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Chloroquine Resistance in
Plasmodium falciparum Malaria
Parasites Conferred by
pfcrt Mutations

Amar Bir Singh Sidhu, Dominik Verdier-Pinard, David A. Fidock*

Plasmodium falciparum chloroquine resistance is a major cause of worldwide
increases in malaria mortality and morbidity. Recent laboratory and clinical
studies have associated chloroquine resistance with point mutations in the gene
pfert. However, direct proof of a causal relationship has remained elusive and
most models have posited a multigenic basis of resistance. Here, we provide
conclusive evidence that mutant haplotypes of the pfcrt gene product of Asian,
African, or South American origin confer chloroquine resistance with charac-
teristic verapamil reversibility and reduced chloroquine accumulation. pfcrt
mutations increased susceptibility to artemisinin and quinine and minimally
affected amodiaquine activity; hence, these antimalarials warrant further in-
vestigation as agents to control chloroquine-resistant falciparum malaria.

Chloroquine has for decades been the primary
chemotherapeutic means of malaria treatment
and control (/). This safe and inexpensive
4-aminoquinoline compound accumulates in-
side the digestive vacuole of the infected red
blood cell, where it is believed to form com-
plexes with toxic heme moieties and interfere
with detoxification mechanisms that include
heme sequestration into an inert pigment called
hemozoin (2—4). Chloroquine resistance (CQR)
was first reported in Southeast Asia and South
America and has now spread to the vast major-
ity of malaria-endemic countries (/). pfcrt
was recently identified as a candidate gene
for CQR after the analysis of a genetic cross
between a chloroquine-resistant clone (Dd2,
Indochina) and a chloroquine-sensitive clone
(HB3, Honduras) (5—7). The PfCRT protein
localizes to the digestive vacuole membrane
and contains 10 putative transmembrane do-
mains (7, 8). Point mutations in PfCRT, in-
cluding the Lys’® — Thr (K76T) mutation in
the first predicted transmembrane domain,
show an association with CQR in field iso-
lates and clinical studies (7, 9, 10). Episomal
complementation assays demonstrated a low-
level, atypical CQR phenotype in chloro-
quine-selected, transformed, pseudo-diploid
parasite lines that coexpressed the Dd2 form
of pfert (containing eight point mutations;
Table 1), under the control of a heterologous
promoter, with the wild-type endogenous al-
lele (7).

To address whether mutations in pfcrt are
sufficient to confer CQR, we implemented an
allelic exchange approach to replace the en-
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dogenous pfcrt allele of a chloroquine-sensi-
tive line (GCO03) with pfcrt alleles from chlo-
roquine-resistant lines of Asian, African, or
South American origin (Table 1) (fig. S1)
(11). This approach maintained the endoge-
nous promoter and terminator regulatory ele-
ments for correct stage-specific expression
and did not use chloroquine during the selec-
tion procedure. As a result of this gene’s
highly interrupted nature (13 exons) and the
dissemination of point mutations throughout
the coding sequence, two rounds of genetic
transformation were required. This enabled
us to obtain pfcr-modified clones that ex-
pressed the pfcrt allele from the chloroquine-
resistant lines Dd2 (clones C3P9? and
C4P42) K761 (C5%71), and 7G8 (C67°8). We
also obtained the C29% clone in which re-
combination had occurred downstream of the
functional allele, providing a critical control
in correcting for any influence of inserting
the two selectable marker cassettes without
exchanging pfcrt point mutations (Table 1)
(fig. S1).

pfert allelic exchange was confirmed by
Southern hybridization and polymerase chain
reaction (PCR) analysis (fig. S2, A to D, and
table S1). Reverse-transcription PCR analysis
confirmed transcription of the recombinant
functional pfcrt allele (fig. S2C), whereas no
transcription was observed from the down-
stream remnant pfcrt sequences that lacked a
promoter and 5’ coding sequence. Western blot
analysis (7, 8) revealed expression of PfCRT
(about 42 kD) in all clones (fig. S2E). Quanti-
tation analysis predicted a reduction in PfCRT
expression of approximately 30 to 40%, 50%,
and 0%, respectively, in the C3P92/C4P%2
C5%7¢ and C67C® clones, relative to C29¢%3,
which itself expressed 30% less PfCRT than
did the original GCO03 clone (/7).

Phenotypic analysis showed that mutant
pfert alleles conferred a CQR phenotype to
chloroquine-sensitive P. falciparum (Fig.
1A). Recombinant clones expressing pfcrt al-
leles from the chloroquine-resistant lines
Dd2, K76I, and 7G8 all had 50% inhibitory
concentration (IC,) values in the range of
100 to 150 nM. These IC,, values were typ-
ically 70 to 90% of those observed with the
nontransformed chloroquine-resistant lines.
All these lines equaled or exceeded the 80 to
100 nM level previously proposed as a
threshold diagnostic of in vivo resistant in-
fections (12, 13). In comparison, chloroquine
IC,, values in the recombinant control lines
C16€% and (C29¢% were comparable to
those observed with the initial GC03 line (20
to 30 nM). Acquisition of resistance was even
more pronounced for the active metabolite
monodesethylchloroquine, with IC,, values
in the range of 600 to 1200 nM for the
pfert-modified lines, versus 35 to 40 nM for
chloroquine-sensitive lines (table S2).

The lower chloroquine IC,, values ob-
served in the pfcrt-modified clones, relative
to the nontransformed chloroquine-resistant
lines, may be a consequence of the reduced
PfCRT expression levels and other effects
stemming from the complex genetic locus
created in these recombinant clones (fig. S1).
Alternatively, additional genetic factors
might be required to attain high chloroquine
IC,, values. One candidate secondary deter-
minant is pfindrl, which encodes the P-gly-
coprotein homolog Pgh-1 that localizes to the
digestive vacuole (/4—16). Reed et al. (17)
recently demonstrated by allelic exchange
that removal of three pfindri point mutations
(1034C, 1042D, and 1246Y) from the 7G8
line decreased the chloroquine IC,, values;
however, introduction of these mutations into
endogenous pfindrl did not alter the suscep-
tible phenotype of a chloroquine-sensitive
line. Our experiments were performed with
the GCO3 clone, which carries the HB3-type
pfindrl allele that in two P. falciparum ge-
netic crosses showed no association with de-
creased chloroquine susceptibility (5, 18).
This allele contains the 1042D point mutation
that is prevalent in chloroquine-resistant
South American isolates, although this muta-
tion does not show a consistent association
with CQR in isolates from other malaria-
endemic regions (6, 19-21).

