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Iron is a substrate of the Plasmodium falciparum chloroquine
resistance transporter PfCRT in Xenopus oocytes
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The chloroquine resistance transporter of the human malaria
parasite Plasmodium falciparum, PfCRT, is an important deter-
minant of resistance to several quinoline and quinoline-like
antimalarial drugs. PfCRT also plays an essential role in the
physiology of the parasite during development inside erythro-
cytes. However, the function of this transporter besides its role
in drugresistance is still unclear. Using electrophysiological and
flux experiments conducted on PfCRT-expressing Xenopus lae-
vis oocytes, we show here that both wild-type PfCRT and a
PfCRT variant associated with chloroquine resistance transport
both ferrous and ferric iron, albeit with different kinetics. In
particular, we found that the ability to transport ferrous iron is
reduced by the specific polymorphisms acquired by the PfCRT
variant as a result of chloroquine selection. We further show that
iron and chloroquine transport via PfCRT is electrogenic. If these
findings in the Xenopus model extend to P. falciparum in vivo, our
data suggest that PfCRT might play a role in iron homeostasis,
which is essential for the parasite’s development in erythrocytes.

The chloroquine resistance transporter (PfCRT)* plays a piv-
otal role in the physiology and pathophysiology of the human
malaria parasite Plasmodium falciparum. PfCRT is an essential
factor during intraerythrocytic development of the parasite,
and it is a determinant of resistance to antimalarial drugs (1-3).
PfCRT resides at the membrane of the parasite’s digestive vac-
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uole (1), a proteolytic organelle involved in hemoglobin degra-
dation and a target for antimalarial drugs. Diverse PfCRT vari-
ants have emerged under drug selection in different parts of the
world and are associated with altered susceptibility of the par-
asite to a wide range of quinoline and quinoline-like antimalar-
ial drugs, including the former first line drug chloroquine and
the currently used antimalarials amodiaquine, quinine, and
lumefantrine (2—4).

PfCRT confers altered drug phenotypes by acting as an efflux
carrier (5- 8), expelling compounds from the digestive vacuole,
where these drugs are thought to interfere with endogenous
heme detoxification pathways. The transport of drugs seems to
occur in association with protons and to be dependent on the
membrane potential, suggesting a model of PfCRT as a proton-
coupled and potential-driven facilitating carrier (9-11). The
drug-transporting function of PfCRT is dependent on an amino
acid substitution of threonine for lysine at position 76 that is
conserved among geographic PfCRT variants (12, 13). The
replacement of a positively charged amino acid with an un-
charged residue is thought to allow positively charged drugs,
such as chloroquine, to enter the binding pocket. In total, geo-
graphic PfCRT variants harbor between 4 and 10 mutations (2).
The additional mutational changes augment the drug-trans-
porting activity and/or balance it with fitness costs (13, 14).

In contrast to our deepening understanding of the role of
PfCRT in drug resistance, the physiological function of PfCRT
has remained largely enigmatic. Sequence analyses and homo-
logy searches have grouped PfCRT among the drug/metabolite
carrier superfamily based on the protein topology, with a pre-
dicted number of 10 transmembrane domains and an internal
2-fold pseudosymmetry (15, 16). However, robust in silico pre-
dictions on the physiological function of PfCRT have been
hampered by a paucity of closely related homologs with anno-
tated function in other species. An early report suggesting that
PfCRT resembles bacterial voltage-gated chloride channels
could not be confirmed (17). Maughan et al. (18) reported a
resemblance of PfCRT with a family of thiol transporters in
Arabidopsis thaliana, termed PfCRT-like transporters (CLTs)
that export glutathione and its precursor y-glutamylcysteine
from the chloroplast where y-glutamylcysteine is exclusively
made. On the basis of this finding, and taking into account that
mutations in both CLTs and PfCRT affect glutathione homoeo-
stasis in A. thaliana and P. falciparum, a function of PfCRT in
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glutathione transport was proposed (18-20). Other studies
have implicated PfCRT in polyspecific cation transport and,
in addition to glutathione, proposed also choline; tetraethyl
ammonium (TEA); the amino acids histidine, lysine, and argi-
nine; and the polyamines spermine and spermidine as putative
substrates (21). However, these studies have remained contro-
versial mainly because none of these organic cations were able
to compete with chloroquine for transport via PfCRT in a func-
tional heterologous expression system, based on oocytes from
the South African clawed toad Xenopus laevis, which display
PfCRT at their plasma membrane (5).

Here we have investigated the physiological function of
PfCRT expressed in X. [laevis oocytes. Our data suggest that
both wild-type PfCRT and a PfCRT variant associated with
chloroquine resistance confer electrogenic iron transport.
PfCRT does not discriminate absolutely between ferric and fer-
rous iron, setting PfCRT apart from the mammalian divalent
metal transporter 1 (DMT1) and other known iron-transport-
ing systems (22, 23). However, the PfCRT variant associated
with chloroquine resistance displayed kinetic parameters with
regard to ferrous iron that were distinct from those of the wild

type.

Results
PfCRT is an electrogenic carrier of chloroquine

To study the transport function of PfCRT, we expressed the
wild-type form of the protein from the chloroquine-sensitive
strain HB3 and the polymorphic variant from the chloroquine-
resistant P. falciparum strain Dd2 in X. laevis oocytes. The
PfCRT variant from the Dd2 strain differs from the wild-type
protein in 8 amino acid substitutions, including the conserved
K76T mutation. Expression was verified by Western analyses
and immunofluorescence assays, using a guinea pig antiserum
specific to PfCRT (Fig. 1, A and B). Western blot analysis iden-
tified a protein with the expected molecular mass of PfCRT of
48.6 kDa, and immunofluorescence images revealed co-local-
ization of PfCRT with the oolemma marker inositol 1,4,5-
triphosphate receptor (24) in both PfCRT"P3- and PFCRTP42-
expressing oocytes (Fig. 1, A and B). Water-injected oocytes did
not react with the PfCRT-specific antiserum (Fig. 1, A and B).
Quantification of the specific signals in the Western analysis
suggests comparable expression levels of both PfCRT variants,
relative to the internal a-tubulin standard (Fig. 14), consistent
with previous reports (13).

