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Human malarias are caused by infection with 
one of five malarial (Plasmodium) parasites 
(Plasmodium ovale, P.  malariae, P.  knowlesi, 
P. vivax and P. falciparum), which occurs dur-
ing a female Anopheles mosquito blood meal 
(P. knowlesi is zoonotic, the others pass human 
to human). P.  falciparum infections account 
for 95% of malaria mortality worldwide, so 
historically most malaria research has focused 
on this species. However, there is also a critical 
need for basic research on the others, particu-
larly P. vivax. In P. falciparum malaria, sporo-
zoites injected during the blood meal migrate 
through the skin via multiple routes, localize to 
the liver within hours, invade hepatocytes and 
are then released into the blood after approxi-
mately 2 weeks as large merosomes contain-
ing 5–10,000 new haploid merozoites. These 
then rapidly invade red blood cells (RBCs) [1] 
and proceed through an amazing differentia-
tion and feeding cycle that is 45–50 h long. An 
initial ‘ring’ differentiates into a single tropho-
zoite, which then differentiates to 8–36 new 
merozoites. These are then released from lysed 
infected RBC (iRBC) and re-invade RBCs once 
again. The resulting increased parasitemia gen-
erates the well known symptoms of fever, ane-
mia, and so on, which without treatment can 
ultimately progress to severe or cerebral malaria, 
coma and death. Sporadically, iRBCs commit 
to gametocyte differentiation via poorly under-
stood pathways. Haploid gametocytes ingested 
by another mosquito feeding on an infected 
human, differentiate to male and female and 
combine in the mosquito to produce diploid 

stages that ultimately result in the injection 
of new sporozoites via mosquito saliva during 
another blood meal. 

Most clinical manifestations of malaria are 
associated with the iRBC cycle. Not coinciden-
tally then, nearly all known antimalarial drugs act 
against the iRBC. Understanding unique parasite 
biochemistry within the iRBC is essential since it 
is intricately linked to the molecular mechanisms 
of drug action and drug resistance for virtually all 
known antimalarial drugs. The past 10 years has 
shown that as these mechanisms are increasingly 
defined in molecular detail, this guides the rapid 
development of additional inexpensive antima-
larials active against chloroquine (CQ) resistant 
(CQR) P. falciparum. Promising advances with 
partially protective vaccines notwithstanding, 
new antimalarial drugs will be direly needed 
for at least the next two decades, and probably 
longer. The above is just a glimpse at a very com-
plex host–parasite biology that varies for different 
species and that protects multiple parasite stages 
from effective immune-system intervention in 
multiple ways. Childhood versus adult versus 
pregnancy-associated malarias differ, and com-
mon co-infections involving malarial parasites 
and other microbes pose additional therapeutic 
challenges. As a consequence, multiple vaccines 
will most likely be needed to eradicate malaria. 
Thus, it is imperative that equal emphasis be 
placed on inexpensive drug development and 
other approaches for controlling malaria. 

This review briefly summarizes progress related 
to inexpensive antimalarial drug development on 
three fronts: 
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n	Definition of quinoline antimalarial drug 
pharmacology

n	Molecular genetics of CQ resistance in 
P. falciparum 

n	Altered biochemistry and physiology linked 
to the genetics of CQR P. falciparum 

It is a comprehensive picture of all three that 
teaches us how to circumvent quinoline antima-
larial drug resistance. To date, three of the best 
five antimalarials of all time have been quinolines, 
and recent work suggests that, with a compre-
hensive understanding, additional inexpensive, 
effective quinolines can be developed quickly. 

Mechanism of quinoline action
Rapid RBC growth and subsequent multiplex 
asexual division presents severe metabolic chal-
lenges. The parasite has adapted to these chal-
lenges by acquiring the ability to rapidly digest 
millimolar levels of hemoglobin (Hb) acquired 
from the RBC cytosol. Hb digestion via elegant 
internalization and proteolysis within a unique 
lysosomal-like organelle termed the digestive vacu-
ole (DV) is essential for parasite survival. The toxic 
by product, heme, released upon Hb proteolysis, 
cannot be degraded by the parasite because it lacks 
the heme oxygenase pathway. Instead, the para-
site is one of only a handful of organisms on the 
planet that detoxifies copious amounts of heme 
by crystallization to hemozoin (Hz), as described 
later. Thus, this pathway is a specific, biochemi-
cally unique drug target. Key molecular details of 
this pathway have been elucidated in recent years. 
In parallel, drug-resistance researchers are defining 
how drug-pathway interactions are ‘hijacked’ by 
the drug-resistant parasite via subtle alterations in 
DV biochemistry and physiology. In a desperate 
time, some optimism is on the horizon. 

The most successful antimalarial drug to 
date is the 7‑chloro-4‑amino-quinoline, chloro-
quine, which targets the Hb digestion pathway. 
The mechanism is not completely understood 
[1–6] but a critical facet is the inhibition of ferri
protoporphyrin IX (FPIX) heme crystallization 
to Hz [5–10]. As early as 1964 [11] the likelihood 
of important CQ–FPIX interactions was real-
ized, and the idea gained momentum via the 
work of Fitch [12]. The Hz crystal unit is a curi-
ous ‘head to tail’ FPIX dimer, wherein oxygens, 
coordinating adjacent irons in the two tetrapyr-
role rings, are donated by FPIX propionic acid 
side chains [13]. Formation of this dimer within 
the DV competes with the formation of the bet-
ter studied µ‑oxo dimer. In simple aqueous solu-
tions the µ‑oxo dimer is favored over the head to 

tail dimer. Overall, equilibria between multiple 
chemical forms of FPIX within the DV is poorly 
understood. However, it is known that both FPIX 
dimerization and Hz crystallization are highly pH 
dependent, and that Hz formation is accelerated 
by lipids and is obligatory for parasite survival. 

A number of drugs, including CQ, 
potently inhibit the formation of Hz in vitro. 
Provocatively, in vitro IC

50
 for Hz crystalliza-

tion sometimes (but not always) correlates with 
antimalarial IC

50
 in vivo [14]. However, this does 

not mean that every quinoline drug acts on the 
same chemical form of FPIX or at the same pH 
optimum. The kinetics of Hz inhibition for dif-
ferent drugs against various CQ sensitive (CQS) 
or CQR strains of malaria are just beginning to 
be defined in vivo, because crystals form in an 
irregular shape and are exceedingly difficult to 
image quantitatively within the live parasite [15]. 

