT for label, whereas
CQR PfCRT outcompetes CQR PfMDR1. This might be
relevant for interpreting other data that show inheritance of
a CQR PfCRT isoform along with a single copy of a CQS
PfMDR1 isoform confers higher CQ IC50 versus inheritance of
CQR PfCRT with multiple copies of CQR PfMDR1 (8). As
suggested (74), perhaps PfMDR1 amplification works to confer
resistance to the cytotoxic functions of CQ, whereas mutation of
PfCRT is more relevant for resistance to cytostatic effects of the
drug. There might be overlap between these roles for the two
transporters [because high IC50 values begin to approach low
LD50 values (18)]; however, the higher drug affinity seen for
PfCRTmight correspond to enzymology that is more relevant at
lower (IC50) doses of the drug, whereas the lower affinity seen for
PfMDR1 might correspond to enzymology that is more relevant
at higher (LD50) doses of the drug. Notably, at LD50 doses of the
drug, the CQ concentration in the DV will be very far above the
Kd for PfCRT, suggesting any PfCRT enzymology relevant for
CQ transport would be overwhelmed. In any case, assuming
targets for CQ static versus toxic effects differ, then those relevant
for the latter might exist outside the DV, in the cytosol, nucleus,
or someother organelle. A search for these possible targets, better
definition of LD50 versus IC50 for a number of drugs, and
continued analysis of the differences between PfCRT and
PfMDR1 isoforms are all valuable topics for future research.

These points are likely also relevant for defining what is
apparently a nonmutated CRT mechanism for CQR in P. vivax
malaria (9).

SUMMARY

Resistance to CQ and other common antimalarials has
historically been quantified by using IC50 ratios that quantify
drug cytostatic activity. Cell- and vesicle-based drug transport
experiments at IC50 doses, genetics, andmolecular pharmacology
of drug-heme interactions have generated amolecularmodel for
resistance in which mutations in PfCRT cause the increased,
electrochemically downhill, leak of CQ (and possibly other
quinoline drugs) from the DV. This model is strongly supported
by recent experiments with purified PfCRT protein that both
define a single CQ binding site and show membrane potential-
driven transport by PfCRT. Some conflicting interpretations
with regard to the efficiency of drug transport bydifferent PfCRT
isoforms exist on the basis of other recent experiments with
oocytes, but overall, these experiments also support PfCRT-
mediated CQ transport. Questions that remain to be elucidated
include defining relative affinities of related quinoline drugs for
PfCRT isoforms and determining the efficiency with which they
might be transported by PfCRT. Also, resistance to the cytocidal
action of CQ does not appear to require a decreased level of
DV accumulation of CQ. The precise role that PfCRT and other
transport proteins (PfMDR1 and PfNHE) play in this phenom-
enon remains to be explored.
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