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ABSTRACT: Chloroquine (CQ) resistance in the human
malaria parasite Plasmodium falciparum is primarily conferred
by mutations in the “chloroquine resistance transporter”
(PfCRT). The resistance-conferring form of PfCRT
(PFCRT ) mediates CQ_resistance by effluxing the drug
from the parasite’s digestive vacuole, the acidic compartment
in which CQ_exerts its antiplasmodial effect. PACRT“® can
also decrease the parasite’s susceptibility to other quinoline
drugs, including the current antimalarials quinine and / V‘ _I_
amodiaquine. Here we describe interactions between =, .
PfCRT“® and a series of dimeric quinine molecules using a “ f B =N ﬂ
Xenopus laevis oocyte system for the heterologous expression ik s
of PfCRT and using an assay that detects the drug-associated

efflux of H ions from the digestive vacuole in parasites that harbor different forms of PfCRT. The antiplasmodial activities of
dimers 1 and 6 were also examined in vitro (against drug-sensitive and drug-resistant strains of P. falciparum) and in vivo (against
drug-sensitive P. berghei). Our data reveal that the quinine dimers are the most potent inhibitors of PECRT“X reported to date.
Furthermore, the lead compounds (1 and 6) were not effluxed by PECRT“® from the digestive vacuole but instead accumulated
to very high levels within this organelle. Both 1 and 6 exhibited in vitro antiplasmodial activities that were inversely correlated
with CQ. Moreover, the additional parasiticidal effect exerted by 1 and 6 in the drug-resistant parasites was attributable, at least in
part, to their ability to inhibit PFCRT“®. This highlights the potential for devising new antimalarial therapies that exploit
inherent weaknesses in a key resistance mechanism of P. falciparum.
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he human parasite Plasmodium falciparum causes the most

severe form of malaria and is prevalent in nearly 100
countries, placing almost half the world’s population at risk of
acquiring the disease." The emergence of drug-resistant strains
of P. falciparum has severely limited our ability to treat malaria.”
Strains resistant to the quinoline drugs chloroquine (CQ) and
amodiaquine are widespread,® and resistance to the current
mainstays of malaria treatment (the artemisinin-based
therapies) has recently been identified along the western
Cambodia—Thailand border.**> The prevalence of multiple
types of drug-resistant P. falciparum strains has created a
tremendous and pressing need for new antimalarial drugs.
Ideally, new drugs would not only act as potent antimalarial
agents but would also be refractory to the known mechanisms
of drug resistance.
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The quinoline drugs CQ, amodiaquine, and quinine are weak
bases that exert their antimalarial effect, at least in part, by
accumulating via “weak-base trapping” within the acidic
environment of the parasite’s digestive vacuole (DV).° Here
they are thought to prevent the conversion of toxic heme
monomers (released from the parasite’s digestion of host
hemoglobin) into the inert crystal hemozoin.”® Resistance to
CQ, amodiaquine, and quinine has been correlated with a
reduction in the accumulation of these drugs in the DV
This phenomenon is thought to be due to an increase in the
efflux of the drug from the DV, a decrease in its uptake into the
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Figure 1. Structures of quinine and quinine homodimers.

DV, or a combination of both.'' The genetics of quinoline
resistance in P. falciparum is complex and involves several genes
encoding membrane transport proteins. These transporters
include the chloroquine resistance transporter (PfCRT), the
multidrug resistance transporter 1 (PfMDR1), and the
multidrug resistance-associated protein 1 (PfMRP1).'>">~"

PfCRT is the best studied of these proteins and is located in
the membrane of the DV.'*'®'” It is now widely accepted that
mutations in PfCRT are the primary determinant of CQ
resistance in P. falciparum and that they can also modulate the
parasite’s sensitivity to other quinolines.'""*'® The key
mutation associated with CQ resistance is the replacement of
the lysine (K) at position 76 with threonine (T), resulting in
the loss of a positive charge from the putative substrate-binding
site of the transporter.'””® The variant of PfCRT habored by
the CQ-resistant (CQR) strain Dd2 (PfCRT®) contains the
crucial K76T mutation as well as seven other mutations. When
expressed in the plasma membrane of Xenopus laevis oocytes,
PfCRT® mediates the transport of CQ, whereas the CQ-
sensitive (CQS) form of the protein (PfCRTY) does not."*
These data are consistent with the hypothesis that PFCRT“®
confers CQ _resistance by exporting the drug out of the DV,
away from its primary site of action. It is important to note that
attempts to generate transfectant parasite lines in which pfcrt is
knocked out have been unsuccessful, and efforts to silence the
expression of its ortholog in P. berghei have also failed.'”!
Hence, quite apart from its role in mediating CQ_resistance,
PfCRT fulfills an essential physiological function in the parasite.
What this role might be remains unknown.