Different molecular models for how CQ inhib-
its Hz formation have been proposed, including 
the lysosomotrophic model wherein changes in 
DV pH caused by CQ diffusion titrate either 
Hb digestion, FPIX derivatization, Hz crystal-
lization, or some combination. Alternatively, 
CQ might inhibit a heme/enzyme complex that 
forms as an intermediate. However, most evi-
dence suggests that CQ and other antimalarials 
bind directly to one or more chemical forms 
(monomers, dimers) of FPIX [5,6,14,16–20]. These 
data suggest that quinolines directly inhibit Hz 
formation by sequestering one or more precur-
sors of the crystal unit, or perhaps by interact-
ing with growing faces of the Hz crystal [17]. It 
then follows that the CQ resistance mechanism 
involves the disruption of one or more of these 
CQ–FPIX interactions. Importantly, since FPIX 
is made by the host (not the parasite), the target 
cannot be mutated, and since its release is an 
inevitable consequence of essential Hb digestion 
its availability cannot be reduced. Thus two of 
the most common routes to drug resistance are 
eliminated (e.g., mutation or decreased expres-
sion of target). To become CQR the parasite 
must therefore either compartmentalize the 
drug in a different way, alter signal transduction 
related to death or modify the target in some 
biochemically unique way. Indeed, Bray et al. 
extrapolated CQ-binding data and determined 
that intracellular target affinity differs for CQS 
versus CQR parasites [9], so some biochemical 
transformation of FPIX for CQR versus CQS 
parasites seems probable. Another study dem-
onstrated this directly in vivo [17]. Recently, we 
have been the first to determine the atomic-level 
structures of noncovalent CQ, quinine (QN), 
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amodiaquine (AQ) and quinidine (QD)–µ‑oxo 
dimer FPIX complexes [18,19] and these struc-
tures reveal a number of routes for altering 
FPIX–drug interactions. Remarkably, we have 
also discovered that when CQ and FPIX are 
added together under conditions that mimic 
that of the DV, a covalent (dative Fe–quinoli-
nal N) FPIX–CQ complex is formed [20]. These 
discoveries enhance our understanding of how 
drugs inhibit Hz crystallization, and define 
important molecular features of CQR malaria. 
That is, noting the presence of at least two 
different CQ–FPIX complexes, two different 
FPIX dimers and the different pH dependen-
cies for complex and dimer formation, we learn 
that there are several quite simple routes that 
the parasite can take to titrate multiple drug–
heme target interactions. Indeed, slightly altered 
DV pH, volume, ionic or lipid composition for 
CQR versus CQS parasites [21,22] can easily alter 
the ratio of monomeric versus dimeric FPIX, 
the ratio of µ‑oxo versus head to tail dimer, or 
ratios of multiple drug–heme complexes. Since 
even closely related quinoline antimalarials have 
different preferences and affinities for various 
chemical forms of FPIX, these data suggest 
that heme target-affinity differences for CQR 
parasites seen in vivo are easily explained via 
alterations in physiologic parameters (DV pH, 
volume, ionic and lipid composition and so on) 
known to exert enormous influence on Hz and 
drug–heme chemistry [23]. 

FPIX monomers and dimers have different 
affinities for lipids. Lipids and/or monoacyl 
glycerols found within the DV provide conve-
nient catalysts or scaffolds for the formation of 
Hz  [24,25], and different quinoline drugs have 
different affinities for both monomer and dimer 
in aqueous solution. Thus, understanding heme 
monomer–dimer equilibria is essential [14]. De 
Dios and colleagues have recently explored pH 
and drug perturbations of the monomer–µ‑oxo 
dimer equilibrium in some detail, and have 
also measured how this is influenced by drugs 
and micelles of different charge that, to a first 
approximation, model various possible lipid 
phases [26,27]. In brief, remarkably, CQ is now 
known to favor binding to FPIX dimers whereas 
QN clearly favors the FPIX monomer [14]. In 
free solution, CQ actively promotes the forma-
tion of the µ‑oxo dimer whereas QN stabilizes 
the monomer, both in a highly pH-dependent 
fashion [26]. Addition of a model lipid phase 
reveals pH-dependent lipid head group depen-
dencies for monomer–dimer equilibria in the 
presence of quinoline drugs [27]. These are due 

to different aqueous versus lipid solubilities of 
monomeric versus dimeric FPIX, as well as dif-
ferent solubilities for these species complexed 
with quinoline drugs. This partitioning behav-
ior is remarkably drug specific, even for related 
quinolines such as CQ compared with QN. 
Thus, even subtle changes in lipids or pH has 
profound effects on the efficiency of Hz produc-
tion and has vastly different influences on the 
ability of even closely related drugs (e.g., CQ 
vs QN) to inhibit Hz formation. This makes 
sense since a nondrug-associated form of FPIX 
successfully partitioned into (or on) a lipid phase 
is likely to be essential for Hz production at the 
rate that has recently been directly measured 
in vivo [15], and because drugs, pH and lipid 
composition individually and synergistically 
perturb FPIX–lipid partitioning. Evidenced by 
reciprocal patterns of CQ resistance versus QN 
resistance in some strains (see later), these data 
further highlight that CQ and QN are really 
quite different drugs, and that the design of 
inexpensive second generation quinolines active 
against CQR malaria should independently 
target CQ and QN pharmacophore scaffolds. 

While this progress in elucidating molecu-
lar details of quinoline pharmacology is criti-
cal, importantly, a recent report suggests that 
drug–heme interactions are likely not the only 
way in which the drug exerts a toxic effect – it 
is only one layer of a more complex collection 
of effects [28]. In this paper, cytotoxicity of CQ 
against different stages of iRBC parasites was 
quantified for both CQS and CQR parasites. 
Surprisingly, CQ was found to be nearly as 
toxic to rings and schizonts as to trophozoites. 
Although recent work by Elliot and colleagues 
shows that ring parasites do indeed begin 
degrading some small amounts of Hb, as pro-
posed earlier, schizonts do not metabolize Hb 
nor produce Hz as trophozoites do [29,30]. The 
simple conclusion then is that different forms 
of free FPIX are not likely to be the only tar-
gets of quinoline drugs. Even more surprisingly, 
this study also demonstrated that P. falciparum 
CQ-resistance transporter (PfCRT) mutations 
confer approximately similar levels of CQ resis-
tance to all three iRBC stages [28]. Since a fully 
formed DV membrane does not exist for ring 
stage parasites, this suggests that the PfCRT 
protein (see later section on PfCRT) is likely 
to have additional locations within the para-
site, and more than one physiological function. 
The next few years of research will yield a more 
complex, but more complete molecular picture 
of quinoline antimalarial pharmacology. 
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Emergence & spread of  
quinoline resistance

Although some new pharmacophores are in 
development, the three major classes of anti-
malarial drugs are the quinolines (e.g., CQ, 
mefloquine [MQ] and QN), the antifolates 
(pyrimethamine and cycloguanil), which 
both poison nucleotide biosynthesis by limit-
ing essential folate cofactors, and the reactive 
endoperoxides (artemisin and derivatives) whose 
action is not well understood. Resistance to the 
first two classes is profound and widespread, 
and resistance to the third may be beginning 
to appear [31]. CQR parasites were first noticed 
10–20 years after the introduction of the com-
pound and CQ resistance was well documented 
in 1959 in Asia. Attempts to eliminate malaria 
(via insecticides and prophylactic use of CQ) 
possibly further promoted CQ resistance. 

