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ATP-binding cassette transporters play an important role in
drug resistance and nutrient transport. In the human malaria
parasite Plasmodium falciparum, a homolog of the human
p-glycoprotein (PfPgh-1) was shown to be involved in resistance
to several drugs. More recently, many transporters were associ-
ated with higher IC;, levels in responses to chloroquine (CQ)
and quinine (QN) in field isolates. Subsequent studies, however,
could not confirm the associations, although inaccuracy in drug
tests in the later studies could contribute to the lack of associa-
tions. Here we disrupted a gene encoding a putative multidrug
resistance-associated protein (PfMRP) that was previously
shown to be associated with P. falciparum responses to CQ and
QN. Parasites with disrupted PEMRP (W2/MRPA) could not
grow to a parasitemia higher than 5% under normal culture con-
ditions, possibly because of lower efficiency in removing toxic
metabolites. The W2/MRPA parasite also accumulated more
radioactive glutathione, CQ, and QN and became more sensitive
to multiple antimalarial drugs, including CQ, QN, artemisinin,
piperaquine, and primaquine. PMRP was localized on the parasite
surface membrane, within membrane-bound vesicles, and along
the straight side of the D-shaped stage II gametocytes. The results
suggest that PEMRP plays a role in the efflux of glutathione, CQ,
and QN and contributes to parasite responses to multiple antima-
larial drugs, possibly by pumping drugs outside the parasite.

Genes encoding ATP-binding cassette (ABC)?> transporters
belong to a supergene family present in organisms from pro-
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karyotes to mammals (1, 2). These genes encode transmem-
brane proteins that can transport a wide variety of substrates
across extra- and intracellular membranes, including metabolic
products, lipids, sterols, and drugs; changes in the protein
sequences or expressional levels of ABC transporters have been
linked to alteration in stress response, cellular detoxification,
and various diseases and disorders (3—7). Mutations and/or
overexpression of many ABC transporters can also lead to drug
resistance in disease-causing microbes and to treatment failure
of human cancer and other diseases (8 —11).

The genome of the human malaria parasite Plasmodium fal-
ciparum contains at least 15 predicted genes encoding putative
ABC transporters (12). In particular, mutations and amplifica-
tion of the gene encoding a homolog of the human P-glycopro-
tein (PfPgh-1) has been shown to contribute to or associated
with parasite responses to chloroquine (CQ), mefloquine
(MQ), and quinine (QN) (13-18). Overexpression of another
putative ABC transporter (PfMDR2) was also linked to parasite
responses to CQ and MQ, but no additional evidence has been
obtained to supporta role for PMDR2 in CQ and MQ response
since the earliest descriptions (19, 20). Recently, PMDR2 was
found to transport heavy metal and to play a role in heavy metal
resistance in P. falciparum (21).

Many drug resistances are complex phenotypes involving
multiple genes (16, 22); however, a limited number of genes
usually play a key role in determining a drug phenotype. One
example is that mutations in the gene encoding a putative P.
falciparum chloroquine resistance transporter (PfCRT) can
convert a clinical CQ-sensitive (CQS) P. falciparum parasite
into a CQ-resistant (CQR) one (23); however, parasites with the
same mutant PfCRT allele can display very different levels of
resistance to CQ, suggesting contribution from proteins such as
PfPgh-1 and other molecules (24, 25). Indeed, mutations in
genes encoding several putative transporters (other than
PfPgh-1 and PfMDR?2) were found to be associated with higher
CQ and/or QN half-maximal inhibitory concentration (IC;,)
among P. falciparum isolates (16, 24). These transporters may
play a role in modulating the levels of parasite response to anti-
malarial drugs.

One of the putative transporters (PFA0590w, also called G2
in Ref. 24) associated with responses to CQ and QN is a member
of the ABC transporter C subfamily. ABC transporters in this
subfamily are also known as multidrug resistance-associated
proteins (MRPs) that can also transport substrates such as glu-
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tathione (GSH), glucuronate, and sulfate conjugates as well as
various drugs (26). The gene (pfinrp) was reported from P. fal-
ciparum previously, and the expression of its mRNA and pro-
tein were investigated (27). PEMRP is encoded by a single exon
of 5469 bp with 11 predicted transmembrane a-helix segments
and is expressed from early trophozoite to late schizont,
according to microarray analyses (28 —30). Two mutations in
the PEMRP were associated with higher levels of IC, to CQ and
QN in P. falciparum field isolates, with good correlation of the
mutations in the gene and higher IC,, (24); however, whether
PfMRP contributes to parasite drug responses remains contro-
versial (31, 32) and requires additional functional studies.

To further investigate the functions of PEMRP in metabolite
transport and drug resistance in malaria parasites and to
resolve the discrepancies among different association studies,
we have disrupted the putative transporter PfMRP in the P.
falciparum parasite. We showed that when the gene encoding
the PfMRP in a CQR parasite (W2) was disrupted, the parasite
growth was affected and became more sensitive to multiple
antimalarial drugs. The pfimrp knock-out parasite also accumu-
lated more CQ and QN compared with its wild type (WT) par-
asite W2. Our study showed that PEMRP played a role in parasite
response to CQ, QN, and other drugs and provided information
for better understanding the functions of the PMRP in transport-
ing antimalarial drugs and other metabolites.

EXPERIMENTAL PROCEDURES

Parasite and Parasite Culture—P. falciparum parasites used
in this study have been described (24, 33). The parasites were
cultured in vitro according to the methods of Trager and Jensen
(34). Briefly, parasites were maintained in RPMI 1640 medium
containing 25 mm HEPES, 5% human O™ erythrocytes (5%
hematocrit), 0.5% Albumax (Invitrogen), 24 mm sodium bicar-
bonate, and 10 ug/ml gentamycin at 37 °C with 5% CO,, 5% O,,
and 90% N, with daily medium changes.