Acquisition of elevated chloroquine IC,,
values in the pfcrt-modified clones was ac-
companied by verapamil chemosensitization,
a hallmark of the CQR phenotype (Fig. 1A)
(22). Association of both parameters with
pfert represents a marked departure from ear-
lier suppositions that verapamil reversibility
of P. falciparum CQR was analogous to this
compound’s chemosensitization of multidrug
resistance in mammalian tumor cells, be-
lieved to be mediated primarily by adenosine

4 OCTOBER 2002 VOL 298 SCIENCE www.sciencemag.org



triphosphate—dependent P-glycoproteins (22).
We note that verapamil reversibility was more
pronounced in the clones expressing recombi-
nant pfert from Old World (Dd2, K76I) origins
than in the clone expressing the recombinant
New World (7G8) allele. These findings are
consistent with the recent report of reduced
verapamil reversibility in chloroquine-resistant
field isolates expressing the PfCRT 7G8 haplo-
type (23). In an independent confirmation of the
CQR phenotype of pfcrt-modified clones, we

Fig. 1. pfcrt mutations confer chloroquine resis-
tance and altered susceptibility to other heme
(ferriprotoporphyrin 1X)—binding antimalarials in
P. falciparum. (A to F) Results of in vitro drug
assays with pfcrt-modified and control lines.
Each line was tested in duplicate against each
antimalarial drug at least four times, in the
presence or absence of 0.8 uM verapamil (VP).
ICso values (shown as the mean + SE for each
line) correspond to the concentration at which
incorporation of [3H]hypoxanthine was half-
maximal and were derived from the inhibition
curves generated as a function of drug concen-
tration. Mann-Whitney tests were used to assess
statistically significant differences between the
reference line C2°“°3 and the others (*P < 0.05,
**Pp < 0.01). IC;, and ICy, values and compound
structures are detailed in table S2 and fig. S3.
The finding that pfcrt mutations conferred in-
creased susceptibility to both quinine and me-
floquine provides an intriguing contrast with the
recent report that the introduction of mutations
into pfmdr1 led to decreased susceptibility to
quinine and increased susceptibility to meflo-
quine (77). (G) Chloroquine accumulation assays
(using 30 nM [3H]chloroquine) confirm that pfcrt
mutations confer a CQR phenotype. The satura-
ble component of [H]chloroquine accumula-
tion, measured as femtomoles of drug per 10°
infected red blood cells, was calculated by sub-
tracting the nonsaturable accumulation (mea-
sured in the presence of 10 wM unlabeled chlo-
roquine) from the total accumulation (measured
in the absence of unlabeled drug). The mean +
SE, calculated from five experiments performed
in duplicate, is shown for each line. Accumula-
tion values in the pfcrt-modified clones C3P42
and C67°8 showed a statistically significant dif-
ference from values observed in C2€93 (**p <
0.01). The chloroquine data in (A) and (G) prove
a central role for pfcrt point mutations in con-
ferring CQR to the GCO3 line, although they do
not rule out the possibility that other loci can
contribute to this phenotype. It remains to be
established whether mutant pfcrt alleles can
confer CQR to multiple, genetically distinct chlo-

roquine-sensitive lines. One hypothesis under consideration is that pfcrt confers CQR
and altered susceptibility to other heme-binding antimalarials through a combination
of direct effects (which may involve drug-protein interactions) and indirect effects on
parasite physiological processes (which may influence drug accumulation and forma-

tion of drug-heme complexes).
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observed significantly reduced [*H]chloroquine
accumulation in the C3P92, Dd2, C67%®, and
7G8 clones as compared with the chloroquine-
sensitive clones GC03 and C29“% (Fig. 1G).
These assays measured the uptake into infected
red blood cells of the saturable component of
chloroquine at nanomolar concentrations, a
measure that has been previously found to
clearly distinguish chloroquine-resistant and
chloroquine-sensitive parasites (24, 25).
Having this set of clones on the same

genetic background, in which CQR was pro-
duced in vitro via modification of a single
gene, allowed us to begin investigations into
the relationship between pfert, CQR, and P.

falciparum susceptibility to related antimal-

arials. We focused initially on amodiaquine, a
chloroquine analog with the same amino-
quinoline ring that differs by the presence of
an aromatic ring in the side chain (fig. S3).
Drug assays showed that the lines harboring
mutant pfcrt were slightly less susceptible to

2507 A 5 wm G5 of drug 01 B
== |Cgq of drug + VP__

— 2001 S 40

= * c *

= 150 o Pt i T 30

© i 3 .g

5 ; -

—_ *

o o o

% 50 510
0 0
M ® O N N N B o5 @ Mm ® O N N N B o ©
S86888 383t 0 S88838 8L 8CO
2% 83 w X 8 6 LA 83 ]

SRS © ISR ©
350 ¥
200 D
%
— Ve *
5\250 375 .
*

c 200 =

- (0]

o 150 £ 50

£ S

c [

.3100 .325
Omggggwaaww OmmmNNN@amw
8§83 4838 8Lt s R0 LR 88 388 3L RCO
8888888 888852 8% 8"

o O © 58 0o ) 1)
100 60

= —~ 40

o 60 =

5 % 30

g 40 =

w?—) 320

£ 20 [

= =10
0“’88%%‘“668‘9 Oo')gg%%maawoo
80000821\1\0 8000082!\‘20
8383 828" 828 BT B2BN

- 2 B

O O O O
O 1000, = GC03
i | G mm C20C08
- — (3Dd2
2 800 o
O [ Dd2
-.g amm C67G8
- T 7G8
o
Eo)
£
>3
S s ¥y
S T 2
s %
[$]
° i
.§ 60