CQ resistance is both spreading and continu-
ing to evolve via additional selective pressure. 
Continued evolution of CQ resistance, artemisin 
resistance, MQ resistance, QN resistance and so 
on, continuously produces new genotypes and 
pharmacologic phenotypes. When resistance to 
multiple drugs is seen, the strain is often called 
multidrug resistant (MDR). Molecularly speak-
ing there are many MDR genotypes. Thus, a 
sometimes overlooked aspect of antimalarial 
drug discovery is that we are only in the midst 
of an ongoing phenomenon; what is relevant 
for one subspecies of CQR P. falciparum is not 
necessarily relevant for another. It is crucial to 
understand ‘subtypes’ of CQ resistance and to 
develop inexpensive therapy that is effective 
against multiple subtypes.

Several important subtypes can now be 
described pharmacologically, genetically and (to 
some extent) in terms of their physiology and bio-
chemistry. As elucidated in several other reviews 
there are many parallels between drug resistance 
in tumor cells versus P. falciparum [6,8,23]. A key 
role for ATP-binding cassette (ABC) proteins 
was emphasized early on, however, this cannot 
explain all phenomena [8,23,32,33]. Many reports 
underscore an important role for ion transport in 
drug resistance phenomena [34–37] and it is now 
generally well accepted that dysregulation of ion 
transport is likely to be central to multidrug resis-
tance in tumor cells, malarial parasites and some 
bacteria. This suggests that altered drug accu-
mulation in MDR cells may be due, at least in 
part, to consequential alterations in pH gradients, 
volume and/or other biophysical parameters that 
control diffusion or accumulation of drugs; that 
signal transduction regulated by ion transport is 

a key player in resistance (this is certainly now 
clearly recognized for apoptotic signal transduc-
tion vs tumor multidrug resistance); and that the 
chemistry of drug–target interactions is manipu-
lated via ion transport such that drug activity 
is then altered (e.g., the special case of highly 
pH-dependent FPIX–quinoline interactions 
described earlier). 

Biochemical and physiological features shared 
among MDR tumor cells, malarial parasites and 
certain Gram-negative bacteria include altered 
intracellular accumulation of the drugs to which 
cells or micro-organisms are resistant, and that 
certain ‘chemo-modulators’ (e.g., the calcium 
channel blocker, verapamil [VPL]) can partially 
reverse the drug resistance. Although it is still 
not precisely understood how VPL functions as 
a chemoreversal agent, it is reasonable to expect 
that concepts from the study of MDR tumor cells 
will apply to MDR malarial parasites, and vice 
versa. Such was the hope when pfmdr genes were 
first cloned [38,39] and shown to be homologous to 
the hsmdr1 gene, which is overexpressed in MDR 
tumor cells. It was initially thought that an ABC-
protein drug pump for CQ must therefore exist 
in drug-resistant P.  falciparum, similar to the 
drug pump proposed for tumor cells (human 
multidrug resistance protein 1 [HsMDR1], also 
known as Pgp) believed by many investigators to 
directly translocate vinblastine and many other 
anti-tumor drugs. 

However, subsequent work showed that some 
drug-resistant P. falciparum strains do not encode 
mutated or overexpressed pfmdr [40,41], and that 
other genetic events must therefore be important. 
In parallel once again to tumor drug resistance, 
at the same time an increasing importance of the 
overexpression of other genes (e.g., ion transporter 
and mutant pro- and antiapoptotic genes) was 
recognized for MDR tumor cells [42,43]. Similar 
to P. falciparum multidrug resistance (PfMDR) 
protein versus malarial multidrug resistance (see 
later), the precise role of HsMDR1 protein in 
tumor multidrug resistance has been questioned 
for some time as pathology data have not cor-
related HsMDR1 overexpression with clinically 
relevant tumor multidrug resistance as strongly 
as was initially suspected [36,43,44]. 

It is now clear that there are multiple molecular 
layers to multidrug resistance pathways and that 
these continue to evolve. Elucidating the molecu-
lar function of proteins that appear to be mem-
brane transporters and that are mutated in CQR 
malarial parasites (which are often also MDR) 
remains a critical area of study and is briefly 
summarized in the last section of this review. 
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Initial genetic studies: cg2 versus Na+/H+ 
exchange; the wrong gene but the 
correct physiology

A genetic definition of CQ resistance began with 
the cloning of pfcg2 [45], a technical tour de force 
essentially started years earlier via the success-
ful creation of CQS × CQR cross progeny  [46]. 
Correlation between specific pfcg2 sequence and 
CQS or CQR status was found for all but one 
strain of P. falciparum examined. The one excep-
tion, strain Sudan 106/1, turned out to have a 
special utility in characterizing the true CQ resis-
tance determinant (see later section on PfCRT). 
Prior to that work, Lanzer et al. concluded that 
mutated PfCG2 protein was a dysregulated 
Na+/H+ exchanger (NHE) that also pumped CQ 
out of the cell [47,48]. Wellems et al. questioned this 
because subcellular localization revealed PfCG2 
in vesicle-like structures near the parasitophorous 
vacuolar space and the DV  [49,50], not within 
the plasma membrane as envisioned by Lanzer 
et al [47]. Follow-up studies by Bray and Ward did 
not measure any Na+ dependency for CQ resis-
tance, arguing against a strong role for NHE in 
influencing CQ transport or any other feature 
of CQ resistance [51]. Most recently, quantitative 
trait loci (QTL) analysis, availability of the P. fal-
ciparum genome and novel single-cell imaging in 
an extensive series of drug-resistant progeny sug-
gested that altered NHE and cytosolic pH (pH

cyt
) 

are indeed related to resistance, but that the rele-
vant ion exchanger is not PfCG2 (see later section 
on P. falciparum Na+/H+ exchanger [PfNHE]), 
and that resistance to QN is more influenced by 
these changes than CQ resistance [52]. 

