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ABSTRACT
Chloroquine resistance (CQR) in Plasmodium falciparum is as-
sociated with multiple mutations in the digestive vacuole mem-
brane protein PfCRT. The chloroquine-sensitive (CQS) 106/1
line of P. falciparum has six of seven PfCRT mutations consis-
tently found in CQR parasites from Asia and Africa. The missing
mutation at position 76 (K76T in reported population surveys)
may therefore be critical to CQR. To test this hypothesis, we
exposed 106/1 populations (109–1010 parasites) to a chloro-
quine (CQ) concentration lethal to CQS parasites. In multiple
independent experiments, surviving CQR parasites were de-
tected in the cultures after 28 to 42 days. These parasites
showed novel K76N or K76I PfCRT mutations and correspond-
ing CQ IC50 values that were ;8- and 12-fold higher than that
of the original 106/1 IC50. A distinctive feature of the K76I line

relative to 106/1 parasites was their greatly increased sensitivity
to quinine (QN) but reduced sensitivity to its enantiomer quin-
idine (QD), indicative of a unique stereospecific response not
observed in other CQR lines. Furthermore, verapamil had the
remarkable effect of antagonizing the QN response while po-
tentiating the QD response of K76I parasites. In our single-step
drug selection protocol, the probability of the simultaneous
selection of two specific mutations required for CQR is ex-
tremely small. We conclude that the K76N or K76I change
added to the other pre-existing mutations in the 106/1 PfCRT
protein was responsible for CQR. The various mutations that
have now been documented at PfCRT position 76 (K76T, K76N,
K76I) suggest that the loss of lysine is central to the CQR
mechanism.

The spread of drug-resistant Plasmodium falciparum has
resulted in the near-global loss of CQ as reliable first-line
prophylaxis and chemotherapy against malaria (Payne,
1987). Resistance to other structurally and mechanistically
related drugs, including mefloquine and QN, has also become
a serious concern (White, 1992). A limited number of alter-
native antimalarials are available, but none combine the low
cost, safety, and efficacy that once characterized CQ.

The mechanism of CQR is now known to have a molecular
basis distinct from the mode of action of CQ in P. falciparum.

A better understanding of these mechanisms should trans-
late into improved molecular diagnostics and lead com-
pounds effective against CQR malaria strains. The principle
site of action of CQ is in the parasite acidic DV, where CQ
forms a noncovalent complex with hematin (in the m-oxo
dimeric form) (Dorn et al., 1998) that is released during the
proteolysis of hemoglobin by erythrocytic-stage parasites.
Hematin, normally rendered inert by polymerization into
hemozoin, cannot be detoxified in the drug-complexed state
and may be lethal to the parasite by binding to various
proteins and compromising membrane integrity (Chou and
Fitch, 1980; Ginsburg et al., 1999). The formation of CQ
complexes with hematin and possibly its polymerized form,
hemozoin, can explain the high-affinity binding of the drug
within the DV; these complexes representing the major spe-
cific component of CQ accumulation in the parasite (Bray et
al., 1998; Sullivan et al., 1998). Because hematin is a host-
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derived, nonmutable target apparently produced in similar
quantities by CQR and CQS parasites, both types of para-
sites have similar capacity for the saturable binding of CQ
(Bray et al., 1998). Resistant strains of P. falciparum have
consequently developed a mechanism that reduces access of
CQ to hematin, thereby reducing accumulation of the drug in
the DV (Bray et al., 1998). Verapamil and other structurally
unrelated drugs selectively chemosensitize or “reverse” CQR
parasites by inhibiting this mechanism and increasing the
accumulation of CQ within the parasites (Bray et al., 1994).

Several mutations within a multi-intron gene, pfcrt, have
recently been associated with CQR in vitro and in vivo (Fi-
dock et al., 2000; Djimdé et al., 2001; Wellems and Plowe,
2001). Transfection studies have supported the role of these
mutations in CQR (Fidock et al., 2000). The pfcrt gene en-
codes a 48-kDa putative transporter or channel with 10 pre-
dicted transmembrane domains. Immunofluorescence stud-
ies have localized the protein product, PfCRT, to the DV in
erythrocytic, trophozoite-stage parasites (Fidock et al., 2000).

Most of the PfCRT mutations associated with CQR occur in
or near the predicted transmembrane segments of the pro-
tein (Fidock et al., 2000). Of these, point mutations K76T and
A220S are consistently found in CQR parasites from all re-
gions, whereas other mutations differ in the Old and New
World parasite strains. These observations suggest critical
roles for K76T and A220S in the foci of CQR that arose in
South America, Southeast Asia, and Papua New Guinea
more than 4 decades ago. One particularly informative par-
asite line in assessing these mutations has been the 106/1
line of P. falciparum, which lacks K76T but carries A220S
and five other PfCRT mutations of Old World CQR parasites
(Fidock et al., 2000). The 106/1 line is a cloned population
with a CQS phenotype. We therefore asked whether CQR
parasites could be selected from this line and, if so, whether
the selected parasites would show a single mutation at Pf-
CRT position 76. In other words, does the amino acid residue
at position 76 determine CQR in the context of the pre-
existing mutations in the 106/1 form of PfCRT?

Previously, we reported the recovery of a CQR PfCRT K76I
mutant from the 106/1 line after exposure to gradually in-
creasing CQ pressure over time (Fidock et al., 2000). Under
that type of selection pressure, changes in genes other than
pfcrt could have accumulated and contributed to the CQR
phenotype. Here, we report the use of a single-step drug
selection method (Rathod et al., 1997) that avoids the possi-
bility of selecting multiple mutations to obtain verapamil-
reversible CQR lines from the 106/1 clone. Each of these
clones contains a single amino acid change at PfCRT position
76 (K76N or K76I). The effects of these different PfCRT
mutations on the response and accumulation of different
quinoline drugs are addressed.

