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ABSTRACT: The aminoquinoline chloroquine (CQ) has
been widely used for treating malaria since World War IL
Resistance to CQ_began to spread around 1957 and is now
found in all malarious areas of the world. CQ_resistance is
caused by multiple mutations in the Plasmodium falciparum
chloroquine resistance transporter (PfCRT). These mutations
result in an increased efflux of CQ from the acidic digestive
vacuole (DV) to the cytosol of the parasite. This year, we pro-
posed a strategy to locate and quantify the aminoquinolines in
situ within infected red blood cells (iRBCs) using synchrotron
based X-ray nanoprobe fluorescence. Direct measurements of
unlabeled CQ and ferroquine (FQ) (a ferrocene-CQ conjugate,
extremely active against CQ-resistant strains) enabled us to
evidence fundamentally different transport mechanisms from
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the cytosol to the DV between CQ_and FQ in the CQ-susceptible strain HB3. These results inspired the present study of the
localization of CQ_and FQ in the CQ-resistant strain W2. The introduction of the ferrocene core in the lateral side chain of CQ
has an important consequence: the transporter is unable to efflux FQ from the DV. We also found that resistant parasites treated
by FQ accumulate a sulfur-containing compound, credibly glutathion, in their DV.
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D espite progress in fighting malaria, this infectious disease
causes 700000 deaths per year worldwide, mostly in
children under five." The 4-aminoquinoline chloroquine (CQ)
(Figure 1) was used extensively after World War II for malaria
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Figure 1. Chemical structures of CQ and FQ and their antimalarial
activity against the W2 strain of P. falciparum in vitro.

prevention and treatment. Approximately S50 years ago, the
hope inspired by the success of CQ was destroyed due to the
emergence of resistant parasites.” Thus, it is essential to con-
stantly develop new antimalarials against Plasmodium falciparum.
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To address this need, in the mid-1990s, we initiated a structure-
based drug design program wherein ferrocenyl analogues of
antimalarial drugs in current use were synthesized and tested.
Ferroquine (FQ or SSR97193, Figure 1) emerged from this
project as a novel antimalarial drug candidate that completed
phase 2 clinical trials in combination with artesunate for the
treatment of uncomplicated malaria.* Recently, we proposed a
novel strategy to locate and quantify drugs in pharmacological
doses in vitro with sufficient spatial resolution and without
labeling.®

These results inspired the present study of the localization of
CQ and FQ in the CQ-resistant P. falciparum strain W2.
Indeed, even if the mechanism of action of both drugs is linked
with the heme detoxification pathway in the digestive vacuole (DV)
of the parasite, we hypothesized different molecular modes of action
in susceptible and resistant parasites.
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The pioneering work of Sullivan and Golberg® showed that
CQ-resistant parasites accumulate significantly less CQ_in their
DV than CQ:-susceptible parasites. After this discovery, numerous
studies were reported, speculating on the amount of CQ in CQ-
resistant versus CQ-susceptible parasites.”

Unfortunately, the absence of standardized experimental
protocols led to a variety of data depending on the strains, the
external concentration of CQ, the incubation time, etc. Never-
theless, the general assumption is that CQ-resistant parasites
accumulate 2—10-fold less CQ than CQ-susceptible at
pharmacological doses (1—50 nM)®~'® with the most probable
explanation being an increased efflux of CQ out of the DV.’
Using purified P. falciparum chloroquine resistance transporter
(PfCRT), kinetic data on quinoline transport by PfCRT
showed little chan%e in the rate constants for mutant versus
wild-type proteins.' Polymorphims in PfCRT, particularly in
the K76T mutation, have been demonstrated to bring about
CQ resistance.'” The function of PfCRT as a channel or a
carrier is still an open question.'®> Martin et al. have published
evidence that PFCRT behaves as a carrier.* However, data from
purified proteoliposomes containing purified PfCRT suggest a
channel-like mechanism."" In wild-type PfCRT, the protonated
lysine could repulse the (di)protonated forms of CQ, thereby
preventing its transport and maintaining a lethal concentration
in the DV, whereas in mutated PfCRT, mutation of lysine 76 to
threonine could allow interaction between PfCRT and charged
CQ and therefore allos its efflux out of the DV.'>'® Recently,
Roepe's group showed that Saccharomyces cerevisiae yeast
expressing either CQ-susceptible or CQ-resistant isoforms of
PfCRT are both capable of increased CQ_transport."”” Moreover,
resistant PFCRT leads to increased transport.'” The majority of
available transport data and drug binding studies'®"® suggest that
both isoforms interact with and transport the drug. Other genes
known to be associated with quinoline resistance are pfmdrl,
pfmrp, and pfnhe-1.