Time (min)

211



212

Table 1. Transformation status and PfCRT haplotype of recombinant and
wild-type lines. The first round of transformation (77) was performed with
GCO3 and used a plasmid containing the human dihydrofolate reductase
(hDHFR) selectable marker (40). The resulting clone, C1°<°3 (fig. S1), shared
the same chloroquine IC,, values (Fig. 1) (table S2) and pfert coding sequence
as GCO3. Transformation of C1°°3 in the second round used plasmids
containing the blasticidin S-deaminase (BSD) selectable marker (47) and
resulted in the C2 to C6 clones. GCO3 is a chloroquine-sensitive progeny of
the genetic cross between the chloroquine-resistant clone Dd2 (Indochina)
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and the chloroquine-sensitive clone HB3 (Honduras) (5, 6). Dd2 and 7G8
(Brazil) represent common PfCRT haplotypes found in Asia/Africa and South
America, respectively (7). K76l is a chloroquine-resistant line selected from
the chloroquine-sensitive 106/1 (Sudan) clone propagated in the presence of
high chloroquine concentrations, resulting in the generation of a full com-
plement of PfCRT point mutations including the novel K761 mutation (8).
Point mutations in boldface are those previously associated with CQR (7, 8).
Abbreviations for amino acid residues: A, Ala; C, Cys; D, Asp; E, Glu; |, Ile; K,
Lys; L, Leu; M, Met; N, Asn; Q, Gln; R, Arg; S, Ser; T, Thr.

First plasmid Second plasmid Change in Functional PfCRT haplotype

Clone integration integration PFCRT

g g haplotype 72 74 75 76 220 271 326 356 371
GCO03 — —_ —_ C M N K A Q N [ R
C16c03 phDHFR-crt-GCO3P™’ — No C M N K A Q N | R
C26c03 phDHFR-crt-GCO03Pf’ pBSD-crt-Dd2Py?’ No C M N K A Q N [ R
C3bdz phDHFR-crt-GCO3P™’ pBSD-crt-Dd2P’ Yes C I E T S E S T 1
C4bd2 phDHFR-crt-GCO03Pf’ pBSD-crt-Dd2Py3’ Yes C 1 E T S E S T 1
Dd2 — — — C I E T S E S T 1
C5K7el phDHFR-crt-GCO03Pf’ pBSD-crt-K7617f’ Yes C 1 E | S E S [ 1
K76l — — — C I E | S E S | 1
ce7cs phDHFR-crt-GCO03Pf’ pBSD-crt-7G8PY3’ Yes S M N T S Q D L R
7G8 — — — S M N T S Q D L R

amodiaquine (Fig. 1B); nonetheless, the
pfert-modified clones remained sensitive to
this drug, with IC,,, values of 22 to 36 nM. A
modest degree of cross-resistance was ob-
served between chloroquine and monodes-
ethylamodiaquine, the primary metabolite of
amodiaquine (table S2) (26—28). These find-
ings are consistent with the published data on
amodiaquine efficacy in areas with a high
prevalence of CQR malaria (29, 30) and sig-
nal the need for close monitoring for resis-
tance, including screening for possible addi-
tional changes in pfcrt sequence, with in-
creased clinical use of amodiaquine. Further,
these data suggest that CQR mediated by
pfcrt point mutations now prevalent in en-
demic areas has a high degree of specificity
for the chloroquine structure (fig. S3). Other
groups have reported that altering the chloro-
quine side chain length can result in a gain of
efficacy against chloroquine-resistant lines
(31, 32).

Phenotypic characterization also revealed
increased susceptibility (by a factor of 2 to 4)
to quinine, mefloquine, and artemisinin and
its metabolite dihydroartemisinin in the pfcrt-
modified clones (Fig. 1, C, E, and F) (table
S2). These data provide direct evidence for an
important role for this gene in determining
parasite susceptibility to these antimalarials.
Collateral hypersensitivity to these com-
pounds is reminiscent of antimalarial suscep-
tibility patterns observed in a Thailand study
of P. falciparum field isolates (33) and is
encouraging given their current clinical usage
in antimalarial combination therapy regimes
(34). In comparison to C29%3, the Dd2 line
is more quinine resistant; however, the intro-
duction of the Dd2 pfcrt allele (resulting in
the clones C3P92 and C4P92) conferred qui-
nine susceptibility (Fig. 1C). This implicates
pfert as a component of a multifactorial pro-

cess that governs parasite susceptibility to
these antimalarials. Upon introduction of
pfert point mutations, the increased suscepti-
bility to quinine was accompanied by a de-
crease in susceptibility to the diastereomer
quinidine (Fig. 1, C and D).

These data, obtained in lines that were not
exposed to chloroquine pressure during their
selection, agree with an earlier observation
on the chloroquine-selected K76l line (7, 8)
and suggest a structure-specific component of
PfCRT-mediated drug accumulation in the
digestive vacuole. All of these compounds
are believed to act, at least in part, by com-
plexing with heme products (35, 36). Possi-
bly, PfCRT mutations affect accumulation by
altering drug flux across the digestive vacu-
ole membrane. Our data also document a key
role for pfcrt point mutations in the mode of
action of verapamil, a known CQR reversal
agent (22, 25, 37, 38) that also chemosensi-
tized the pfcrt-modified lines to quinine and
quinidine (Fig. 1, C and D). This verapamil-
reversible phenotype may reflect a physical
association between verapamil and mutant
PfCRT and/or mutant PfCRT-mediated phys-
iological changes that alter the activity of
verapamil on heme processing and drug-
hematin binding. Our genetic system now
provides a direct means to evaluate the pre-
cise role of individual pfcrt point mutations in
determining P. falciparum drug response and
verapamil reversibility, via site-directed mu-
tagenesis and introduction of mutant alleles
into chloroquine-sensitive lines.