Antibody Production and Western Blotting—Polyclonal anti-
bodies against PMRP were obtained using DNA vaccination.
DNA segments encoding two relatively hydrophilic peptides
were amplified and cloned separately into VR2001/MRP plas-
mid DNA (35) for immunization (Fig. 14). Five-month-old
female Swiss Webster mice were injected three times subcuta-
neously into the tails with 40 ug of purified plasmid DNA (35) at
3-week intervals under National Institutes of Health animal
protocol LMVRS85E. Blood was collected from the tail vein of
the injected animals, and sera were tested for binding to PfMRP
on Western blot. Preimmune sera were collected 1 day prior to
the first plasmid injection. Antibodies against PEMSP-1, PfCRT,
and PfMDV-1 were described previously (23, 33, 36). Parasite
proteins were prepared by treatment of parasitized RBCs with
0.1% saponin in PBS on ice for 10 min followed by a cold PBS
wash, dissolved in SDS sample loading buffer (50 mm Tris-HCI,
pH 6.8, 2% SDS, 10% glycerol, 1% B-mercaptoethanol, 12.5 mm
EDTA, 0.02% bromphenol blue) and were separated in 12%
SDS-PAGE gels after boiling in sample loading buffer for 5 min.
Separated proteins were transferred to a Protran nitrocellulose
membrane and probed with antibodies from immunized mice.
The signals were developed using horseradish peroxidase-con-
jugated anti-mouse IgG (1:3000), secondary antibodies diluted
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in blocking buffer (5% nonfat milk and 0.1% Tween 20 in
PBS), and ECL Western blotting detection reagents (Amer-
sham Biosciences) after incubation of the membrane with
anti-PfMRP antibodies (1:1000) in blocking buffer at room
temperature for 2 h.

Construction of Transfection Vectors—The plasmid pHD22Y
was obtained from Dr. Thomas E. Wellems (37). A segment
of 956-bp DNA (132-1068 bp from the 5" end of the coding
region) of the gene was amplified from W2 genomic DNA
using PCR primers 5'-GCACTGCAGGGAGATATTCAAG-
AACT-3' and 5'-GCAGCGGCCGCGGACAACCATATAGC-
3’. The amplified DNA was digested with the restriction
enzymes Pstl and Notl and cloned into the pHD22Y vector (Fig.
1B). The DNA sequences of all inserts were confirmed by DNA
sequencing.

Parasite Transformation and Selection—Asexual stages of
W2 parasite were cultured as described above. The parasites
were synchronized using 5% D-sorbitol, and schizont stages at
8-10% parasitemia were purified using a Percoll-sorbitol sepa-
ration method (38, 39). Uninfected RBCs were electroporated
with 200 ug of supercoiled pHD22Y containing DNA inserts as
described (33, 40). Following transformation, the parasites were
maintained in drug-free medium for 48 h before the addition of
WR99210 (Jacobus Pharmaceuticals) to a final concentration of
10 nMm. Drug-resistant parasites appeared in 3—4 weeks after
transfection. DNA samples from the parasite cultures 6-8
weeks after transfection were tested for the presence of integra-
tion of plasmid DNA into chromosomes using PCR (forward
primer F5'-GATTGGATAAGACCGTTAATA-3' and reverse
primer R 5'-TAAACTTGGTAAAAATTCAAATAG-3') (Fig.
1B). When evidence of integration was detected (see Fig. 1C),
the parasites were grown without the drug for 2 weeks and then
with drug selection for 2 weeks. The procedure was done twice
before limiting dilution to clone parasites with disrupted pfinrp.

Parasite Growth and Invasion Rate Assays—A culture of syn-
chronous ring stage was diluted to 0.1% parasitemia and 2%
hematocrit. Blood smears were prepared every 24 h over a
period of 10 days, and parasitemia were counted under a light
microscope after Giemsa staining. Culture media were changed
daily or twice a day without the addition of red blood cells until
the cultures crashed because of high parasitemia. The invasion
rates were calculated by dividing the number of successfully
invaded parasites with the initial parasitemia after one cycle
(48 h). The experiment was repeated four times.

Immunofluorescence Assay—Glass slides with parasite smear
were fixed in cold methanol (in dry ice) for 15 min and dried at
room temperature for 15 min. The samples were blocked with
blocking buffer (5% nonfat milk in PBS) at room temperature
for 2 h. The slides were incubated with mouse primary antibody
against PEMRP (diluted 1:200) at room temperature for 2 h or
4. °C overnight and then with diluted goat anti-mouse or anti-
rabbit antibodies (1:1000) at room temperature for 30 min after
washing the slides three times with blocking buffer. The slides
were mounted with ProLong Gold antifade reagent with 4',6’-
diamino-2-phenylindole (Invitrogen) after washing five times
with buffer and were observed under a confocal microscope
(Leica SP2, Leica Microsystems, Exton, PA) using a 100X oil
immersion objective NA 1.4. The images were deconvolved
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FIGURE 1. Genetic knock-out of PfMRP in W2 P. falciparum parasite. A, Kyte_Doolittle hydrophilicity plot of
the predicted amino acid sequence of PFMRP, showing two regions (horizontal bars) used in DNA vaccination to
generate antibodies against PfMRP. The x axis is amino acid position, and the y axis is the hydrophilicity score.
B, diagram showing a plasmid construct used to disrupt the gene encoding PfMRP. hdhfr is the gene encoding
human dihydrofolate reductase, and amp is the gene encoding ampicillin resistance protein. The arrowheads
(F7and R7) indicate PCR primer positions before and after integration of the plasmid into chromosome. Restric-
tion sites and predicted PCR product sizes are as marked. C, PCR products amplified from wild type W2 and
W2/MRPA parasites using primers F1 and R1 in B. MW, molecular weight markers. The sizes of the PCR prod-
ucts were as expected from DNA sequences with or without plasmid integration, respectively. D, Western
blot showing a 214-kDa band in W2 but not in W2/MRPA using mouse anti-PfMRP antibodies; no bands
were detected in both W2 and W2/MRPA using mouse preimmune sera. Anti-PfCRT was used as loading

control.

with Huygens Essential software (version 3.1; Scientific Volume
Imaging BV, Hilversum, The Netherlands). Sequential Z-sec-
tions of stained cells were also collected for three-dimensional
reconstruction and iso-surface modeling of representative cells
with Imaris software (version 6.0; Bitplane AG, Zurich,
Switzerland).