The oocyte system allows interactions between PfCRT“®
and candidate antiplasmodial compounds to be studied directly
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and in isolation, without confounding effects such as the
binding of drug to heme or to other targets within the parasite.
For example, a number of compounds, including quinine and
the CQ_“resistance reverser” verapamil, have been shown to
inhibit the PFCRT“®-mediated uptake of [*H]CQ into oocytes
in a concentration-dependent manner.'>** Further evidence of
the ability of PfCRT® to interact with drugs has been
obtained using a fluorescence-based assay that detects the drug-
associated efflux of H' jons from the DV of parasites.
Application of this method to parasite lines that were isogenic
except for their pfcrt allele (which encoded a CQS or CQR
form of the protein) revealed that PFCRT“¥® mediates the
transport of CQ, quinine, and several other antimalarial agents
in situ.> Moreover, measurements of [3H]quinine efflux
from the same parasite lines revealed a verapamil-sensitive
component attributable to PfCRTR® 2 Taken together, these
data suggest that quinine is also a substrate of PFCRT“X,

A number of CQ-related compounds are equally active
against CQS and CQR strains.'"*”*® One explanation for this
phenomenon is that these compounds are not recognized or
translocated by PfCRT“® and thereby evade the resistance
mechanism imparted by the mutant protein.'' Examples
include analogues of CQ in which the side chain has been
modified as well as the antimalarial drug piperaquine (currently
used in combination with dihydroartemisinin).” Piperaquine
consists of two 7-chloroquinoline nuclei coupled via an amine-
containing side chain and can therefore be considered a dimer
of CQ. Changes to PfCRT or PfIMDRI1 that confer reduced
susceptibilities to other quinolines have little or no effect on the
parasite’s sensitivity to piperaquine,s'0 and piperaquine does not
display cross-resistance with CQ_in field isolates.>’ Moreover,
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when tested in the oocyte system, piperaquine lacked the ability
to inhibit the transport of [PH]CQ via PfCRT“¥®.'> Hence,
several lines of evidence indicate that piperaquine bypasses the
CQ_resistance mechanism because it does not interact with
CQR forms of PfCRT. On the other hand, in the case of the
human homologues of PIMDRI and PfMRP1, dimerization of
substrate molecules produced inhibitors that bound more
effectively to the transporter’s substrate binding sites than the
monomer.*>** Given these findings, we hypothesized that
dimers of other quinoline drugs may likewise either (1) escape
the CQ_resistance mechanism altogether, enabling the drug to
accumulate within the DV of both CQS and CQR parasites
(where it can exert its antihemozoin activity) or (2) block
transport via PECRTX, which could also enable toxic levels of
the drug to accumulate within the DV of both CQS and CQR
parasites. In the latter scenario, the dimerized drug may exert a
second antiplasmodial effect in CQR parasites as a consequence
of inhibiting the normal function the transporter. Here we
report the activities of dimeric quinine agents against CQS and
CQR strains of P. falciparum as well as a detailed investigation
of their interactions with PFCRT¥,

B RESULTS AND DISCUSSION

Dimeric Quinine Molecules Inhibited CQ Transport
via PFCRT® in X. laevis Oocytes. A series of quinine dimers
containing several different tethers linked via ester, carbamate,
or amide bonds were designed and synthesized (Figure 1). The
compounds included the ester-linked molecules 1—4, the
amide-containing S, the carbamate-linked dimer 6, and the
triazole-containing “click” dimer 7. The esters (1—4) were
synthesized from quinine and the corresponding diacid. The
amide § was prepared from aminoquinine® and sebacic acid.
The carbamate 6 was prepared from quinine, p-nitrophenyl-
chloroformate, and 1,6-hexadiamine. Compound 7 was
prepared from alkyne- and azide-modified quinine derivatives
as previously described.*® The compounds were purified by
either flash silica chromatography or reverse phase HPLC and
were analyzed by 'H NMR, analytical HPLC, and mass
spectrometry.