Materials and Methods
Selection of CQR P. falciparum Lines. Parasites were grown

in O-positive human red blood cells by using RPMI 1640 medium
(Invitrogen, Carlsbad, CA) supplemented with 0.5% Albumax (In-
vitrogen), 0.25% sodium bicarbonate, and 0.01 mg/ml gentamicin
under an atmosphere of 90% nitrogen/5% oxygen/5% carbon dioxide.
Before CQ pressure, parasites of the 106/1 line were grown to 5 to
10% mixed stage parasitemia at 2 to 5% hematocrit in 60 ml of
media. This starter culture was then split equally into 4 to 10 flasks,
with fresh media and red blood cells to bring the volume in each flask

to 60 ml at 2 to 5% hematocrit. After 48 h, or when parasitemia had
returned to 5 to 10%, the culture media were replaced with fresh
media containing 100 nM CQ diphosphate. In one experiment, 5 of
the 10 flasks were treated with 200 nM CQ. For the first week after
drug application, cultures were monitored by Giemsa-stained thin
blood films. Fresh CQ-containing media changes were performed
daily. Within 48 h, the parasites showed pyknotic morphology, in-
dicative of cell death. At 1 week, 50% of the red blood cells were
replaced, and fresh CQ media were added, after which cultures were
maintained every third day with fresh CQ media for the duration of
the experiment. With every second media change, 50% of the red
cells were replaced with fresh cells. If no surviving parasites were
observed after 60 days, the experiment was terminated.

Parasites recovered after CQ selection were grown both under
drug pressure and in drug-free media for genomic DNA preparations
(Creedon et al., 1994), cryopreservation in Glycerolyte 57 (Baxter,
McGaw Park, IL), and antimalarial drug assays.

Microsatellite and Pulsed-Field Gel Electrophoresis. Geno-
types of the parasite lines were confirmed by microsatellite analysis
with the markers C2 M22, B5 M122, B7 M78, and PfRRM (Su et al.,
1998). Karyotyping by pulsed-field gel electrophoresis of parasite
chromosomal DNA was performed as described previously (Su and
Wellems, 1999).

Sequence Analysis of pfcrt and pfmdr1 Genes. Open reading
frame sequences of pfcrt and pfmdr1 were amplified from P. falcipa-
rum genomic DNA. After treatment with SAP/ExoI (U.S. Biochemi-
cal Corp., Cleveland, OH), polymerase chain reaction products were
directly sequenced on an ABI377 automatic sequencer (Applied Bio-
systems, Foster City, CA) (Su et al., 1997).

Antimalarial Drug Response Assays. Chloroquine diphos-
phate, quinine hydrochloride, and quinidine gluconate were pur-
chased from Sigma Chemical (St. Louis, MO). The antiparasitic
effect of the various drugs was measured by 72-h [3H]hypoxanthine
(American Radiolabeled Chemicals, St. Louis, MO) incorporation
assays (Desjardins et al., 1979; M. T. Ferdig, manuscript in prepa-
ration). Percentage of inhibition of [3H]hypoxanthine incorporation
was plotted against drug concentration to generate dose-response
curves. The half-maximal inhibitory response (IC50) was defined as
the drug concentration at which this incorporation was inhibited by
50% compared with drug-free controls. IC50 values were estimated
by the use of curve-fitting software (SigmaPlot; SPSS Inc., Chicago,
IL). To test for statistical differences between IC50 values from
relevant groups, a Mann-Whitney U test was performed using the
STATA software package (STATA Corporation, College Station, TX).
Drugs were tested on 4 to 14 independent occasions against each
parasite line.

Assays of Radiolabeled Drug Accumulation. Accumulation of
radiolabeled CQ, QN, and QD by parasite-infected erythrocytes was
measured at selected time points over a 1-h period. Briefly, sorbitol-
synchronized (Lambros and Vanderberg, 1979), trophozoite-stage
cultures at 2 to 5% parasitemia and 4 to 5% hematocrit were incu-
bated with 50 nM [3H]CQ diphosphate (26 Ci/mmol; Amersham
Biosciences, Inc., Piscataway, NJ) in RPMI 1640 medium at 37°C.
Previous work has shown that CQS and CQR parasites can be
readily distinguished by the saturable components of CQ uptake at
this concentration (Bray et al., 1998), a concentration that is slightly
above the IC50 of the CQS 106/1 parasites in [3H]hypoxanthine
assays. Duplicate 75-ml aliquots were taken at various time points,
centrifuged through silicon oil, and processed as described previously
(Krogstad et al., 1992; Sanchez et al., 1997). Data were plotted as
total CQ accumulation in femtomoles per 106 parasites after subtrac-
tion of counts from uninfected erythrocyte controls and adjusting for
parasitemia and hematocrit in each individual assay. Negative val-
ues represented data points from CQR lines that accumulated less
CQ than uninfected red cell controls. The means of four independent
assays conducted in duplicate were curve fitted with the aid of a
computer program (Prism 3.0; GraphPad Software, San Diego, CA).
Accumulation of [3H]QN base and [3H]QD base (20 Ci/mmol; Amer-
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ican Radiolabeled Chemicals) was tested at 10 nM in an identical
manner as [3H]CQ, except that data from only the 60-min time point
were plotted, because drug accumulation reached steady state by the
5-min time point. In these accumulation experiments, 10 nM QN and
QD was chosen because this concentration lies close to the IC50 of the
most QN-sensitive line (K76I). Assays were conducted in duplicate or
triplicate on three independent occasions. A t test was performed to
determine whether mean accumulation values between relevant par-
asite lines were significantly different (p , 0.05).