These data are consistent with the concept
that the appearance of pfcrt mutant alleles in
a limited number of foci was the pivotal
driving force behind the genesis and spread
of CQR worldwide. The structural specificity
of this pfcrt-mediated resistance mechanism
is underscored by the finding that pfcr-mod-

ified clones remained susceptible to amodia-
quine, promoting the use of this and related
compounds that differ in their aminoquino-
line side chain for the treatment of chloro-
quine-resistant falciparum malaria. Identifi-
cation of PfCRT as the major component of
CQR and an important determinant of sus-
ceptibility to other heme-binding antimalari-
als offers alternative strategies for targeting
the hemoglobin detoxification pathway for
malaria treatment and control.

Note added in proof: Wootton et al. (39)
recently presented compelling evidence for
rapid evolutionary sweeps of mutant pfcrt
sequences throughout malaria-endemic areas,
starting from a limited number of initial foci.
These sweeps presumably occurred as a re-
sult of intense chloroquine pressure. These
data complement and support our finding that
mutant pfcrt sequences from different conti-
nents can confer CQR to chloroquine-sensi-
tive parasites.
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Genetic Loci Affecting
Resistance to Human Malaria
Parasites in a West African
Mosquito Vector Population
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Successful propagation of the malaria parasite Plasmodium falciparum within
a susceptible mosquito vector is a prerequisite for the transmission of malaria.
A field-based genetic analysis of the major human malaria vector, Anopheles
gambiae, has revealed natural factors that reduce the transmission of P. fal-
ciparum. Differences in P. falciparum oocyst numbers between mosquito isofe-
male families fed on the same infected blood indicated a large genetic com-
ponent affecting resistance to the parasite, and genome-wide scanning in
pedigrees of wild mosquitoes detected segregating resistance alleles. The ap-
parently high natural frequency of resistance alleles suggests that malaria
parasites (or a similar pathogen) exert a significant selective pressure on vector

populations.

Mosquitoes infected with malaria incur quan-
tifiable costs in reproductive fitness for mea-
sures such as longevity, fecundity, and flight
distance (/-3). In addition, mosquito immune
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genes respond transcriptionally to malaria
parasite infection (4-6), indicating that ma-
laria parasites are detected by mosquito im-
mune surveillance. Inbred lines selected from
mosquito colonies can inhibit parasite devel-
opment through at least two distinct mecha-
nisms: melanotic encapsulation and intracel-
lular lysis (7, 8). Therefore, selective pressure
by parasite infection could drive the natural
selection of resistance mechanisms in mos-
quitoes. However, previous studies of resis-
tance used laboratory strains of mosquitoes
and malaria parasites, which are known to
display biological aberrations in comparison
to natural populations (9—17), and thus the
relevance of these studies to natural malaria
transmission may be questioned. Malaria re-
sistance mechanisms and their significance
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for the biology of malaria transmission have
not been examined previously in natural field
populations of vectors.

For study of the vector-parasite interac-
tion using field populations, standard genetic
techniques that require the creation of inbred
or isogenic lines were not applicable. How-
ever, the large number of progeny produced
by single wild females permitted a novel
study design based on isofemale pedigrees,
which is quite distinct from designs previous-
ly used in human and animal genetics (fig.
S1). In nature, 4. gambiae females mate only
once (/2), and the stored sperm is used to
fertilize successive egg batches that mature
when the female feeds on blood. We captured
pre-mated blood-fed females resting in vil-
lage dwellings in Bancoumana, Mali (West
Africa); allowed them to oviposit in an envi-
ronmentally controlled chamber; and then
raised their respective progeny in the envi-
ronmental chamber (/3). We used the isofe-
male families at either the F, or the F, stage
(the latter produced by mass mating of F,
mosquitoes). All females of a family were
challenged with malaria parasites by being
fed on blood from the same P. falciparum
gametocyte carrier (/4). Unfed mosquitoes
were removed (/5). At 8 days after infection,
the progeny were dissected, and the surviv-
ing oocyst-stage parasites were counted in
each midgut. The number of oocysts per
mosquito constituted the quantitative infec-
tion phenotype.

We investigated the genetic dependence
of mosquito resistance to malaria infection in
two stages. First, in a familiality study, we
compared parasite infection levels between
mosquito families that were each generated
by a different founding pair of wild mosqui-
toes. The goal was to measure interfamily
differences in infection distributions, and
therefore only phenotype measurements were
used. Groups of three F, families were reared
together in an environmental chamber and
were fed simultaneously on blood from a
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Supplemental Materials and Methods and Figures for A. B. S. Sidhu, D. Verdier-Pinard, D.
A. Fidock: pfcrt Mutations Confer Chloroquine Resistance to Plasmodium falciparum Malaria
Par asites.

Parasite transfection. P. falciparum parasite lines were propagated in human red blood cells
(RBC) in RPMI medium supplemented with 0.5% Albumax and were electroporated with purified
plasmid DNA, as described (SL). Transformed parasites were selected using 5 nM WR99210 and 5
mM Blasticidin HCl (Invitrogen) to select for the human dihydrofolate reductase (hDHFR) and
blasticidin S-deaminase (BSD) selectable markers, respectively (S1, S2). Episomal transformation
was quantified by plasmid rescue (S3).

Nucleic acid and protein analysis. P. falciparum genomic DNA was purified using the

NaClO, method (S3, $4). Total RNA was isolated using the Qiagen RNeasy kit and residual DNA
contamination was removed by DNase | treatment. cDNA was synthesized from total RNA using
oligo (dT) priming and Superscript-11 reverse transcriptase (Invitrogen). Tests for genomic DNA
contamination were performed in parallel with mock cDNA reaction samples lacking reverse
transcriptase.