The ability of the dimeric quinine molecules to inhibit the
transport of [*H]CQ via the Dd2 version of PfCRT“® was
evaluated using the Xenopus oocyte system.'” In this assay,
PfCRT is expressed in the oocyte plasma membrane, and the
direction of [*H]CQ transport is from the extracellular medium
(pH 6.0) into the oocyte cytosol (pH 7.2), which corresponds
to the efflux of CQ from the acidic DV (pH 5 to S.5) into the
parasite cytosol (pH 7.3). In an initial experiment in which the
quinine dimers were assessed at an extracellular concentration
of 100 M, the compounds either abolished CQ _transport via
PfCRT“® (e.g, 5 and 6) or caused significant reductions in
the PFCRT“® mediated uptake of CQ (e.g., 1 and 3; Figure 2;
P < 0.001, ANOVA). None of the compounds affected the
diffusion of CQ into oocytes expressing PFCRT“® (Figure 2; P
> 0.05, ANOVA). Furthermore, all of the compounds reduced
the accumulation of [*H]CQ in oocytes expressing PFCRT %
to levels significantly below those measured in the presence of
verapamil (100 M) or quinine (100 #M or 200 yM) (Figure
2; P < 0.001, ANOVA). The latter result indicates that the
potency of the quinine dimers against PFCRT“® is not simply
due to a doubling in the amount of quinine in the reaction
buffer but is a consequence, at least in part, of an enhanced
ability to inhibit PFCRT“¥,
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Figure 2. The effect of dimeric quinine compounds on PFCRT“®-
mediated transport of CQ_in X. laevis oocytes. [*H]CQ_uptake into
oocytes expressing Dd2 PfCRT“® (black bars) or D10 PfCRTCY¥
(white bars) in the presence of unlabeled dimeric compounds (100
uM), quinine (100 or 200 yM), or verapamil (100 uM). Uptake is
shown as the mean + SEM from n = 4 separate experiments, within
which measurements were made from 10 oocytes per treatment.

An analysis of the concentration-dependence of the
inhibition of PFCRT® by compounds 1, 3, S, and 6 yielded
half-maximal inhibitory concentrations (ICj, values) of 5.3, 5.8,
1.0, and 1.4 uM, respectively (Figure 3 and Table 1). These
values are significantly lower than those measured previously
for quinine (48 + 6 uM), verapamil (30 + 1 yM), and the
antiretroviral drug saquinavir (13 + 1 uM).'>*” The ICy, values
obtained for § and 6 were not significantly different from one
another (P > 0.05) but were significantly lower than those
measured for 1 and 3 (P < 0.001). Compounds 5 and 6 are
therefore the most potent PFCRT“®® inhibitors described to
date, with 9.3- and 13.0-fold increases in potency relative to
saquinavir, respectively. It should be noted that the low
micromolar concentrations of the compounds used here to
inhibit PFCRT“® are physiologically relevant, given that when
present in the extracellular solution at submicromolar
concentrations, these tetrabasic compounds are expected to
accumulate to high micromolar and even millimolar concen-
trations within the DV via weak-base trapping.

An assessment of cellular toxicity (using 24 h MTT assays
performed on the human cell lines MCF-7 and MCF-7/DX-1;
data not shown) revealed that compound § possesses
significant cytotoxic potential, and previous work has indicated
that compound 3 is likely to undergo reduction in cytosolic
environments.>® All subsequent analyses were therefore
performed with compounds 1 and 6.

Compounds 1 and 6 Were Inhibitors but Not
Substrates of PfCRT® in Situ. Compounds that inhibit
PfCRT® may themselves be substrates of the transporter,
which could be problematic if this leads to cross-resistance with
CQ. We therefore employed a fluorescence-based assay to
resolve the nature of the interactions between PFCRT® and
compounds 1 and 6 in parasitized red blood cells. This method
entails monitoring the drug-associated efflux of H* ions from
the DV using a fluorescent gH—sensitive probe targeted
specifically to this compartment.”>** A drug-induced H* leak
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Figure 3. Concentration-dependent inhibition of CQ transport via PACRT“®. Concentration-dependent effects of (a) 1, (b) 3, (c) 5, and (d) 6 on
the uptake of [’H]CQ into oocytes expressing Dd2 PFCRT“® (solid circles) or D10 PFCRTY (open circles). Uptake is shown as the mean + SEM
from n = 4 or S separate experiments, within which measurements were made from 10 oocytes per treatment.

Table 1. ICy, Values for the Inhibition of PECRT -
Mediated CQ Transport by Quinine Dimers

compound ICs, (uM)“
verapamil 30 + 3
quinine 48 + 6"
1 $3+£03
3 58+ 0.5
S 1.0 £ 0.1
6 14 +02

“PFCRT“®-mediated CQ transport was calculated by subtracting the
uptake measured in oocytes expressing D10 PFCRTY from that in
oocytes expressing Dd2 PfCRT“X®. The half-maximal inhibitory
concentrations (IC, values) were derived by least-squares fit of the
equation Y = Y, + [(Yinax — Ymin)/(1 + ([inhibitor]/ICs,)C)] where
Y is PfCRT“®mediated CQ transport, Y, and Y, are the
minimum and maximum values of Y, and C is a constant. All values are
mean + SEM from n = 4 or S separate experiments, within which
measurements were made from 10 oocytes per treatment. The data
from which these values were obtained are shown in Figure 3.