Wellems and colleagues subsequently proved, 
via direct transfection experiments, that mutant 
PfCG2 did not confer CQ resistance [53]. 
Simultaneously, the Roepe group measured alka-
line pH

cyt
 for some but not all CQR parasites, and 

early NHE data by that group [54] led to conclu-
sions similar to those of Bray and Ward [51]. Thus, 
attention then focused on another gene found 
within the same 36 kbp fragment that harbored 
pfcg2, namely, pfcrt [55]. Results described in this 
and additional papers show that PfCRT protein 
is the ultimate determinant of CQ resistance in 
P. falciparum malaria, that it resides within the 
DV membrane, and is not directly involved in 
pH

cyt
 regulation or plasma membrane NHE (see 

later section on PfCRT) [56,57]. 
Along with the now recognized dominant 

role of PfCRT, P.  falciparum MDR protein 1 
(PfMDR1) is now thought to only modulate 
cross-resistance patterns in CQR parasites (see 
later). Meaning, this transporter modifies the 

rank order of resistance to other drugs such as 
MQ [58,59]. Other proteins, including PfNHE1, 
which is a true NHE, are now suspected to 
complement drug resistance even further [52,60]. 
This degree of genetic complexity involving at 
least three membrane transporter genes is daunt-
ing, but is to be expected. Early explanations for 
MDR phenomena in either tumor cells, bac-
teria or parasites were (in hindsight) a bit too 
optimistically reductionist. 

More genetics; the elusive role of PfMDR1
As mentioned, early studies of CQ resistance 
in P. falciparum showed resistance was associ-
ated with decreased drug accumulation that was 
reversed by the ion-channel blocker VPL [33,61]. 
Similar phenomena had been seen in MDR 
tumor cells. Thus, Wirth and colleagues screened 
P. falciparum for hsmdr1 homologs and identified 
pfmdr1 and pfmdr2 [38]. While both encode pro-
teins expressed in drug-sensitive P. falciparum, a 
MQR strain showed elevated pfmdr1 [54]. MQ is 
chemically similar to CQ, so at the time resistance 
pathways were expected to overlap. In support of 
this, another group found pfmdr1 to be upregu-
lated in some CQR P. falciparum [39]. However, 
subsequent experiments showed that pfmdr1 
overexpression did not correlate with CQ resis-
tance [62]. This was not surprising since Wellems 
et al. had earlier shown that CQ resistance did 
not segregate with the pfmdr1 chromosome 5 
locus in progeny from a CQS × CQR genetic 
cross [46]. Proposals arguing against a dominant 
role for HsMDR1 protein in tumor resistance 
were also being made during this period, as 
ion transporters were found to be alternatively 
expressed in some MDR tumor cells well before 
overexpression of HsMDR1 [42]. 

On the other hand, polymorphisms in pfmdr1 
were also associated with CQ resistance early 
on [63]. While CQS isolates had identical PfMDR1 
sequences, there were five changes in CQR iso-
lates. In strains K1 and ITG2, N86Y was the 
only change. CQR strain 7G8 had four changes; 
Y184F, S1034C, N1042D and D1246Y [63]. The 
Y184F mutation was postulated as not likely to be 
involved in CQ resistance since it was also found 
in CQS strains. Thus, the pfmdr1 overexpression 
hypothesis was revised to suggest that CQR strains 
expressed mutant PfMDR1 but did not neces-
sarily overexpress wild-type [63]. (Which pfmdr 
alleles are considered ‘mutant’ versus ‘wild-type’ 
is open to interpretation, wild-type is used here to 
refer to the allele found in the CQS strain HB3.) 
Interestingly, CQR K1 versus 7G8 polymorphisms 
appear to be geographically biased [64–66]. 
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Subsequently, when MQR P. falciparum were 
selected to higher levels of MQ resistance, pfmdr1 
was found to be amplified [67]. Halofantrine resis-
tance and QN resistance increased with increas-
ing pfmdr1 whereas AQ resistance did not [67]. 
However, when CQR strain K1 was selected 
against halofantrine it did not result in MQ resis-
tance or amplification of pfmdr1 [68]. In a more 
recent study, which used allelic exchange of pfmdr 
to probe these questions, incorporation of pfmdr1 
7G8 polymorphisms into a CQS strain not pre-
viously exposed to a drug had no effect on CQ 
resistance, but incorporating wild-type pfmdr1 
into a CQR strain expressing mutant pfmdr1 did 
decrease the level of resistance by half [58]. CQS 
strains expressing mutant pfmdr1 alleles showed 
some mild QN resistance and altered sensitivity 
to MQ [58]. Variations on this theme have also 
been described by Fidock and colleagues [59]. 
Collectively, these data suggest that PfMDR1 
effects are subtle and strain-specific. This brings 
us to our current understanding: it seems unlikely 
that mutations in pfmdr1 confer CQ resistance in 
and of themselves [69], but they (or overexpres-
sion of certain isoforms) provide an important 
modulatory effect [70]. 

Still more genetics: PfCRT
As previously mentioned, early on, Wellems 
et  al. showed that pfmdr1 was unlikely to 
directly cause CQ resistance since the relevant 
region of chromosome 5 did not segregate with 
the CQ resistance phenotype in genetic cross 
progeny  [46]. A follow-up paper suggested that 
CQ resistance segregated with the pfcg2 gene on 
chromosome 7  [45], but this paper also showed 
that one CQS strain (Sudan 106/1) carried CQ 
resistance-associated pfcg2 yet was nonetheless 
CQS. The 36 kbp chromosome 7 locus harbor-
ing pfcg2 that segregated with CQ resistance 
was thus re-examined and a previously unrec-
ognized gene, now known as pfcrt was found [55]. 
Mutations in pfcrt are the central determinant of 
P. falciparum CQ resistance. The 13 exons span 
3.1 kbp and encode a 424 amino acid, 48.6 kDa 
protein. Mutant pfcrt alleles found in CQR para-
sites contain a number of point mutations that 
confer amino-acid substitutions, with the pat-
tern depending on the region of the globe from 
which the CQR parasite originates. In general 
CQR parasites from southeast Asia and Africa 
carry seven to eight point mutations, whereas 
South American CQR strains carry five [55]. 
Novel patterns continue to be discovered [65] and 
now at least 12 distinct CQ resistance-associated 
PfCRT isoforms have been described. 

The pattern of mutations provides identi-
fication of the probable geographic origin of a 
CQR isolate. The number of mutations appar-
ently required for CQ resistance explains two 
riddles, namely, why CQ resistance took so long 
to appear on a large scale and why it had been 
impossible to create CQR strains from CQS 
strains in the laboratory via drug selection. 
However, if one begins with Sudan 106/1, a 
strain that harbors all but one of the mutations 
required to complete a CQR-pfcrt allele, CQR 
strains can be rapidly created in the laboratory by 
CQ selection [57], and the final mutation required 
to complete the CQR-pfcrt allele [55] is found in 
these selected strains. In performing this experi-
ment, Cooper et al. also found PfCRT substitu-
tions that are not known to exist in the wild but 
that confer unusual and scientifically informative 
drug-resistance profiles [57]. 