Several studies have suggested that drug transport via
PfCRT is associated with protons (10, 11, 25). To explore the
possibility of an electrogenic transport process, we studied
the electrophysiological effect of chloroquine on PfCRT*®3-
and PfCRTP“*-expressing oocytes, using the two-electrode
voltage clamp technique. Water-injected oocytes were ana-
lyzed in parallel. Oocytes were kept in a low-Na ™" -containing
buffer, pH 7.5 (10 mM NaCl and 86 mMm NMDG chloride, hence-
forth termed ND10 buffer) from the moment of RNA injection
to reduce the impact of the non-selective cationic conductance
activated in PfCRT-expressing oocytes on electrophysiological
parameters (26). The activation of the non-selective cationic
conductance would lead to a low membrane potential and an
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Figure 1. Expression of PfCRT in X. laevis oocytes. A, Western blot analysis
of total lysates from oocytes injected with water, PFCRT"® cRNA, and
PfCRTP92 cRNA, using a polyclonal guinea pig antiserum specific to PfCRT and
a polyclonal rabbit antiserum specific to a-tubulin. A size standard is indi-
cated in kilodaltons. The hybridization signals were subsequently quantified,
yielding the expression levels of PFCRT"5* and PfCRTP relative to the inter-
nal standard a-tubulin. The means = S.E. (error bars) from the number of
independent biological replicates Ng; = 4 independent Western blot analy-
ses are shown. B, confocal fluorescence images of fixed PfCRTPY? and
PfCRTP92-expressing oocytes and water-injected control oocytes. Left, fluo-
rescence image of InsP;R, using a specific rabbit antisera and an Alexa Fluor
546 anti-rabbit secondary antibody. Middle, fluorescence image of PfCRT,
using a specific guinea pig antiserum and the Alexa Fluor 488 anti-guinea pig
secondary antibody. Right, differential interference contrast image. Bar, 250
um. C, effect of ND10 and ND96 buffer, pH 5.5, on PfCRTP¢2-mediated chlo-
roquine uptake in the presence and absence of verapamil (VP; 100 um).
Oocytes were incubated in the respective buffer, pH 7.5, from the moment of
cRNA injection. For the flux experiments, chloroquine was added at a final
concentration of 50 um unlabeled chloroquine and 42 nm [*Hlchloroquine,
and the amount of uptake was determined after 60 min of incubation. The
means = S.E. of Ng; = 4 independent biological determinations are shown.
Statistical significance was assessed using the two-tailed t test. D, intracellular
ATP levels of water-injected oocytes and oocytes expressing PfCRTH®* or
PfCRTP2, Oocytes were incubated in ND10 buffer, pH 7.5, after cRNA injec-
tion, for 3 days before the intracellular ATP levels were determined. The
mean * S.E. of Ngz = 5 independent biological determinations are shown.
The statistical significance was assessed using the Holm-Sidak one-way
ANOVA test or a two-tailed t test, where appropriate. n.s., not significant.

elevated intracellular free Na* concentration (supplemental
Table S1) (26). Prior to the electrophysiological experiments,
oocytes were pre-equilibrated for 30 min in ND10 buffer, pH
6.0. This protocol fully maintained verapamil-sensitive chloro-
quine transport activity in PfCRTP“*-expressing oocytes, as
verified in flux experiments, using radiolabeled chloroquine
and by comparing the amount of chloroquine taken up by
oocytes kept in ND10 or ND96 buffer (Fig. 1C). Moreover,
oocytes incubated in ND10 buffer had intracellular ATP levels
in the normal range of 1-2 mm (27, 28) (Fig. 1D). These findings
demonstrate that the oocytes incubated in ND10 buffer are via-
ble and healthy, consistent with previous reports (29-31).
Chloroquine (100 uMm) induced an inward current in oocytes
expressing PFCRT%? clamped at a membrane potential (V) of
—50 mV (p < 0.001 compared with water-injected oocytes,
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Figure 2. Chloroquine-induced currents in PfCR -expressing oocytes. A, water-injected oocytes (white circles), PfCRT"°>-expressing oocytes (gray
circles), and PfCRTDdZ—expressing oocytes (black circles) were voltage-clamped (—50 mV) while superfused with ND10 buffer, pH 6.0. The currents induced upon
the addition of 100 um chloroquine (CQ) were measured before and after supplementation of the medium with 100 um VP in paired experiments. The lines
connecting two data points indicate the response of a single oocyte before and after the treatment. The number of oocytes (n) investigated is indicated above
the x axis. The medians are indicated as red lines. The statistical significance was assessed using the Kruskal-Wallis one-way ANOVA on ranks test or the paired
t test, where appropriate. The corresponding p values are indicated on the graphs. n.s., not significant. B, current-voltage relationships of water-injected
oocytes (left), PFCRT"B3-expressing oocytes (middle), and PfCRTP92-expressing oocytes (right) were first obtained in ND10 buffer (red-filled circles) and then
ND10 buffer containing 100 um chloroquine (blue-filled circles) before adding 100 um VP (green-filled inverted triangles). I/V curves upon withdrawal of both
compounds are indicated by yellow-filled triangles. Each data point represents the mean * S.E. (error bars) from n = 15 oocytes. C, PfCRTP42-mediated
chloroquine uptake in the presence and absence of 1 mm DPC. PfCRTP92-expressing oocytes and water-injected oocytes were incubated in ND96 buffer
supplemented with and without T mm DPC and containing 42 nm [*H]chloroquine and 50 um unlabeled chloroquine for 60 min at 25 °C. To calculate the
amount of PfCRTP42-mediated transport, the amount of chloroquine taken up by water-injected oocytes was subtracted. The data represent the means = S.E.
of Ngz = 4 independent biological determinations. n.s., not significant according to a t test.

according to Kruskal-Wallis one-way ANOVA on ranks test), the observation that chloroquine uptake by PfCRTP2-ex-
and not in PfCRT®? expressing oocytes or in water-injected pressing oocytes was independent of DPC (1 mm) (Fig. 2C),
oocytes (Fig. 24 and supplemental Fig. S1A). The chosen chlo-  exclude the possibility that the chloroquine-induced cur-
roquine concentration of 100 uM corresponds to approximately  rents are related to or conferred by the endogenous non-
half the reported Michaelis-Menten constant K, of chloro- selective cation conductance activated by the heterologous
quine for PfCRT? of 245 um, as determined in the oocyte expression of PfCRT. Instead, our findings are consistent
system (5, 6, 13). The chloroquine-induced currents were with electrogenic transport of chloroquine via PFCRTP92,
sensitive to verapamil (100 um), as demonstrated in paired

experiments (Fig. 24 and supplemental Fig. S14; p < 0.001, Iron-induced currents in PFCRT-expressing oocytes

according to a paired ¢ test). Verapamil is an established full The electrogenic nature of drug transport via PfCRT offered
mixed-type inhibitor of PfCRT and a chemosensitizer of chlo-  the opportunity to screen for putative substrates using a previ-
roquine resistance in vitro (6, 32). The finding that chloroquine  ously established generic approach based on exposing oocytes
induced an inward current in PfCRT*-expressing oocytes toa complex mixture of metabolites as is present in bacto-yeast
and not in PfCRT"®>-expressing oocytes or in water-injected —extract (BYE) and recording substrate-induced electric signals
controls was further supported by current—voltage relation- in a two-electrode voltage-clamped set up (35). Application of
ships, showing a chloroquine-induced increase in basal mem- BYE (0.5% in ND10 buffer, pH 6.0) immediately induced a sig-
brane conductance G,, (Fig. 2B). The increase in basal mem-  nificant inward current in clamped (V, = —50 mV) PfCRT 42
brane conductance was maintained in the presence of expressing oocytes, comparable with the currents induced by
diphenylamine 2-carboxylic acid (DPC; 1 mMm), an established  chloroquine (Fig. 3A and supplemental Fig. S1B; p < 0.001,
inhibitor of the endogenous non-selective cation conductance according to Kruskal-Wallis one-way ANOVA on ranks test).
(33, 34) (supplemental Fig. S2). These findings, together with  Interestingly, BYE also induced a negative current in PFCRT*?3
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Figure 3. BYE-induced inward currents in PfCRT-expressing X. laevis
oocytes. A and B, water-injected oocytes (white circles), PFCRT®3-expressing
oocytes (gray circles), and PfCRTDdz-expressing oocytes (black circles) were
voltage-clamped (—50 mV) while superfused with ND10 buffer, pH 6.0. The
currents induced upon the addition of 0.5% BYE were measured before and
after supplementation of the medium with 100 um VP (A) or 100 um DFO (B) in
paired experiments. The number of oocytes investigated is indicated above
the x axis. The medians are indicated as red lines. The statistical significance
was assessed using the Kruskal-Wallis one-way ANOVA on ranks test or
paired t test, where appropriate. The corresponding p values are indicated on
the graphs. n.s., not significant.