Measurements of Acridine Orange Fluorescence. Measure-
ments of steady-state acridine orange (AO) (Molecular Probes, Eu-
gene, OR) fluorescence from trophozoite-stage parasites were re-
corded by single-cell photometry as described previously (Dzekunov
et al., 2000). Intracellular AO fluorescence measurements were
made in the presence of various concentrations of AO in the perfus-
ate. Data were plotted as fluorescence intensity versus external
concentration of AO. Mean slope values were determined from linear
regression for each P. falciparum line based on 21 to 65 measure-
ments of individual infected erythrocytes. Slopes from the different
parasite lines were tested for significant differences using an anal-
ysis of covariance-based test (p , 0.05) with the aid of a computer
program (GraphPad Prism 3.0).

Localization of PfCRT by Immunoelectron Microscopy. An-
ti-PfCRT-K antibodies (Fidock et al., 2000) were purified with pro-
tein G-linked Sepharose (Amersham Biosciences, Inc.) followed by
peptide affinity chromatography with a SulfoLink kit (Pierce Chem-
ical, Rockford, IL) as described by the manufacturers. Samples of the
CQR P. falciparum strain Dd2 were fixed for 30 min at 4°C with 1%
formaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer,
pH 7.4. Fixed samples were washed, dehydrated, and embedded in
LR White resin (Polysciences, Warrington, PA) as described previ-
ously (Su et al., 1997). Thin sections were blocked in PBSB-Tween 20
[10 mM phosphate buffer, 138 mM NaCl, 2.7 mM KCl, pH 7.4,
containing 1% (w/v) bovine serum albumin fraction V and 0.01% (v/v)
Tween 20] for 30 min. Grids were incubated with anti-PfCRT-K
antibodies diluted 1:20 to 1:50 in PBSB-Tween 20 for 24 h at 4°C.
Negative controls included normal rabbit serum and PBSB-Tween
20 applied as the primary antibody. After washing, grids were incu-
bated at room temperature for 1 h in 15-nm gold-conjugated goat
anti-rabbit IgG (Amersham Biosciences, Inc.) diluted 1:20 in PBSB-
Tween 20, rinsed with PBSB-Tween 20, and fixed with 2.5% glutar-
aldehyde to stabilize the gold particles. Samples were stained with
uranyl acetate and lead citrate and examined with a Zeiss CEM902
electron microscope (Carl Zeiss Inc., Thornwood, NJ).

Results
Selection of Verapamil-Reversible CQR Lines from

P. falciparum 106/1 Clone Yields Novel pfcrt Codon 76
Mutations. The CQS P. falciparum 106/1 clone contains
most PfCRT mutations associated with CQR in Africa and
Southeast Asia but lacks the K76T mutation that strongly
associates with therapeutic failures (Djimdé et al., 2001). To
test the hypothesis that mutations in PfCRT can give rise to
CQR, we used continuous 100 nM CQ pressure to select for

CQR mutants in large populations (.5 3 108 parasites) of
the 106/1 line of P. falciparum. CQR lines of P. falciparum
were recovered from two of six independent selection exper-
iments. Numeric details of the selection experiments are
shown in Table 1. In the first successful selection experiment,
parasites were observed in one of four flasks 42 days after
initial drug application. By 51 days, parasites were found in
the remaining three flasks. Sequence analysis of pfcrt from
the four selected lines indicated a novel lysine to asparagine
mutation (K76N) at PfCRT amino acid 76. Because the same
mutation was observed in parasites from all four flasks, it is
possible that a single CQR line of parasites arose spontane-
ously before our subdividing parasites into individual flasks.
In the second successful selection, parasites were observed in
two of the 10 flasks. Sequencing revealed that both selected
lines carried a lysine to isoleucine mutation (K76I) at amino
acid 76 of PfCRT. Although one K76I line was selected at 200
nM CQ versus 100 nM for the other, drug responses between
the two lines were identical. Only the line selected at 100 nM
was used in the final analysis. All selected mutant lines
cultured in the absence of CQ pressure have maintained
their level of resistance.

Analysis of microsatellite markers and pulsed-field gel
electrophoresis confirmed that the genotypes of K76N and
K76I were identical to that of 106/1, demonstrating that the
mutant lines could not have come from contamination by
other P. falciparum lines (data not shown). Sequencing of the
entire pfcrt open reading frame from the 106/1, K76I, and
K76N lines demonstrated that the genes had no codon dif-
ferences other than that in position 76. Sequencing the open
reading frame of pfmdr1 from these parasite lines also
showed no changes relative to 106/1 as a result of the drug
selection process.

Because the sister K76N lines were indistinguishable in
their drug responses, the earliest recovered line was chosen
for further analysis. The response of the K76N and K76I
lines to CQ was determined by [3H]hypoxanthine uptake
assays and compared with the parent 106/1 line and with
FCB, a CQR reference line (Fig. 1; Table 2). The FCB clone
has been shown by microsatellite analysis and pulsed field
gel electrophoresis to share a common genetic background
with 106/1 (X.-Z. Su, unpublished observations). The K76N
and K76I lines exhibited CQ IC50 values 8- and 12-fold
higher, respectively, than the original 106/1 line (Table 2),
with corresponding parallel shifts in the dose-response
curves (Fig. 1). Both lines displayed the verapamil-reversible
CQ response common to all studied CQR parasites; however,
the degree of verapamil reversibility on the CQ response
differed between the two mutant lines. A decrease of approx-
imately 4- versus 2-fold in the CQ IC50 was observed for the

TABLE 1
Protocol and results of independent, single-step CQ selection experiments using the 106/1 line of P. falciparum

Experiment No. Flasks ;No. Parasites
per Flask

No. Positive
Flasks

Day Parasites
Observed

PfCRT 76
Amino Acid pfcrt Codon 76

1 4 1.2 3 109 0
2 4 6.0 3 108 4 42–50 N AAT
3 6 6.0 3 108 0
4 6 1.2 3 109 0
5 10 3 3 109 2a 28 and 31 I ATA
6 4 3 3 109 0

a Flask with parasites observed at day 31 contained 200 nM CQ.
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K76I and K76N lines, respectively, when tested in the pres-
ence of 0.9 mM verapamil. Characteristic of all studied CQS
isolates, verapamil had no significant effect on the CQ re-
sponse of the 106/1 line. The K76I line had a CQ response
similar to the reference CQR line FCB (Table 2).