Southern hybridizations were performed with hexamer-primed [32P]-Iabeled DNA probed
against 0.5-2.0 ng of genomic DNA per lane. The pfcrt exon 2-specific probe (340 bp) was PCR
amplified from P. falciparum GCO3 and Dd2 genomic DNA using the primers
5-AGATGGCTCACGTTTAGGTGGAGG and 5-GTAATGTTTTATATTGGTAGGTGG. The
pBluescript probe was generated from linearized plasmid DNA. Hybridization of Sal | + Cla |
digested genomic DNA preparations with the pfcrt exon 2 probe demonstrated replacement of the
9.4 kb band in GC03 with 16.3/8.0/1.2 kb and 16.3/8.0/7.7/1.2 kb fragments in C3°%/C5*™®" and

C4P%/C6"C8 respectively (Fig. S2A). The control C2°°% clone gave 15.9/8.0/1.2 kb bands
consistent with integration of a single BSD plasmid downstream of the functiona chloroquine-
sengitive (CQS)-associated pfert alele. This interpretation was supported by the results of
hybridization with pBluescript plasmid, which detected the same bands except for the 1.2 kb
internal pfcrt fragment (Fig. S2B). A schematic representation of the pfert locus in the recombinant
and control linesis shown in Fig. S1.

Protein samples were prepared from parasites (enriched in late ring and early trophozoite
stages) that had been saponin-lysed, washed with 1~ PBS and denatured in Laemmli buffer. Protein

from 5.0 x 10° parasites was loaded per well, electrophoresed on a 10% SDS-PAGE gel, and
electroblotted onto PVDF membranes (Bio-Rad). Membranes were probed with affinity-purified
rabbit anti-PfCRT antibody (diluted 1:200) (Sb), followed by incubation with horseradish
peroxidase-conjugated goat anti-rabbit 1gG (diluted 1:25,0000; Amersham Biosciences) and
enhanced chemiluminescence detection. Protein loadings were normalized by four pilot gel
migration and transfer assays involving detection of total protein by Coomassie blue staining of
paralel gels and quantitation analysis of Western blots probed with rabbit polyclonal anti-STARP
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antibody as an independent loading control (S6). Densitometric analysis of autoradiograph data
was performed using NIH Image v1.6.2 (http://rsb.info.nih.gov/nih-image/).

DNA constructs, mutagenesis and luciferase assays. pfcrt modular fragments were
assembled from three contiguous sequences. The first sequence, denoted D1 (corresponding to
nucleotides 23553-23757 of the GenBank accession number AF030694), spanned the middle of
exon 1 to the intron 1/exon 2 junction. This was PCR amplified as a 229 bp fragment from Dd2
genomic DNA using the primers 5-caagcggccgcT GAGAATTAGATAATTTAGTACAAGAA-
GGAA (Not | ssite wunderlined, 5 in-frame stop codon in boldface) and 5'-
cacctaggCGTGAGCCATCTGTTAAGGTC (Avr 1l restriction site underlined). This fragment was
subcloned into pCR2.1 (Invitrogen) and the Sal | site in intron 1 was removed by replacing the
internal Sal 1 + Avr Il fragment with a double-stranded adaptor made by annealing the primers
5-TCGAGCTTAACAGATGGCTCACGC and 5-CTAGGCGTGAGCCATCTGTTAAGC (point
mutation leading to loss of Sal | site is underlined).

The second sequence, denoted exons 2-13 (corresponding to nucleotides 23764-26533), was
PCR amplified as a 1162 bp fragment from oligo (dT) primed cDNA of Dd2, 7G8 and GC03 using
the primers 5-acgcectaggTGGAGGTTCTTGTCTTGGTA and  5'-tgagtcgacGTTGGTTAA-
TTCTCCTTC (Avr |l and Sal | restriction sites underlined). The K761 insert was generated from
the Dd2 exons 2-13 fragment following site-directed mutagenesis (Quikchange, Stratagene) with
the primers 5-GTGTATGTGTAATTGAAATAATTTTTGCTAAAAGAAC and
5-GTTCTTTTAGCAAAAATTATTTCAATTACACATACAC (mutagenized codon 76 position
underlined).

The third sequence, denoted Pf3' (corresponding to nucleotides 26540-27590) was PCR
amplified as a 1069 bp fragment from the Dd2 pfcrt 3 UTR region with the primers
5'-aacgtcgacTCAATTATTACACAATAAAAATATATC (Sa | site underlined, stop codon in
boldface) and 5'-gaaggatccTAACTAAACTTGAAATAAGTGGCG (BamH | redtriction site
underlined). Exons 2-13 and Pf3' products were cloned into the pGEM-T vector (Promega). All
inserts were sequenced on both strands to identify error-free clones. Inserts D1, exons 2-13 and Pf3'
were ligated together using their cohesive ends and subcloned as a 2431 bp Not | + BamH |
fragment into the 5.7 kb plasmids pHDWT (S1) and pCBM-BSD (S2). These plasmids express
hDHFR and BSD under the control of the P. falciparum hrp3 5' UTR and hrp2 3' UTR regulatory
elements.

To increase the frequency of single-site crossover events at the 5' end of the pfcrt fragment
upstream of codons 72-76, we replaced the 1.0 kb Pf3' fragment with a 0.7 kb fragment, denoted
Py3', from the 3' UTR region of the P. yoelii rodent ortholog pycg10 (A. B. S. Sidhu and D. Fidock,
unpublished data;, S7). Py3 was amplified wusing the primers 5'-acgtcgac-
TCAATTATTACACAATAAATATTTTTTTTAAATGCCAC (HPLC-purified, Sa | dite
underlined; boldface letters represent pfcrt exon 13 sequence up to the stop codon, remainder is
from the pycglO locus) and 5'-caggatccTATTTCAAAAATCTTAGCATAAGG (BamH | site
underlined). This fragment was cloned into all pBSD-based constructs. Both the Pf3' and Py3'
fragments were confirmed to be functional in transient transfection luciferase assays using pHLH-1-
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derived constructs containing these fragments in place of the hrp2 3UTR sequence (S8). Controlled
duplicate experiments performed three times by DNA preloading of uninfected RBC (S9)
demonstrated luciferase activities averaging 59% of those obtained with pHLH-1, with no
significant differences in activity between Pf3' and Py3' (data not shown). Electroporations were
performed on days zero and two, and parasites were harvested on day three by saponin lysis.
Luciferase activities were measured in 1X luciferase reporter lysis buffer (Promega) on an auto-
injector luminometer (Autolumat LB953, EG& G Berthold, Perkin EImer).