Drug Assays—CQ, QN, MQ, artemisinin (ART), and prima-
quine (PRQ) were purchased from Sigma-Aldrich; amodia-
quine (AMQ) was bought from LGC Promochem; piperaquine
(PQ) was obtained as a gift from Dr. Xinhua Wang (Guanzhou
University of Traditional Chinese Medicine, China); and
proguanil (PG) was obtained from the National Institutes of
Health pharmacy. CQ, QN, MQ, ART, PG, and AMQ were
dissolved in 70% ethanol and stored at —80 °C until use. PRQ
was dissolved in water, stored at 4 °C, and used within a week.
PQ was dissolved in 0.5% lactic acid and stored at —80 °C until
use. Drug assays were performed using a SYBR green staining
method modified from that described previously (41). Briefly,
the parasites were diluted to 1% parasitemia with 1% hemato-
crit, and diluted parasites (150 ul) were added to wells in trip-
licate in a 96-well plate containing 50 ul of 2-fold serially
diluted drugs. The parasites were incubated with the drugs at
37 °Cfor 72 h. After incubation, DNA were released and stained
with lysis buffer containing SYBR green dye. The plate was kept
in darkness for 30 min and read in a FLUOstar Optima micro-
plate reader (BMG Labtech). All of the data points from each
parasite and dilution were independently repeated at least three
times.
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Drug Accumulation Assay—High-
ly synchronized trophozoite para-
sites (parasitemia of 4-6% and
hematocrits of 5.0%) were washed
with PBS and then incubated in
RPMI 1640 medium supple-
mented by 25 mm HEPES (pH
7.35), 0.2% NaHCO,, 0.2% D-glu-
cose, 1% human serum, and radio-
active-labeled CQ (20 nm [3-°H]),
QN (2 nm [9-*H]), and reduced GSH
([glycine-2-*H] at 1, 3, and 6 nm)
(American Radiolabeled Chemi-
cals) at 37 °C for 5-60 min under
continuous stirring. The parasites
were centrifuged through silicon oil
(Fulka Chemical Corp.) (density,
1.049) in 1.5-ml Eppendorf tubes,
separating the RBC pellet from
unincorporated label. The bottom
tips of the tubes containing the cell
pellets were cut off and placed in
scintillation vials containing 100 ul
of ethanol and 50 ul of 0.5 N NCS-II
tissue solubilizer solution (Amer-
sham Biosciences). The lysates were
incubated at 37 °C overnight and
were decolorized by the addition of
25 wl of 30% H,O,. Luminescence
was blocked by acidification with
25 ul of glacial acetic acid. Radioactive levels were measured
in a liquid scintillation counter (1450 MicroBeta TriLux;
PerkinElmer Life Sciences). Uninfected RBCs and controls
were subjected to identical protocols. Data from different
experiments were normalized for differences in hematocrit,
parasitemia, and radioactive labels.

Data Analysis and ICy, Calculation—Data from microplate
reader were analyzed using GraphPad Prism (La Jolla, CA) or R
software (version 2.7.0) (42). The IC, values were estimated
using 4 parameter logistic models, where for the computations
the control (i.e. drug concentration = 0) and uninfected RBC
(acting like an extremely large drug concentration that stops all
growth) were set to 10~ >° mand 10"° m, respectively. The model
for the percentage of inhibition is » + (100 — b)/[1 +
10“~X*H], where X is the log transformed drug concentration,
and the parameters b (background inhibition), d (logIC,,), and
H (Hill coefficient) are estimated by least squares. A separate
IC,, was calculated for W2 and W2/MRPA for each experi-
ment, and a paired ¢ test on the log(IC,,) values was used
together with the associated confidence intervals.
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RESULTS

Generation of Antibodies against PfMRP—The predicted
DNA sequence encoding PfMRP was downloaded from
PlasmoDB, and two DNA segments encoding regions of the
protein likely to be exposed on membrane surface (hydrophilic)
were selected (codons 475-705 and 806-1120) as targets of
DNA vaccination (Fig. 14). The DNA segments were cloned
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into the VR2001 plasmid vector (35) and were used to immu-
nize mice separately. After three injections of plasmid con-
structs containing the target sequences, sera from five mice for
each construct were collected and tested for antibodies against
PfMRP in parasite lysates. All of the mice produced antibodies
against PMRP when tested on Western blots (data not shown).
The antibodies from the region of codon 806 —1120 gave stron-
ger signals in Western blot and were used in all the experi-
ments. It appeared to be specific for PEMRP because only one
major band with predicted molecular weight was detected on
the Western blot when tested using pooled antisera against
PfMRP (Fig. 1D).

