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Chloroquine resistance (CQR) in Plasmodium falciparum
is associated with mutations in the digestive vacuole
transmembrane protein PfCRT. However, the contribution
of individual pfcrt mutations has not been clarified and
other genes have been postulated to play a substantial
role. Using allelic exchange, we show that removal of the
single PfCRT amino-acid change K76T from resistant
strains leads to wild-type levels of CQ susceptibility, in-
creased binding of CQ to its target ferriprotoporphyrin IX
in the digestive vacuole and loss of verapamil reversibility
of CQ and quinine resistance. Our data also indicate that
P{CRT mutations preceding residue 76 modulate the de-
gree of verapamil reversibility in CQ-resistant lines. The
K76T mutation accounts for earlier observations that CQR
can be overcome by subtly altering the CQ side-chain
length. Together, these findings establish PfCRT K76T as
a critical component of CQR and suggest that CQ access
to ferriprotoporphyrin IX is determined by drug-protein
interactions involving this mutant residue.
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Introduction

Chloroquine (CQ) was for decades the gold standard for
prevention and treatment of uncomplicated Plasmodium
falciparum malaria. However, the emergence and spread of
CQ resistance (CQR), first detected in Columbia and Thailand
and moving later into Africa, has contributed to a deteriorat-
ing malaria situation worldwide (Trape et al, 2002).

Key to the mode of CQ action is the process of hemoglobin
degradation, which liberates toxic ferriprotoporphyrin IX
(FP) moieties in the intracellular parasite’s digestive vacuole
(DV). These moieties are detoxified via incorporation into
inert hemozoin polymers consisting of FP dimers (Pagola
et al, 2000). CQ, a weak base, inhibits detoxification by
accumulating in the DV (as CQ**) and binding to FP, causing
parasite death presumably as a consequence of increased
membrane permeability and lipid peroxidation (Waller et al,
2004).

CQ-resistant parasites exhibit elevated CQ ICsy values,
reduced CQ accumulation and partial reversibility of resis-
tance by the calcium channel blocker verapamil (VP)
(Krogstad et al, 1987; Martin et al, 1987). Yet the biochemical
mechanism of CQR has remained enigmatic, with theories
espousing reduced CQ access to FP via leak of charged drug,
carrier-mediated drug efflux, reduced influx, altered CQ
partitioning or heme turnover rates resulting from pH gradi-
ent changes, heme binding proteins or altered glutathione
levels (Wellems and Plowe, 2001; Ursos and Roepe, 2002;
Johnson et al, 2004; Sanchez et al, 2004).

A genetic cross between a CQ-resistant line (Dd2,
Indochina) and a CQ-sensitive line (HB3, Honduras) earlier
revealed a tight association between inheritance of VP-rever-
sible CQR and polymorphisms in the DV transmembrane
protein PfCRT (Plasmodium falciparum chloroquine resis-
tance transporter) (Fidock et al, 2000). Variant pfcrt alleles,
encoding distinct haplotypes yet sharing a common K76T
mutation, have been associated with in vitro CQR in lines
from Asia, Africa and South America (reviewed in Bray et al,
2005). This correlation however did not extend to all field-
based studies (Thomas et al, 2002; Lim et al, 2003). This
might reflect the involvement of additional genes potentially
including pfmdrl1 (Foote et al, 1989; Wilson et al, 1989; Reed
et al, 2000), undetected pfcrt polymorphisms or technical
caveats associated with performing one-time, field-based
drug susceptibility assays on non-culture-adapted, frequently
polyclonal patient isolates. A key role for pfcrt was reported
by Sidhu et al (2002), who demonstrated acquisition of
in vitro CQR by an originally CQ-sensitive line (GC03)
engineered to express mutant pfcrt (from the CQ-resistant
lines 7G8 (Brazil) and Dd2).

In vivo studies have also reported a significantly increased
risk of CQ treatment failure in patients with P. falciparum
infections carrying pfcrt K76T alleles (Wellems and Plowe,
2001; Basco et al, 2002; Ochong et al, 2003). This risk was
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highest in very young children, in whom acquired immunity
is thought to have little influence on clinical outcome (Djimdé
et al, 2001). Some patients carrying pfcrt K76T infections
however were observed to respond clinically to CQ, fueling
debate on the relative contributions of immunity and pfert
(Chen et al, 2002; Happi et al, 2003). Here, we have further
investigated the contribution of PfCRT K76T by transfection
and characterization of recombinant parasites.

Results

Targeting pfert codon 76 by allelic exchange
Replacement of the mutant pfert T76 codon with the wild-
type K76 codon, in CQ-resistant parasites harboring pfcrt
alleles representative of Old World (Dd2) or New World
(7G8) origins, was achieved by allelic exchange. The strategy
was based on homologous recombination with the transfec-
tion plasmid pK76, effectively replacing endogenous pfert
with a recombinant locus consisting of a downstream, full-
length functional pfcrt and an upstream, truncated nonfunc-
tional pfcrt remnant (Figure 1A). Crossover events down-
stream of codon 76 introduced a T76K substitution in the
full-length functional pfcrt, generating a ‘back-mutant’ line
(Table I and Figure 1A). Crossover events upstream of codon
76 generated the same recombinant locus without altering the
haplotype, thus providing recombinant controls.

Minimal promoter elements were first defined that could
drive transcription of recombinant full-length pfcrt. For this,
we amplified the 3.0kb region separating pfcrt from the
upstream cg3 gene. Unidirectional digestion produced se-
quences stretching 1.6, 1.2 and 1.0kb upstream from the
pfert start codon. These elements gave mean +s.e.m. lucifer-
ase activities of 84+12, 60+13 and 3+2%, respectively,
relative to the 3.0kb element (n=4 assays). Our allelic
exchange strategy employed the 1.6kb element, which gave
acceptable transcription activity while retaining favorable
odds that a recombination event would occur downstream
of codon 76.

To generate the desired recombinant clones, we transfected
Dd2 and 7G8 parasites with pK76 (Figure 1A). Parasite lines
that underwent integration into pfcrt were identified by PCR
and sequencing, and cloned. Recombinant back-mutants were
named T76K-1°%, T76K-2P%, T76K-17°® and T76K-27®, based
on their genetic background (Table I). Recombinant controls
were named C-1°92, C-2P%2, C-176® and C-27°%. PCR with
primers p3/p4 and p5/p6 yielded, for all recombinant lines,
3.4 and 3.3kb bands corresponding to functional and trun-
cated pfcrt sequences, respectively (Figure 1B). Sequencing of
nested PCR products confirmed their PfCRT haplotypes.
Primers p5/p4, specific for endogenous pfcrt, produced a
3.4kb band from parental (nontransfected) lines and episo-
mally transfected cultures but not from the cloned recombi-
nants (Figure 1B; data not shown).

Allelic replacement was confirmed by Southern hybridiza-
tion. Upon Bglll/Stul/Xbal digestion, all recombinant lines
displayed 7.8, 7.4 and 4.8kb bands when hybridized with
a pfcrt probe (exon 2-intron 3), and 7.8 and 7.4 kb bands with
a blasticidin S-deaminase (bsd) probe (Figure 1C). Parental
lines produced a 5.2kb band. Stul/Bglll digestion, which
cleaves sites flanking pfcrt (Figure 1A), revealed tandem
integration of two or more plasmid copies in all recombinant
lines (Figure 1D).
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Analysis of pfert expression in cloned recombinant lines
RT-PCR with primers p7/p9 showed transcription from the
full-length pfcrt locus in all lines (Figure 1E). In the recombi-
nants, transcription was also detected with primers p7/p6
from the upstream remnant, which retained the endogenous
promoter but was truncated midway through pfert
(Figure 1E). Northern blot hybridizations revealed a 3.5kb
transcript emanating from the functional locus in all recom-
binant lines, compared to a 4.2kb transcript from parental
Dd2 and 7G8 (Figure 1F). Based on earlier mapping (Waller
et al, 2003), this indicated that recombinant downstream pfcrt
transcripts originated close to the start of the 1.6 kb element.
Hybridizations with ef-Io. revealed similar loading in all
lanes. Densitometry predicted a 65-75% decrease in steady-
state transcript levels of recombinant functional pfert
compared to the parental locus. Western blots of highly
synchronized parasite protein extracts, probed with antibo-
dies to either PfCRT or PfERD2 (loading control), predicted
a 40-55% decrease in expression levels in back-mutant
and control recombinants, compared to parental lines
(Figure 1G). This greater reduction in mRNA compared to
protein levels upon pfcrt allelic exchange was also observed
previously (Waller et al, 2003).