Similar to PfMDR1, PfCRT is localized to the 
DV membrane and is a polytopic, integral mem-
brane protein that is likely to perform some type 
of transport function [21,22,55,71–76]. Similar to the 
case for HsMDR1 most initial hypotheses for its 
function suggest either ion or drug transport or 
both, since, again, CQR parasites accumulate 
less antimalarial drug in a given time relative 
to CQS and quinolinal antimalarial drugs (like 
anti-tumor drugs), which are hydrophobic weak 
bases. In fact, CQ and related drugs are dibasic 
and the DV is now known to be quite acidic. So, 
fold concentration of CQ within the DV (where 
the heme-drug target is found) is dependent upon 
the square of the net pH gradient and would be as 
much as 105–106-fold by the predictions of weak 
base partitioning theory, depending on relative 
permeabilities of neutral, +1  and +2 CQ spe-
cies [6]. Thus, even very subtle changes in DV 
pH would have very significant consequences. 
Progress on these and related questions is sum-
marized later. 

Na+/H+ exchange may indeed be 
involved in quinoline drug resistance

As mentioned previously, one additional genetic 
event that tailors CQ resistance caused by 
PfCRT, may be the mutation and/or over expres-
sion of PfMDR1, but this cannot fully explain all 
MDR phenotypes. Another contributing event, 
recently identified by QTL analysis [60], involves 
one or more genes encoded by a segment of chro-
mosome 13. This fragment is hypothesized to 
contain genes encoding for proteins with unclear 
homology to known proteins, however, it also 
encodes homologs to a V‑type ATPase subunit 
and to the NHE protein family. By combining 
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QTL analysis with improved pH
cyt 

measure-
ments, we have recently shown that PfNHE 
dysregulation is likely to be linked to one route 
to increased QN resistance [52]. In addition, addi-
tive QTLs on chromosomes 5 and 7 were found 
as expected (the identified fragments contain 
pfcrt and pfmdr1) [60]. Pairwise effects were also 
detected between chromosome 13 and a chro-
mosome 9 locus. The NHE homolog encoded 
within chromosome 13 was named PfNHE1. 
This protein is the second largest eukaryotic 
NHE yet identified (surpassed only by a NHE 
for the related apicomplexan Toxoplasma gondii), 
and has several unusual features. Bioinformatic 
analysis and cross reactivity with anti-TgNHE 
antibody [Chen D, Pleeter P, Roepe PD, Unpublished 

Data] show that PfNHE is localized to the plasma 
membrane. Polymorphisms that encode variable 
DNNND repeats in the predicted PfNHE pro-
tein sequence have been found in progeny of a 
CQS × CQR cross, as well as a range of field 
isolates and additional laboratory strains showing 
variable QN resistance [60]. 

Prior to the availability of the P.  falciparum 
genome, Ginsburg et al. quite logically suggested 
a plasma-membrane NHE must exist to decrease 
cytosolic acid caused by anaerobic glycolysis [77]. 
As mentioned earlier, Lanzer et  al. suggested 
that pfcg2 found close to pfcrt on chromosome 7 
encoded this NHE [48], but this was disputed, 
since PfCG2 is actually peri-vacuolar [50], not 
plasma membrane localized, and because the 
putative PfCG2–NHE homology was based on 
sequence analysis that did not account for very 
high AT content in malarial genes [49]. Regardless, 
the field has come full circle and the initial con-
clusions by Lanzer et al. were indeed partly correct 
(the physiology was correct, but not the genetic 
explanation). In our hands single-cell photom-
etry (SCP) analysis of pH

cyt
 for intra-erythrocytic 

parasites under continuous physiologic perfusion 
indeed show elevated pH

cyt
 for some CQR para-

sites, but not all [54,55,57]. A corollary we suggested 
is that the relative size of the net cytosolic–DV pH 
gradient might be a more important parameter for 
CQ resistance versus QN resistance, rather than 
steady-state pH

cyt
 or digestive vacuolar pH val-

ues alone [54]. Overall, a range of pH phenomena 
and genetic changes consistent with changes in 
pH regulation are associated with QN resistance 
and CQ resistance. As described [52], we recently 
optimized localization of the pH probe BCECF 
exclusively to the parasite cytosol to avoid com-
plexities in interpretation from earlier studies, and 
showed that elevated pH

cyt
 is well correlated with 

QN resistance and increased apparent PfNHE 

activity [60]. We now believe there are at least two 
physiological signatures for QN resistance that 
segregate with the two genetic descriptions, and 
that one is alkaline pH

cyt
 [52]. Technical details of 

PfNHE measurements have recently been ques-
tioned [78], but these issues have hopefully been 
clarified [79]. 

Altered DV biochemistry & physiology
Genetic definition of CQ resistance and related 
phenomena is a major breakthrough, but to 
develop drugs and other therapies the altered bio-
chemistry and physiology linked to that genetics 
must also be elucidated. As described in the first 
part of this review a chief drug target is FPIX 
in the DV, so studies of DV biochemistry are 
particularly important. 

A central characteristic of DV biochemistry and 
physiology is the high pH gradient (acid inside) 
that the organelle has. Regulation of DV pH is 
not fully understood, but it includes a V‑type H+ 
ATPase that hydrolyzes cytosolic ATP to pump 
H+ into the DV [80]. Interestingly, although con-
flicting data have been published  [81] it is now 
generally accepted that changes in DV pH and 
volume are linked to CQ resistance caused by 
PfCRT [21,22,74,76]. These are further predicted to 
affect drug, lipid, metabolite and osmolyte traffic 
in and out of the DV. However, since the DV is a 
subcellular organelle for an intracellular parasite, 
precise quantification of these perturbations is 
quite challenging. It requires the development of 
novel, overlapping approaches, as described later. 

Our group attempted the first DV pH measure-
ments for living intra‑erythrocytic parasites under 
physiologic perfusion using the pH probe acridine 
orange (AO) and novel SCP [71,82]. Our initial 
hypothesis was that, owing to the dibasic nature 
of CQ, even subtle increases in DV pH would 
significantly lower DV concentrations of CQ and 
thus cause CQ resistance. Therefore, relative to 
CQS, CQR parasites might show slightly elevated 
DV pH or different DV pH behavior upon addi-
tion of CQ [83], or perhaps both. We and others 
have actually found that mutant PfCRT in CQR 
parasites causes more acidic (lower) DV pH. The 
initial AO data in support of this conclusion gen-
erated controversy (as most new technologies tend 
to do), but a number of different, complemen-
tary methods from several labs were subsequently 
developed and strongly supported the initial AO 
conclusions [21,22,74,76, 79]. 