Genetic Knock-out Gene Encoding PfMRP—To investigate
the biological functions of PEMRP and whether it plays a role in
transporting drugs and in parasite resistance to antimalarial
drugs, we disrupted the coding region of PfMRP by inserting a
plasmid (pHD22Y) cassette containing a gene encoding human
dihydrofolate reductase into the 5" PfMRP coding region (37).
Amplification of DNA segment using primers flanking the tar-
geted sequence showed the presence of parasites with integra-
tion of the plasmid sequence in the transfected parasites. Inser-
tion of the plasmid construct produced a PCR product of 8.68
kilobase pairs from the parasite with disrupted pfinrp, whereas
the WT parasite had a PCR product of 1020 bp (Fig. 1C). Lim-
iting dilution was performed to identify parasite clones with
integration of the plasmid construct into the chromosome that
disrupt the coding region of PfMRP. Five weeks after cloning,
two clones of parasites with disrupted PfMRP were obtained.
The absence of protein expression in the W2/MRPA parasites
was confirmed using antibodies against PEMRP from DNA vac-
cination described above (Fig. 1D).

No Changes in pfcrt, pfimdrl, and a Gene Encoding a Putative
Sodium Hydrogen Exchanger (PfNHE) in the W2/MRPA
Parasite—Cross-contamination of parasites during in vitro cul-
ture occurs frequently. To confirm the identities of the knock-
out parasite clones, we genotyped DNA from W2 and
W2/MRPA clones using 10 highly polymorphic microsatellite
markers (data not shown and supplemental Table 1) (43) and a
multicopy molecular fingerprinting marker PfRRM (supple-
mental Fig. 1) (44). No differences were observed between W2
and two W2/MRPA clones, confirming that the W2/MRPA
clones indeed derived from W2.

Various putative parasite transporters have been associated
with drug resistances. In P. falciparum, PfCRT, PfPgh-1, and
PfNHE have been associated with responses to CQ, QN, MQ,
and other drugs (16, 45). To rule out the possibility that the
observed changes in drug responses and impaired growth at
high parasitemia in the W2/MRPA were caused by changes in
these genes, we compared DNA sequences encoding PfCRT,
PfPgh-1, and PINHE from W2 and W2/MRPA. No changes in
the genes were found (data not shown).

Impaired Parasite Growth in Vitro after Disruption of PAMRP—
Although the W2/MRPA parasite appeared to grow normally, it
could not grow to a density higher than 5% parasitemia if cul-
ture medium was changed once a day, whereas the WT parasite
W2 could be routinely cultured up to 15% parasitemia under
the same conditions (Fig. 24). The impaired growth capability
of the W2/MRPA was not due to lower efficiency in invading
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FIGURE 2. Impaired asexual growth and changes in sexual development
in the W2/MRPA parasite. A, synchronized wild type W2 and W2/MRPA par-
asites were diluted to 0.1% parasitemia and allowed to grow with change of
media once or twice a day (without the addition of fresh red blood cells).
W2/MRPA-1 and W2-1 were grown in culture with medium change once a
day. W2/MRPA-2 and W2-2 were the same parasites, but grown in cultures
with medium changes twice a day. Parasite cultures “crashed” after day 8 or 9,
particularly for those of wild type parasites. B, gametocytemia from W2 and
W2/MRPA parasites; stage I[I-V gametocytes were counted daily. The data
points in the figures were averages from three independent experiments,
and the bars indicate standard deviations.

RBCs. We counted the numbers of newly invaded parasites for
the first invasion cycle and found that the ratios of the numbers
of ring stage over the initial numbers of parasites were similar
for both W2 and W2/MRPA (4.85 = 0.40 S.D. for W2/MRPA
versus 5.27 = 0.51 S.D. for W2). The growth impairment could
be due to lower efficiency in removing toxic metabolites from
inside the parasite cells or due to reduced ability in acquisition
of nutrients from the culture medium. Indeed, change of cul-
ture medium twice a day (but no addition of red blood cells)
increased the maximum parasitemia of the W2/MRPA to ~7%
(Fig. 2A). Because the same culture medium has been routinely
used to grow various parasite isolates (including W2) to more
than 10% parasitemia, it was unlikely that the W2/MRPA par-
asite growth inhibition was due to a lack of necessary nutrients
in the medium. Instead, disruption of PEMRP may impair the
ability of the parasite to remove toxic metabolites outside the
cell, because MRP is known to efflux GSH conjugates and other
metabolites (46, 47).

Disruption of PEMRP and the reduced ability to transport
toxic metabolites may make the parasite more sensitive to envi-
ronmental stresses, which could in turn affect parasite sexual
development, including the switch from asexual stages into
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gametocyte (48). Similar numbers of mature gametocytes (~2%
parasitemia at day 10) were obtained from both W2 and
W2/MRPA parasites (Fig. 2B); however, young gametocytes
(stage II) were seen 2—3 days earlier in W2/MRPA than in W2
after setting up gametocyte cultures starting at 0.1% parasite-
mia. In contrast to a gradual accumulation of stage II or later
gametocyte stages (recognizable) in W2/MRPA from days 4 to 8
after setting up gametocyte culture, there was a rapid increase
(suggesting switching to sexual development approximately at
the same time) in the number of gametocytes in W2 at day 7- 8
(Fig. 2B). These results indicated that W2/MRPA was more
sensitive to environmental stresses and that some parasites
were triggered to switch at conditions that were still “normal”
for WT W2.

Increased GSH Accumulation in the W2/MRPA Parasite—
MRP has been shown to transport GSH and its conjugates such
as GSSG, GSH drug adducts, and other metabolites outside
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FIGURE 3. GSH accumulation assays. Parasitized RBCs or uninfected RBCs
were incubated with radioactive GSH (the curves shown are from 3 nm GSH),
and the radioactivities in the RBCs were measured at different time points.
Unincorporated radioactive materials were removed by spinning the RBC
through silicon oil. The data were from three independent repeats. Similar
accumulation curve patterns were obtained using 1 and 6 nm radioactive
labeled GSH (data not shown).