expressing oocytes, which was statistically not different from
the BYE-induced currents observed in PfCRT“*-expressing
oocytes (according to Kruskal-Wallis one-way ANOVA on
ranks test) (Fig. 34 and supplemental Fig. S1B). The BYE-in-
duced currents were partly but significantly prevented by vera-
pamil in both PfCRTP%*- and PfCRT"®*-expressing oocytes
(p < 0.001, according to a paired  test, for both PFCRT“* and
PfCRT™®3), as shown in paired experiments (Fig. 3A and sup-
plemental Fig. S1B). BYE did not induce major currents in
water-injected oocytes (Fig. 34 and supplemental Fig. S1B), con-
sistent with previous reports (35). These findings are consistent
with an electrogenic transport process, with both the wild-type
and the mutated PfCRT interacting with at least one compo-
nent present in BYE.

Given that BYE contains several of the proposed substrates of
PfCRT, including positively charged amino acids, thiols, poly-
amines, and oligopeptides, we tested whether one or several of
them induced an inward current. However, neither arginine,
lysine, histidine, nor glutathione was active in our system at a
concentration of 1 mMm (supplemental Fig. S3A). We further
observed no responses with choline, TEA (a characteristic sub-
strate of organic cation transporters), or glycylsarcosine (a sur-
rogate substrate for mammalian oligopeptide carriers) ata con-
centration of 2 mm (supplemental Fig. S3A). We validated these
negative results for each of these putative substrates in flux
assays, using radiolabeled compounds at a concentration close
to and ~10-fold below the previously reported K, of these
organic biomolecules for PfCRT (21). None were taken up by
PfCRT-expressing oocytes (supplemental Fig. S3, A and B). We
further tested the negatively charged amino acids glutamic acid
and aspartic acid and the apolar amino acids leucine and pro-
line. Again, no electrical signals and no uptake were observed
(supplemental Fig. S3, A and B). Furthermore, we found no
evidence for facilitated uptake of the polyamines putrescine or
spermine by PfCRT-expressing oocytes (supplemental Fig. S3,
A and B).
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Considering that the digestive vacuole is the site of hemoglo-
bin degradation and that the physiological function of PfCRT
might directly or indirectly relate to this biological process, we
inspected the list of BYE ingredients for other products of
hemoglobin degradation that might be transported by PfCRT.
An obvious candidate is iron, of which BYE contains 55.3 ug
g~ ' dry weight (36). To test whether the PfCRT-associated cur-
rents are induced by iron, we compared, in paired experiments,
the effect of BYE and BYE supplemented with the iron-chelat-
ing agent deferoxamine (DFO; 100 uM) on the amplitude of the
currents. DFO significantly prevented the BYE-induced inward
currents in both PfCRT*®3- and PfCRT “*-expressing oocytes
(p <0.001, according to a paired ¢ test) (Fig. 3B and supplemen-
tal Fig. S1C).

The suggestion of the currents being iron-inducible was sub-
sequently verified by superfusing the oocytes with BYE-free
ND10 buffer containing iron at a concentration of 5 um, which
corresponds to the amount of iron present in a 0.5% BYE solu-
tion. To distinguish between effects brought about by ferrous
(Fe*") and ferric iron (Fe**), an ND10 buffer system was used
that was supplemented with ascorbic acid or nitrilotriacetic
acid (NTA) to maintain iron in its reduced Fe** or its oxidized
Fe®" state, respectively (22). The addition of 5 um iron induced,
in voltage-clamped cells (V, = —50 mV), an inward current in
both PfCRT™®3- and PfCRT**-expressing oocytes (p < 0.01
compared with water-injected oocytes, according to Kruskal—
Weallis one-way ANOVA on ranks test), but only in the case of
Fe>" and not Fe>" (Fig. 4, A and B). Current—voltage relation-
ships confirmed the G,, increase in the presence of ferrous iron
in PfCRT-expressing oocytes (Fig. 4C).

At an iron concentration of 1 mm, PfCRT-associated cur-
rents were also observed for ferric iron in voltage-clamped cells
(V.= —50 mV), although to a lesser extent relative to the Fe** -
induced currents at the same concentration (Fig. 4, Dand E, and
supplemental Fig. S4). Importantly, in all cases, the ferrous and
ferric iron-induced currents could be partly inhibited by vera-
pamil (100 um) (p < 0.01, according to paired ¢ tests; Fig. 4 and
supplemental Fig. S4). Water-injected oocytes did not respond
to the addition of ferrous or ferric iron (Fig. 4 and supplemental
Fig. S4), consistent with previous reports (22). To exclude the
possibility that the currents were carried by potassium, magne-
sium, calcium, or NMDG, the respective salts were replaced in
the ND10 buffer by an equal osmotic concentration of mannitol
in the physiological experiments using 1 mm iron.

Evidence of iron transport via PfCRT

We next investigated the interaction of PfCRT with ferrous
and ferric iron in flux assays, using radiolabeled ®°Fe. The
uptake of iron by PfCRT-expressing and water-injected oocytes
was measured in an acidic ND96 buffer (pH 5.5) containing 96
mM NaCl and either ascorbic acid or NTA. The buffers were
validated using oocytes expressing rat DMT1, which exclu-
sively transports ferrous and not ferric iron (supplemental Fig.
S5) (22).

Oocytes expressing PFCRT®* and PfCRT“? took up signif-
icantly more iron from the external medium containing 2 um
radioactive *°Fe and 48 um non-radioactive >*Fe, both in its
Fe®" and Fe®" form, than did water-injected oocytes (p < 0.05,
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Figure 4. Iron-induced inward currents in PFCRT-expressing X. laevis oocytes. A and B, water-injected oocytes (white circles), PFCRT"53-expressing oocytes
(gray circles), and PFCRTP92-expressing oocytes (black circles) were voltage-clamped (—50 mV) while superfused with ND10 buffer, pH 6.0. Iron was maintained

in divalent form or trivalent form by adding to the buffer a quadruple ratio of L-ascorbic acid or nitrilotriacetic acid, respectively. The currents induced by adding
5 umFe?" (A) or 5 um Fe* (B) were measured before and after supplementation of the medium with 100 um VP. The number (n) of oocytes is indicated above
the xaxis. The medians are indicated as red lines. The statistical significance was assessed using the Kruskal-Wallis one-way ANOVA on ranks test or paired t test,
where appropriate. The corresponding p values are indicated on the graphs. C, current-voltage relationships of water-injected oocytes and PfCRT53-express-
ing oocytes (left) and water-injected oocytes and PFCRTP92-expressing oocytes (right) were obtained in ND10 buffer, pH 6.0, in the presence and absence of 5
umferrousiron. Each data point represents the mean = S.E. (error bars) of n = 12-15 oocytes. Dand E, as in Aand B, but this time, a concentration of 1 mmferrous

(D) or ferric (E) iron in ND10-mannitol buffer, pH 6.0, was used. n.s., not significant.

compared with water-injected oocytes, according to Holm—
Sidak one-way ANOVA test) (Fig. 5, A and B, left panels). The
specific PfCRT-attributable portion of ferrous and ferric iron
uptake increased in a linear fashion with time for at least the
first 90 min (Fig. 5, A and B, right panels). Ferrous and ferric
iron uptake by PfCRT-expressing oocytes was pH-dependent
and increased as the pH became more acidic (Fig. 5, C and D).