PCR-based detection of allelic exchange events and parasite cloning. Parasite lines
episomally transformed with the pfcrt alelic exchange constructs were PCR screened every month
for integration events occurring as a result of homologous recombination and single-site crossover.
Because all three P. falciparum fragments (pfcrt, hrp3 and hrp2) in the transformation plasmids
represented potential sites of integration, these were separately screened for integration. pfert
integration was tested using PCR primer combinations listed in Table S1 (separate file). The
presence of human dhfr was confirmed using the primers
5-ATGCATGGTTCGCTAAACTGCATCG and 5-AAGCTTAATCATTCTTC-TCATATACTTC
(producing a 0.57 kb fragment). The primer combinations 5-TAATACGACTCACTATAGGG +
5-AACAAGTTATTGTTAAATTCGGAG and 5-CACGAAGCCGCCACACATTGCC +
CAAAGGAGCAAACAATTTTGTC were used to screen for integration into hrp3 (resulting in a
2.19 kb band) and hrp2 (producing a 1.02 kb band) respectively.

Mutation-specific PCR screening for exchange of point mutations in codons 72-76 was
performed using the primers 5-GTTCTTTTAGCAAAAATTGTTTCA (Dd2) or
5-GTTCTTTTAGCAAAAATTTTATTC (GCO03), combined with the ubiquitous primer
5-AATTTCTTACATATAACAAAATGAAATTCGCAAGT. PCR products were sequenced using
internal primers. In some instances, strategies to detect rare integration events were facilitated by
the loss of a Sal | site in intron 1 and the introduction of novel Avr Il and Sal | sites into exons 2
and 13, respectively (none of these changes altered the coding sequence). The proportion in each
transformed line of parasites that had undergone pfcrt allelic exchange was estimated by comparing
yields of recombinant and wild-type PCR products obtained with several genomic DNA dilutions
and primer pairs. Parasites were cloned by limiting dilution (up to 3 series, with a maximum first
series of 10% infected RBC per well and alast series at 0.25 infected RBC per well) in 96-well tissue
culture plates. Clones were detected using the P. falciparum lactate dehydrogenase-specific
Malstat™ assay (S10).

In vitro antimalarial drug assays. The response to antimalarial drugs was measured in vitro
using 72 hr [3H]-hypoxanthine assays in 96-well plates, starting with an initial parasitemia of
0.4%-0.5% (S1, S11). The percentage reduction in [3H]-hyp0xanthine incorporation, a standard

marker of parasite growth inhibition, was equal to:
100 C ( (geometric mean cpm of wells without drug) - (mean cpm of test wells) )
(geometric mean cpm of wells without drug)
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ICs, and ICy, values were determined by regression analysis and curve fittings. Both the
unpaired Student’s t test and the Mann-Whitney test were performed for al comparisons between
lines and the latter, more stringent test was used for data presentation. In vitro data and chemical
structures are shown in Table S2 (see separate file) and Fig. S3 (see below).

Chloroquine accumulation analysis. P. falciparum parasites were sorbitol-synchronized and
assayed at 2—-8% parasitemia, 75-85% early to mid-stage trophozoites and 2-3% hematocrit. [*H]-
labeled chloroquine (specific activity 5 Ci/mmol, American Radiolabeled Chemicals) was added to
duplicate samples (each at 0.3 ml of culture) at afinal concentration of 30 nM. Thisvalueiscloseto

the 1C5, value of the CQS clones (Table S2). Assays were carried out in RPMI medium (containing
NaHCO;) for up to 60 minutes at 37°C in 24-well plates placed in humid chambers gassed with 5%

O, / 5% CO, / 90% N,. Samples were then centrifuged through silicon oil (d = 1.050, Aldrich) to
separate the RBC pellet from unincorporated label, and the pellets and supernatants processed as
described (S12-S14). Control samples included uninfected RBC and infected RBC in which the

[*H]-chloroquine was added along with 10 mM unlabeled chloroquine. Statistical significance was
examined using Mann-Whitney tests.
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Fig. S1 (previous page). Allelic replacement of pfcrt viatwo rounds of single-site crossover. (A)
Allelic replacement of pfcrt in the CQS clone GC03. The primary transformation construct
phDHFR-crt-GC03™ (8.1 kb) used human dihydrofolate reductase (nDHFR) as the selectable
marker and contained a pfcrt sequence (from GCO03) that had a deletion in exon 1 and lacked the

introns between exons 2-13. Transfection of GCO3 with this construct led to the C1°° clone,
which had undergone single-site crossover and homologous recombination upstream of codon
positions 74-76. C1°“*® contained a functional pfcrt alele (unaltered at the polymorphic
positions) that retained endogenous promoter and terminator elements. The putative transcription
start site in the 5' untrandated region (UTR) upstream of the functional allele is indicated.
Downstream pfcrt remnant sequences were truncated in exon 1, had a 5' in-frame stop codon to
prevent transation and lacked a promoter. (B) Generation of lines expressing recombinant pfcrt
variants containing entire sets of point mutations from CQR parasites. The secondary
transfection constructs used blasticidin S-deaminase (BSD) as the selectable marker. The
diagram illustrates transfection of the CQS clone C1°“% with pBSD-crt-Dd2”® (7.7 kb). This
construct contained a pfcrt sequence from Dd2 with a deletion in exon 1, no introns between
exons 2-13 and a downstream 0.7 kb 3' UTR sequence from the P. yoelii ortholog pycglO.
Homologous recombination upstream of codon positions 74-76 resulted in generation of a
functional pfcrt alele containing all the point mutations from the CQR parasite Dd2, under the
control of pfcrt 5' UTR and pycgl0 3' UTR regulatory elements. This recombination event was
isolated in the clone C4P%. Downstream remnant pfcrt fragments were truncated in exon 1, had a
5" in-frame stop codon and lacked a promoter. The copy number of these remnant fragments
depended on the number of tandem integrations of the hDHFR- or BSD-based constructs.