The strain of P. falciparum used for demonstrating the in
vitro differential accumulation between FQ and CQ was W2, an
Indochinese clone exhibiting CQ_resistance. To study the
subcellular distribution FQ and CQ_within infected red blood
cells (iRBCs), we used a synchrotron-based X-ray fluorescence
nanoprobe. As a diprotic weak base with pK, values of 7.00
and 8.45, FQ can exist in a neutral, monoprotonated, or
diprotonated form under the acidic DV environment.*® As with
CQ,*" these species should have different reactivities toward the
different forms of heme (or hematin). In this study, we only
used the unlabeled drugs CQ and FQ to avoid any artifact that
could lead to wrong conclusions.** Indeed, if the physicochem-
ical properties of ruthenoquine, the cold tracer analogue of FQ,
are similar to those of FQ, they are not identical. For example,
RQ, with pK, values of 6.99 and 7.97, is less basic than FQ.
Nevertheless, the idea of using the chlorine atom of the drugs
asa labeling agent avoids any quantification of the drugs due to
the presence of a large amount of Cl ions under physiological
conditions and/or coming from the buffer.

Experiments were performed on W2 strains exposed for
30 min to 40 nM FQ (or CQ). The European Synchrotron
Radiation Facility nanoimaging end station can achieve 50—100
nm X-ray spot range at 25 keV excitation with very high flux.**
Details on the preparation of the P. falciparum iRBCs and the
X-ray fluorescence are given in the Experimental Section. The
area of high iron content corresponded to hemozoin (Hz)
crystals (Figure 2) and perfectly matched the presence of the
malaria pigment. In untreated iRBCs (control), homogeneous Cl
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Figure 2. Intraerythrocytic distribution of the antimalarial drugs FQ
and CQ_in the W2 strain of P. falciparum in vitro. Iron (Fe), chlorine
(Cl), and sulfur (S) Ka X-ray fluorescence intensity maps for control
iRBCs and iRBCs exposed for 30 min to CQ and FQ_ (40 nM) (see
ESI for further details). The optical micrograph of P. falciparum iRBC
is added for clarity.

signals were recorded in the whole sample (RBC, parasite, and
DV) corresponding to background noise of residual Cl ions
(Figure 2, control). The same remark can be made for the S
signals (Figure 2, control). In iRBCs treated with FQ, the area of
high Cl content corresponded to the DV (Figure 2). The
colocalization of CI and Fe atoms with Hz in the DV strongly
suggests the presence of FQ within this compartment in CQ-
resistant strain. To the contrary, in iRBCs treated with CQ, the
area of DV corresponds to a chlorine-depleted area. This also
contrasts to our previous results on CQ in the DV of CQ-
sensitive strain.” The highest Cl signal was measured in the area
of the iRBC excluding the DV. The Cl/Fe ratio was derived from
calculated mass fraction within the DV area and was found to be
significantly higher for FQ as compared to CQ-treated W2 cells
within our experimental conditions (2.4 + 0.3 vs 1.6 + 0.5
respectively, N = 4). While spatial resolution is still limited using
synchrotron-based X-ray fluorescence nanoprobe (50—100 nm),
we can conclude that CQ:-resistant parasites accumulate FQ,
whereas efflux of CQ_out of the DV takes place.

In 2008, Pradines' group hypothesized that FQ may not
interact with transport proteins (Pfcrt, Pfmdrl, Pfmrp, and
Pfnhe-1) in quinoline-resistant parasites.”> Coupling these observa-
tions altogether, it is clear that Pfcrt, Pfmdr1, Pfmrp, and Pfnhe-
1 are unable to transport FQ_ out of the DV, thus allowing FQ
to evade the resistance mechanisms.