- 3D7

mammalian cells (47). The ability to transport GSH conjugates
outside the parasite cell may be related to how parasites
respond to stresses caused by accumulation of metabolic toxins
in in vitro culture, which may explain why the W2/MRPA could
not grow to a parasitemia higher than 5% when culture medium
was changed once a day. We therefore investigated GSH accu-
mulation in 3D7, W2/MRPA, and W2 parasites. 3D7 is a CQS
parasite that has wild type PfCRT and PfMRP and was included
as a control for PfCRT effects on drug accumulation. For all the
parasites, accumulation of GSH peaked at ~20 min after addi-
tion of radioactive GSH, and the GSH concentrations stayed at
similar levels until the experiments were terminated at 60 min
(Fig. 3). Although W2 and 3D7 accumulated approximately the
same amount of radioactive GSH, the W2/MRPA parasite
accumulated approximately twice as much radiolabeled GSH as
the WT W2 did (Fig. 3), suggesting that PMRP may play a role
in pumping GSH or GSH conjugates outside the cell and that
disruption of PfMRP affects the transport process. RBC accu-
mulated very minimum radioactive GSH, possibly because of
active transport of GSH by human MRP and other transporters
present on the RBC membrane.

Increased CQ and QN Accumulation in the W2/MRPA
Parasite—One of the mechanisms for many ABC transport-
ers to confer drug resistances is to rapidly pump drugs out-
side the cells (4, 10, 11). To investigate the possibility of
PfMRP playing a role in drug efflux, we performed drug
accumulation assays comparing W2, W2/MRPA, and 3D7.
The parasites were incubated with radioactively labeled CQ
and QN, and the radioactivity within the parasites was meas-
ured at various time points. Compared with the W2 parasite,
the W2/MRPA parasite accumulated more radioactive
labeled CQ (59.0%) and QN (55.2%) than W2 did (Fig. 4),
suggesting that PEMRP plays a role in pumping CQ and QN
outside the parasite cell. The CQS 3D7 parasite accumulated
approximately two to three times
more CQ or QN than both W2 and
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FIGURE 4. CQ and QN accumulation assays with or without GSH. A, CQ accumulation. B, CQ radioactivity at
30 min. G, QN accumulation. D, QN radioactivity at 30 min. Parasites and treatments with or without GSH are as
indicated. The standard deviations were from three independent experiments.
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falciparum-infected  cells were
reported to increase parasite resist-
ance to CQ (49). Of interest, the
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presence of 2 mMm exogenous GSH dramatically reduced CQ
accumulation in the CQS parasite 3D7 (47.8% reduction) at 30
min but had little effect on CQ accumulation of CQR parasite
W2 (11.4%) (Fig. 4, A and B). The level of CQ accumulation was
also reduced 30.3% in the W2/MRPA parasite at the presence of
GSH. In contrast, the presence of GSH dramatically reduced
QN accumulation in W2 (83.6%) as well as in 3D7 (65.1%) (Fig.
4, Cand D). Similarly, partial reduction (37.4%) of QN accumu-
lation was observed in the W2/MRPA parasite (Fig. 4, C and D).
These results indicated that GSH could enhance the transport
of drugs outside the parasite cell at least in some parasites, pos-
sibly through pumping of GSH drug adducts by PfMRP and
other transporters. However, because the reduction in CQ
accumulation was mostly found in the W2/MRPA parasite, the
GSH effect was more likely on transporters other than PfMRP.

TABLE 1

IC;, of W2 and W2/MRPA parasites in responses to eight antimalarial
drugs

W2A is the abbreviated name for W2/MRPA, The IC,, values are geometric means
(nm), and % Change is 100(W2A IC,, — W2 IC,,)/W2 IC,,. LCI and UCI are lower
and upper confidence intervals, respectively. The p values and ClIs on the % change
are derived from the paired ¢ test on the log(IC;,) values. Note that CQ, QN, ART,
PQ, and PRQ are significant even after correcting for multiple tests using Bonfer-
roni’s adjustment (p < 0.05).

Increased Susceptibility to Multiple Antimalarial Drugs after
PfMRP Disruption—Increased CQ and QN accumulation after
disruption of PEMRP suggested that it played a role in pumping
the drugs outside the parasite, which may lead to reduced sus-
ceptibility to the drugs. To investigate whether PEMRP plays a
role in parasite susceptibility to antimalarial drugs, we tested
the IC,, of W2 and W2/MRPA parasites in responses to eight
different drugs, including CQ, QN, MQ, ART, PQ, AMQ, PRQ,
and PG using a SYBR in vitro test. Compared with its WT W2,
the W2/MRPA parasite became significantly more sensitive to
five of the eight drugs tested (CQ, QN, ART, PQ, and PRQ;
Table 1). These results showed that PfMRP played a role in
parasite response to multiple antimalarial drugs, possibly by
transporting the drugs outside the parasite cell; however,
PfMRP might not be a key molecule that can convert a clinically
sensitive parasite into a resistant parasite, because the five sig-
nificant changes in IC;, were only 38 —-57% reductions.

Presence of Exogenous GSH, but Not GSSG, Increases IC, to
CQ and QN in Both W2 and W2/MRPA Parasites—The pres-
ence of exogenous GSH increased the IC,, to both CQ and QN
partly because of reduced accumulation of the drugs (Fig. 5, A
and B). The presence of GSSG, however, had no or minimum
effects on both CQ and QN IC, (Fig. 5, C and D). The increase
in IC,, in W2/MRPA parasite suggested that genes other than
PfMRP were also involved in the drug response at the presence