arises when a weak-base drug enters the acidic DV in its
unprotonated form and is effluxed in its protonated form (or in
symport with H*). The outward leak of H" is detected as an
increase in the rate of alkalinization of the DV upon inhibition
of the V-type H*-ATPase with concanamycin A.**** The
experiments described here were performed with the isogenic
CQS and CQR pfert transfectant lines generated by Sidhu et
al.'® These parasite lines express either the wild-type pfert allele
(C29%) or the pfcrt allele from the CQR strain D2 (C4°%)
or 7G8 (C67%®).
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As shown in Figure 4, both quinine and CQ _increased the
rate of DV alkalinization in the CQR lines (P < 0.05; paired t-
test), and quinine was without effect in the CQS C29°%
parasites (P > 0.03). These data replicate previous findings>~>°
and are consistent with quinine and CQ being substrates of the
Dd2 and 7G8 forms of PfCRT“X. By contrast, compounds 1
and 6 did not induce a H* leak from the DV in any of the three
parasite lines, which indicates that these compounds are not
substrates of PACRT“Y or the Dd2 or 7G8 forms of PFCRT“®
(Figure 4a). Instead, compound 6 significantly decreased the
rate of DV alkalinization in all three lines (P < 0.05), consistent
with it accumulating to high concentrations in this organelle
and exerting a buffering effect therein.”* Compound 1 caused a
smaller decrease in the rate of DV alkalinization, which was
significant in the CQR lines (P < 0.02) but not in C25°®
parasites (P > 0.05). Moreover, the efflux of H" induced by CQ
(2.5 uM) was abolished by the addition of 1 or 6 (1 uM),
consistent with these compounds inhibiting the Dd2 and 7G8
forms of PFCRT X in situ (Figure 4b).

Compounds 1 and 6 Were Stable in Vitro. The findings
that (1) several different quinine dimers are more effective
inhibitors of PfCRT than quinine and (2) quinine is
transported by PfCRT“® whereas compounds 1 and 6 are
not suggest that the dimeric structure is responsible, at least in
part, for the anti-PfCRT activities exhibited by the quinine
dimers. It was therefore important to determine whether these
compounds are likely to remain as dimers under the conditions
of in vitro and in vivo assessments of antimalarial activity. The
resistance of compounds 1 (ester-linked) and 6 (carbamate-
linked) to plasma and cellular esterases was investigated by

dx.doi.org/10.1021/cb4008953 | ACS Chem. Biol. 2014, 9, 722—730
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Figure 4. Concanamycin A-induced digestive vacuole (DV) alkalinization in pfcrt transfectant lines. The rate of concanamycin A-induced DV
alkalinization in the pfcrt transfectant lines C29“*® (CQS; white bars), C4°# (CQR; black bars), and C67%® (CQR; gray bars) was measured in the
absence (solvent control) and presence of the compounds indicated. Compounds were added to the parasite suspensions 4 min before the addition
of concanamycin A (100 nM). The data are averaged from three independent experiments and shown + SEM: (a) 1, 6, and quinine were all added at
a final concentration of 1 uM; (b) CQ was added at a concentration of 2.5 M in the presence or absence of 1 (1 uM) and 6 (1 uM).

testing their stability in the presence of human plasma or
purified pig liver esterase (PLE), respectively (Table 2).

Table 2. Quinine Dimer Stability and Inhibition of -
Hematin in Vitro

compound  t;,,(plasma)® (h)  t;/,(esterase)” (h) ICg, (heme)? (uM)
quinine 39+ 0.1
1 >90 25+ 4 34+ 06
6 >90 >90 25+07

“The compounds (40 uM) were incubated at 37 °C in a solution
containing 55% vol/vol human plasma, 45% vol/vol PBS (pH 7.4),
and 0.3% vol/vol DMSO or in 10 units of purified pig liver esterase in
PBS. Monomeric quinine was detected by HPLC, and the half-lives
were derived from fitted curves (Graph Pad Prism 4). YConcentration
of the compound that inhibited 50% of f-hematin production in vitro.

Compounds 1 and 6 were incubated in 55% human plasma
or with PLE (10 units) at 37 °C, and the products were
analyzed by HPLC to monitor the presence of the dimer and
monomer. The half-life (t,/,) of each dimer was estimated by
fitting curves to the resulting data. In human plasma, both 1
and 6 had t,,, values greater than 90 h (Table 2); after 90 b,
only 12% of 1 had reverted to monomer and compound 6
remained intact. Compounds 1 and 6 were also resistant to
cleavage by PLE, with t,/, values of 25 and >90 h, respectively.
The stabilities of 1 and 6 were also tested in an acidic buffer
(pH 4.5, to mimic the acidic environment of the parasite DV)
and in the medium used in the in vitro parasite proliferation
assays. In both cases, neither compound reverted to the
monomer over a 24 h period (data not shown). These data

confirm that compounds 1 and 6 are stable under conditions
that mimic key in vitro and in vivo assays.