Nonetheless, lower DV pH for CQR parasites 
appeared paradoxical, because simplistically it 
is predicted to concentrate more drug within 
the DV by weak base effects. It is difficult to 
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see how concentrating more drug at the site of 
action works to confer drug resistance, but as 
pointed out [6,82] in hindsight the physiology is 
obvious when examined alongside the chemistry 
of the principle CQ target, FPIX released from 
Hb. As mentioned, iRBC parasites detoxify FPIX 
by crystallization to Hz. In aqueous solution, 
FPIX dimerizes to a µ‑oxo dimer. FPIX has two 
propionic acid side chains, thus µ‑oxo FPIX is 
a tetraprotic amphipathic weak acid with four 
equivalent titratable groups, and a pKa near 
DV pH [6,82]. As pH is dropped even subtly 
(0.1–0.3 units), because the titration curve of 
FPIX dimer with four equivalent pKa is exceed-
ingly steep (shown in [82]), even low levels of solu-
ble dimer convert to insoluble (aggregated) dimer 
over a very narrow pH range (<0.5 units [82]). CQ 
and other drugs bind well to soluble FPIX but 
not to aggregates. In addition, acid aggregation 
of FPIX accelerates conversion to Hz (to which 
drugs also do not bind well). For these reasons, 
lowering DV pH by as little as 0.1 units is actu-
ally predicted to be a potent pathway to CQ 
resistance [6]. Ingeniously, CQR parasites titrate 
one drug target to lower levels, and also bias pH-
dependent FPIX chemistry. That is, even though 
at DV pH FPIX monomer is likely to be more 
abundant than µ‑oxo dimer [26], FPIX equilibria 
are pulled away from monomer by acid aggrega-
tion phenomena. As explained in the first section 
of this review, it is now known that this simple 
picture is a bit more complex, and also involves 
quinoline drug-specific effects (e.g., CQ vs QN) 
on monomer–dimer equilibria and drug–FPIX 
aqueous versus lipid partitioning [26,27]. The over-
all point is that ion dependent CQ resistance DV 
biochemistry drives a number of chemical con-
versions that will act to disrupt quinoline drug–
FPIX interactions in very potent ways. However, 
importantly, lower DV pH caused by CQ resis-
tance-associated mutant PfCRT that correlates 
with a VPL reversible CQR phenotype can only 
be one aspect of the CQ resistance mechanism 
and cannot explain all quinoline drug resistance. 
For example, evidence suggests lower DV pH 
may not be directly related to QN resistance, 
and might even be related to MQ hypersensi-
tivity in some cases  [56,57]. As described earlier, 
added effects of proteins encoded by other iden-
tified loci (PfMDR, PfNHE) may hold clues to 
this complex spectrum of multidrug resistance 
phenomena. In addition, better definition of 
the molecular origins and repercussions of this 
altered pH is required. How does it occur? Is 
PfCRT a H+‑coupled metabolite transporter that 
when mutated to a CQR form becomes partially 

uncoupled? Does PfCRT interact with the DV 
H+ ATPase? Does PfCRT transport a counter-
ion (i.e., Cl-) to shunt membrane potential in the 
presence of a high change in pH, such that CQ 
resistance mutations alter anion flux to indirectly 
cause a greater pH change? Do PfCRT CQ resis-
tance mutations change substrate specificities for a 
facilitative diffusion transporter? These questions 
all have very different predicted consequences. 

Some cell-based experiments have attempted 
to address these questions. Lanzer and colleagues 
successfully expressed PfCRT in oocytes and 
measured pH, membrane potential and cer-
tain ion conductances across the oocyte mem-
brane  [83]. They noted that oocytes expressing 
PfCRT exhibited an altered transmembrane pH 
gradient and membrane potential due to H+ leak 
and somewhat nonspecific cation conductance. 
They proposed that PfCRT activates endogenous 
oocyte ion transporters in some way. Multiple 
molecular models that explain these observations 
are possible, but overall the data further highlight 
a role for PfCRT in ion and/or osmolyte traffic. 

Another study followed ion dependencies for 
DV pH and volume regulation by imaging these 
parameters for live parasites under perfusion 
with a medium of altered salt composition [22]. 
Importantly, CQR parasites showed increased 
DV volume relative to CQS parasites, suggesting 
that pH and volume regulation are linked for the 
organelle, as is found for other acidic vesicles or 
lysosomes. However, fast transient changes in 
Cl- gradients across the DV membrane did not 
lead to rapid changes in the DV transmembrane 
pH gradient, indicating no direct coupling of Cl- 
and H+ transport. On the other hand, fast tran-
sient changes in DV Cl- gradients were found 
to strongly influence DV volume. These effects 
were strongly CQ- and VPL-dependent and dif-
fered dramatically for CQS versus CQR para-
sites. The overall conclusion was that PfCRT 
mediates transport of an important DV osmo-
lyte (presumably peptides, di-peptides or amino 
acids released from Hb digestion) and that this 
transport is altered for CQR parasites.

Taken together, the bulk of the evidence sug-
gests that altered DV pH for CQR parasites is an 
indirect consequence of altered osmolyte traffic 
promoted by PfCRT mutation. This might be 
an explanation for why parasites treated in dif-
ferent ways (resulting in various levels of relevant 
osmolytes produced by a finely tuned metabo-
lism) could perhaps show different DV pH in 
some studies [81,84]. If altered osmolyte traffic 
that then indirectly perturbs normal pH regula-
tion is the explanation for altered DV physiology 
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linked to PfCRT mutations, it begs the obvious 
question: what is the normal physiological func-
tion of PfCRT? An obvious attractive possibility 
suggested early on is that PfCRT might trans-
port products of Hb digestion (peptides, dipep-
tides and/or free amino acids) [73,22], since these 
are among the most important DV osmolytes, 
since products of Hb digestion are unique osmo-
lytes and PfCRT is a unique transporter with a 
unique sequence, and because when CQ, QN 
and other drugs are superimposed upon amino 
acid structures (e.g., CQ vs the cationic amino 
acid lysine), many interesting similarities can be 
noted. For example, the superposition (overlay) 
of a dipeptide N‑terminal lysine (a common Hb 
amino acid) and CQ shows similar charge and a 
similar carbon chain flanked by nitrogen atoms. 
As another example, an OH group is bound to 
one chiral center of QN that is two s bonds away 
from the positively charged quinuclidine nitrogen, 
and a near identical spatial arrangement of stereo-
chemically sensitive atoms is also found for one 
isomer of serine. Interestingly, QN and QD differ 
in their stereochemistry at this center yet show dif-
ferent PfCRT-isoform dependent pharmacology 
[57]. Perhaps not coincidentally then, if PfCRT 
did transport peptides or amino acids, substrate 
recognition would also be stereo-selective since 
only l‑amino acids are found in Hb. 