Removal of the PfCRT K76T mutation abolishes COQR
and VP reversibility of CQ and quinine resistance
Generating the back-mutant lines enabled us to determine the
contribution of K76T to P. falciparum susceptibility to anti-
malarial agents. Assays were performed against CQ and its in
vivo metabolite mono-desethylchloroquine (m-dCQ), quinine
(QN) and its diastereoisomer quinidine (QD), amodiaquine
(ADQ), mefloquine (MFQ), artemisinin (ART) and amanta-
dine (AMT). CQ, m-dCQ and QN were all tested with or
without VP (Figures 2 and 3). For each line, 3-14 indepen-
dent assays were performed in duplicate (detailed after in
Supplementary Table I).

For the Dd2 lineage, the T76K substitution resulted in a
total loss of CQR. Mean CQ ICs, values were 22.1 and 25.7 nM
in the back-mutants T76K-1°% and T76K-2P%, a degree of
sensitivity equivalent to the reference CQ-sensitive line GC03
(22.8 nM; Supplementary Table I). These values were six- to
seven-fold lower than those of C-1°%? and C-2% controls
(P<0.01) and 11- to 13-fold lower than Dd2. Loss of resis-
tance was even more dramatic with m-dCQ, with T76K-1P4
and T76K-2P% demonstrating ICso values of 23.8 and
30.8nM, directly comparable to GCO03 (35.3nM). These
back-mutant m-dCQ values were 24- to 38-fold lower than
recombinant controls (P<0.001) and 48- to 62-fold lower
than Dd2. We note that the control lines C-1°% and C-2P4?
(which underexpress PfCRT by about half; Figure 1G) had CQ
and m-dCQ ICsy values that were approximately two-fold
lower than Dd2. This confirmed an earlier observation that
reduced PfCRT expression levels can lower the degree of CQR
(Waller et al, 2003).

Interestingly, there was a statistically significant, approxi-
mately 40% decrease in ICsy values for QN in the Dd2
recombinant control and back-mutant lines (which all gave
similar ICso values), compared to Dd2 (Figure 2). Smaller
decreases in ICsy values were observed for QD, MFQ and
ADQ in the Dd2 back-mutants; however, these were not
significant.
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Figure 1 Allelic exchange strategy and molecular characterization of recombinant clones. (A) Schematic depicting integration of the pK76
plasmid into the endogenous pfcrt locus by homologous recombination and single-site crossover. The recombinant downstream locus
contained a full-length functional pfcrt gene, transcriptionally controlled by a shortened pfcrt promoter and the endogenous 3'UTR. A truncated
pfert remnant (with the first 5 of 13 exons), the bsd selectable marker and pBluescript (pBS) sequence were located upstream. Square brackets
delineate the plasmid sequence that could integrate as multiple tandem copies (n). Fragments obtained upon restriction digestion, and pfcrt or
bsd probe locations, are indicated. B, Bglll; S, Stul; X, Xbal. (B) PCR detection of recombinant functional (downstream) pfcrt with primers
p3/p4 (top panel), the truncated (upstream) remnant with primers p5/p6 (middle panel) or endogenous pfcrt with primers p5/p4 (bottom
panel). Lanes: 1: Dd2; 2: T76K-1P%; 3: C-1P9%; 4: 7G8; 5: T76K-17%%; 6: C-17C%; 7: TMD1-1; M: 1 kb DNA ladder. Lane identities are maintained
throughout the figure. (C, D) Southern hybridization of genomic DNA digested with Bglll/Stul/Xbal (C) or Bglll/Stul (D), and probed with pfcrt
or bsd. (E) RT-PCR assays with primers p7/p9 revealed a 1.1 kb transcription product from the functional downstream locus (recombinant
lines) and the endogenous locus (parental lines). Primers p7/p6 gave a 1.0 kb transcription product from the upstream truncated pfcrt remnant
(in the recombinant but not parental lines). (F) Northern hybridization of total RNA probed with pfcrt or ef-1a.. The RNA gel used for blotting
shows equivalent loading. Data shown are representative of four separate Northern analyses performed on synchronized parasites. (G) Western
blot of protein samples from recombinant and parental lines probed with antibodies to PfCRT or the Golgi marker PfERD2. Total protein
amounts were loaded in two-fold dilutions, with three sets of dilutions per line (see Supplementary data).
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Table I PfCRT haplotype of recombinant and parental lines

Line Transfection plasmid Rec.?  Rec. event®  Altered pfert haplotype Functional PfCRT haplotype®
72 74 75 76 220 271 326 356 371
Dd2 N/A No No C I E T S E S T I
C-1Pe2 PK76 Yes up No C I E T S E S T I
C-2P%2 pK76 Yes up No cC 1 E T S E S T I
T76K-1P% pK76 Yes dn Yes cC I E K S E S T I
T76K-2P% pK76 Yes dn Yes cC I E K S E S T I
7G8 N/A No No S M N T S Q D L R
C-1768 pK76 Yes up No S M N T S Q D L R
C-27¢8 pK76 Yes up No S M N T S Q D L R
T76K-1768 pK76 Yes dn Yes c I E K S Q D L R
T76K-27¢8 pK76 Yes dn Yes c I E K S Q D L R
TMD1-1 pT76 Yes dn Yes C I E T S Q D L R
TMD1-2 pT76 Yes dn Yes C 1 E T S Q D L R
GCO03 N/A No No C M N K A Q N I R
3D7 N/A No No C M N K A Q N 1 R
“Rec., recombinant.
PRecombination event happened upstream (up) or downstream (dn) of codon 76.
“Italicized letters indicate changes introduced into the functional PfCRT protein in recombinant lines.
TMD1, transmembrane domain 1; N/A, not applicable.
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Figure 2 Antimalarial susceptibility profiles of pfcrt-modified lines on the Dd2 genetic background, showing a graphical representation of ICs,
values (mean+s.e.m.) (values indicated in Supplementary Table I). Note that the m-dCQ graphs have a two-segment Y-axis to adequately
represent the range of values. For graphs with left and right Y-axes (with different scales), the left side (blacks bars) corresponds to QD or ADQ,
whereas the right side (gray bars) corresponds to MFQ or AMT. Values are expressed in nM for all drugs, except AMT for which the unit is uM.
VP was included at 0.8 uM. Each mean value was calculated from 3-14 assays performed in duplicate. Determinations of statistical significance
used unpaired two-tailed t-tests, with the P-value reporting the lesser of the significant values obtained when comparing back-mutant lines
against each of the two control recombinant lines. *P<0.05; **P<0.01; ***P<0.001. The haplotypes of all lines are listed in Table I.
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Figure 3 Antimalarial susceptibility profiles of pfcrt-modified lines on the 7G8 genetic background. Data are presented as described in Figure 2

legend.