Compounds 1 and 6 Inhibited f-Hematin Formation
in Vitro. One mode by which quinine is thought to kill the
parasite is the inhibition of heme detoxification in the DV.”® To
determine whether the quinine dimers also possess anti-
hemozoin activity, an in vitro colorimetric assay was performed
to quantify the ability of 1 and 6 to inhibit the formation of
synthetic hemozoin (f-hematin).** Both compounds were
found to inhibit A-hematin formation in a dose-dependent
manner, and the resulting ICy, values were comparable to that
measured for quinine in the same experiment (Table 2).

Compounds 1 and 6 Were Active against Drug-
Resistant P. falciparum Strains in Vitro. The antiplasmodial
activities of compounds 1 and 6 were evaluated in vitro against
red blood cells infected with field-derived P. falciparum strains.
These included the CQS strain HB3 (isolated in Honduras and
carrying PFCRTY) and the CQR strains Dd2 (isolated in
Indochina and carrying the Dd2 version of PfCRT“¥) and
FCB and P31 (both isolated in South East Asia and carrying the
K1 version of PFCRT“®). Incorporation of [*H]-hypoxanthine
into parasite nucleic acids was used as a measure of parasite
growth, and each compound (as well as quinine) was tested at a
range of concentrations.*** The resulting ICy, values are
presented in Table 3. Quinine was significantly less active
against the CQR strains than against the CQS strain (P < 0.05),
with the fold-differences in the quinine ICy, values between the
HB3 clone and the CQR strains being S (P31), 3.3 (FCB), and
1.7 (Dd2). Both 1 and 6 inhibited the proliferation of P.
falciparum with ICs, values in the nanomolar range, although
neither compound was more effective than quinine against the

Table 3. In Vitro Antiplasmodial Activities of Quinine and Compounds 1 and 6 against Field-Derived Drug-Sensitive and Drug-

Resistant Strains of P. falciparum

parasite strain, ICs, (nM)*

compound Dd2 FCB P31 HB3
quinine 187.7 + 289 354.7 + 17.8 535.3 + 40.8 108.2 + 11.7
1 132.6 + 23.8 91.1 + 5.6 186.6 + 12.4 514.1 + 43.1
6 492 + 62 32.0 + 54 232.1 + 31.1 297.6 + 30.1

“The half-maximal inhibitory concentrations (ICg, values) were determined using a [*H]-hypoxanthine incorporation assay as described in the
Methods. The data is shown as mean + SEM from 4 separate experiments performed on different days. P. falciparum strains: drug-sensitive strain:
HB3 (Honduras); drug-resistant strains: P31 (South East Asia), FCB (South East Asia), Dd2 (Indochina).
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Table 4. In Vitro Antiplasmodial Activities of Quinine, CQ, and Compounds 1 and 6 against Isogenic Drug-Sensitive and Drug-

Resistant Strains of P. falciparum

parasite strain, ICg, (nM)“

compound CAes
quinine 56 +3
cQ 124 + 1.7
monodesethyl-CQ 314 £ 1.5
1 487 £ 23
6 286 + 14

C67G8

15.9 + 0.7 (0.009)
269 + 3.7 (0.03)
855 + 186 (0.05)
239 + 38 (0.01)
82 + 12 (<0.001)

C4Dd2

18.4 + 0.9 (0.009)
310 + 1.9 (0.01)
>1500°
209 + 14 (0.002)
75 + 11 (<0.001)

“The half-maximal inhibitory concentrations (ICs, values) for the compounds indicated in the pfcrt transfectant lines generated by Sidhu et al."® The
data is shown as mean + SEM from three separate experiments performed on different days. P values from paired t-test comparisons with C29°* are

shown in parentheses. bHighest concentration tested.

CQS strain. However, in contrast with what was observed for
quinine, the efficacy of compound 6 against the Dd2 and FCB
parasites was considerably greater than that measured in the
CQS strain (P < 0.05), and compound 1 was more potent
against all three CQR strains than against the HB3 clone (P <
0.05). Moreover, the IC, values determined for 1 and 6 were
lower than those obtained for quinine in all three CQR strains
(P < 0.05). These in vitro data demonstrate that compounds 1
and 6 are potent antiplasmodial agents that have activities that
are inversely correlated with those of quinine and CQ_in field-
derived strains of P. falciparum.