Molecular analysis of mutated 
transporter function

Ultimately, genetics and cell physiology can only 
take us so far, and cannot fully resolve specu-
lation regarding substrates of PfCRT or define 
the thermodynamics and kinetics of any protein-
mediated transport. Elucidating the remaining 
questions will require detailed molecular stud-
ies with PfCRT, PfMDR1, PfNHE and perhaps 
other proteins yet to be described. However, the 
P. falciparum genome is anomalously AT rich, 
and some genes (including pfcrt) can have sig-
nificant stretches of AT content that are 80% or 
more. These do not translate well in convenient 
heterologous systems such as bacteria or yeast. 
In fact, in the case of pfcrt and pfmdr1 they do 
not translate at all. That is unfortunate, since 
techniques and strategies for defining transporter 
function have been elegantly laid out in bacteria 
and yeast model systems for the past four decades. 
Proteoliposomes, kabackosomes, Goffeau mem-
branes, and Menendez phaseseparated yeast vesi-
cle preparations would all prove incredibly useful 
for defining the molecular mechanism of CQ 
resistance, if only pfcrt cDNA could be expressed 
in either bacteria or yeast. 

Hanbang Zhang working the Roepe labo-
ratory succeeded in a brute force resolution 
to this dilemma. Noting the success of earlier 
gene design that allowed MSP‑1 expression in 
Escherichia coli [85], Zhang back-translated the 
PfCRT amino-acid sequence using preferred 
yeast codons, then designed a set of overlap-
ping 40‑mer oligonucleotides that encoded 
both strands of the theoretically optimized 
sequence, and constructed an entirely synthetic 
gene via nested PCR methods. This enabled the 
expression of high levels of PfCRT protein in 
either Saccharomyces cerevisiae or Pichia pasto-
ris, in either a constituitive or inducible fashion, 
respectively [72]. Analysis of ion transport for 
plasma membrane inside-out vesicles produced 
from these strains provided further evidence that 
PfCRT protein plays a role in ion transport [72], 
and purified membranes along with equilibrium 
binding studies, using 3H–CQ, provided the 
first direct evidence that PfCRT protein indeed 
binds CQ [73]. The latter is a central prediction 
for nearly all molecular hypotheses for PfCRT. 
Although not often cited, the same paper also 
provided the first direct molecular evidence that 
PfCRT likely transports CQ, via flow dialysis 
experiments using inside-out yeast plasma mem-
brane vesicle with or without PfCRT protein [73]. 
The simplest model consistent with these results 
is that CQ transport by PfCRT is facilitative 
downhill diffusion at a rather low turnover. 
Different thermodynamic models for CQ 
transport (e.g., PfCRT as a CQ exchanger or 
active transporter) have also subsequently been 
proposed based on different approaches that 
measure 3H–CQ flux for live parasites [86,87]. 
Distinction between these models will require 
additional direct transport experiments at much 
higher kinetic resolution. 

At the time, pfcrt was (to our knowledge) 
the largest synthetic gene ever constructed by 
overlapping PCR, nonetheless, success enticed 
others to attempt the reconstruction of a yeast-
optimized pfmdr1 gene, which is over three 
times the size of pfcrt. After numerous chal-
lenges were overcome, this too was achieved 
and unusual ATPase activity of PfMDR1 was 
rather quickly quantified via plate-based phos-
phate release assays [88]. Relative to other ABC 
transporters involved in drug-resistance phe-
nomena, PfMDR1 has unusually high K

m
 and 

V
max

 for ATP hydrolysis. Also, interestingly, anti
malarial drugs only mildly stimulated PfMDR1 
ATPase activity, consistent with the notion that 
PfMDR1 exerts only mild affects on antima-
larial drug resistance. With methods for in vitro 
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analysis of PfMDR1 in hand, a follow-up study 
quickly defined which amino acid substitutions 
in the curious 7G8 PfMDR1 isoform confer its 
unusual and quite specific ATPase activity [89]. 
The S1034C mutation in 7G8 PfMDR1 is now 
known to abolish antimalarial drug-stimulated 
PfMDR1 ATPase activity. Although this molec-
ular-level work is only just beginning, it has 
already significantly refined proposals for the 
molecular mechanisms of CQ resistance and 
antimalarial multidrug resistance. 

Direct demonstration of CQ binding to 
PfCRT was a very important result, but equi-
librium binding studies with radio-labeled CQ 
obviously do not allow for definition of the drug 
binding site. To answer this question, the Roepe 
and Wolf laboratories designed and synthesized 
various CQ photoaffinity probes. One particu-
larly novel probe, haboring both per-fluoro-azido 
and biotin tags via flexible linkers attached to 
the aliphatic terminus of CQ, proved to be enor-
mously useful. It has recently led to the identi-
fication of the CQ binding site in HB3 isoform 
PfCRT, and has also quickly quantified relative 
affinities of other drugs (QN, VPL and so on) 
versus various PfCRT isoforms [90]. An obvious 
extension of this work would be the definition 
of CQ binding-site differences (if any) for other 
PfCRT isoforms, and perhaps similar studies 
with PfMDR1. 

The chemistry developed for construction 
of these photoaffinity probes leads to a rather 
straightforward design and synthesis of fluores-
cent CQ derivatives. Some dansyl–CQ deriva-
tives actually turn out to be more active against 
CQR strains of P.  falciparum than CQ, and 
are useful for imaging subcellular localization 
of CQ [91]. A more convenient probe that can 
be followed with more routinely available lasers 
and fluorescent microscopes, NBD–CQ, has 
also recently been developed [92]. Combined 
with vesicles and proteoliposomes as described 
for drug binding studies [73,90] this probe is cur-
rently allowing us to define putative CQ trans-
port by PfCRT in very detailed molecular and 
thermodynamic terms. 

Conclusion
In principle, genetics, physiology and biochemis-
try related to altered FPIX chemistry and mem-
brane transport now defines CQ resistance. It 
is my suspicion that permutations of the above 
will ultimately be shown to define resistance to 
all other quinolines (QN, AQ, MQ and so on), 
to acridines, xanthones and reactive endoperox-
ides, but probably not to antifolates, for which 

resistance involves other distinct pathways [93]. 
That is, at least three genes (pfcrt, pfmdr1 and 
pfnhe) have been identified that, in various allelic 
combinations, confer what we now understand 
to be a spectrum of antimalarial multidrug resis-
tance phenomena. The molecular function of at 
least two of these is becoming clearer via a com-
bination of new chemical biology, artificial gene 
construction, and tried and trusted membrane 
biochemistry techniques. The physiologic and 
pharmacologic consequences of their function is 
at least qualitatively defined, and although there 
is still much more to do at the molecular level, 
the field has come a very long way in the 9 years 
since the identification of PfCRT. We can be 
hopeful that, based on this information, new 
quinolines effective against CQR malaria will 
prove increasingly easier to design and synthe-
size. In fact, the author suggests that this hope 
is even now being realized [91,94,95]. This work 
complements continued uses and combination 
therapies involving other quinoline derivatives 
such as pyronaridine (an aza-acridine) [96], 
piperaquine [97] and isoquine [98] as well as other 
heme-binding pharmacophores such as the very 
exciting xanthones pioneered by Riscoe and col-
leagues  [99]. History repeatedly teaches us that 
even with the emergence of CQ resistance, inex-
pensive quinolines and related compounds can 
still be effective. 