% 95% 95% No. Two-sided
Drug W2/IC;, W2A/ICs, Change LCI UCI repeats pvalue of GSH. These may include other unidentified transporters or
cQ 163 101 -38 —45 —-31 8 <0.01 the degradation of heme by GSH (49).
AQI\I\}[ Q 13 Zg :i’g :g% 74; i <g'8i Expression and Localization of PMRP in Asexual and Sexual
MQ 12 11 -7 -2 11 8 0.37 Stages—PfMRP was predicted to be a membrane protein with 11
ART 11 5 -57  —61 —52 9 <0.01 ‘ bed i
PQ 138 o Tab 20 55 a ool transmembrane domains anq was transcribed in both asexual and
PG 104 64 -38 -75 53 4 0.19 sexual stages (28 —30). A previous study also suggested that PEMRP
PRQ 2660 1243 53 63 —42 4 <0.01 was expressed on the plasma membrane of trophozoite and schi-
zont stages but was not detectable at
A B ring stage or on the membrane of food
100 + 100 4 vacuole (27). To further characterize
'5 - the protein expression patterns and
= S ; localization of PfMRP in different
gy i §——w2 is] W2 developmental stages, we per-
p= 50 i§ 0 == W2+GSH £ 501 o W2+GSH p . & P
BQ { | ——WaMPRA I e WeMPRA formed immunofluorescent assay
2 :‘E‘”‘PHMGSH ® / -~ W2MPRa+GSH  using antibodies against PfMRP,
i i 3 —— . .
odi=k= Y4/ - 3D7+GSH 14y - %BLGSH PfMSP-1 (a protein on merozoite
9 é 7 . 6 0_9 -a 7 5 5 plasma membrane), PfCRT (on food
Chloroquine concentration [M] Quinine concentration [M] vacuole membrane), and PfIMDV-1
(gametocyte-specific). We found
C D that PEMRP was expressed in all of
c1 00 100 the asexual and sexual stages that
S c we investigated, from merozoite to
8 f 2 i mature schizont, and from young
< 50 [ —we g § ot ametocyte to mature gametocyte
£ - W2+GSSG £ 501 / -+ w2+GssG gal Y gamet
2 f | ——wW2MPRA = /  ——W2MPRA (Figs. 6 and 7; supplemental Fig. 2).
/ -+ W2MPRA+GSSG @ /-~ W2MPRA+GSSG In merozoites. PEMRP was ex-
——3D7 ¥ —— 307 . ’ )
0 -o- 3D7+GSSG ol = —o- 3D7+GSSG pressed in membrane-bound vesi-
-9 -8 7 -6 -9 -8 -7 -6 -5 cles located inside the parasite

Chloroquine concentration [M]

constraint at the bottom.
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Quinine concentration [M]

FIGURE 5. Changes in responses to CQ and QN at the presence of exogenous GSH (2.5 mm) and GSSG
(5.0 mm). A and G, response to CQ. B and D, response to QN. The parasite groups used are as indicated in the
figures. The data presented were averages from three independent repeats. The graphs were plotted using a
nonlinear regression model in GraphPad Prism 5 (La Jolla, CA) with constraint at the top of the graphs but no

plasma membrane and did not co-
localize with PfMSP-1 on plasma
membrane (Fig. 6A4) or PfCRT on
food vacuole membrane (supple-
mental Fig. 2). In trophozoite and

VOLUME 284 -NUMBER 12+MARCH 20, 2009


http://www.jbc.org/cgi/content/full/M806944200/DC1
http://www.jbc.org/cgi/content/full/M806944200/DC1

ABC Transporter and Drug Resistance in Malaria Parasite

FIGURE 6. Expression and localization of PfMRP within asexual stages. Row 1, green, anti-PfMRP; row 2, red,
anti-PfMSP-1; row 3, blue, 4’ ,6'-diamino-2-phenylindole dye; row 4, merged rows 1-3; row 5, merged rows 1-4 and
differential interference contrast. A, free merozoites of the W2 parasite. B, a trophozoite of the W2 parasite. C, a
schizont of the W2 parasite. D, three trophozoites of the W2/MRPA parasites within a red blood cell. £, a schizont of

the W2/MRPA parasite.

schizont stages, PEMRP expression increased with parasite
growth, located on an extensive network of membrane struc-
tures including plasma membrane, although it appeared to
be present in “patches” (Fig. 6, B and C). PfMRP was not
detected in W2/MRPA when probed with anti-PfMRP anti-
bodies (Fig. 6, D and E). The residual staining seen in Fig. 6E
appeared to be nonspecific binding to hemozoin.

PfMRP was also highly expressed in various sexual stages.
In young gametocytes (identified by anti-PfMDV-1), PMRP
was mostly expressed on the plasma membrane of the para-
site (Fig. 7A), although some staining could also be seen in
membrane-bound vesicles or networks inside the cell (data
not shown). As the parasite developed into D-shaped stage II,
the protein was concentrated at the “straight” side of the
D-shaped parasite, showing as one or two heavily stained “lines”
(Fig. 7, B and D). Three-dimensional reconstruction of thin
confocal sections from stage II gametocyte showed that one of
the double straight lines was likely located at the parasite
plasma membrane that might be associated with the inner pel-
licular membrane vacuole and microtubule structures that con-
tributes to the D-shaped morphology (50). The second line was
parallel to the outside line, which could represent an unknown
membrane structure in stage II gametocytes (Fig. 7, D and E).

MARCH 20, 2009+ VOLUME 284 +NUMBER 12

Similarly to those in asexual stages,
the protein is also present in mem-
brane-bound vesicles or networks in
the parasite (Fig. 7D). In later game-
tocyte stages (III-VI), PEMRP con-
tinued to be present on plasma
membrane and in some internal
membrane networks (Fig. 7C).