These findings were investigated further by measuring the
antiplasmodial activities of compounds 1 and 6 against the
C26C% 4P and CE7% parasite lines. The efficacies of
quinine, CQ, and monodesethyl-CQ_(the main metabolite of
CQ) were also tested. Consistent with previous reports, the
ICy, values determined for CQ_and monodesethyl-CQ_were
higher in the CQR lines than in the CQS counterpart (Table 4;
P < 0.05, paired t-tests)."® The opposite pattern was observed
for 1, 6, and quinine, with the C4P% and C67¢8 parasites being
2—4 times more susceptible than the C29“* line to these
compounds (Table 4; P < 0.0S, paired t-tests). Given that the
transfectant lines differ only in the version of the pfcrt gene
expressed, these data indicate that the enhanced potency of 1
and 6 against the CQR parasites is, at least in part, due to an
interaction with PFCRT“®. By binding to PfCRT“® with high
affinity, these drugs would block the normal physiological
function of the transporter (which is known to be essential for
the survival of the parasite)'”*" and thereby exert an additional
killing effect. Hence, the quinine dimers possess both
antihemozoin and anti-PfCRT“® activities. The higher ICg,
values obtained for 1 and 6 relative to quinine in both the field-
derived and transgenic parasites may be due to the dimers
being less effective inhibitors of hemozoin formation in vivo or
other (as yet undefined) targets of quinine.

Compounds 1 and 6 were potent inhibitors of CQ_transport
via PfCRT® in the oocyte system as well as in the H*-leak
assay. We therefore examined their ability to act as CQ
resistance reversers in the C26¢%, C4°® and C67%® lines. CQ
growth assays were undertaken in the absence or presence of a
very low concentration (62.5 nM) of 1, 6, or verapamil, and the
resulting CQ_ICg, values are presented in Figure 5. At this low
concentration, neither verapamil nor compound 1 exerted CQ
resistance-reversing activity, whereas compound 6 chemo-
sensitized both of the CQR lines to CQ (P < 0.05). This
result is consistent with our findings that compound 6 is a
much more potent inhibitor of PfCRT“®-mediated CQ
transport (ICs, of ~1.4 uM) than either 1 (ICs, of ~5.3
uM) or verapamil (ICs, of ~30 uM), as well as with the finding
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Figure 5. Growth inhibition of pfcrt transfectant lines by CQ. CQ ICy,
values for the pfrt transfectant lines C2°°% (CQS; white bars), C4°%
(CQR; black bars), and C6"%® (CQR; gray bars) in the presence and
absence of 1, 6, or verapamil (all added at a final concentration of 62.5
nM). The data are averaged from three independent experiments and
shown + SEM.

that in all strains compound 6 decreased the rate of
(concanamycin A-induced) alkalinization of the DV to a
greater extent than compound 1 (Figure 4a), an observation
attributed to compound 6 accumulating to higher levels than
compound 1 in the DV and hence exerting a stronger buffering
effect.

Taken together, these data suggest that the CQ_resistance
mechanism could be overcome by administering 6 (or a similar
compound) in combination with CQ (or other quinoline
antiplasmodials that display cross-resistance with CQ, for
example, amodiaquine and pyronaridine). In such a therapy,
both 6 and the partner quinoline would possess antihemozoin
activity against the CQS strains. In CQR strains, 6 would exert
an antihemozoin effect while, at the same time, blocking the
efflux of the partner quinoline via PfCRT®Y, thereby
enhancing the antiplasmodial action of this compound. The
finding that compound 6 blocks the flux of CQ via PFCRT“®
also raises the possibility that it may inhibit the normal
transport function of PfCRT in CQR strains and that this too
might contribute to its parasiticidal effect.

The finding that quinine was more active in the CQR lines of
the transfectant parasites (Table 4) contrasts with what was
observed in the field-derived strains, against which quinine was
less active in the CQR parasites (Table 3). Both of these results
are nevertheless consistent with previous studies; several field-
derived CQR strains have been shown to exhibit cross-
resistance to quinine in vitro,** and the original characterization
of the C4°% and C67% lines revealed that these parasites are
more sensitive to quinine and less susceptible to CQ_than the
C2%“ line.'® The reason for these conflicting patterns of
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quinine susceptibilities between transfectant and field-derived
CQR parasites is not clear. The mode(s) of quinine action is
not entirely understood, and it is likely that quinine targets one
or more processes in addition to hemozoin formation.®
Moreover, resistance to quinine is a complex, multifactorial
trait that remains largely unresolved*® but is currently thought
to entail changes to PfCRT, PIMDRI1, PIMRPI, and possibly
other parasite proteins.'”'> Hence, when compared with the
transgenic lines and CQS field-derived strains, the CQR field
isolates may contain genetic differences (other than the changes
to PfCRT) that decreased their susceptibility to quinine (but
not to 1 and 6).