Additional constructs that were used included pBSD-crt-Dd27%, pBSD-crt-K 761" and pBSD-

crt-7G8™3. Pf3' and Py3' constructs were 8.1 kb and 7.7 kb respectively. These constructs
contained pfcrt sequences from the COR lines Dd2 (Indochind), K761 (of Sudanese origin) and
7G8 (Brazil). Superscripts refer to the origin of the 3UTR (Pf3, 1.1 kb fragment from pfcrt;
Py3, 0.7 kb fragment from pycgl10). (C) C3P% and C4°% differ in their 3 UTR. C5<™® and

C6’“8 (not shown) differ in the pfcrt coding sequence, which came from K761 and 7G8

respectively and which resulted in the expression of a distinct PFCRT haplotype. C2°°* was

generated from C1°“® transformed with pBSD-crt-Dd2™3. In C2°°%, recombination occurred
in the contiguous hrp3 / pBluescript (pBS) region downstream of the functional pfcrt alele. This
did not alter the pfcrt coding sequence and served as a critical internal control for phenotypic
analysis. PFCRT haplotypes and primer details are listed in Tables 1 and S2 respectively. All
sequences are drawn to scale except for pBS and the hDHFR and BSD selectable markers (all
30 kb). C, Clal; S, Sd I; Pf3 and Py3' are from the 3' UTR regions of pfcrt and pycglO,
respectively; mmmm and e represent pfert sequences from the CQR line Dd2 and the CQS lines
GC03 and C1°“%, respectively.



Sidhu et al — pfcrt and CQR - Supplement — 7

pfcrt exon 2 pBluescript pl+p2 pl+p3

Fig. S2. Molecular confirmation of pfcrt allelic exchange and expression. Genomic DNA of
recombinant and nontransformed lines was digested by Cla | + Sal | and hybridized with pfcrt
exon 2 (A) or pBluescript (B) probes. Band patterns were consistent with plasmid integration
into the pfcrt locus by homologous recombination. RT-PCR (C) and PCR (D) analysis confirmed
transcription of the functional recombinant pfcrt alele and replacement of the endogenous pfcrt
allele. No transcription was observed from the downstream remnant pfcrt sequences (Fig. S1,
data not shown). Allelic replacement was confirmed by sequence analysis of PCR products (data
not shown). Primer sequences and band sizes are listed in Table S1 (see separate file). (E)
Western blot analysis revealed expression of full-length PFCRT in control and recombinant
clones.
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Fig. S3. Structure of antimalarial drugs and active metabolites tested against pfcrt-modified
clones. Quinine, quinidine, and mefloguine (all quinoline methanols) share the aminoquinoline
ring found in chloroquine and its side-chain analog amodiaquine, whereas this ring is absent in
artemisinin (a sesquiterpene peroxide).



Table S1. Primer pairs used for the analysis of pfcrt allelic exchange events*
Clone Nucleic Acid pl+p2 pl+p3 p4+p5 pl+p6 p7+p8
Gcos' cDNA 1514 bp negative 390 bp negative negative
genomic DNA 3305 bp negative 722 bp negative negative
C1°¢% cDNA 1514 bp negative 390 bp negative negative
genomic DNA 1683 bp negative 559 bp negative negative
Cc2°¢% cDNA 1514 bp negative 390 bp negative negative
genomic DNA 1683 bp negative 559 bp negative negative
c3P¥/c5<® cDNA 1514 bp negative 390 bp negative negative
genomic DNA 1683 bp negative 559 bp 3210 bp negative
c4”%ice™® cDNA negative 1399bp 390 bp negative 2489 bp°
genomic DNA negative 1568 bp 559 bp 2850 bp 2658 bp

*pl: 5-CCGTTAATAATAAATACACGCAG (pfcrt 5’'UTR); p2: 5-TCCTTATAAAGTGTAATGCGATAGC (Pf3");
p3: 5-CATAGTTTGTATCTTTATGTGGCA (Py3'); p4: 5-AATTCAAGCAAAAATGACGAGCG (pfert exon 1);

p5: 5'-GACTGAACAGGCATCTAACATGG (pfcrt exon 2); p6: 5-ACAGCCGACGGCAGTTGGG (BSD);
p7: 5-CTTTCCCAAGTTGTACTGCTTC (pfcrt 5’'UTR); p8: 5'-CAGGATCCTATTTCAAAAATCTTAGCATAAGG (Py3)).

"The same sizes were observed for Dd2, K76l and 7G8.

§ This predicted size was not tested by RT-PCR. Shaded cells indicate PCR reactions shown in Fig. S2C, D.

All other primer combinations were tested and matched predictions.
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Table S2. Antimalarial drug responses in pfcrt-modified P. falciparum lines
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Parasite Clones