We also assayed AMT, in view of recent reports that CQ-
resistant parasites are hypersensitive to this influenza A M2
ion channel inhibitor (Johnson et al, 2004). Dd2 and recom-
binant control lines showed mean ICsq values of 20-29 uM
(Figure 2). In comparison, the CQ-sensitive Dd2 back-mu-
tants became 11- to 17-fold less susceptible (P<0.001; mean
ICsg values of 309-331 pM). Thus, in Dd2 parasites, the PfCRT
K76T mutation appears to significantly influence AMT sus-
ceptibility. We note that in a previous study, in vitro AMT
pressure of the K1 (Thailand) CQ-resistant line resulted in an
AMT-resistant mutant that had also lost VP-reversible CQR
and had acquired two novel pfcrt point mutations (T152A and
S163R) (Johnson et al, 2004). These data suggest that various
mutations in Dd2-like pfert alleles can confer parasite resis-
tance to AMT.

For the 7G8 lineage, a total loss of CQR was also observed
in the back-mutants. CQ ICsy values were 23.9 and 25.5nM
for T76K-17°® and T76K-27C®, respectively (Supplementary
Table I), which were four- to five-fold lower than C-17“® and
C-27%% (P<0.001), and 10- to 11-fold lower than 7G8
(Figure 3). The CQ-sensitive line 3D7 gave a CQ ICs, value
of 25.2nM. Again, the loss was greater with m-dCQ, with

©2005 European Molecular Biology Organization

T76K-17%% and T76K-27%8 showing ICs, values comparable to
3D7 (29-421nM), 11- to 13-fold lower than C-17°® and C-27¢8
(P<0.01) and 28- to 29-fold lower than 7G8.

QN assays revealed a statistically significant two-fold
decrease in ICsy values in the 7G8 back-mutant lines com-
pared to the controls (P<0.001; Figure 3). Thus, for 7G8 (but
not Dd2), K76T appeared to contribute to QN resistance.
These different QN results with Dd2 and 7G8 support the
idea that pfcrt is but one component of a multifactorial basis
of QN resistance (Reed et al, 2000; Sidhu et al, 2002; Ferdig
et al, 2004), and that the extent of its contribution differs
between strains. For our 7G8 lines, no significant differences
were observed for QD, ADQ or MFQ. For AMT, all 7G8 lines
displayed high ICs, values (129-213 uM), irrespective of pfcrt
codon 76. Thus for 7G8 (in contrast to Dd2), the AMT
response appears to be governed either by pfcrt polymorph-
isms not tested herein or by separate genes.

These assays also revealed a total loss of VP reversibility of
CQ and m-dCQ resistance in all Dd2 and 7G8 back-mutant
lines (P<0.01; Figures 2 and 3 and Supplementary Table I),
implicating residue 76 as a key component of the VP-rever-
sible CQR phenotype in these two geographically distinct

The EMBO Journal 5
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parasites. Recombinant control lines retained similar degrees
of VP reversibility as parental, nontransfected lines.

Arguably, loss of CQR would inevitably lead to loss of VP
reversibility, if there were no longer a mechanism to reverse
in CQ-sensitive parasites. Thus, to separate VP reversibility
from drug resistance per se, we took advantage of the highly
VP-reversible, QN resistance phenotype observed in the Dd2
back-mutants. VP reversibility was quantified using the
‘Response Modification Index’ (RMI: defined as the ratio of
the ICso in the presence of VP to that in VP’s absence)
(Mehlotra et al, 2001). For Dd2 and the controls C-1°% and
C-2P%, the QN RMI was 0.31-0.42 (equivalent to a QN
resistance reversal of 69-58%). This was in sharp contrast
to T76K-17%2 and T76K-2P%, for which the QN RMI increased
to 0.89 and 0.91 (P<0.01; see Supplementary Figure 1). Thus,
the loss of T76 abolished VP reversibility of both CQ and QN
resistance in Dd2 parasites.

PfCRT transmembrane domain 1 mutations preceding
K76T determine the degree of VP reversibility

Dd2 and 7G8 are known to differ in their degree of VP
reversibility (Mehlotra et al, 2001; Figures 2 and 3), and differ
at seven positions in PfCRT, including residues 72, 74 and
75 in transmembrane domain 1 (TMD1) that precede K76T
(Table I). To assess whether the preceding TMD1 mutations
might be responsible for these differences in VP reversibility,
we replaced 7G8-type TMD1 with the corresponding Dd2
sequence, while retaining all downstream 7G8 mutations.
Recombinant parasites expressing this chimeric gene were
identified and two clones, TMDI1-1 and TMDI1-2 (Table I),
were characterized. Considering amino acids 72-76 as a
haplotype, these TMD1 mutants were CVIET, versus CVIEK
for the back-mutants (T76K-17%® and T76K-27°%) and SVMNT
for the recombinant controls (C-17°® and C-27¢%). Molecular
analyses confirmed their recombinant nature (Figure 1; data
not shown).

Drug assays (4-7 for each line, performed in duplicate)
produced CQ and m-dCQ RMI values, respectively, of 0.37
and 0.43 for TMDI1-1 and 0.36 and 0.39 for TMDI1-2. In
comparison, CQ and m-dCQ RMI values were 0.35 and 0.37
for Dd2 and 0.68 and 0.64 for 7G8 (consistent with reduced
VP reversibility in 7G8). CQ RMI values were significantly
different between TMD1 lines and 7G8 (P<0.05; Suppleme-
ntary Figure 1). Yet TMDI1 and recombinant controls
maintained very similar CQ and m-dCQ ICs, values (Supple-
mentary Table I). TMDI1 lines also displayed a statistically
significant reduction in QN+ VP ICs, values compared to
recombinant controls (P<0.05; Figure 3). These data
suggest that while residue 76 can largely determine the
presence or absence of VP reversibility of CQ or QN resis-
tance, the preceding TMD1 mutations influence the degree of
reversibility.

CQR depends on precise chemical specificity of mutant
PfCRT for CQ

Recombinant lines were assayed (4-5 times in duplicate) for
their susceptibility to diaminoalkanes containing the same
quinoline ring as CQ yet differing in their side-chain length.
Compounds AQ13, AQ26, AQ33 and AQ40 contained, respec-
tively, three, four, six or 12 CH, groups, compared to CQ that
has a five-carbon side chain (De et al, 1996).
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Assays with Dd2 indicated a pronounced bell-shaped curve
with highest resistance to CQ (Figure 4). Crossresistance was
clearly evident with the analogs that varied by only a single
CH, group (i.e. AQ26 and AQ33), yet was absent when two
CH, groups were removed (AQ13) or six were added (AQ40).
Results with 7G8 were suggestive of a slightly higher degree
of crossresistance to AQ26 and AQ33 (also see Supplementary
Table II). Compared to parental lines, recombinant controls
displayed lower ICsq values, yet maintained similar cross-
resistance patterns. Strikingly, removal of K76T ablated this
bell-shaped profile in both Dd2 and 7G8, such that resistance
was lost to CQ, AQ26 and AQ33.

These analogs were also tested on recombinant GC03
parasites engineered to express Dd2 or 7G8 forms of pfcrt
in the place of the wild-type allele (Sidhu et al, 2002). C4P4?
and C67%® clearly displayed crossresistance to the most
closely related CQ analogs AQ26 and AQ33, closely resem-
bling the respective Dd2 and 7G8 profiles (Figure 4). This
pattern was not observed with C2°®3. Thus, pfcrt mutations
appear to largely account for patterns of crossresistance to CQ
analogs.