DISCUSSION

Two point mutations at amino
acid positions 191 (His — Tyr) and
437 (Ser — Ala) in PIMRP were
associated with higher IC,, for CQ
and QN in P. falciparum field iso-
lates previously (24). In particular,
parasites carrying mutant alleles
Tyr'®' and Ala**” appeared to be
more resistant to QN in parasites
from the South America (supple-
mental Table S2). Except JAV and
ECU, the parasites from Brazil and
Peru had very similar genetic back-
grounds and minimum population
structure based on analyses using
hundreds of microsatellites and sin-
gle nucleotide polymorphism on
chromosome 3 (51, 52). Although
the parasite sample size was small in
the study, a pattern can be seen in
QN responses for parasites from
South America when parasite
responses to the drug were repeat-
edly tested in vitro. Two subsequent
studies of in vitro drug assays on
parasites collected directly from patients, however, did not sup-
port the associations (31, 32). To resolve the differences, more
association studies using parasites from the same location and
accurate drug assays on culture-adapted parasites are neces-
sary. Another approach to resolve the controversy is to change
the level of gene expression or to totally knock out the gene
from the parasite genome and investigate the resulting effects.
Here we successfully knocked out the gene encoding PfMRP
from a CQR parasite W2, resulting in a parasite (W2/MRPA)
that was more sensitive to CQ and QN than was W2. The data
suggested that PEMRP played a role in parasite responses to
CQ and QN, supporting the associations of mutations in
PfMRP and increased IC;, to CQ and QN, although it may
not be a key molecule in resistance to CQ and QN.

The changes in ICg, of various antimalarial drugs in the
W2/MRPA parasite were likely due to altered ability of the par-
asite to pump out the drugs, because disruption of PfMRP
resulted in accumulation of more CQ and QN. Our data and
others (27) also showed that, in addition to being in vesicles of
merozoite, ring, and trophozoite stages, the PEMRP protein
appeared to be present on the plasma membrane of various
parasite stages. Mutations in the CQ transporter gene (pfcrt)
have been shown to result in accumulation of less CQ in the

JOURNAL OF BIOLOGICAL CHEMISTRY 7693


http://www.jbc.org/cgi/content/full/M806944200/DC1

ABC Transporter and Drug Resistance in Malaria Parasite

FIGURE 7. Localization of PFMRP in sexual stages. Row 1, green, anti-PfMRP;
row 2, red, anti-PfMDV-1; row 3, blue, 4’ ,6'-diamino-2-phenylindole dye; row 4,
differential interference contrast; row 5, merged rows 1-4. A, stage | gameto-
cyte identified by anti-PfMDV-1 staining. B, stage Il gametocyte showing two
broad straight lines stained strongly with anti-PfMRP. C, stage lll-V gameto-
cyte showing surface membrane staining and some internal membrane net-
works. D and E, iso-surface model of the stage Il gametocyte reconstructed
from serial Z-sections of confocal images. D, side view of a stage Il gametocyte
showing two heavily stained structures (green) parallel to the straight side of
the D-shaped parasite. Internal vesicles with PfMRP (white arrowhead) could
also be seen inside the parasite. E, bottom view of the same stage Il gameto-
cyte. The red shown in this transparent iso-surface model indicates the distri-
bution of PfMDV-1 that is a gametocyte-specific protein located on gameto-
cyte outside membrane and internal vesicles (33).

parasite food vacuole (53). Because the PfCRT is localized on
the membrane of the food vacuole, efflux of CQ out of the
parasite plasma membrane may require additional transport
mechanism(s) to move CQ out of the cell. It is possible for

7694 JOURNAL OF BIOLOGICAL CHEMISTRY

PfMRP to act as a molecular pump, pumping drugs outside the
parasite cell. Indeed, our CQ and QN accumulation assay
showed that parasites with disrupted PfMRP accumulated
more CQ and QN than WT W2 did, supporting the hypothesis
that PMRP is a molecular pump capable of pumping drugs and
other metabolites outside the parasite. The small changes (~2-
fold) in the IC, values, however, suggested that PEMRP was not
the only protein or mechanism providing this function.

In addition to changes in IC, of CQ and QN, disruption of
the gene encoding PfMRP also led to significant changes in
parasite sensitivities to three other antimalarial drugs that likely
have different modes of action (Table 1). Of particular interest
is the significant reduction in ART IC, in the W2/MRPA par-
asite. The decline in the efficacy of ART-based treatment
among field isolates has received great attention recently (54).
Changes in parasite responses to these drugs suggested that
PfMRP was capable of transporting multiple drugs. The para-
site with disrupted PMRP had an impaired growth capability
and was not able to grow to a density higher than 5% parasite-
mia under standard iz vitro culture conditions that can rou-
tinely support the WT parasite W2 to a density up to 15% par-
asitemia. This reduced fitness is likely due to the inability of the
W2/MRPA parasite to efficiently remove toxic metabolites
such as reactive oxygen species (ROS). As the density of parasite
increases in culture, more ROS such as H,O, produced either
from hemoglobin digestion in the food vacuole, from electronic
transport in mitochondrion, or from other metabolic processes
will be accumulated inside the parasite and in the culture
medium (55, 56). H,O, can be reduced to H,O and O, through
various processes, including reactions that lead to the produc-
tion of GSSG and other GSH conjugates. These GSH conju-
gates are then transported outside the cell by MRP or other
transporters (46, 47, 55). Our data showing accumulation of
more radioactive GSH, GSSG, and GSH conjugates in the
W2/MRPA parasite appear to support the hypothesis that dis-
ruption of PfMRP impairs the ability of the parasite to pump
out GSH conjugates, which leads to weakened capability in
reducing ROS inside the parasite cell and to early death of the
parasite caused by the rising ROS concentration within the cell
and in culture medium.