SASBMB

Verapamil (100 um) inhibited the uptake of ferrous and
ferric iron by PfCRT-expressing oocytes by ~50-60% (Fig.
6, A and B). Furthermore, both iron species were able to
block PfCRT”**-mediated chloroquine uptake (Fig. 6C). The
extent of iron taken up by PfCRT-expressing oocytes increased
in a hyperbolic manner with the amount of PfCRT-encoding
cRNA injected, as exemplified for ferrous iron (Fig. 6D). Uptake
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Figure 5. Uptake of ferrous and ferric iron by PfCRT-expressing oocytes. A and B, time courses of ferrous (A) and ferric (B) iron uptake by water-injected

THB3

oocytes (white circles), PfCR -expressing oocytes (gray circles), and PfCR

TDdZ

-expressing oocytes (black circles). The uptake assays were performed using the

appropriate ND96 buffer, pH 5.5, supplemented with 2 um radiolabeled >*Fe and 48 um unlabeled iron. A linear regression was fitted to the data points (R* >
0.9). The right panels show the time courses of PfCRTP92- and PfCRT"B3-mediated uptake of ferrous and ferric iron after subtracting the uptake in water-injected
oocytes from that measured in PFCRTP9%- and PfCRTH®3-expressing oocytes. Cand D, pH dependence of ferrous (C) and ferric (D) iron uptake. *, p < 0.05; **, p <
0.01 according to Holm-Sidak one-way ANOVA test. Data were normalized to the amount of iron taken up by PfCRT-expressing oocytes at pH 5.5. The means *

S.E. (error bars) of Ng; = 4 independent biological determinations are shown.

of chloroquine was measured in parallel assays using the ferrous
and specific buffer (Fig. 6D), and the data obtained were con-
sistent with previous findings (5, 13).

Both ferrous and ferric iron are known to create reactive
oxygen radicals via the Fenton reaction. Such reactive oxygen
radicals can initiate lipid peroxidation, resulting in membrane
damage (37). To assess whether the presence of iron during the
course of an uptake experiment adversely affected the mem-
brane integrity of the oocytes, we preincubated PFCRT”42-ex-
pressing oocytes in the appropriate buffer containing increas-
ing concentrations of ferrous or ferric iron, ranging from 0 to
400 puM. After 60 min of incubation, oocytes were washed and
placed in ND96 buffer containing 42 nm tritiated and 50 pum
unlabeled chloroquine for 60 min. No differences in chloro-
quine uptake were noted between iron-pretreated and
untreated oocytes (supplemental Fig. S6), suggesting that pre-
treatment with iron, even at a dose of 400 um for 1 h, did not
affect membrane integrity or the activity of PECRT”2,

We further considered the possibility of iron uptake occur-
ring via the non-selective cation conductance that is activated
in PfCRT-expressing oocytes (26). As a result of the activated
non-selective cation conductance, PfCRT-expressing oocytes
revealed an enhanced Na™ influx when incubated in ND96
buffer, relative to water-injected oocytes, as determined using
*>Na (Fig. 7A). The addition of DPC (1 mm) blocked **Na influx
via the non-selective cation conductance (Fig. 7A), consistent
with previous reports (26). In comparison, DPC did not affect
uptake of ferrous or ferric iron by PfCRT-expressing oocytes
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(Fig. 7B), suggesting an uptake mechanism independent of the
non-selective cation conductance.

To investigate whether uptake of iron by PfCRT-expressing
oocytes displays saturation kinetics, we incubated water-in-
jected and PfCRT-expressing oocytes with a constant amount
of radioactive *°Fe (2 um) and different concentrations of non-
radioactive >*Fe, ranging from 0 to 400 uMm for 60 min before the
amount of internalized radiolabel was determined. As seen in
Fig. 8 (A and B), the amount of ferrous and ferric iron taken up
by PfCRT-expressing oocytes approached a plateau as the total
iron concentration increased, consistent with a saturable trans-
port mechanism. Fitting the Michaelis—Menten equation to the
kinetic data yielded estimates of the apparent Michaelis—
Menten constant K, and the maximal transport velocity V...
Interestingly, the kinetic parameters for ferrous iron signifi-
cantly differed between PfCRT"®3- and PfCRTP**-expressing
oocytes (p < 0.001 and p = 0.02 for V, . and K,,, values, respec-
tively, according to a two-tailed ¢ test) (Table 1). PFCRT”4> had
approximately 3 times lower K, and V, . values relative to
PfCRTH®3 (K, = 20 = 9 um (number of independent biological
replicates Ny, = 5) and 70 £ 17 uM (Nyi = 5),and V., = 4 *
0.5 pmol oocyte *h™' (N, =5)and 13 = 1 pmol oocyte 'h™*
(Nggr = 5), respectively). In contrast, the kinetic parameters for
ferric iron were not significantly different between the two
PfCRT variants (K, = 170 = 50 uM (N = 5) and 130 = 40 um
(Ngp=5),and V,,_ = 14 = 2 pmol oocyte ' h™' (N = 5) and
20 =+ 2 pmol oocyte ' h™! (N, = 5), respectively; p = 0.5 and
p = 0.05, respectively; according to two-tailed t-tests).
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Figure 6. Inhibition of PFCRT-mediated fluxes and cRNA dependence. A and B, effect of verapamil (100 um) on the uptake of ferrous (A) or ferric (B) iron from
an external concentration of 50 um by water-injected oocytes and PfCRT"®3- and PfCRTPY?-expressing oocytes. Oocytes were analyzed after 60 min of
incubation in the respective uptake buffer. The means = S.E. of Ngz = 7-10 independent biological determinations are shown. Statistical significance was
evaluated using the two-tailed t test, and the p values are indicated on the graph. C, effect of increasing concentrations of ferrous iron (gray circle) or ferric iron
(black circle) on PFCRTP92-mediated chloroquine uptake. Data were normalized to the amount of PfCRT-mediated chloroquine uptake in the absence of iron.
The means = S.E. of Ng; = 3-5 independent biological determinations are shown. D, effect of increasing amounts of cRNA injected on the amount of
PfCRT-mediated chloroquine and ferrous iron uptake. Chloroquine and ferrous iron uptake (at the 60-min time point) were measured in parallel assays. The
means = S.E. (error bars) of Ng, = 3 independent biological determinations are shown.
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Figure 7.Effect of DPCon Na*, Fe?*, and Fe** uptake by PfCRT-expressing oocytes. A, uptake of sodium ions from an external concentration of 22 um*?Na
and 5 mm unlabeled Na* by water-injected oocytes and oocytes expressing PFCRTHE2 or PfCRTP92 in the presence (black bar) and absence (gray bar) of DPC (1
mm). The means = S.E. (error bars) are shown of Ng; = 3 independent determinations. Statistical significance was assessed using the two-tailed t test. B,
PfCRT-mediated Fe?" (middle) and Fe>*" (right) by PFCRTHB3- and PfCRTP92-expressing oocytes in the presence (black bar) and absence (gray bar) of DPC (1 mm).
Results are presented as means = S.E. of Ng; = 4 independent determinations. n.s., not significant.