PfCRT controls the degree of saturable CQ accumulation
at equilibrium

We leveraged the availability of these recombinant lines to
further investigate the CQR mechanism, beginning with
measurements in infected red blood cells (iRBCs) of saturable
CQ accumulation at equilibrium. These measurements can be
used to extrapolate apparent affinities of saturable CQ bind-
ing (apparent Ky values), which were previously observed to
correlate with CQ’s antimalarial activity (Bray et al, 1998).
Results with parental lines (GC03, Dd2 and 7G8) confirmed
a close correlation between apparent Ky (Figure 5A-C) and
CQ ICsq values (Supplementary Table I). We then determined
whether changes in equilibrium CQ accumulation could be
related to PfCRT polymorphisms. Remarkably, the back-
mutants displayed a dramatic increase in equilibrium CQ
accumulation (resulting in apparent K4 values of 10.0 and
9.2nM for T76K-1P% and T76K-17%®, as compared to appar-
ent Ky values of 175.6 and 128.3 nM for Dd2 and 7G8, respec-
tively; Figure SA and B). This paralleled the ability of T76K
to ablate CQR in both genetic backgrounds. Recombinant
controls displayed CQ accumulation levels that were slightly
lower than parental lines.

We also examined the GC03 recombinant lines expressing
different pfcrt alleles (Sidhu et al, 2002). Here, the control
CQ-sensitive line C26¢%3 displayed CQ accumulation levels
equivalent to GCO3 (apparent Ky = 15.4 and 12.0 nM, respec-
tively). Similarly, the CQ-resistant mutant lines C4°%? and
C67%®  displayed levels of CQ accumulation (apparent
Ky3=143.7 and 170.1 nM, respectively) comparable to Dd2
and 7G8 (Figure 5C). Apparent K4 values were highly corre-
lated with CQ ICs, values for these 10 lines (*=0.91;
Figure 5D). These data confirm an association between
saturable CQ accumulation at equilibrium and sensitivity to
this drug and imply a key role for the PfCRT K76T mutation.

PfCRT controls the amount of CQ bound to FP

Saturable equilibrium CQ accumulation in iRBCs has been
attributed to drug binding to FP (most likely in its dimeric
B-hematin state) (Bray et al, 1998). To investigate whether
PfCRT might therefore regulate CQ access to FP, we measured
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Figure 4 Effect of PfCRT mutations on parasite susceptibility to CQ side-chain analogs. Shown are the mean+s.e.m. ICso values (in nM) for
recombinant and nontransfected lines tested with CQ and the side-chain diaminoalkane analogs AQ13, AQ26, AQ33 and AQ40 (De et al, 1996).
For each line, statistical comparisons between individual analogs and CQ were performed using unpaired, two-tailed t-tests (see Supplementary

Table II). *P<0.05; **P<0.01; ***P<0.001.

[*H]CQ binding to this intracellular target. Results demon-
strated a five- to eight-fold greater CQ binding to FP in GC03
as compared to Dd2 and 7G8 (Figure 6A-C). Similarly, T76K-
1P and T76K-17%%, compared with their respective recom-
binant controls, demonstrated a five-fold increase in CQ-FP
binding (P<0.001; Figure 6A and B). Comparing C4°% or
€678 with C2°°%%, the CQ-resistant mutants displayed a six-
fold reduction (P<0.001; Figure 6C). These data suggest that
pfcrt mutations largely dictate the amount of CQ-FP binding
in iRBCs.

Upon addition of VP, all CQ-resistant parental and recom-
binant control lines displayed a stimulation of CQ-FP binding
(by 2.1- to 2.6-fold and 1.2- to 1.4-fold for lines expressing
Dd2 or 7G8 pfert alleles, respectively, comparable to changes
in ICso values observed with VP; Supplementary Table I).
In contrast, no change was observed with VP for the
CQ-sensitive lines T76K-1°92, T76K-176® and C26¢°3 (Figure
6A-C). This implied that the ability of VP to increase CQ-FP
binding was dependent on the presence of PfCRT K76T.

©2005 European Molecular Biology Organization

These studies also revealed increased CQ-FP binding in
C-17% compared to Dd2 (tested+VP), closely mirroring
differences between these lines in their CQ+VP ICs, values.
However, similar CQ-FP binding was observed for C-17%% and
7G8, despite differences in expression levels and CQ+ VP ICs,
values. One explanation, aside from possible experimental
variability, could be that changes in PfCRT expression levels
have a greater impact on CQ-FP binding in Dd2 than in 7G8.
Nevertheless, for both genetic backgrounds, K76T appeared
equally important in restricting CQ-FP binding (Figure 6A
and B). Comparisons for all 10 lines, tested + VP, revealed a
strong inverse relationship between CQ-FP binding and CQ
ICso values (2 =0.93; Figure 6D).

Discussion

The allelic exchange studies reported herein demonstrate a
critical role for the PfCRT K76T mutation in main-
taining P. falciparum CQR. Replacement of mutant T76
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recombinant and parental lines. (D) Apparent Ky values were plotted against CQ ICso values. Logjo-transformed data, line of best fit and
correlation coefficient are indicated.

A 807 *  _ mmnove B 807 : o VP
. * * [O+VP T x  [CO+VP
o 60 - oft 60 - :
£E ] £E
5 40 <40 A
x8 " 28 "]
oo g
O E 20 A ’—1‘ O £ 20 -
I | 1l H
Dd2 T76K-1P92  C.1Dd2 7G8 T76K-17G8  C-17G8
80 1 mmnove D 27
= l I +VP o4
ow 60 - T
22 & 2
250 E
Lo ] * 2 18
OB * x * : -
05 20 * ﬂ . 15
N m o mll
GC03 (C2GC03 (gDd2  (g7G8 0.8 1.0 1.2 1.4 1.6 1.8
Lines Logyq CQ-FP binding

Figure 6 CQ-FP binding in recombinant and parental lines. Levels of [*’H]CQ binding to its FP target, expressed as picomoles of CQ per
micromole of FP, are shown for (A) Dd2, (B) 7G8 and (C) GCO3 sets of recombinant and parental lines. Data represent means+s.e.m.,
calculated from 6-8 independent experiments. (D) CQ-FP binding values were plotted against CQ ICs, values calculated in the absence or
presence of VP. Log;o-transformed data, line of best fit and correlation coefficient are indicated.

with wild-type K76 in Old and New World parasites rable CQ accumulation at equilibrium. These studies,
caused a total loss of CQR, with significant reductions in combined with earlier work (Sidhu et al, 2002), provide
CQ ICsq values, loss of VP reversibility and increased satu- evidence that pfcrt mutations are necessary and sufficient
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for CQR, which in turn appears to be dependent on the
presence of K76T.

CQ-resistant parasites, however, differ in their degree of in
vitro resistance, presumably due to a secondary contribution
of other genes (Chen et al, 2002). One candidate is pfmdrl,
which like pfcrt encodes a DV transmembrane protein, and
which contains point mutations found to affect the degree of
in vitro CQR in 7G8 parasites (Reed et al, 2000). Notably,
pfmdrl mutations have been associated with in vitro CQR in
several but not all studies (Uhlemann et al, 2005). In contrast,
most studies on pfcrt mutations, notably K76T, indicate an
excellent association with in vitro CQR (reviewed in Bray
et al, 2005). Some studies on patient blood samples never-
theless suggest that in vitro CQ-resistant isolates might some-
times lack K76T (Thomas et al, 2002; Lim et al, 2003). Those
data would suggest that P. falciparum could acquire CQR
independently of pfcrt, although it must be pointed out that to
date, this has not been demonstrated with culture-adapted,
non-drug-pressured, individual parasite lines.

Additional evidence that mutant pfcrt is the primary CQR
determinant comes from Wootton et al (2002), who identified
this as the genomic locus of greatest recent sequence evolu-
tion, consistent with the tremendous global impact of CQ
pressure on parasite populations and the selective sweep for
mutant pfcrt-containing CQ-resistant strains emanating from
a few geographic origins (Chen et al, 2003). Recent studies
from The Gambia also indicate that mutant pfcrt parasites can
be more efficiently transmitted to the mosquito vector, pro-
viding a potentially significant selective advantage under CQ
pressure (Sutherland et al, 2002). Yet studies from Malawi
reported a significantly decreased frequency of mutant pfert
since CQ use was discontinued a decade ago, implying that
mutant pfert parasites carry a fitness disadvantage in the
absence of CQ pressure (Kublin et al, 2003; Mita et al, 2003).