A positive control selection experiment was performed in
which a starting flask of the 106/1 line (;108 parasites)
under 100 nM CQ, was spiked with ;10 erythrocytes infected
with parasites of the FCB line. After 23 days, parasites were
observed, confirming that CQR parasites closely related to
106/1 could be recovered by the selection protocol.

Position 76 Mutations in PfCRT Affect Response to
Diverse Antimalarials Targeting the DV. The response of
the K76I and K76N PfCRT mutant parasites to a variety of
antimalarials was compared with that of the CQS parent
106/1 line and the reference CQR line FCB (Fig. 1; Table 2).
The K76N mutation conferred some resistance to QN but not

to its enantiomer QD, drugs believed to act in the DV in a
similar manner to CQ (Hawley et al., 1998). Compared with
the 106/1 line, K76N was 1.4-fold less sensitive to QN and
exhibited chemosensitization by verapamil. Although the QD
IC50 was not shifted relative to 106/1, it was reduced by the
presence of verapamil in a manner similar to QN. Verapamil
had no reversal effect on the QN or QD response in 106/1.
Remarkably, the K76I line was found to be 17-fold more
sensitive to QN, whereas it was 2-fold less sensitive to the
isomer QD, relative to 106/1. Verapamil produced the typical
chemosensitizing effect on the QD response in K76I; how-
ever, along with the increased sensitivity of K76I to QN,
verapamil produced a surprising 5-fold increase in the QN
IC50 of this line (Fig. 2).

Both the K76N and K76I lines showed significantly greater
sensitivity to halofantrine, mefloquine, and artemisinin rel-
ative to the 106/1 parent line. The K76N mutant was more

Fig. 1. Dose-response curves from [3H]hypoxanthine incorporation assays illustrating the changes in sensitivity in P. falciparum to various
antimalarial drugs that occur with mutations in PfCRT position 76. The K76N and K76I lines were selected from the CQS 106/1 line by using
single-step CQ pressure. FCB is a reference CQR parasite closely related to the 106/1 line. Data points represent means 6 S.E.M. from four to 14
independent assays.

TABLE 2
Effect of PfCRT position 76 mutations on sensitivity to antimalarials in P. falciparum
Half-maximal inhibitory concentrations (IC50 nM) from [3H]hypoxanthine incorporation assays are reported as means 6 S.E.M. from 4 to 14 independent determinations.

Drug
Parasite Line

106/1 K76N K76I FCB (K76T)

Chloroquine 37.5 6 0.05 302.2 6 7.7a 443.1 6 10.7b 449.2 6 10.6
Chloroquine 1 verapamil 40.9 6 1.1 138.4 6 9.9 101.6 6 3.8 165.3 6 9.9
Quinine 174.8 6 2.8 243.6 6 11.1a 10.5 6 0.5b 368.7 6 15.0
Quinine 1 verapamil 174.1 6 3.8 131.7 6 10.3 54.0 6 3.2 178.3 6 7.1
Quinidine 85.3 6 2.4 84.5 6 3.9 157.5 6 10.5b 310.9 6 18.4
Quinidine 1 verapamil 84.5 6 3.9 33.3 6 1.2 68.6 6 3.0 87.8 6 6.3
Mefloquine 14.0 6 0.7 3.9 6 0.3a 11.6 6 0.6b 14.4 6 0.9
Halofantrine 3.6 6 0.7 0.8 6 0.3a 2.2 6 0.1b 2.6 6 0.2
Artemisinin 9.6 6 0.5 2.8 6 0.1a 4.0 6 0.1b 7.6 6 0.7

a IC50 values are statistically different from the parent line, 106/1 (p , 0.05).
b IC50 values are statistically different from 106/1 and between K76I and K76N (p , 0.05).
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sensitive to each of these drugs than was the K76I line (Fig.
1; Table 2). We observed no changes to the antiparasitic
effects of pyrimethamine/sulfadoxine, cycloguanil, and atova-
quone, drugs whose principle targets are known to occur
outside of the parasite DV (data not shown).

Antimalarial Resistance in PfCRT Mutant Lines is
Associated with Reduced Drug Accumulation. A hall-
mark of CQR parasites is their greatly reduced accumulation
of CQ in comparison with CQS lines (Fitch, 1970). Results
from accumulation assays conducted over a 1-h period by
using [3H]CQ are shown in Fig. 3. Both the K76N and K76I
PfCRT mutant lines displayed a CQ accumulation profile
indistinguishable from the typical CQR line, FCB. Under our
assay conditions, accumulation of CQ in erythrocytes in-
fected with CQR parasite lines was not significantly different
from the accumulation of CQ in uninfected cells, consistent
with previous observations (Krogstad et al., 1987; Gluzman
et al., 1990). At the 50 nM concentration of CQ used in this
study, we could not distinguish differences in accumulation
between the mutant lines despite the difference in the re-
spective CQ IC50 values. The 106/1 line had a CQ accumula-
tion profile intermediate between the CQR lines tested and
D10, a reference CQS line used as a control in this experi-
ment (Fig. 3).