When assessing the substrate specificity of each PfCRT var- and bring about the drug-transporting function affect the
iant, it is apparent that PfCRT"?? displayed comparable K,, carrier’s handling of ferrous iron, whereas the ferric iron
values for both ferrous and ferric iron (p = 0.2, according to a  transport seems to be largely unaffected by these mutational
two-tailed ¢ test) but significantly different V, . values (p < changes.

0.01, according to a two-tailed ¢ test) (Table 1). In comparison, . .

PfCRTP?? revealed both significantly different K,, and V,,,, ~ Discussion

values with regard to ferrous and ferric iron (p = 0.02 and p < Our data show that both the wild-type and a PfCRT variant
0.001, respectively, according to a two-tailed ¢ test) (Table 1). associated with chloroquine resistance are able to transport fer-

Thus, the mutations that distinguish PFCRT”? from PfCRT**®*  rous and ferric iron when functionally expressed in X. laevis

§ASBMB J. Biol. Chem. (2017) 292(39) 16109-16121 16115



PfCRT transports iron

251 o PfCRT"™® 251 o PfCRT™®
® PfCRT?® ® PfCRTP®

20 - 20 -

15 4 15 1

-
o
L
s
o
L

(pmol/oocyte/h)
(pmol/oocyte/h)

[$,]
s
[$,]
s

PfCRT-mediated Fe** uptake vy

PfCRT-mediated Fe** uptake

0 100 200 300 400 0 100 200 300 400
Fe? (uM) Fe® (uM)

Figure 8. Kinetics of iron uptake by PfCRT-expressing oocytes. A and B,
kinetics of PfCRTP“2-mediated (black circles) and PfCRTHE3-mediated uptake
(gray circles) of Fe** (A) and Fe** (B). The uptake of radiolabeled iron into
water-injected oocytesand oocytes expressing PFCRTP9? or PFCRTHE3 was mea-
sured in the appropriate ND96 buffer, pH 5.5, containing an extracellular con-
centration range of 2-400 um iron (2 um radiolabeled *>Fe and the appropri-
ate amount of non-radioactive iron). The amount of PfCRT-mediated iron
uptake was calculated by subtracting the amount measured in water-in-
jected oocytes from that in oocytes expressing PfCRT at each iron concentra-
tion. A least-squares fit of the Michaelis-Menten equation to the resulting
data yielded the kinetic parameters compiled in Table 1. The data represent
the means = S.E. (error bars) of Ng, = 5 independent biological determina-
tions, with n = 12-30 oocytes per treatment and biological replicate.

oocytes. This finding is supported by both electrophysiological and
flux studies.

To identify putative substrates of PfCRT, we employed a
recently established generic approach based on exposing
oocytes expressing a transporter of unknown functionality to
the complex metabolite mixture of a diluted bacto-yeast extract
solution and recording substrate-induced electric signals in a
two-electrode voltage-clamped setup (35). This approach, as
elegant as it is, has one precondition; the transport process
must be electrogenic to record an electrical signal. Although
previous studies have proposed that PfCRT transports chloro-
quine together with protons (10, 11), the electrogenic nature of
this transport process has yet to be formally demonstrated. To
record such electrical currents, we had to suppress endogenous
conductances activated by the expression of PfCRT (26) (sup-
plemental Table S1). Activation of endogenous conductances is
regularly observed in oocytes expressing heterologous proteins
(38-41).

With the activity of the non-selective cation conductance
reduced and intracellular Na™ overload prevented, we were
able to show that the addition of chloroquine elicited a
measureable inward rectifying current in voltage-clamped
PfCRTP“%-expressing oocytes, and not in PfCRT"®3-express-
ing oocytes or water-injected oocytes. We excluded the possi-
bility that these chloroquine-induced currents are related to the
activated non-selective cation conductance, on the basis of a
lack of responsiveness to the inhibitor DPC (supplemental Fig.
$2). In contrast, the chloroquine-induced currents were signif-
icantly blocked by the addition of verapamil, the well-studied
full mixed type inhibitor of chloroquine transport on PfCRT 4>
(Fig. 2A) (6). Thus, our findings causatively link the electrical
signals elicited by chloroquine to the activity of PfCRT and
support a model of PFCRTP? acting as an electrogenic trans-
porter of chloroquine. We explain the negative chloroquine-
induced currents by the influx of net positive charges into the
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oocyte, which is consistent with PfCRT-mediated chloroquine
transport in association with H™ in the parasite (10, 11).

Establishing the electrogenic transport activity of PFCRTP4*
enabled a global screen for physiological substrates, based on
diluted BYE and the recording of BYE-induced electrical sig-
nals. Indeed, BYE induced measurable signals of a verapamil-
sensitive inward current in both PfCRT2- and PfCRT'®3-
expressing oocytes, but not in water-injected oocytes (Fig. 3A).
We initially thought that these BYE-induced currents might be
carried by basic amino acids, which, according to a previous
study, are putative substrates of PfCRT (21). However, neither
histidine, lysine, nor arginine at a concentration of up to 1 mm
was able to reproduce the BYE-induced currents in PfCRT-
expressing oocytes. Flux experiments conducted with tritiated
histidine, lysine, or arginine corroborated the conclusion that
PfCRT does not act on these positively charged amino acids.
We also could not confirm previous studies suggesting a role of
PfCRT in the transport of glutathione, the polyamines sperm-
ine and putrescine, choline, tetraethyl ammonium, or glycylsar-
cosine (supplemental Fig. S3, A and B) (20, 21). The latter two
substances are typical substrates of organic cation transporters
and oligopeptide carriers, respectively (42, 43). None of these
substances induced currents in, or were taken up by, PfCRT-
expressing oocytes. Whereas our findings contrast with a func-
tional role of PfCRT as a polyspecific cation transporter, they
are consistent with previous studies showing that none of these
putative substrates are able to compete with chloroquine for
transport via PCRTP42 (5),

We suspect that these diverging findings arose from the
investigation of different PfCRT constructs. Studies proposing
a role of PfCRT in polyspecific cation transport used a PfCRT
fusion protein that was modified at both the N- and C-terminal
end by the addition of YbeL and a His, tag (21). YbeL is an
uncharacterized E. coli protein of 120 amino acids. It is possible
that fusing PECRT at both ends to a heterologous, possibly enzy-
matically active polypeptide affected its conformation and
membrane topology and hence its functionality and substrate
specificity. In contrast, the PfCRT constructs used herein have
been validated in several functional studies, providing funda-
mental insights into PfCRT-mediated drug transport processes
(5, 6, 13, 44, 45), although, admittedly, they harbor discreet
amino acid replacements needed to remove putative lysosomal
trafficking and sorting motifs and ensure expression at the
oocyte plasma membrane (5).