While our data indicate a key role for K76T in CQR, it is
notable that no fewer than four pfcrt mutations have ever
been found in a CQ-resistant isolate (Chen et al, 2003). These
other mutations may have been selected to compensate for
loss/alteration of endogenous function associated with
acquisition of K76T, or may themselves directly contribute
to resistance to CQ or other antimalarial drugs. To test
whether K76T might itself be sufficient to confer VP-rever-
sible CQR in vitro (which presumably is more favorable than
in vivo semi-immune conditions), we employed allelic ex-
change to introduce solely this mutation into wild-type pfcrt
(in GCO03). From multiple episomally transfected lines, one
showed evidence of K76T substitution in the recombinant,
full-length pfcrt locus (data not shown). However, these
mutant parasites failed to expand in the bulk culture and
could not be cloned, despite numerous attempts. These
results suggest reduced parasite viability resulting from
K76T in the absence of other pfcrt mutations. This situation
is not reciprocal however, in that parasites harboring all the
other mutations except for K76T (illustrated by our back-
mutants) show no signs of reduced viability in culture.

Multiple in vivo studies have also shown a strong associa-
tion between K76T and increased risk of CQ treatment failure
(defined either as persistence or reappearance of parasitemia
or clinical symptoms) (Wellems and Plowe, 2001; Jelinek
et al, 2002; Nagesha et al, 2003), with some exceptions
(Ariey et al, 2002; Happi et al, 2003). Many studies report
100% sensitivity of the K76T mutation (i.e. 100% of treat-
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ment failure cases harbor this mutation), yet a lower speci-
ficity (i.e. not all infections harboring K76T result in
treatment failure). Evidence that age-dependent immunity
can contribute to clearance of K76T infections came from
elegant studies in Mali by Djimdé et al (2001, 2003). Some
associations have also been reported between CQ treatment
failure and the pfmdrl N86Y mutation (Wellems and Plowe,
2001; Tinto et al, 2003). Interestingly, reports have also
shown in vivo evidence that CQ treatment of mixed infections
with mutant and wild-type pfcrt resulted in treatment failures
harboring solely mutant pfcrt (Basco et al, 2002; Schneider
et al, 2002). The combined data provide powerful support for
the use of K76T as a sensitive molecular marker of CQ-
resistant P. falciparum malaria in areas where this mutation
has not attained 100% prevalence.

The earlier massive reliance on CQ as a first-line antima-
larial and the devastating impact of CQR on malaria mortality
and morbidity rates have stimulated intense efforts to eluci-
date CQ’s mode of action and the CQR mechanism. CQ
accumulation in the acidic DV is thought to result from a
proton trapping mechanism as well as from high-affinity CQ
binding to FP, producing lethal concentrations of FP or
FP-drug complexes (Sullivan et al, 1998; Bray et al, 2005).
CQ-resistant P. falciparum strains circumvent this toxicity by
accumulating lesser drug in the DV (Saliba et al, 1998).
Interestingly, both sensitive and resistant strains of P. falci-
parum reportedly have similar capacities of CQ-FP binding
and total FP quantities; yet, resistant parasites exhibit mark-
edly reduced CQ accumulation at equilibrium (Bray et al,
1998; Zhang et al, 1999). These findings implicate restricted
CQ access to FP as a central component of CQR.

Here we present compelling evidence that CQ access to FP
is determined by mutations in pfcrt. Remarkably, reduced CQ
access to FP appears to be dependent on the status of PfCRT
position 76. T76K back-mutants displayed five-fold increases
in CQ accumulation at equilibrium, rendering them CQ
sensitive. Furthermore, replacement of wild type with mutant
pfert (conferring CQR; Sidhu et al, 2002) produced six-fold
reductions. These data were verified by two independent
methods. First, measurements of the binding of [*H]CQ to
FP (in the form of hemozoin) established a direct relationship
between parasite susceptibility to CQ, saturable CQ accumu-
lation at equilibrium and CQ-FP binding, which in turn
depended on the PfCRT haplotype. Second, the use of pro-
tease inhibitors (including Ro 40-4388) to block hemoglobin
digestion and prevent FP release indicated that the apparent
affinity of CQ binding observed in the pfcrt-modified lines
was dependent on FP availability (data not shown).

These data can be useful in evaluating models proposed
to account for reduced CQ access to FP, which include (1)
leakage of charged drug, which results in its extrusion from
the DV; (2) carrier-mediated, energy-dependent CQ efflux; (3)
altered partitioning or heme turnover rates resulting from DV
pH changes; (4) reduced activity of a putative CQ importer; or
(5) the possible involvement of heme binding proteins (Ursos
and Roepe, 2002; Sanchez et al, 2004; Waller et al, 2004).
Little evidence currently supports the two latter models.
Studies on DV pH changes remain a subject of intense debate,
with earlier predictions that a less acidic DV would cause
reduced CQ accumulation in CQ-resistant parasites (Ginsburg
and Stein, 1991). The opposite conclusion, that is, CQ-resis-
tant parasites appear to have a more acidic DV, was obtained
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by Roepe and colleagues using single-cell fluorophotometric
studies (Ursos and Roepe, 2002; Bennett et al, 2004). This
was postulated to cause CQR by altering heme aggregation
rates, effectively reducing amounts of free FP available for CQ
binding. These authors, however, recently provided evidence
that this might be secondary to a role of pfcrt in binding to
CQ and altering its accumulation (Zhang et al, 2004).
Furthermore, a primary role for pH in CQR has been chal-
lenged on experimental grounds (Bray et al, 2002; Wissing
et al, 2002; Sanchez et al, 2003).

This leaves charged drug leak and carrier-mediated CQ
efflux as two leading models at present. The former predicts
that CQ** can leak, through mutant PfCRT, out of the DV
along a massive concentration gradient, made possible in
part by the loss of the positively charged K76, predicted to lie
on the lumenal side of the DV membrane (Warhurst et al,
2002; Martin and Kirk, 2004). This could reduce the DV
concentration of CQ, resulting in reduced accumulation of
saturable CQ at equilibrium and reduced CQ-FP binding.
Additional support for the drug leak hypothesis came from
a recent study involving halofantrine or AMT pressuring of a
CQ-resistant line (Johnson et al, 2004). This produced resis-
tant lines that had become CQ sensitive and had acquired
pfcrt mutations, including S163R in TMD4 that may have
restored charge to a transmembrane conformation and pre-
vented CQ*" efflux, despite the presence of K76T in TMDI.
Our results could also agree with the carrier-mediated efflux
model, which posits that CQ-resistant parasites have an ATP-
and temperature-dependent inhibitable CQ efflux carrier
(Sanchez et al, 2003, 2004). Supporting data demonstrated
that, in CQ-sensitive lines, external CQ appeared to compete
with [*H]CQ for carrier binding sites, leading to reduced
[®H]CQ accumulation with increasing external CQ concentra-
tions. In contrast, in CQ-resistant parasites, accumulation of
[PH]CQ first increased at low external CQ concentrations and
then decreased. This led to the proposal that CQ-resistant
parasites have an active CQ efflux carrier, with ‘trans’ CQ
competing at low concentrations for carrier binding sites,
leading to increased [®H]CQ accumulation, and at higher
concentrations saturating the receptor sites and out-compet-
ing [*H]CQ accumulation (Sanchez et al, 2003). These assays
are clearly warranted with the new mutant lines reported
herein.