In a related series of assays, we measured the accumula-

tion of the enantiomers [3H]QN and [3H]QD after a 60-min
incubation (Fig. 4). In the 106/1, K76N, and FCB lines, ac-
cumulation of QD was greater than QN, in agreement with
the greater sensitivity to the former drug. However, the K76I
line accumulated 3-fold more QN than QD, corresponding to
the enhanced sensitivity to QN shown by this parasite. The
K76I and FCB lines showed significantly reduced QD accu-
mulation relative to 106/1, commensurate with their reduced
sensitivity to the drug. Similarly, K76N and FCB accumu-
lated less QN than 106/1, in keeping with their reduced QN
sensitivity. Interestingly, in some cases drug accumulation
was not clearly related to antimalarial activity (Table 2; Fig.
4). For example, FCB was 2-fold less sensitive to QD com-
pared with K76I, yet accumulated roughly 2-fold more QD
than K76I. Most notably however, K76I accumulated similar
levels of QN as the 106/1 line, despite the 17-fold difference in
their QN IC50 values. Unlike CQ, there was net accumulation
of QN or QD by all parasite lines relative to uninfected red
blood cells.

Mutations in PfCRT Result in Increased AO Fluores-
cence from Erythrocytic-Stage Parasites. CQR para-
sites carrying the K76T mutation have been shown to con-
sistently exhibit increased [AO] intracellular/[AO] external
relative to CQS strains (Dzekunov et al., 2000; Fidock et al.,
2000), as determined by fluorescence measurements under
steady-state conditions. This AO fluorescence was initially
interpreted to arise from the DV and to reflect DV pH, but
this compartmental assignment has recently been challenged
by Bray et al. (2001) because considerable AO fluorescence is
found in the cytoplasm (AO fluorescence from the DV is
probably quenched). The reasons for differences in AO fluo-
rescence linked to PfCRT mutations and CQR therefore re-
main to be elucidated at the cellular level.

Figure 5 presents results of fluorescence intensity mea-
surements from the 106/1, K76N, and K76I lines exposed to
different external AO concentrations. Relative to the CQS
106/1 line, enhanced intracellular fluorescence is evident
from the CQR K76I and K76N lines, as previously estab-
lished for CQR K76T parasites. For QN, QD, mefloquine,
halofantrine, and artemisinin, we detected no relationship
between IC50 responses and the AO fluorescence intensities.

Fig. 2. Dose-response curves from [3H]hypoxanthine incorporation as-
says illustrating the effect of the enantiomers QN (A) and QD (B) in the
presence or absence of 0.9 mM verapamil on the PfCRT K76I mutant line
of P. falciparum. Data points represent means 6 S.E.M. from four inde-
pendent assays.

Fig. 3. Effect of PfCRT position 76 mutations on accumulation of 50 nM
[3H]CQ by P. falciparum-infected erythrocytes over a 60-min period. The
K76N and K76I lines were selected from the CQS 106/1 line by using
single-step CQ pressure. D10 and FCB are representative CQS and CQR
control lines, respectively. Data points represent means 6 S.E.M. from
four independent experiments, each performed in duplicate.
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PfCRT Localizes to DV Membrane in Erythrocytic-
Stage Parasites. Immunofluorescence assays and Western
blotting previously localized PfCRT to the DV of intraeryth-
rocytic, trophozoite-stage parasites, but its position relative
to the membrane was not demonstrated (Fidock et al., 2000).
Using immunoelectron microscopy and gold-conjugated anti-
PfCRT-K IgG antibody, we have now definitively localized
PfCRT to the membrane of the DV in trophozoite-stage par-
asites (Fig. 6). Additionally, Triton X-114 partitioning exper-
iments of trophozoite DV lysates showed that PfCRT was
found in the detergent phase (R. A. Cooper, unpublished
observations), consistent with the membrane localization
and computational analysis indicating that PfCRT contains
multiple hydrophobic transmembrane domains.

Discussion
Drug pressure in vitro has previously been used to select

point mutations in P. falciparum that confer resistant phe-
notypes to nonquinoline antimalarial drugs. The stepwise
application of pyrimethamine pressure over extended periods
of time was shown to produce resistance by a single amino
acid change in dihydrofolate reductase (Banyal and Insel-
burg, 1986; Tanaka et al., 1990). In other studies, single-step
drug pressure applied to 105–108 parasites per culture se-
lected resistance to the hydroxynaphthoquinone atovaquone
(Gassis and Rathod, 1996; Rathod et al., 1997) and was
associated with mutations in cytochrome b (Korsinczky et al.,
2000). In this work, we used a single-step approach with the
4-aminoquinoline CQ to select drug-resistant lines from the
CQS P. falciparum 106/1 clone. The genetic background of
this parasite clone was appropriate for such experiments
because it lacks a critical K76T mutation but otherwise pos-
sesses six of seven PfCRT mutations that are consistently
found in CQR parasites from Asia and Africa. Two novel
mutations, K76I and K76N, which confer the verapamil-
reversible CQR phenotype, were selected at this position on
independent occasions. No mutations were detected else-
where in PfCRT or in the Pgh-1 product of the pfmdr1 gene.
Our estimated frequency of resistant parasites of ;10210 is
in the range of single base-pair mutation frequency estimates
of 1029 to 10210 for yeast and other eukaryotes (Drake et al.,
1998). This is strong evidence that codon 76 changes in the
pfcrt gene are critical to the P. falciparum CQR phenotype.