In addition, this study has uncovered important differences in
how the two types of drugs interact with PFCRT® that may,
at least in part, explain why the quinine dimers retain their
activity in the CQR field strains. First, compounds 1 and 6
inhibited PFCRT“® with 9—34 times the potency of quinine
(Table 1). Second, quinine was a substrate of PFCRT X in situ,
whereas the dimeric compounds were not (Figure 4a). The
efflux of quinine via PfCRT® in the context of the other
resistance-conferring changes that are likely to be present in the
Dd2, P31 and FCB strains, could be sufficient to cause a
marked reduction in the accumulation of quinine in the DV and
hence a significant decrease in its antihemozoin and (relatively
poor) anti-PfCRT X effects in these parasites. The absence of
the “other” resistance-conferring changes in the CQR trans-
fectant lines could shift the balance back toward quinine-
sensitive status, perhaps because one or more routes of quinine
influx into the DV are again operating and therefore
augmenting its accumulation within the DV. By contrast,
compounds 1 and 6 are high-affinity inhibitors of PfCRT“®
and are not effluxed by the protein, and as a consequence their
antihemozoin and anti-PfCRT“® activities may not be
significantly affected by the presence or absence of other
resistance-associated mutations, particularly if the extent to
which these changes alter the DV accumulation of the dimers
does not affect their antiplasmodial effects. Indeed, these other
resistance-associated proteins may not even recognize or act
upon the quinine dimers. Furthermore, it is worth noting that
the field strains that were least susceptible to quinine (FCB and
P31) both contain the K1 version of PFCRT“®, whereas the
Dd2 strain (which carries the Dd2 version of PFCRT®) was
only slightly less sensitive to quinine than the CQS strain. It is
therefore possible that the K1 form of PFCRT“® has a greater
capacity for quinine transport relative to the Dd2 (carried by
the C4°% line) or 7G8 (carried by the C67® line) versions of
the protein, which would also contribute to the differences in
quinine susceptibilities observed between the CQR lines and
the FCB and P31 strains.

Compound 1 Was an Active Antimalarial in a Mouse
Malaria Model. A preliminary in vivo evaluation of
compounds 1 and 6 was performed using the Peters 4-day
parasite suppression test in mice infected with a CQS strain of
P. berghei. The antimalarial activity (EDs, mg/kg) was
determined for quinine (maximum dose 100 mg/kg), 1
(maximum dose 120 mg/kg) and 6 (maximum dose SO mg/
kg) administered orally once per day (Table 5).*** The overall
health of the animals was monitored daily, and body weight was
measured every second day. At the end of the test, the animals
were found to have lost only around 5% body weight and
otherwise appeared normal (data not shown). The activity of
compound 1 (EDg, of 38.2 mg/kg) was comparable to that of
quinine (EDj, of 48.7 mg/kg). Compound 6 did not appear to
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Table S. In Vivo Antimalarial Activities of Compounds 1 and
6 in P. berghei-Infected Mice”

compound ~ maximum dose (mg/kg) EDy, (mg/kg) CI (95%)
quinine 4 % 100 48.7 37.4—63.3
1 4 X 120 38.2 21.9-66.8
6 4 X S0 highly variable; suppression at 50

mg/kg

“CD-1 mice were infected with 1 X 107 red blood cells infected with
the CQS N-strain of P. berghei. Drug treatment at a range of
concentrations up to the maximum dose indicated was initiated 2 h
postinfection and continued for another 3 days. On day 4, parasitemia
was measured by fluorescence staining of the infected red blood cells
in tail-vein blood samples and compared with parasitemias of the
untreated control group. Linear regression analysis of the data was
performed to determine the effective dose at which 50% of parasitemia
was cleared by the 4-day drug treatment (EDj, in mg drug per kg
mouse weight). CI: confidence interval.

exert an antimalarial effect when administered at doses between
10 and 40 mg/kg, but was somewhat efficacious at 50 mg/kg;
data from two separate experiments yielded parasitemia
suppression values of 15% and 83%. This variability may have
been due to greater weight loss in some of the animals after
four drug doses of 6. Given that weight loss can be a symptom
of adverse physiological effects, further increases in the dose of
6 were not tried. Overcoming the in vivo toxicity of compound
6 will be the focus of future work that will aim to optimize this
class of otherwise promising antimalarials.

Conclusions. This study describes the activities of a series
of dimeric quinine compounds. These agents were found to be
the most potent inhibitors of PACRT ¥ described to date with
IC, values between 1 and 5 M but are not themselves
substrates of the transporter. Hence, unlike CQ and quinine,
compounds 1 and 6 were not transported out of the DV of
CQR parasites via PfCRTX®. Indeed, the observation that
both compounds decreased the rate of (concanamycin A-
induced) alkalinization of the DV in both CQS and CQR
parasites is consistent with both compounds accumulating to
sufficiently high levels in the DV to exert a significant buffering
effect. Compounds 1 and 6 inhibited the formation of synthetic
hemozoin and were very effective antiplasmodials when tested
in vitro against field- and laboratory-derived drug-resistant P.
falciparum parasites. Compound 6 was also a potent reverser of
CQ_ resistance in vitro, and the antimalarial activity of
compound 1 was comparable to that of quinine when
administered orally to mice infected with a CQS strain of P.
berghei.