After excluding several currently discussed substrates of
PfCRT, we explored the possibility of iron being a substrate of
PfCRT. The rationale behind this idea was the high concentra-
tion of metabolically released iron in the parasite’s digestive
vacuole of 53 fg/digestive vacuole (46) and the fact that BYE
contains 55.3 ug g~ ' dry weight of ionic iron (36), which
amounts to a total iron concentration of 5 um in the 0.5% BYE
bufferusedintheelectrophysiologicalexperiments. Severalinde-
pendent lines of evidence suggest that ionic iron is, indeed, a
substrate of PfCRT. First, there is evidence from our electro-
physiological studies, which show that the addition of the iron
chelator DFO to the buffer largely eliminated the signal induced
by BYE (Fig. 3B). Moreover, both the ferric and ferrous forms
of iron induced inward currents in both PfCRT'P3- and
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Table 1

PfCRT transports iron

Kinetic parameters describing the interactions of PFCRT92 and PfCRT"E2 with ferrous and ferric iron

Best-fit values of kinetic parameters were obtained from the kinetics of ferrous and ferric iron uptake using the Michaelis—Menten equation (Fig. 8). The means = S.E. of
Ny, (shown in parentheses) independent biological determinations are shown. Statistical significance was determined between corresponding kinetic parameters, using a

two-tailed ¢ test.

Iron Parameters PfCRT"®? PfCRTP*? p

Fe** Apparent V. (pmol oocyte * h™!) 13 +1(5) 4+0.5(5) <0.001
Apparent K, (um) 70 =17 (5) 20 =9 (5) 0.02

Fe®* Apparent V___(pmol oocyte ' h™?) 20 * 2 (5) 14 +2(5) 0.05
Apparent K, (um) 130 = 40 (5) 170 = 50 (5) 0.5

PfCRTP*2-expressing oocytes (but not in the control water-
induced oocytes) (Fig. 4). These iron-induced signals were par-
tially reduced by the addition of verapamil.

Flux experiments substantiated our conclusion that the iron-
induced signals represented a transport of iron. As shown in
Figs. 5 and 8, PfCRT expression in oocytes led to a significant
uptake of both iron forms. Importantly, the uptake of both Fe?*
and Fe®* was saturable in oocytes expressing either PFCRT 42
or PFCRT"®3 (Fig. 8). The saturable nature of the uptake kinet-
ics is consistent with carrier-mediated transport of the iron, but
it is difficult to reconcile with iron entering the oocyte via a
nonspecific leak or via the endogenous non-selective cation
conductance. Further excluding a role of the endogenous non-
selective cation conductance, iron fluxes were independent of
DPC (Fig. 7B). Importantly, iron transport via PfCRT"? or
PfCRTP9? was sensitive to verapamil and could be blocked by
50-60% (Fig. 6, A and B). Moreover, chloroquine transport via
PfCRTP“? could be competed for by increasing concentrations
of both ferrous and ferric iron (Fig. 6C).

Our finding that verapamil acted on both PfCRT"®* and
PfCRTP** might be surprising. However, a functional assay to
interrogate the interaction of PfCRT with verapamil has thus
far existed only for the chloroquine resistance-mediating
PfCRT variants, thus precluding consensus on whether or not
verapamil inhibits wild-type PfCRT. Only now, with the finding
of PfCRT"®3-expressing oocytes responding to BYE and iron in
both electrophysiological and flux assays, have such tools
become available. On the basis of these data, we propose that
verapamil binding is an intrinsic feature of PfCRT, one that is
not limited to certain variants, albeit the affinity to verapamil
might reveal variant-specific characteristics. This conclusion is
consistent with previous reports showing that verapamil, as a
partial mixed type inhibitor of PFCRTP?, binds to a site distinct
from that of chloroquine and other drugs (6).

PfCRTP“% and PfCRT"®3-expressing oocytes exhibit some-
what different kinetic parameters for Fe>" transport (Table 1).
There was a highly significant difference between the V,,, val-
ues for Fe>* between the PFCRT"®3- and PfCRTP**-expressing
oocytes, but this difference for Fe>" was only of borderline sig-
nificance. Similarly, the K, values were significantly different,
as between the PFCRT"?3- and PfCRTP“*-expressing oocytes
for Fe?", but not so for Fe**. Apparently, PFCRT"%* has an
impaired Fe>" iron transporting activity, whereas its Fe®"
activity is maintained compared with PfCRT""*. This might
explain the fitness cost incurred by P. falciparum strains har-
boring PfCRT“? or some other geographic PfCRT variants in
the absence of a drug pressure (14, 47).

The finding that the two PfCRT variants differed in their
ability to transport iron links iron transport to the molecular
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features of PfCRT itself. That this difference is more marked in
the case of Fe>" might point to ferrous iron as being the form
that is a substrate of PfCRT. The individual or combined con-
tribution of the eight amino acid substitutions distinguishing
PfCRTP? from PfCRT"®? to the differential iron transport
activity is not yet clear and must await crystallographic valida-
tion. However, one might extrapolate findings from DMT1 to
PfCRT. In the case of DMT1, an asparagine residue seems to
coordinate ferrous iron binding (48). On the basis of this obser-
vation, one might speculate that the N75E and the N326S sub-
stitutions present in PfCRT? selectively affect the ability to
transport ferrous iron.

We have to qualify our findings in the sense that they are
solely based on functional studies conducted on PfCRT
expressed in the heterologous X. laevis oocyte system. The
X. laevis oocyte system is a validated tool that has provided
fundamental insights into PfCRT-mediated drug transport pro-
cesses (5, 6, 13, 44, 45). However, recent studies have revealed
that PfCRT is posttranslationally modified in the parasite by
phosphorylation at four sites and by palmitoylation at one site
(49, 50). Whether these posttranslational modifications are
conserved in the oocyte systems is unknown, as is the effect of
posttranslational modifications on the functionality of PECRT.
We are, therefore, aware that our findings await validation in
the parasite. However, the tools to demonstrate iron transport
across the parasite’s digestive vacuolar membrane have yet to
be developed.

If PfCRT is indeed a transporter of iron, what might be its
role in the parasite’s physiology? The parasite metabolizes
extensively the hemoglobin of its host cell and, in doing so,
liberates as much as 58 fg of heme-associated iron per single
trophozoite (46). 95% of the iron remains heme-associated and
eventually biomineralizes to hemozoin in the parasite’s diges-
tive vacuole (46). The fate of the remaining 5% iron is less clear.
It probably contributes to the labile iron pool, with most of it
being chelated in inorganic and/or organic non-heme com-
plexes. Free iron will be mostly in its ferrous state, and very
little, if any, will exist as ferric iron at the acidic pH of the
digestive vacuole (resting pH ~5.2 (51)) due to the formation of
water-insoluble ferric hydroxide.

By facilitating ferrous iron transport across the digestive vac-
uolar membrane, PfCRT might mobilize ferrous iron derived
from hemoglobin degradation and make it accessible to the
parasite’s metabolic activities. This model assumes a direction
of iron flux via PfCRT from the acid compartment (lumen of the
digestive vacuole in the parasite or external medium in the case
of oocytes) to the cytoplasm. Our finding that iron flux via
PfCRT is pH-dependent and increases with acid pH is consis-
tent with PfCRT extruding iron from the digestive vacuole in a
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manner driven by the proton electrochemical gradient.
Although this is a plausible hypothesis, given that chloroquine
and other quinolone-like drugs are transported by PfCRT in
association with protons out of the digestive vacuole (5, 6, 10,
11, 13), we cannot exclude the possibility of PfCRT extracting
iron from the parasite’s cytoplasm and depositing it in the
digestive vacuole. Maybe PfCRT can perform both functions,
depending on electrochemical gradients and whether or not
there is a deficiency or a surplus of iron in the parasite’s cyto-
plasm. Thus, PfCRT might contribute to a network of iron reg-
ulatory systems, which, in addition to PfCRT, includes a
recently discovered iron transporter of the parasite’s endoplas-
mic reticulum (52, 53).