The successful selection of CQR parasites from the CQS
106/1 line contrasts with the outcomes of previous attempts

Fig. 4. Effect of PfCRT position 76 mutations on accumulation of 10 nM
[3H]QN and [3H]QD by P. falciparum-infected erythrocytes at 60 min.
The K76N and K76I lines were selected from the CQS 106/1 line by using
single-step CQ pressure. FCB is a representative CQR line. Values rep-
resent means 6 S.E.M. from three independent experiments, each per-
formed in duplicate or triplicate. Asterisks indicate that mean accumu-
lation of the respective drug was significantly different from the 106/1
line (p , 0.05). Differences in accumulation of QN and QD were signifi-
cant within each line except FCB (p , 0.05).

Fig. 5. Effect of PfCRT position 76 mutations on intracellular AO fluo-
rescence from trophozoite-infected erythrocytes at different concentra-
tions of external AO. Results for FCB, a representative CQR line, were
nearly identical to K76I and are not shown. Data shown are averages 6
S.E.M. from multiple measurements on 21 to 40 individual infected cells.
Slopes values for 106/1, K76N, and K76I (262.4 6 10.6, 414.3 6 9.9, and
713.1 6 10.6, respectively) were significantly different from each other at
p , 0.05.

Fig. 6. Localization of the PfCRT protein in P. falciparum by immuno-
electron microscopy. The image shows a parasitized erythrocyte section
after reaction with polyclonal antibody PfCRT-K and subsequent detec-
tion with gold-labeled anti-rabbit IgG. Gold particles localize PfCRT to
the digestive vacuole membrane of trophozoite-stage parasites. P, para-
site; E, erythrocyte; h, hemozoin; dvm, digestive vacuole membrane; pm,
parasite membrane.
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to obtain CQR parasites by continuous in vitro drug pressure
on other CQS clones (Lim and Cowman, 1996; our unpub-
lished observations). Those attempts may not have succeeded
because of a lack of pre-existing mutations in PfCRT and the
requirement to produce multiple coexisting mutations. The
probability of simultaneously selecting several mutations by
continuous, single-step drug pressure in vitro would have
been so miniscule as to be nearly zero (Rathod et al., 1997).
This requirement for multiple mutations in PfCRT is consis-
tent as an explanation for the slow genesis and spread of
CQR from a limited number of original foci.

Amino acid 76 of PfCRT is located in the first transmem-
brane segment of the molecule and may affect properties of
its proposed channel or transporter function. Although a
mutation at this position seems to be critical for CQR, the
chemical properties of the amino acid substitution can vary
dramatically. The amino acids selected in this work were the
aliphatic isoleucine and the polar amide asparagine, each of
which is in a different class from the hydroxylated threonine
found in CQR field strains. All three of these substitutions,
however, eliminate a positive charge from the PfCRT trans-
membrane segment of CQS parasites. This charge loss may
be critical to the mechanism of CQR. Mutations that alter
charge within or near transmembrane domains have been
shown to produce marked shifts in properties of transporters
in other eukaryotic systems (Egner et al., 2000; Pajor et al.,
2000).

The PfCRT mutations selected in these experiments, K76N
and K76I, have not been reported from field studies or pop-
ulation surveys (for review, see Wellems and Plowe, 2001).
Under our in vitro conditions, a 76I or 76N may have a
selective advantage over a 76T substitution. In contrast, the
76I and 76N may be disadvantageous to parasite fitness in
vivo.

Although the verapamil-reversible CQR phenotype oc-
curred with the K76I and K76N mutations in PfCRT, re-
sponses to other antimalarial drugs were found to increase or
decrease relative to the original 106/1 line or the nearly
isogenic FCB line containing the K76T mutation. Remark-
ably, relative to 106/1, the K76I mutation resulted in a ;17-
fold decrease in the QN IC50 that was antagonized by vera-
pamil, and a ;2-fold increase in the IC50 of the stereoisomer
QD that was potentiated by verapamil. This contrasted with
the chemosensitization effect of verapamil to CQ, QN, and
QD in the K76N and FCB (K76T) lines. The stereoisomer
effect of the K76I mutation on the QN and QD responses
suggests that these drugs may have a direct interaction with
PfCRT. Changes in the IC50 values to QN and QD in the
mutant lines could be related to differences in drug affinity
with PfCRT based on the N or I residue at position 76.

The 16-fold greater sensitivity of the K76I line to QN over
QD is striking in that QD is more potent than QN against
other strains of P. falciparum (Wesche and Black, 1990).
Mefloquine, halofantrine, and artemisinin, drugs that are
likewise thought to have a component of action involving
interaction with hematin or ferrous iron in the DV (Hawley et
al., 1998; Sullivan et al., 1998; Olliaro et al., 2001), each
showed significantly increased activity (decreased IC50 val-
ues) against the K76N and K76I mutant lines. This close
association between the responses to these drugs and their
inverse correlation with the CQ response have been reported
both in laboratory and field isolates (Barnes et al., 1992;

Doury et al., 1992). That similar changes in the response to
mefloquine, halofantrine, and artemisinin were observed
with mutations in Pgh-1 (Reed et al., 2000) suggests that
these in vitro drug responses may be modulated by common
elements of a multigenic mechanism.