Both the charged drug leak and the active efflux models are
consistent with substrate specificity. Interestingly, results
presented herein indicate that the ability of mutant PfCRT
to confer CQR is precisely configured for CQ. Resistance was
rapidly lost following subtle structural modifications of the
basic diethylamino side chain linked to the 4-aminoquinoline
ring structure, an encouraging result with respect to the
possibility of developing CQ analogs effective against
drug-resistant P. falciparum (De et al, 1996). These findings
add to a growing body of evidence in support of PfCRT
directly contributing to CQ transport, including recent bioin-
formatic analyses that places this protein in the drug/meta-
bolite transporter superfamily and pfcrt heterologous
expression studies in yeast and Dictyostelium discoideum
(Martin and Kirk, 2004; Tran and Saier, 2004; Zhang et al,
2004; Naude et al, 2005).

Our data also suggest that protonated VP may physically
interact with mutant PfCRT, possibly interfering with CQ (and
perhaps QN) transport out of the DV. We observed that VP
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partially restored CQ-FP binding in parasites expressing
mutant pfcrt and found that the Dd2 T76K back-mutants
had lost VP reversibility of CQ and QN resistance. These
data also revealed a direct relationship between K76T and VP
chemosensitization of QN resistance, consistent with indica-
tions from quantitative trait loci analysis that although QN
resistance appeared to be multifactorial, its reversibility
by VP was tightly linked to pfcrt (Ferdig et al, 2004).
Interestingly, Cooper et al (2002) reported the selection of a
mutant line harboring K76I, which paradoxically had an
increased QN ICsy value with VP. Our TMD1 mutant lines
also confirmed an earlier postulate that VP reversibility could
be influenced by mutations preceding K76T, which differ
between South American/Pacific and Asian/African parasites
(Mehlotra et al, 2001; Warhurst, 2003). Novel pfcrt mutations
have also been identified downstream of TMD1 that may also
affect VP reversibility, although this has yet to be confirmed
by allelic exchange (Chen et al, 2003; Johnson et al, 2004).

In conclusion, our data establish that the PfCRT K76T
mutation plays a key role in determining CQ susceptibility
in P. falciparum strains of New and Old World origins, is an
important determinant of VP reversibility of CQ and QN
resistance and can largely explain patterns of crossresistance
to CQ side-chain analogs. These data provide a compelling
argument that direct interactions between CQ and this mutant
residue, leading to reduced CQ-FP interactions and drug
extrusion from the DV, are key to CQR.

Materials and methods

Plasmid constructs

For allelic exchange, a 2.9kb pfert fragment containing a 1.6kb
promoter element and 1.3kb of the gene (exons 1-5) was
PCR amplified from 106/1 (Sudan) or Dd2 genomic DNA
using primers pl (ACGGATCCGGTACCTTAGAACCCTAAGAATAT
CAGCTC; pfert 5'UTR-specific; BamHI and Kpnl sites underlined)
and p2 (TTGCGGCCGCATGCATGTCATGTTTGAAAAGCATACAGGC;
pfert exon 5-specific; Notl and Nsil sites underlined). Sequence-
verified products were subcloned into BamHI-Pstl-digested pMini-
BSD, which expresses the bsd selectable marker that is under the
transcriptional control of calmodulin 5UTR and hrp2 3'UTR
sequences. The resulting constructs harboring the 106/1 and Dd2
pfert sequences were termed pK76 and pT76, respectively. Luciferase
constructs and assays are described in Supplementary data.

Parasite propagation, transfection, cloning and drug
susceptibility assays

P falciparum culturing, stable transfection leading to allelic
exchange, limiting dilution cloning and 72h [*H]hypoxanthine
incorporation assays (to determine drug ICsq values) were
performed as described (Waller et al, 2003). Complete drug
response curves obtained from a representative assay are included
in Supplementary Figure 2.

Nucleic acid and protein analyses

The functional downstream recombinant pfcrt locus was detected
by PCR using primers p3 (CAATTAACCCTCACTAAAGGG; pBlue-
script-specific) and p4 (CCCAAGAATAAACATGCGAAACC; pfcrt
exon 7-specific) (Figure 1A). The truncated upstream recombinant
pfert fragment was detected using primers p5 (CTTCAATTCTCAT
ATTTCAATATATTCC; pfert 5'UTR-specific) and p6 (GATAGCGATT
TTTTTTACTGTCTG; hrp2 3'UTR-specific) (Figure 1A). PCR pro-
ducts were nested using pfcrt primers p7 (AATTCAAGCAAAAAT
GACGAGCG; exon 1-specific) and p8 (ACTGAACAGGCATCTAA
CATGG; exon 3-specific). For RT-PCR, cDNA was amplified using
primers p7 and p9 (TTCCTACACGGTAAATTATAGAACC; pfcrt exon
12-specific) for the functional gene and primers p7 and p6 for the
upstream remnant. RT-PCR products were sequenced across
codons 72-76. For Northern blotting, total RNA was resolved,
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blotted and hybridized with an exon 5-13 cDNA probe generated
with primers pl0 (CATTTACCATATAATGAAATATGGAC) and pll
(GTTAATTCTCCTTCGGAATCTTCATTTTCTTCAT). For Western
blotting, parasites were doubly synchronized, harvested as early-
mid trophozoites and protein samples normalized using parasite-
mia, hematocrit and densitometry (also see Supplementary data).

Equilibrium CQ accumulation assays

These were performed as described (Bray et al, 1998). Briefly,
synchronized trophozoites were incubated in triplicate for 1h at
37°C in bicarbonate-free RPMI with 10 mM HEPES, pH 7.4, 1 nM
[PHICQ and 5-250nM unlabeled CQ. Counts corresponding to
nonsaturable CQ uptake into iRBCs (calculated using 100pM
external CQ), as well as CQ uptake by uninfected RBCs, were
subtracted from the average total counts to yield saturable CQ
uptake at equilibrium. Data were analyzed by nonlinear regression
(Marquart method). Standard errors were calculated using matrix
inversion (Erithacus Software Ltd, UK).

CQ-FP binding assays

CQ-FP binding was measured by assessing the incorporation of
sublethal concentrations of [*’H]CQ into hemozoin crystals (Sullivan
et al, 1996). Briefly, synchronized P. falciparum cultures were
incubated for 48h with 1nM [*H]CQ+0.8 uM VP. Parasites were
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recovered from saponin-lysed RBCs, washed, resuspended in
hypotonic buffer and sonicated. Hemozoin was purified by sucrose
centrifugation, washed with SDS, dissolved with NaOH into its
monomeric FP form, and FP and [H]CQ concentrations were
determined (see Supplementary data). Earlier studies showed that
free FP is required for CQ-hemozoin binding; therefore, these
measurements can be used to extrapolate CQ-FP binding (Sullivan
et al, 1996, 1998).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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Supplementary materials and methods

Luciferase constructs and assays

For luciferase reporter assays, the 3.0 kb pfcrt promoter element was PCR amplified with ul
(cctaggtaccactcgagTTTTGAAATAATGAAACAGC; upper case designates target-specific sequence; Kpnl site
underlined) and u2 (ccatatgCATTTTGTTATATGTAAG; Nsil site underlined). Unidirectional exonuclease III
digestion (Erase-a-Base, Promega) generated 5° = 3’ deletion fragments, which were cloned as Kpnl-Nsil inserts
into pHLH-1 (Wu et al, 1995) in the place of the hrp3 promoter element. Transient transfection luciferase assays
were performed as described (Waller et al, 2003). Results were obtained from 4 independent assays performed in
duplicate.

Western blotting

Parasites were doubly sorbitol-synchronized at 48-hr intervals and harvested as early-mid trophozoites (ca. 28-32 hr
post-invasion). Parasite numbers were calculated by measuring parasitemias and hematocrits. Extracts were
subjected to SDS-PAGE and densitometry performed to further normalize equivalent protein loadings. Samples were
loaded over 3 dilutions, corresponding to an estimated 3 x 10° 1.5 x 10° and 0.75 x 10° iRBC per lane. Anti-PfCRT
and anti-PfERD2 antibodies (MR4, ATCC) were used respectively at 1:2,000 and 1:5,000 dilutions. Signals were
detected using the ECL Plus Western blotting system (Amersham Biosciences).