During the oxidative process of hemoglobin digestion, the
parasite is exposed to high fluxes of reactive oxygen species
(ROS). Glutathione (GSH), a tripeptide of glutamic acid,
cysteine, and glycine are known to protect P. falciparum from
oxidative damage.**** As compared with untreated iRBCs, the
area of high sulfur content in iRBCs treated with FQ_ cor-
responds to the DV (Figure 2). The colocalization of S and Fe
atoms in the DV indicates the accumulation of a sulfur-
containing compound within this organelle. To the contrary, in
iRBCs treated with CQ, the area of the DV corresponds to a
depleted S content within the DV. For comparison, Figure 3
shows the differences between CQ_and FQ DV accumulation
for CQ-susceptible HB3® versus CQ-resistant W2 parasites.
The mass fraction could be calculated, and the derived S/Fe
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Figure 3. Comparison of the intraerythrocytic distribution of the
antimalarial drugs FQ and CQ in the HB3 and W2 strains of
P. falciparum in vitro. After overlaying the sulfur (S, red), iron
(Fe, green), and chlorine (Cl, blue) maps, the colocalization of Cl and
Fe appeared in light blue. HB3 maps are reproduced from ref S.
Copyright 2012 The Royal Society of Chemistry.

ratio is found significantly higher for FQ as compared to CQ-
treated W2 cells (1.8 + 0.3 vs 1.2 + 0.3, respectively, N = 4).
What is the nature of the sulfur-containing compound
accumulated in the DV? Whlle we cannot exclude the presence
of a sulfur-containing protein,*® the most simple and rational
hypothesis is that this subcellular accumulation is due to a
higher concentration in GSH in iRBCs treated with FQ (as a
response to oxidative aggression) than in iRBCs treated with
CQ_(with an absence of oxidative aggression). As previously
hypothesized, FQ should be able to enhance the ox1dat1ve stress
in the acidic and oxidative conditions of the DV.'® Two path-
ways could therefore be envisaged; FQ in the presence of H,0,
generates OH® radicals via a Fenton-like reaction, causing
damage to the membranes or the proteins of the parasite DV;
or FQ inhibits the formation of the malaria parasite or disrupts
the hemozoin. Accumulation of toxic heme (free or complexed
with FQ) leads to the death of malaria parasite.

Our observation of sulfur accumulation in the DV of CQ-
resistant parasites treated by FQ provides a strong argument for
the generation of oxidative stress by FQ and for a defense
response probably based on GSH, which is an efficient trapping
molecule for OH®. As CQ_is unable to generate oxidative stress
and does not accumulate in the DV of the W2 strain, such a
sulfur accumulation is not observed (Figure 3). Remarkably,
these unexpected findings of a large amount of sulfur in the DV
validate recent results of Patzewitz et al. on the essential role of
GSH for Plasmodium.”” These authors suggest that mutant
PfCRT transport GSH into the DV for resistant parasites.

The feasibility of comparing the distribution of FQ and CQ
in CQ-resistant P. falciparum by a synchrotron X-ray nanoprobe
has been demonstrated. We were able to locate FQ in the DV,
while CQ_is effluxed out the DV of the parasite. Mapping the S
content led us to conclude that the increase of the oxidative
stress in the DV of the parasites treated by FQ, but not CQ, is a
more and more relevant hypothesis.

The FQ conundrum illustrates the quote of Martin
“Quinolines are not pass¢”.”® The question “why does the introduc-
tion of a ferrocene moiety in an old drug reduce the induction
of resistance?” has still not yet been answered. Nevertheless,
there are a number of answers: (1) FQ_is not recognized and
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transported out of the DV by PfCRT or other proteins involved
in quinoline-resistance, (2) the physicochemical properties of
FQ_result in accumulation within the DV where FQ_ is a
more potent inhibitor of hemozoin formation than CQ, and (3)
the ferrocene core induces directly or indirectly ROS
generation within the DV (Figure 4). Taken altogether, these
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Figure 4. Hypothetical models for the mechanism of action of FQ. (1) FQ
accumulates within the DV through passive diffusion and/or through an
active transporter. The intramolecular H-bond formed in FQ_improves
membrane permeability. (2) FQ opens up and inhibits the formation of the
malaria pigment by interacting with the {001} or {100} crystal faces. (3) In
the oxidizing conditions of the DV, FQ should be capable of undergoing
redox reactions causing lipid oxidation. Interactions between malaria
pigment and FQs destabilize hemozoin and liberate hematin (free or
complexed with FQ), leading to membrane damage. The interactions of
FQ with membrane lipids are also supposed to inhibit the crystallization of
hemozoin. The K76T polymorphisms in PfCRT do not confer resistance
to FQ. A lethal concentration of FQ is maintained in the DV even in
quinoline-resistant parasites.

data require a new theory for the mechanism of antimalarial
action of FQ.
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