Drug Levels GCO03 C8c0s C20¢c0s C3°% C4°® Dd2 C5xe K76l ce’ee 7G8

CO IC=0 29.2+2.0 27.4+3.1 22.9+2.8 143.8+11.4  147.4+13.3 195.1+25.3 101.7£7.0 122.9+17.3 126.9+17.2  140.4+15.0
CO ICwp 36.2+1.2 33.3%3.9 31.1£3.0 237.0£13.6  236.7+19.5 281.4+24.3 165.1+13.6 194.1+20.0 192.6%20.4 239.5%21.8
CQICsdVP  28.7%2.3 27.9+2.8 21.8+2.6 76.2+7.5 71.3%9.1 70.4+12.3 49.4+4.9 57.8+10.5 106.2+11.7  103.4+10.6
CQICw/VP  36.2+1.3 33.8+3.7 30.4+3.2 137.949.5 128.9+11.0 116.6x14.3 100.4+11.5 93.5+14.2 148.6+15.4  131.5%£30.7
m-dCQ ICs0  35.3+1.4 nd 37.7+1.0 875.2+144.3 1182.2+72.2 2054.0+180.8 635.3+97.3 nd 649.4+37.7  948.8+86.3
m-dCQ ICs  52.1+2.4 nd 67.3+2.8 1855.2+304.5 1900.8+£159.7 3265.6+359.1 876.9+134.0 nd 1321.0+£112.7 1725.7+78.4
ADQ ICso 18.3+3.6 20.2+3.2 18.2+4.1 31.6+2.7 25.8+2.3 23.5#5.1 28.945.2 22.4+3.0 35.8+7.2 31.7+6.8
ADQ ICo 23.1+4.7 24.7+3.3 22.7+4.7 43.51.3 36.0+4.2 35.5+7.9 37.4+7.4 27.9+4.1 45.6%7.6 47.5%6.4
ADQ ICsdVP  18.2+2.3 19.2+2.1 18.1+3.4 24.5+0.6 21.0+2.3 20.9+1.3 22.6+3.4 23.6+4.8 27.5+4.5 25.9+2.9
ADQ ICa/VP  20.8£1.5 24.3+4.7 24.9+1.3 35.4+4.3 31.8+2.5 36.2+2.4 38.5+4.7 36.6%7.5 38.1+7.1 38.3+3.3
m-dADQ ICso  32.5%0.6 nd 45.2+9.7 70.2+3.3 67.9+2.0 96.7+19.9 54.8+1.2 nd 86.2+5.6 229.3+12.2
m-dADQ ICe 49.6+4.8 nd 61.1+12.0 115.9+18.6  122.0+8.2 125.5+23.7 80.9%2.0 nd 154.0+2.5 291.5£22.1
ON ICso 228.0+41.1  236.0+50.4 171.2+28.4 74.7+11.2 93.0+16.6 290.0+44.5 52.3+5.2 17.2+3.9 71.5+14.2 135.6+20.4
ON ICw 773.3£136.3 727.6%161.7 501.1+139.8 270.6+53.9 446.4+96.2 537.0+65.7 169.6+14.6 73.4+18.8 285.6+49.6  310.0+53.5
QN ICs/VP  219.8432.5 220.4%#48.4 169.8+27.3 29.9%4.0 36.0+7.5 87.8+18.3 24.1+2.5 42.1+£10.5 55.0+7.1 104.3+22.6
QN ICo/VP  755.8+150.0 704.1+180.1 474.6+115.2 161.4+¥43.7 530.9%£148.9 276.8+#55.2 201.8436.1 139.0+32.8 237.3%46.3 272.2+53.9
OD ICso 42.3+8.0 34.4+7.3 26.9+5.4 38.7+4.1 38.+4.6 178.3+22.3 32.5+6.1 64.2+13.2 21.5+3.3 44.9+10.3
OD ICw 83.3x11.6 60.0+£7.8 51.5#9.5 175.6£26.7 122.3%x32.5 308.5+36.6 120.8+22.7 167.6+26.3 97.8+18.2 102.5+23.2
QD ICs/VP  37.4%6.7 35.9+6.9 24.7+4.0 15.8+2.6 15.8+2.5 58.4+5.2 18.8+4.0 29.845.6 17.1+2.5 36.5+7.9
QD ICw/VP  72.149.3 58.3%7.7 47.5+8.8 110.6+22.8 73.5+18.0 167.7+3.5 108.5+21.7 68.5+11.9 82.4+12.7 82.0+21.0
MFQ ICso 52.6+5.4 59.1+6.9 54.7+1.5 24.1+2.2 33.1+3.1 46.8+2.0 30.9+3.5 26.8+6.8 27.3+3.4 9.6+1.3
MFQ ICo0 71.4+8.9 111.0+£17.1  105.8%7.2 55.1+2.0 59.4+1.7 123.7£12.9 63.7%8.9 53.9+10.1 52.8+2.8 27.3%2.4
MFQ ICsd/VP  65.0%5.7 78.0+9.3 76.4+2.7 20.1+0.6 22.4+0.4 19.4+1.0 24.5+2.7 38.9+9.6 27.2+3.3 8.4+0.9
MFQ ICe/VP  95.7+10.5 130.3+18.4  124.2%4.7 90.1+15.6 84.7+8.0 103.7+£13.2 103.3#16.1 92.3%£19.6 77.9%2.9 20.4+2.5

~ Continued -~
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Table S2. Antimalarial drug responses in pfcrt-modified P. falciparum lines  (continued )

Parasite Clones

Drug Levels GCO03 C8c0s C20¢c0s C3°% C4°® Dd2 C5xe K76l ce’ee 7G8

ART ICso 39.4+6.9 39.2+6.2 39.1+7.0 12.0+1.2 12.6+1.8 46.3+7.6 15.8+3.5 30.6+3.1 17.2+3.0 21.6+6.3
ART ICo 65.2+12.0 65.2+11.8 65.2+10.6 30.5+2.7 31.8+6.2 60.7+10.1 40.1+£5.3 46.3+4.6 30.2+4.8 42.0+6.8
ART ICsdVP  33.2+6.0 33.946.5 35.0+6.7 9.3+0.7 9.6+x1.4 32.6+3.9 10.2+2.3 33.943.2 14.3+3.6 20.1+5.8

ART ICe/VP  66.6£12.8 59.5+11.1 63.8+10.1 31.6%£3.6 34.5+£5.7 58.9+19.0 45.3+2.1 53.5%£5.6 30.6£6.5 40.1+3.1

dhART ICs0  3.5%0.2 nd 4.6+0.3 1.7+0.1 2.3+0.5 4.6+0.7 1.6+0.1 nd 1.9+0.5 2.210.1
dhART ICe  13.6+0.4 nd 14.9+0.2 5.5+0.7 10.7+£3.0 14.9+1.2 9.0+1.3 nd 7.3+.14 7.0+1.6

ICso and ICge values were derived by curve fitting analysis of drug inhibition data generated from 72-hr [3H]-hypoxanthine incorporation assays. All lines were
tested at least four times in duplicate against each antimalarial compound, except the metabolites that were tested three times in duplicate. Values indicate mean
+ SEM, shown in nM. ADQ, amodiaquine; ART, artemisinin; CQ, chloroquine; dhART, dihydroartemisinin; m-dADQ, mono-desethylamodiaquine; m-dCQ, mono-

desethylchloroquine; MFQ, mefloquine; nd, not determined; QD, quinidine; QN, quinine; VP, verapamil (used at 0.8 m\).
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