Sources of antimalarial compounds

CQ dihydrochloride was procured from Winthrop-Breon. ADQ dihydrochloride, QN hydrochloride, QD gluconate,
MFQ hydrochloride, VP hydrochloride and AMT hydrochloride were purchased from Sigma. ART and m-dCQ were
kind gifts of Dr. William Ellis, Walter Reed Army Institute of Research, Silver Spring, MD.

CQ-FP binding assays
CQ-FP binding was measured by assessing the incorporation of sub-lethal concentrations of [3H]—CQ into hemozoin

crystals (Sullivan et al, 1996). Briefly, synchronized P. falciparum cultures were incubated with 1 nM [3H]—CQ for
48 h, in the presence or absence of 0.8 uM VP. Cells were then centrifuged, the supernatants discarded and the
pellets lysed at 4°C with 5 volumes of 0.15% saponin in 1xPBS to release the parasites. These were centrifuged and
washed in ice-cold 1xPBS. Pellets were resuspended in 1 ml of a hypotonic solution of 5 mM sodium phosphate pH
8.0, sonicated for 10 sec, and centrifuged through a 1.7 M sucrose cushion at 200,000xg for 15 min. Pellets were
recovered, washed in 0.5 ml 2% SDS, and dissolved in 0.3 ml 0.5 M NaOH to solubilize the hemozoin into its
monomeric FP form. Absorbance was measured at 400 nm and the amount of FP was determined from a standard
curve. [3H]-CQ concentrations were determined by scintillation counting. Earlier studies showed that free FP is
required for CQ-hemozoin binding, therefore measurements can be used to extrapolate CQ-FP binding (Sullivan et
al, 1996, 1998).
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Supplementary Table | Statistical comparison of the IC5, values of recombinant and parental lines using Student's t test. Page 1 of 2

Line Dd2 c-1°% c-2°% T76K-1°% T76K-2°% 7G8 c-17% c-2’% T76K-17% T76K-27%° TMD1-1 TMD1-2 GC03 3D7
cQ 291.2+10.0 160.7 = 28.9 1429+ 21.9 22121 25.7+6.2 251.0+15.4 108.8 +15.9 106.1+18.3 23.9+4.6 255+3.9 100.3 £ 15.1 76.3+10.0 22.8+6.9 25229
# assays 8 4 4 4 6 7 4 4 6 6 7 7 4 1
p value vs parent 0.0003 P<0.0001 P<0.0001 P<0.0001 0.0002 0.0002 P<0.0001 P<0.0001 P<0.0001 P<0.0001
p value vs C-1 0.0029 0.0004 0.0003 0.0003 0.7364 0.0991
p value vs C-2 0.0016 0.0002 0.0007 0.0007 0.8279 0.145
p value vs TMD1-1 0.0009 0.001
p value vs TMD1-2 0.0012 0.0013
CQ+VP 102.8 +8.6 75.3+12.8 56.9 6.2 24.5+3.7 25.0+5.9 170.7 £ 16.6 82.7+14.1 98.7 +14.8 24543 27.4+35 37.2x4.1 27.2+4.2 23.4+6.7 23323
# assays 8 4 4 4 6 7 4 4 6 6 7 7 4 1
p value vs parent 0.1077 0.0063 0.0002 P<0.0001 0.006 0.0191 P<0.0001 P<0.0001 P<0.0001 P<0.0001
p value vs C-1 0.0091 0.002 0.0014 0.0015 0.0034 0.0009
p value vs C-2 0.0094 0.0014 0.0004 0.0004 0.0007 0.0002
p value vs TMD1-1 0.0553 0.0972
p value vs TMD1-2 0.6268 0.9777
m-dCQ 1484.4+145.0  728.9+104.2 895.7 + 58.8 23.8+4.8 30.8+5.3 1170.9 + 145.6 505.4 + 27.1 460.2 +72.6 40.1+8.6 415+85 405.0 + 66.0 338.2+32.9 35.3+8.0 29.2+3.3
# assays 6 4 4 4 4 6 4 4 4 4 6 6 4 6
p value vs parent 0.0051 0.0121 P<0.0001 P<0.0001 0.0066 0.0057 0.0003 0.0003 0.0007 0.0002
p value vs C-1 0.0005 0.0005 P<0.0001 P<0.0001 0.2769 0.0076
p value vs C-2 P<0.0001 P<0.0001 0.0013 0.0013 0.613 0.1353
p value vs TMD1-1 0.0024 0.0025
p value vs TMD1-2 P<0.0001 P<0.0001
m-dCQ+VP 544.8 + 66.8 177.2+£19.6 221.7+31.7 22.8+4.6 28.0£4.0 751.8 £ 123.0 405.4 £ 97.7 351.2+55.5 34.6+10.6 27458 175.0 £ 38.4 133.6 £22.9 34.614.9 29425
# assays 6 4 4 4 4 6 4 4 4 4 6 6 4 6
p value vs parent 0.0023 0.0055 0.0003 P<0.0001 0.1261 0.0443 0.002 0.0019 0.0016 0.0008
p value vs C-1 P<0.0001 P<0.0001 0.0066 0.006 0.0301 0.0301
p value vs C-2 0.0001 P<0.0001 0.0009 0.0008 0.0216 0.0022
p value vs TMD1-1 0.0182 0.0141
p value vs TMD1-2 0.0095 0.0059
QN 284.0£18.4 166.1x21.7 180.0+15.9 183.1x15.3 168.0+9.1 120.5+12.6 97.04.9 106.3:6.0 52.6x4.6 55.9+6.3 74.0:8.7 70.0:9.5 121.4+10.1 57.6+5.9
# assays 7 7 7 7 7 8 8 8 8 8 6 6 7 9
p value vs parent 0.0014 0.0008 0.0009 0.0002 0.1445 0.3266 0.0002 0.0004 0.0315 0.0341
p value vs C-1 0.4502 0.5971 P<0.0001 P<0.0001 0.0602 0.0857
p value vs C-2 0.6768 0.9364 P<0.0001 P<0.0001 0.0229 0.0368
p value vs TMD1-1 0.0045 0.0218
p value vs TMD1-2 0.0287 0.0734
QN+VP 88.0:8.0 67.9x12.3 75.7:9.8 163.1x20.7 153.2+17.8 97.627.6 89.4+8.7 96.7+7.6 56.2+5.8 56.0+7.2 57.35.0 48.85.3 109.515.8 47.6:4.8
# assays 7 7 7 7 7 8 8 8 8 8 7 7 7 9
%VP-R 69.0% 59.1% 58.0% 10.9% 8.8% 19.0% 7.9% 9.1% -6.9% -0.2% 22.5% 30.3% 9.8% 17.4%
p value vs parent 0.1346 0.2701 0.0055 0.0032 0.5903 0.9759 0.0007 0.0021 0.0026 0.0008
p value vs C-1 0.0015 0.0008 0.0035 0.0083 0.0122 0.0035
p value vs C-2 0.0021 0.0012 0.0008 0.0022 0.0028 0.0009
p value vs TMD1-1 0.4811 0.616
p value vs TMD1-2 0.6891 0.6797

IC5q values (expressed as mean + SEM) are in nM, except for AMT values that are in uM. Each value was determined from 3 to 14 separate drug assays performed in duplicate. CQ, chloroquine; VP, verapamil; m-dCQ, mono-desethylchloroquine; QN, quinine; QD, quinidine; MFQ, mefloquine;

ADQ, amodiaquine; AMT, amantadine; ART, artemisinin. Statistical comparisons were performed using unpaired, two-tailed t tests. * p<0.05; ** p<0.01; *** p<0.001; indicates the higher of the two p values observed when comparing a back-mutant line against the 2 recombinant control lines.