Accumulation of radioactive CQ in our experiments re-
flected the antimalarial response in the different P. falcipa-
rum lines, consistent with previous conclusions that CQ ac-
cess to hematin in the DV is necessary for antimalarial
activity (Fitch, 1970; Bray et al., 1998). CQR in the FCB
(K76T), K76I, and K76N lines was in every case associated
with greatly reduced accumulation of the drug. The CQ ac-
cumulation of the 106/1 parasites was not as high as that of
other typical CQS lines (Fig. 3), but was sufficient to main-
tain the CQS phenotype (CQ IC50 of 37.5 nM for 106/1 par-
asites versus 25.4 nM for D10 parasites). This somewhat
lower accumulation phenotype and CQ response of the 106/1
line, also observed by Bayoumi et al. (1994), may be related to
the presence of the mutations other than at codon 76 of the
pfcrt gene; mutations in the pfmdr1 gene are a less likely
explanation because other parasites with the same 106/1-
type pfmdr1 allele show CQ IC50 values similar to that of the
D10 line (e.g., the Niger line; Su et al., 1997). The QN and QD
IC50 values in many cases also reflected the relative mea-
sured levels of drug accumulation within each parasite line.
However, the large differences in the QN IC50 between the
K76I line and FCB or 106/1 did not reflect the small mea-
sured differences in accumulation of the drug. One possible
explanation is that we measured the total cellular accumu-
lation of drug and differences in the pharmacologically active
component may be less obvious if a large portion of QN
accumulation is nonspecific. Another possible explanation is
that this dissociation between QN accumulation and sensi-
tivity reflects the involvement of other molecular components
interacting with the mutant PfCRT effect in the QN response
(M. T. Ferdig, R. A. Cooper, T. E. Wellems, manuscript in
preparation). The evidence that accumulation of quinoline-
based and endoperoxide drugs in the DV is critical to their
antimalarial activity is consistent with the localization of
PfCRT to the membrane of this organelle (Hawley et al.,
1996; Bray et al., 1998; Olliaro et al., 2001).

Possible explanations for the role of PfCRT mutations in
CQR include 1) mutations alter proton flux across the DV
membrane, thereby lowering vacuolar pH to decrease the
concentration of soluble heme and reduce the formation of
toxic drug/hematin complexes (Dzekunov et al., 2000); and 2)
mutations directly decrease drug influx or enhance drug
efflux through PfCRT at the DV membrane. In distinguish-
ing between these possibilities, the results with QN, which
has been shown to target hematin and interfere with hemo-
zoin formation in a manner similar to CQ (Dorn et al., 1998;
Hawley et al., 1998), may be relevant. The enhancement of
QN susceptibility by the K76I mutation and the reduction of
the QN response by K76N are two results that cannot be
explained by a simple, steady-state pH effect. Our results
instead suggest stereospecific interactions between QN and
PfCRT that produce enhanced sensitivity, in the case of the
K76I mutation, or reduced sensitivity, in the case of the
K76N and K76T mutations. This view is consistent with
studies that have demonstrated the structural specificity of
CQR, i.e., the comparable responses of both CQR and CQS
parasite lines to certain CQ analogs that have length varia-
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tions in the alkyl side (De et al., 1996; Ridley et al., 1996) or
to tert-butyl amodiaquine analogs (O’Neill et al., 1997). It is
also consistent with the findings of Vippagunta et al. (1999),
who confirm the importance of the CQ alkyl side chain as a
structural determinant that is acted upon by the CQR mech-
anism, independent of an effect of pH or internitrogen sepa-
ration within the CQ molecule on hematin m-oxo dimer bind-
ing affinity. The different relative magnitudes of CQR and
sensitivity to other quinolines and artemisinin produced by
these two PfCRT mutations may also involve components of
drug flux.

The effects of PfCRT mutations on drug response and on
the action of verapamil and other compounds that “reverse”
drug resistance have yet to be understood in molecular detail.
Heterologous expression experiments and further functional
characterization should provide information about the func-
tion of PfCRT and its role in DV physiology.
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Djimdé A, Doumbo OK, Cortese JF, Kayentao K, Doumbo S, Diourte Y, Dicko A, Su
XZ, Nomura T, Fidock DA, et al. (2001) A molecular marker for chloroquine-
resistant falciparum malaria. N Engl J Med 344:257–263.

Dorn A, Vippagunta SR, Matile H, Jaquet C, Vennerstrom JL, and Ridley RG (1998)
An assessment of drug-haematin binding as a mechanism for inhibition of haema-
tin polymerisation by quinolone antimalarials. Biochem Pharmacol 55:727–736.

Doury JC, Ringwald P, Guelain J, and Le Bras J (1992) Susceptibility of African
isolates of Plasmodium falciparum to artemisinin (qinghaosu). Trop Med Parasitol
43:197–198.

Drake JW, Charlesworth B, Charlesworth D, and Crow JF (1998) Rates of sponta-
neous mutation. Genetics 148:1667–1686.

Dzekunov SM, Ursos LMB, and Roepe PD (2000) Digestive vacuolar pH of intact
intraerythrocytic P. falciparum either sensitive or resistant to chloroquine. Mol
Biochem Parasitol 110:107–124.

Egner R, Bauer BE, and Kuchler K (2000) The transmembrane domain 10 of the
yeast Pdr5p ABC antifungal efflux pump determines both substrate specificity and
inhibitor susceptibility. Mol Microbiol 35:1255–1263.

Fidock DA, Nomura T, Talley AK, Cooper RA, Dzekunov SM, Ferdig MT, Ursos LM,
Sidhu AB, Naude B, Deitsch KW, et al. (2000) Mutations in the P. falciparum

digestive vacuole transmembrane protein PfCRT and evidence for their role in
chloroquine resistance. Mol Cell 6:861–871.

Fitch CD (1970) Plasmodium falciparum in owl monkeys: drug resistance and
chloroquine binding capacity. Science (Wash DC) 169:289–290.

Gassis S and Rathod PK (1996) Frequency of drug resistance in Plasmodium falci-
parum: a nonsynergistic combination of 5-fluoroorotate and atovaquone sup-
presses in vitro resistance. Antimicrob Agents Chemother 40:914–919.

Ginsburg H, Ward SA, and Bray PG (1999) An integrated model of chloroquine
action. Parasitol Today 15:357–360.

Gluzman IY, Krogstad DJ, Orjih AU, Nkangineme K, Wellems TE, Martin JT, and
Schlesinger PH (1990). A rapid in vitro test to chloroquine-resistant Plasmodium
falciparum Am J Trop Med Hyg 42:521–526.