Of significant interest was the finding that compounds 1 and
6 are more active against CQR than CQS parasites and that this
phenomenon is due, at least in part, to the presence of
PfCRT“® in the CQR stains. This result, together with the
observations that the quinine dimers are potent inhibitors of
PfCRT® in vitro and in situ, raises the possibility that the
quinine dimers are also highly effective inhibitors of the
transport of the (unknown) endogenous substrate(s) via
PfCRTY®, and that this contributes to their antiplasmodial
effect. The dimeric agents may therefore have multiple modes
of action in CQR parasites. In addition to acting as resistance
reversers (by blocking the PfCRT“®.mediated efflux of
antimalarial drugs from the DV), the quinine dimers may
target both (1) hemozoin formation and (2) the normal
function of PFCRT“¥. Given this potential trifunctionality and
the relative ease and affordability of synthesizing the quinine
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dimers, these compounds could be administered in combina-
tion with a CQ-like drug to reverse CQ resistance as well as to
achieve a combination therapy in which the two drugs inflict
opposing selection forces on the CQ_resistance mechanism. A
paradigm shift toward considering PfCRT as a drug target''
and not just a key mediator of drug resistance could provide a
framework for devising robust antimalarial strategies based on
drug combinations that trap the parasite in a “resistance
stalemate”, with partner drugs chosen such that mutations
required for resistance to one increase the parasite’s sensitivity
to the other drug.

B METHODS

See Supporting Information for Supplementary Methods describing
the synthesis of compounds § and 6, stability of the quinine dimers,
culture of P. falciparum-infected red blood cells, in vitro parasite
proliferation assays, and the 4-day Peters test.

Synthesis of Quinine Dimers 1, 2, 3, 4, and 7. Compounds 1—
4 were synthesized as previously described.** Compound 7 was
synthesized from alkyne- and azide-modified quinine as previously
described.*

Measurements of CQ Transport in X. laevis Oocytes
Expressing PfCRT. Expression of mutant and wild-type forms of
PfCRT (from the strains Dd2 and D10, respectively) at the plasma
membrane of X. laevis oocytes was performed as described
previously.'> Briefly, oocytes were injected with cRNA encoding
PfCRT (25 ng per oocyte) and the uptake of [*’H]CQ (0.3 uM; 20 Ci/
mmol, American Radiolabeled Chemicals) was measured 4—6 days
postinjection using a method described previously.*® The influx
measurements were made over 1—2 h at 27.5 °C and in medium that
contained 96 mM NaCl, 2 mM KCl, 1 mM MgCl,, 1.8 mM CaCl,, 10
mM MES, 10 mM Tris-base (pH 6.0), and 15 yM unlabeled CQ.
Statistical comparisons were made with the Student’s t-test for paired
or unpaired samples or with ANOVA in conjunction with Tukey’s
multiple comparisons test.

Measurement of the DV H* Leak. Saponin-isolated trophozoite-
stage parasites containing the membrane-impermeant pH-sensitive
fluorescent indicator fluorescein-dextran (10000 MW; Life Technol-
ogies, Australia) in their DVs were prepared as described previously.”®
The cells were suspended in a saline solution (125 mM NaCl, S mM
KCl, 1 mM MgCl,, 20 mM glucose, 25 mM HEPES, pH 7.1) at a
density of ~107 cells/mL, and the pH of the DV was monitored at 37
°C using a PerkinElmer Life Sciences LSSOB fluorometer with a dual
excitation Fast Filter accessory (excitation 490 and 450 nm; emission
520 nm). The experiments entailed monitoring the alkalinization of
the DV upon addition of the V-type H*-ATPase inhibitor
concanamycin A (100 nM), in the presence and absence of the
drugs of interest. Half-times for DV alkalinization were calculated as
outlined elsewhere.”®

Inhibition of f-Hematin Formation. Inhibition of the formation
of f-hematin in vitro was measured using a colorimetric assay based on
the pyridine ferrihemochrome method.” Briefly, aqueous solutions of
dimers and hematin were mixed to give final concentrations of 0—10
equiv of dimer relative to hematin. A prewarmed supersaturated
solution of sodium acetate trihydrate (60 °C) was added, and the
samples were incubated at 60 °C for 1 h. The reactions were quenched
at RT, and the f-hematin was allowed to settle at RT for 20 h. The
supernatant of each sample was transferred to a cuvette, and the
absorbance was read at 405 nm. The IC;, values were derived from
curves fitted to the resulting dose—response data (GraphPad Prism).

B ASSOCIATED CONTENT

© Supporting Information

Supplementary methods. This material is available free of
charge via the Internet at http://pubs.acs.org.
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