Experimental procedures
Ethics statements

Ethical approval of the work performed with the Xenopus
laevis frogs was obtained from (i) Comité d’Ethique pour
I'Experimentation Animale 34 (protocole CEEA34.GP.011.12)
and (ii) the Regierungsprésidium Karlsruhe (Aktenzeichen
35-9185 81/G-31/11) in accordance with the German
“Tierschutzgesetz.”

Reagents and radiolabeled compounds

Bacto-yeast extract was purchased from BD Biosciences.
Other chemicals were provided by Sigma-Aldrich. The follow-
ing radiolabeled compounds were obtained from American
Radiolabeled Chemicals, GE Healthcare, or PerkinElmer Life
Sciences: [PH]chloroquine (specific activity 25 Ci mmol "),
*FeCl, (specific activity 0.6 Ci mmol™"), -[2,3,4->H]argin-
ine (specific activity 42.6 Ci mmol '), 1-[4,5-*H]lysine (spe-
cific activity 93.7 Ci mmol ™), L-['*C(U)]histidine (specific
activity 320 Ci mmol %), L-[3,4-*H]glutamic acid (specific
activity 49.9 Ci mmol '), 1-[2,3->H]aspartic acid (specif-
ic activity 12.2 Ci mmol ), L-[3,4,5-H]leucine (specific activ-
ity 108 Ci mmol '), L-[2,3,4,5-*H]proline (specific activity 75
Ci mmol '), [**C]TEA (specific activity 55 mCi mmol ‘),
[*H]choline (specific activity 85.5 Ci mmol '), [glycine-2-
*H]glutathione (specific activity 47 Ci mmol '), [*H]putrescine
(specific activity 60 Ci mmol '), and [*H]spermine (specific
activity 43 Ci mmol ).

Solutions

Solutions used in electrophysiological studies—ND10 (10 mm
NaCl, 86 mm NMDG chloride, 2 mm KCl, 1.0 mm CaCl,, 1 mm
MgCl,) was buffered with 5 mm HEPES/NaOH for pH 7.5 and
with 5 mm MES/Tris base for pH 6.0. If necessary, the osmolar-
ity of the solution was adjusted using 1-2 mm mannitol to
match the osmolarity of the ND96 buffer (see below). ND10-
mannitol (10 mm NaCl, the appropriate amount of mannitol
(replacing 86 mm NaCl, 2 mm KCl, 1.0 mm CaCl,, and 1 mm
MgCl,) to maintain osmolarity) was buffered at pH 6.0 with
MES/Tris base. Iron-containing solutions were buffered using
MES, a buffering agent that, unlike most of Good’s buffers, does
not form metal chelates (54). In addition, the concentration of
CaCl, was lowered to 0.6 mM when iron was present in the
buffer (22). To maintain iron in the divalent or trivalent form,
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ascorbic acid or NTA, respectively, was added in quadruple
molar ratio relative to the respective iron concentration (22).
Solutions used in transport studies—ND96 (96 mm NaCl, 2
mwm KCI, 1.8 mm CaCl,, 1 mm MgCl,) was buffered with 5 mm
MES/Tris base for pH 6.0 for chloroquine transport. For trans-
port studies using iron, the ND96 buffer was modified as
described above, and pH was adjusted to 5.5. Buffers used for
studies related to ferric iron transport were supplemented with
200 uM ferrocenium hexafluorophosphate to block an endoge-
nous ferrireductase activity present on the oocyte surface (22).

Western blot analysis

Western blot analysis was performed as described (55).
Briefly, 3 days after cRNA injection, total lysates were prepared
from X. laevis oocytes by the addition of radioimmunoprecipi-
tation assay-lysis buffer (10 mm HEPES-Na, pH 7.4, 150 mm
NaCl, 1 mm EDTA, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% SDS) containing protease inhibitors (Com-
plete™, Roche Applied Science). After removal of the cellular
debris by centrifugation, lysates were mixed with sample buffer
(LDS sample buffer NuPAGE, Thermo Scientific). Total pro-
tein extracts were size-fractionated using 10% SDS-PAGE and
transferred to a polyvinylidene difluoride membrane. PfCRT
was detected using a guinea pig anti-peptide antiserum raised
against the N terminus of PfCRT (MKF ASK KNN QKN SSK)
(Eurogentec) (dilution 1:1000). As a secondary antibody, a per-
oxidase-conjugated donkey anti-guinea pig antiserum pur-
chased from Dianova (dilution 1:10,000) was used. Membranes
were stripped (in PBS containing 1% SDS and 100 mm 3-mer-
captoethanol for 20 min at room temperature), and tubulin was
detected with a monoclonal antibody to a-tubulin (1:1000;
Sigma) and a peroxidase-conjugated secondary goat anti-
mouse IgG antibody (1:10,000; Dianova). The hybridization sig-
nals were quantified using Image Studio Digits version 4.0
(LI-COR).

Immunofluorescence

Three days after cRNA injection, oocytes were fixed with 4%
paraformaldehyde plus PBS for 4 h at room temperature. Fixed
cells were washed with 3% BSA plus PBS and then permeabi-
lized with 0.05% Nonidet P-40 plus PBS for 60 min. The rabbit
polyclonal antiserum raised against InsP,R-I (H-80) corre-
sponding to amino acids 1894 —-1973 within the cytoplasmic
domain of InsP;R-I (1:200; Santa Cruz Biotechnology) or the
guinea pig anti-PfCRT antiserum (dilution 1:500) was added,
and oocytes were incubated overnight at 4 °C. Oocytes were
subsequently washed in 3% BSA plus PBS, and the Alexa Fluor
546 anti-rabbit secondary antibody (Invitrogen) or the Alexa
Fluor 488 anti-guinea pig secondary antibody (dilution 1:1000)
was added and allowed to bind for 90 min at room temperature.
Subsequently, the cells were rinsed four times before they were
analyzed by fluorescence microscopy. Images were taken with a
Zeiss LSM 510 confocal laser-scanning microscope.

Intracellular ATP determination

The intracellular ATP level of oocytes was determined as
described (27). Briefly, whole oocytes were individually mixed
with 500 ul of boiling water and kept at 100 °C for 5 min. Sam-
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ples were then kept on ice until measurement. 2.5 ul was sub-
sequently added to 22.5 ul of 10 mm HEPES-Na, pH 7.3, con-
taining 2 mm MgCl,, and the amount of ATP was determined,
using the ATP bioluminescence assay kit CLS II (Roche Applied
Science) as instructed by the supplier. Bioluminescence was
recorded using the Lumat LB9597 (EG&G Berthold).