Hawley SR, Bray PG, Mungthin M, Atkinson JD, O’Neill PM, and Ward SA (1998)
Relationship between antimalarial drug activity, accumulation, and inhibition of
heme polymerization in Plasmodium falciparum in vitro. Antimicrob Agents Che-
mother 42:682–686.

Hawley SR, Bray PG, O’Neill PM, Park BK, and Ward SA (1996) The role of drug
accumulation in 4-aminoquinoline antimalarial potency. The influence of struc-
tural substitution and physicochemical properties. Biochem Pharmacol 52:723–
733.

Korsinczky M, Chen N, Kotecka B, Saul A, Rieckmann K, and Cheng Q (2000)
Mutations in Plasmodium falciparum cytochrome b that are associated with
atovaquone resistance are located at a putative drug-binding site. Antimicrob
Agents Chemother 44:2100–2108.

Krogstad DJ, Gluzman IY, Herwaldt BL, Schlesinger PH, and Wellems TE (1992)
Energy dependence of chloroquine accumulation and chloroquine efflux in Plas-
modium falciparum. Biochem Pharmacol 43:57–62.

Krogstad DJ, Gluzman IY, Kyle DE, Oduola AM, Martin SK, Milhous WK, and
Schlesinger PH (1987) Efflux of chloroquine from Plasmodium falciparum: mech-
anism of chloroquine resistance. Science (Wash DC) 238:1283–1285.

Lambros C and Vanderberg JP (1979) Synchronization of Plasmodium falciparum
erythrocytic stages in culture. J Parasitol 65:418–420.

Lim AS and Cowman AF (1996) Plasmodium falciparum: chloroquine selection of a
cloned line and DNA rearrangements. Exp Parasitol 83:283–294.

Olliaro PL, Haynes RK, Meunier B, and Yuthavong Y (2001) Possible modes of action
of the artemisinin-type compounds. Trends Parasitol 17:122–126.

O’Neill PM, Willock DJ, Hawley SR, Bray PG, Storr RC, Ward SA, and Park BK
(1997) Synthesis, antimalarial activity, and molecular modeling of tebuquine
analogues. J Med Chem 40:437–448.

Pajor AM, Kahn ES, and Gangula R (2000) Role of cationic amino acids in the
Na1/dicarboxylate co-transporter NaDC-1. Biochem J 350:677–683.

Payne D (1987) Spread of chloroquine resistance in Plasmodium falciparum. Para-
sitol Today 8:241–246.

Rathod PK, McErlean T, and Lee PC (1997) Variations in frequencies of drug
resistance in Plasmodium falciparum. Proc Natl Acad Sci USA 94:9389–9393.

Reed MB, Saliba KJ, Caruana SR, Kirk K, and Cowman AF (2000) Pgh1 modulates
sensitivity and resistance to multiple antimalarials in Plasmodium falciparum.
Nature (Lond) 403:906–909.

Ridley RG, Hofheinz W, Matile H, Jaquet C, Dorn A, Masciadri R, Jolidon S, Richter
WF, Guenzi A, Girometta MA, et al. (1996) 4-Aminoquinoline analogs of chloro-
quine with shortened side chains retain activity against chloroquine-resistant
Plasmodium falciparum. Antimicrob Agents Chemother 40:1846–1854.

Sanchez CP, Wunsch S, and Lanzer M (1997) Identification of a chloroquine importer
in Plasmodium falciparum. Differences in import kinetics are genetically linked
with the chloroquine-resistant phenotype. J Biol Chem 272:2652–2658.

Su X, Kirkman LA, Fujioka H, and Wellems TE (1997) Complex polymorphisms in an
approximately 330 kDa protein are linked to chloroquine-resistant P. falciparum
in Southeast Asia and Africa. Cell 91:593–603.

Su XZ, Carucci DJ, and Wellems TE (1998) Plasmodium falciparum: parasite typing
by using a multicopy microsatellite marker, PfRRM. Exp Parasitol 89:262–265.

Su XZ and Wellems TE (1999) Plasmodium falciparum: assignment of microsatellite
markers to chromosomes by PFG-PCR. Exp Parasitol 91:367–369.

Sullivan DJ, Matile H, Ridley RG, and Goldberg DE (1998) A common mechanism for
blockade of heme polymerization by antimalarial quinolines. J Biol Chem 273:
31103–31107.

Tanaka M, Gu HM, Bzik DJ, Li WB, and Inselburg JW (1990) Dihydrofolate reduc-
tase mutations and chromosomal changes associated with pyrimethamine resis-
tance of Plasmodium falciparum. Mol Biochem Parasitol 39:127–134.

Vippagunta SR, Dorn A, Matile H, Bhattacharjee AK, Karle JM, Ellis WY, Ridley
RG, and Vennerstrom JL (1999) Structural specificity of chloroquine-hematin
binding related to inhibition of hematin polymerization and parasite growth.
J Med Chem 42:4630–4639.

Wellems TE and Plowe CV (2001) Chloroquine-resistant malaria. J Infect Dis 184:
770–776.

Wesche DL and Black J (1990) A comparison of the antimalarial activity of the
cinchona alkaloids against Plasmodium falciparum in vitro. J Trop Med Hyg
93:153–159.

White NJ (1992) Antimalarial drug resistance: the pace quickens. J Antimicrob
Chemother 30:571–585.

Address correspondence to: Thomas E. Wellems, National Institute of
Allergy and Infectious Diseases, National Institutes of Health, 4 Center Dr.,
Room 4/126, MSC 0425, Bethesda, MD 20892-0425. E-mail: tew@helix.nih.gov

42 Cooper et al.