GSH can also enhance the transport of various drugs, pos-
sibly through pumping out GSH drug adducts (57). One
example of enhanced drug transport by GSH is the rapid
efflux of GSH-4-Nitroquinoline conjugate by MRP (58). Our
results of reduced CQ and QN accumulation at the presence
of exogenous GSH suggested that a similar mechanism in the
efflux of antimalarial drug-GSH conjugates may also play a
role. If GSH and CQ/QN are transported through the same
transporters, such as PMRP, GSH is expected to compete
with the drugs for the transporting molecules, leading to
accumulation of more radioactive CQ/QN inside the cell. In
contrast, enhanced transport of CQ/QN in the presence of
exogenous GSH supports the idea of GSH drug adduct for-
mation and transport. Furthermore, the presence of GSH
might also promote transport (or exchange) of CQ outside of
the parasite food vacuole (FV) in a CQS parasite (3D7),
through transporters such as PfPgh-1 or even PfCRT that are
expressed on the FV membrane. For CQR parasite W2, the
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transport of CQ out of FV by mutant PfCRT is more efficient
than by WT PfCRT, and the effect of GSH on CQ transport
out of FV in W2 was minimum (Fig. 4). On the other hand,
GSH may greatly enhance the WT PfCRT transport of CQ
and QN out of the FV membrane. Mutations in PfCRT have
been associated with parasite responses to QN (16, 24) and
appear to play a role in QN resistance too. Transport of QN
out of FV and/or plasma membrane could rely more on ABC
transporters other than PfCRT, resulting in more dramatic
reduction in the accumulation of QN in W2 in the presence
of GSH. These results suggested different mechanisms in CQ
and QN transport and resistance, at least in W2.

GSH was found to degrade free ferriprotoporphorin IX,
which is toxic to the parasite. CQ could inhibit the degradation
process (49), and parasites resistant to CQ generally had higher
levels of GSH (55). Our data also suggested the existence of
mechanisms other than those mediated through PfCRT and
PfMRP. At the presence of GSH, both W2 and W2/MRPA had
increased IC,, to CQ and QN, although the W2/MRPA parasite
had lower IC,, values than W2 had. Because PEMRP was absent
in W2/MRPA, this increase in IC;, at the presence of GSH
could not be explained by the PEMRP mediated transport of the
drugs alone. Therefore, increase in IC,, at the presence of GSH
might be due to the increased transport of GSH drug adducts
outside the cell and the degradation of heme by GSH as sug-
gested (49).

Similar to PEMRP knock-out, allelic exchanges of polymor-
phic sites in PfPgh-1 (ABC B family) could also affect its sub-
strate specificity, transport, responses to various antimalarial
drugs, including CQ, QN, ART, MQ, and other drugs (14, 18,
59). One difference between these two ABC transporters in
antimalarial responses is that the mutations in PfPgh-1 usually
affect responses to CQ and ART/MQ in opposite directions,
whereas disruption of PEMRP makes the parasite more sensitive
to CQ, QN, ART, and MQ (not significant; Table 1). Addition-
ally, PfPgh-1 was localized to the food vacuole membrane (60).
Potential molecular interactions involving PfMRP and other
molecules based on published and our data are summarized in
Fig. 8.

Ofinterest, our study also showed the expression of PfCRT as
small “dots” (probably young FVs) in rupturing merozoites, and
PfMRP were similarly in membrane-bound vesicles; however,
they do not overlap (supplemental Fig. 2). These vesicles could
represent proteins in the process of being synthesized and/or
transported to plasma membrane. Another interesting obser-
vation was the membrane structures stained by anti-PfMRP
antibodies along the straight side of the D-shaped stage II
gametocytes. P. falciparum gametocytes are classified into five
stages (stages I-V), with stage II having a D-shaped morphol-
ogy. The straight side of the D-shaped morphology is supported
by 8 —15 microtubules and an inner pellicular membrane vacu-
ole (50). Interestingly, confocal images from immunofluores-
cent assay showed strong PfMRP staining along the straight
side of the D-shaped gametocyte, suggesting potential co-local-
ization of PMRP with the inner pellicular membrane vacuole.
The functional roles for the PEMRP protein expression pattern
and the special localization of PfMRP in gametocyte develop-
ment remain to be determined.
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FIGURE 8. Proposed roles of GSH and PfMRP in CQ and other drug resis-
tances in P. falciparum. 1, PfCRT (chloroquine-resistant transporter) plays a
key role in CQ resistance, possibly by transporting CQ out of FV. 2, PfPgh-1
may interact with PfCRT and modulate the physiology of FV, which may affect
CQ transport. 3, CQ (and quinine) is pumped out of parasite through PfMRP
and other molecules, possibly as drug-GSH conjugates. 4, GSH can help
remove oxygen radicals such as H,0,. GSSG could be transported out by
PfMRP and other transporters. 5, GSH was reported to degrade heme (Fp), a
side product from hemoglobin (Hb) digestion. 6, CQ was proposed to inhibit
polymerization of Fp into hemozoin (Hz).

Genetic manipulation of malaria parasites such as genetic
knocking out a gene requires relatively long term in vitro cul-
ture and drug selection. Background/random mutations could
be introduced during this process. Currently, it is impossible to
guarantee that no changes other than the disruption of
PfMRP occurred in the W2/MRPA parasite genome during
plasmid introduction and drug selection. The identities of
the parasites, however, were verified using microsatellites.
We also sequenced genes (pfcrt, pfindrl, and pfinhe) known to
affect or be associated with parasite responses to CQ and QN
(16, 18, 23, 61) to ensure that the changes in IC;, and drug
accumulation in the W2/MRPA parasite were not due to muta-
tions in these genes. Additionally, the phenotypic changes in
the W2/MRPA are consistent with loss of drug/metabolite
transport functions from a molecule such as PfMRP.

In summary, disruption of PfMRP led to a parasite that had
reduced fitness in in vitro culture and was more sensitive to
multiple antimalarial drugs than the WT was. The changes in
these phenotypes were likely due to impaired functions in
transporting drugs and toxic metabolites outside the parasite
cell after disruption of PEMRP.
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