In summary, the PfCRT protein binds CQ 
as is predicted from several models for its func-
tion. Azido-biotin–CQ now clearly defines that 
binding site and distinguishes drug binding 
preferences for various PfCRT isoforms [90]. 
CQ resistance-associated mutant PfCRT shows 
altered CQ binding, promotes altered diffu-
sion of CQ and perturbs osmolyte equilibrium 
within the DV, which then alters DV pH and 
volume regulation.

The latter influences FPIX chemistry and mul-
tiple FPIX–drug interactions in critical ways. 
Taken together, a more complex, but clearer 
molecular model for the mechanism of trophozoite 
CQ resistance is now possible [Paguio M, Cabrera M, 

Roepe PD, Submitted]. However, importantly, we 
should not neglect that trophozoite/DV-specific 
models for CQ resistance are clearly only one part 
of the story. Other effects of CQ and other layers 
of CQ resistance need to be elucidated [28]. Other 
aspects of CQ pharmacology must be present 
at the ring and schizont stages of P. falciparum 
development. Additional physiological functions 
for PfCRT at the ring and schizont stages must 
also exist and when altered by mutation also cause 
CQ resistance for these stages. A key question 
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is how are these physiologic functions related 
to putative ion or osmolyte transport? For ring 
stages, based on the recent work of Elliot et al. it 
seems possible, at least in theory, that controlling 
Hz chemistry is again, at least, part of the expla-
nation [29]. But for schizonts, the answer must be 
different. Perhaps mutant PfMDR1 and PfNHE 
further modulate drug resistance in the presence 
of mutant PfCRT for these stages as well. Their 
molecular level function can now also be stud-
ied using ‘yeast-optimized’ recombinant proteins 
and novel drug probes as described for PfCRT, 
so additional rapid progress is on the horizon.

Future perspective
It is true that great strides have been made in 
understanding antimalarial drug resistance at 
a molecular level, and it is also true that this 
information is now turning out to be of great 
value in developing new, inexpensive, second-
line antimalarials. ‘Molecular medicine’, well 
developed for western cancer and cardiology 
clinics, has (in theory) finally come to the 
malaria clinic – genes that dictate how the 
disease might respond to therapy have now 
been identified, and additional molecular tools 
developed with that knowledge are leading to 
new clinical successes. The function of proteins 
encoded by these genes is becoming understood. 
High-throughput screening methods such as the 
SybrGreen assay have led to fast, inexpensive 
ways to screen for novel antimalarials active 
against CQR malaria, at least at the pre-clin-
ical stage. Multiple plasmodial genomes have 
become available, giving us unique insight into 
comparative genomics and many new drug tar-
gets to explore. New antimalarial drug leads are 
indeed rapidly appearing. 

Yet, the expense and often difficult logistics 
of Phase II and III drug trials still prevent full 
implementation of these advances. The entire 
world yearns for vaccine development, but 
optimistically that is still many years in the 
future. In the meantime, inexpensive drugs 
are still desperately needed. In 5–10 years, we 
hope that additional emphasis will have been 
placed by the entire global community on the 
rapid development and deployment of inex-
pensive antimalarial drugs. More funding and 
effort directed towards a multi-tiered, balanced 
approach to malaria treatment and prevention 
is very much needed. For over 60 years, inex-
pensive antimalarial drugs have saved the lives 
of many millions of malaria victims. In theory, 
there is no scientific roadblock that cannot be 
overcome such that this continues to be the case 
well into the future.

Author note
It has proven quite difficult to either increase 
or decrease expression of PfNHE protein to 
further test how PfNHE may be linked to QN 
resistance, but a new paper reports decreased 
PfNHE levels for three parasite strains (GC03, 
1 BB5, 3 BA6) by stable transfection with a 
truncated 3´-untranslated region [100]. The 
transfectants from these experiments do not 
show statistically significant changes in rest-
ing (steady state) pH

cyt
 as would be expected 

based on previous work [52], but they do show 
small increases in QN sensitivity consistent 
with PfNHE protein being involved in QN 
resistance as proposed [60,52]. Unfortunately, in 
[100] only strains with low levels of QN resist-
ance were amenable to transfection, whereas 
decreased PfNHE expression for strains with 

Executive summary
n	Over the past 9 years, a clear picture of the genetic alterations that accompany evolution of 

chloroquine (CQ) resistance in Plasmodium falciparum malaria has become available. P. falciparum 
CQ-resistance transporter (PfCRT) mutations must be present and these confer a tenfold decrease 
in CQ-mediated growth inhibition and toxicity. Mutations and/or elevated expression of 
P. falciparum multidrug-resistant protein 1 (PfMDR1), perhaps along with mutations in 
P. falciparum Na+/H+ exchanger, further tailor quinoline drug resistance, and perhaps resistance to 
other classes of compounds that also target the parasite digestive vacuole.

n	To understand the physiological repercussions of these genetic alterations, additional cell culture 
and computerized microscopy methods have been developed. These are now rapidly providing  
new information on a number of key cell biological questions, including organellar biogenesis, CQS 
versus CQR parasite fitness, and metabolism.

n	To uncover the molecular details behind how mutant proteins link to resistance phenomena 
function, heterologous expression, purification and reconstitution of at least two of them (PfCRT 
and PfMDR1) has recently been accomplished. Combined with new ‘chemical biology’ approaches, 
the field is now poised to fully describe the molecular mechanism(s) of CQ resistance.

n	Taken together, these advances and others are accelerating development of new second-line 
antimalarial drugs active against CQR malaria. 
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high levels of QN resistance would have been 
particularly informative. Also, the authors 
of [100] were unable to consistently clamp 
parasite pH

cyt
 to acid values in the absence 

of Na+, formally leaving open the question of 
whether decreased levels of PfNHE do indeed 
(as obviously expected) lead to a lower rate 
of Na+/H+ exchange. More work is needed 
with these and other transfectants, and bet-
ter methods for analyzing Na+/H+ exchange 
for the intracellular parasite would clearly be 
helpful.  Regardless, it is essential to recognize 
that effects on H+ transport and steady state 
pH due to lowering PfNHE expression [100] 
are certainly not expected to be analogous to 
the effects predicted from analysis of multiple 
pairwise loci influences on PfNHE activity [52]. 
Clearly, levels of QN resistance span a wide 
range, and PfNHE effects on QN resistance 
are complex, require multiple loci [52] and, as 
reported earlier, do not necessarily segregate 
exclusively with elevated pH

cyt 
[52]. Overall, as 

emphasized throughout this review, we now 
realize that multiple genetic alterations confer 
the molecular and physiologic basis of quinoline 
resistance patterns, and so it is to be expected 
that resistance phenotypes will involve multiple 
overlapping pathways.
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