PfCRT expression in X. laevis oocytes

Adult female X. laevis frogs (NASCO and Xenopus Express
(Vernassal, France)) were anesthetized in a cooled solution of
ethyl 3-amino benzoate methanesulfonate (0.1%, w/v) before a
surgical partial ovarectomy. Small pieces of ovary were gently
shaken at room temperature for 2-3 h in a Ca>"-free ND96
solution supplemented with collagenase 1A (Sigma-Aldrich).
After adding CaCl, (1.8 mm) and carefully washing off the
enzyme, defolliculated and healthy-looking stage V-VI oocytes
were selected and allowed to recover for a few hours (up to 24 h)
before being microinjected. The injected RNA was generated as
follows. The codon-optimized coding sequences of PfCRT 42
and PfCRT™™®? were subcloned in the SP64T expression vector.
The resulting SP64-PfCRT plasmid was subsequently linear-
ized using the restriction endonuclease Pstl (New England Bio-
Labs GmbH, Frankfurt, Germany) and transcribed in vitro
using a mMessage mMachine kit (Ambion, Germany) (6). The
obtained cRNA was kept up to 8 weeks (at —80 °C), and diluted
in RNase-free water to the desired concentration on the day of
the oocyte injection. To inject in each oocyte, the precise vol-
ume of 50 nl, precision-bore glass capillary tubes (Microcaps
Drummond) were pulled on a vertical puller (PE2, Narishige,
Tokyo, Japan) and graduated. These micropipettes were placed
on a micromanipulator (Narishige) and connected to a micro-
injector (Inject+Matic, Geneva, Switzerland). Oocytes were
disposed on a mesh tissue in a Petri dish and injected under
stereo microscopic control with water alone (control oocytes)
or with RNA-containing water. Unless stated otherwise, 30 ng
of RNA in 50 nl of RNase-free water or 50 ul of water alone were
injected per oocyte (Inject+Matic). Where indicated, oocytes
were injected with cRNA coding the divalent metal transporter
from rat, rDMT1 (23). The rDMT1 construct was a kind gift
from Professor M. Hediger (Bern University, Switzerland). The
injected oocytes were incubated at 17 °C for 48 —72 h in ND96
for transport assays or in ND10 medium (reduction of NaCl to
10 mm by an equimolar concentration of NMDG or choline
chloride) for electrophysiological studies. The incubation
media were supplemented with penicillin/streptomycin (100
units/100 pg ml~ ).

Two-electrode voltage clamp experiments

Oocytes were preincubated in an acidic ND10 (buffered
with MES/Tris base at pH 6.0) solution for 30 min before
being examined by two-electrode voltage clamp experi-
ments. Oocytes were subsequently placed in a microcham-
ber and superfused with ND10 (pH 6.0) while being punc-
tured with two low-resistance (0.5-2.0-megaohm), 3 M
KCl-filled microelectrodes. The microelectrodes were con-
nected to a current—voltage amplifier (Axoclamp 2B or
Dagan CA-1B), and the circuit was closed using an Ag-AgCl
pellet. Solution change was commanded electronically, using
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a laboratory-made device. Whole-cell currents were recorded
on a multichart recorder (Arc en Ciel, Sefram, Servofram,
France) at a holding membrane potential V, = —50 mV.
Current—voltage relationships (I/V) were obtained in the
range —100 to +60 mV (voltage steps of 20-mV increments,
5-s duration from the resting potential), using a Clampex9-
generated protocol. The membrane conductance G, (slope
conductance) was calculated from a linear part of the curves.
Results were interfaced with Digidata 1322A to a computer
and were analyzed with the P-Clamp9 software program
(Axon Instruments). In all cases, oocytes from at least three
different frogs were analyzed, with the total number of
oocytes investigated indicated in the respective figure.

Intracellular Na™ activity

Intracellular Na™ activity a(Na™); was measured in oocytes
by double-barreled ion-selective microelectrodes (ISMs), using
the sodium ionophore mixture A (Selectophore), as described
previously (26, 56). Briefly, after gentle beveling of the tip, the
ISM slope was S = 50-59 mV between a pure 100 mm NaCl
solution (which also filled the selective barrel) and a mixed (10
mwm NaCl plus 90 mm KCI) solution. ISMs were connected to a
high-impedance electrometer (FD 223, WPI, UK), and the cir-
cuit was closed by a 1% agar, 1 m KCl bridge. The non-selective
barrel was filled with 1 M KCL a(Na ™), was calculated according
to (Na™), = (Na™),; X 10exp(Vy, — V,,)/S, where (Na™),is
the Na™ activity in the superfusate (by taking an activity coef-
ficient of 0.79) and V., is the measured electrochemical poten-
tial difference or Na™.

Transport assays

Chloroquine flux assays were performed as described previ-
ously (5, 6). Briefly, oocytes were incubated for 60 min at 25 °C
in ND96 buffer, pH 6.0, containing 42 nm [*H]chloroquine and
50 um of unlabeled chloroquine before the amount of chloro-
quine taken up by each oocyte was determined. Where indi-
cated, chloroquine flux assays were performed in ND10 buffer,
pH 5.5. The ND96 buffer system, pH 6.0, was also used for all
transport assays pertaining to the biomolecules shown in sup-
plemental Fig. S3 (A and B). Uptakes of iron were performed
using *°Fe (2 um) in a HEPES-free, calcium-reduced ND96, pH
5.5, to avoid metal chelation by HEPES (22) and to prevent a
putative competition between divalent metals (23, 54) (see
above). The amount of unlabeled iron added is indicated in the
figure legends. To stop uptake, the radioactive medium was
removed, and oocytes were washed three times in ice-cold
buffer. Each oocyte was transferred into a scintillation vial to be
lysed by adding 200 wl of a 5% SDS solution. The radioactivity of
each sample was measured using a B-scintillation counter. The
direction of transport in these assays is from the acidic extra-
cellular medium (in most cases pH 5.5) into the oocyte cytosol
(pH ~7.2), which corresponds to the efflux of drug from the
acidic digestive vacuole (pH 5.2) into the parasite cytosol (pH
7.2) (51). Water-injected oocytes were analyzed in parallel, pro-
viding information regarding uptake of a particular substance
by diffusion and/or endogenous permeation pathways. This
value represents the “background” against which the amount of
uptake by PfCRT-expressing oocytes was compared. Where
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indicated, the specific PFCRT-mediated uptake was determined
by subtracting the corresponding background uptake mea-
sured in water-injected oocytes from that of PfCRT-expressing
oocytes. Uptake was performed at 25 °C for 60 min, if not
indicated otherwise. In the case of iron uptake, the raw data
were not normally distributed. The raw data did, however,
follow a log-normal distribution, and we could therefore
compute a mean of the logarithms of the individual measure-
ments. We report the data as the antilogarithms of these
means of logarithms. In all cases, at least three separate
experiments were performed (on oocytes from different
frogs), and in each experiment, measurements were made
from 8 -10 oocytes/treatment.

Statistical analysis

Except where stated otherwise, results are expressed as
means * S.E. of n oocytes obtained from Ny, independent bio-
logical replicates (different frogs). In the case of electrophysi-
ological studies, 7 is indicated on the graphs, and N, = 2-7.In
the case of uptake assays, except for the kinetics of iron uptake,
n = 24-50 oocytes from 3-5 different frogs. In the case of iron
uptake kinetics, n and Ny, are indicated in the figure legend.
Oocytes obtained from a single frog are considered an indepen-
dent biological determination. The data were analyzed for sta-
tistical significance using the two-tailed ¢ test, the paired ¢ test,
the Kruskal-Wallis one-way ANOVA on ranks test, or the
Holm-Sidak one-way ANOVA test, where appropriate. p val-
ues < 0.05 were considered significant. Statistical analysis was
performed using Sigma Plot version 13.0.
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