ns

* <0.05

** <0.01

*** <0.001



Supplementary Table | Statistical comparison of the IC5, values of parental and recombinant lines using Student's t test. Page 2 of 2

Dd2 c-1°42

C-02

T76K-1°%

T76K-2°%

c-1768

Line 7G8 c-2'%® T76K-17% T76K-27% TMD1-1 TMD1-2 GCo3 3D7
QD 126.0 £ 16.5 101.4 £18.2 113.3£30.3 81.3+16.7 83.0+15.0 44.2+3.6 27.9+5.6 37.6+6.7 29.6+4.8 34.2+6.0 23.1+3.8 27.3+4.8 42.3+10.5 25923
# assays 14 3 3 8 8 12 3 3 3 3 3 3 4 1
p value vs parent 0.5075 0.7403 0.0925 0.0845 0.0526 0.4789 0.0836 0.2367 0.0151 0.0033
p value vs C-1 0.5275 0.5152 0.7828 0.4495 0.5199 0.1684
p value vs C-2 0.3515 0.3506 0.3555 0.6842 0.116 0.0452
p value vs TMD1-1 0.3333 0.1859
p value vs TMD1-2 0.0943 0.0649
MFQ 35131 36.9+4.2 41265 27.2+8.0 19.8+3.6 46x1.2 3.1:09 48:14 3.6x0.7 2.9:07 35£1.2 3.1x1.0 21.2x4.1 26.7+2.3
# assays 8 3 3 4 3 7 3 3 3 3 3 3 4 7
p value vs parent 0.8037 0.37 0.0245 0.3233 0.543 0.9523 0.5935 0.4413 0.603 0.4617
p value vs C-1 0.0396 0.4228 0.8941 0.7774 0.9197 0.5272
p value vs C-2 0.05 0.2766 0.4746 0.3171 0.8346 0.3738
p value vs TMD1-1 0.9956 0.7389
p value vs TMD1-2 0.7381 0.9798
ADQ 42659 50.3+15.9 53.6+9.9 28.8+5.2 32782 36.7+2.8 31.2x1.2 34618 22647 21.9+3.9 26.8+1.8 20.8+1.7 21.6+5.2 37.2x4.2
# assays 9 3 3 4 4 7 3 3 3 3 3 3 4 7
p value vs parent 0.5586 0.3673 0.3487 0.1843 0.2348 0.7101 0.0251 0.0169 0.0595 0.0081
p value vs C-1 0.3166 0.1959 0.1534 0.084 0.1327 0.0092
p value vs C-2 0.1573 0.0607 0.0647 0.0329 0.028 0.0039
p value vs TMD1-1 0.4272 0.2987
p value vs TMD1-2 0.7865 0.8278
AMT 225+3.1 27.8+3.6 19.8+2.8 308.5 + 32.5 331.3+18.0 143.8+9.3 213.3+37.2 192.4+70.2 188.5+13.3 129.0 £ 14.2 180.6 + 57.3 147.7 +46.4 3121+ 10.6 318.3+28.3
# assays 3 3 3 4 4 4 4 4 4 4 3 3 4 5
p value vs parent 0.3277 0.5475 0.0007 P<0.0001 0.1154 0.4417 0.035 0.4841 0.4551 0.9366
p value vs C-1 0.0008 P<0.0001 0.524 0.0815 0.6406 0.2969
p value vs C-2 0.0007 P<0.0001 0.9399 0.3503 0.9166 0.6085
p value vs TMD1-1 0.921 0.3463
p value vs TMD1-2 0.3631 0.713
ART 39445 32.9:6.6 39.7+12.8 40.4=11.7 41450 12.8+4.8 74:x21 18.4x27 13.8+3.2 12443 9.0:27 8.1x3.0 31.8x7.4 50.8 +6.3
# assays 9 3 3 4 4 8 3 3 3 3 3 3 4 7
p value vs parent 0.3751 0.9738 0.8211 0.8919 0.5139 0.5125 0.9024 0.9564 0.6259 0.5573
p value vs C-1 0.2085 0.5324 0.1795 0.3751 0.7193 0.074
p value vs C-2 0.8807 0.9218 0.3637 0.3236 0.9033 0.0698
p value vs TMD1-1 0.3082 0.534
p value vs TMD1-2 0.2656 0.462
ns *<0.05 ** <0.01 *** <0.001



Supplementary Table Il Mean + SEM IC5, values of parental and recombinant lines for chloroquine analogs, with statistical comparison to CQ using Student's t test

Compounds Dd2 c-1°% T76K-1°% 7G8 c-17¢8 T76K-1768 TMD1-1 GCo03 c26¢0 (o i ce6’%®
AQ13 66.8+7.6* 38511 39.6+41 60.7+48" 36728 371+40 31518 343:15 29.0+24 49.1+136"* 620+£21.9*
AQ26 2524+83% 1182+27"" 37745 2552+47.2 111.9+8.1 39.5+3.6 78.0+6.9 37.9+4.2 40.8+71  139.0+33.7 223.4+54.2

cQ 306.0+16.5 140.9+56  350+3.8 2583%521 94.0x9.9 36.1+4.3 90.5+7.0 31.2+95 248+86 220.0+13.8 210.8+25.3

AQ33 2645+16.1 110.3x4.4%" 490x55 2343+41.0 89.0+10.3 52.0+7.0 726+6.5 506+9.0 665+11.0" 169.6+49.6 169.3+62.9

AQ40 88.9+11.3™"* 881 £1.5™ 885+11.1™" 524+71*" 449+23" 495+45 475+48" 537+106 703+27* 416+6.7*" 333152
# assays 5 5 5 5 5 5 5 4 4 4 4

CQvs AQ13  P<0.0001 P<0.0001 0.4408 0.0054 0.0005 0.8761 P<0.0001 0.762 0.6512 0.0001 0.0044

CQ vs AQ26 0.02 0.0065 0.6596 0.9666 0.1977 0.5709 0.2416 0.5402 0.1992 0.0676 0.8402

CQvs AQ33 0.1106 0.0027 0.0705 0.7266 0.7374 0.0902 0.0978 0.1876 0.0243 0.3657 0.5626

CQvs AQ40  P<0.0001 P<0.0001 0.0018 0.0045 0.0013 0.063 0.001 0.1641 0.0023 P<0.0001 0.001

ns * <0.05 **<0.01 ***<0.001



Supplementary Figure 1.Lakshmanan et al.
A critical role for PfCRT K76T in Plasmodium falciparum verapamil-reversible chloroquine resistance
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Supplementary Figure 1 Verapamil reversibility of recombinant and parental lines for QN, CQ and m-dCQ (7,7 and 6
replicate assays respectively). (A) Effect on VP-reversibility of QN resistance of replacing the mutant T76 with the wild-
type K76 in the Dd2 back-mutant lines, compared to control and parental lines. (B) VP-reversibility effect of replacing
PfCRT TMD1 in 7G8 with the corresponding Dd2 sequence.RMI + SEM values were obtained from 4-7 independent
assays performed in duplicate. Unpaired two-tailed t tests were used to compare the RMI of T76K back-mutants versus
recombinant controls (A) and the TMD1 lines versus the parental 7G8 line (B). *p<0.05; **p<0.01.
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Supplementary Figure 2 Drug response curves obtained with Dd2 recombinant and parental lines tested across
a range of chloroquine dilutions, in the absence or presence of the reversal agent verapamil (0.8 uM). [H] hypo-
xanthine uptake was used as a marker of growth inhibition. Assays were performed in duplicate over 72 hr, using

parasite cultures enriched in ring stages. These curves show data from one repesentative set of assays. A total of
3 to 14 such assays were performed in order to calculate final mean + SEM values (Supplementary Table I).
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