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SUMMARY

The malaria parasite Plasmodium falciparum estab-
lishes in the host erythrocyte plasma membrane
new permeability pathways that mediate nutrient
uptake into the infected cell. These pathways simul-
taneously allow Na+ influx, causing [Na+] in the in-
fected erythrocyte cytosol to increase to high levels.
The intraerythrocytic parasite itself maintains a low
cytosolic [Na+] via unknown mechanisms. Here we
present evidence that the intraerythrocytic parasite
actively extrudes Na+ against an inward gradient
via PfATP4, a parasite plasma membrane protein
with sequence similarities to Na+-ATPases of lower
eukaryotes. Mutations in PfATP4 confer resistance
to a potent class of antimalarials, the spiroindolones.
Consistent with this, the spiroindolones cause a
profound disruption in parasite Na+ homeostasis,
which is attenuated in parasites bearing resistance-
conferring mutations in PfATP4. The mutant para-
sites also show some impairment of Na+ regulation.
Taken together, our results are consistent with
PfATP4 being a Na+ efflux ATPase and a target of
the spiroindolones.

INTRODUCTION

On entering an uninfected human erythrocyte, an invading

Plasmodium falciparum malaria parasite passes from the high-

[Na+]/low-[K+] environment of the blood plasma, to the low-

[Na+]/high-[K+] environment of the host cell cytosol (Lee et al.,

1988). Some 12–16 hr after invasion, the parasite establishes in

the plasma membrane of its host erythrocyte new permeability

pathways that mediate the uptake of a range of important

nutrients into the infected cell (Martin and Kirk, 2007; Pillai

et al., 2012; Saliba et al., 1998) while, at the same time, allowing

the influx of Na+ and the efflux of K+ down their respective

concentration gradients. There is a consequent increase in
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[Na+] and decrease in [K+] in the erythrocyte cytosol, with both

eventually reaching levels approaching those in the extraerythro-

cytic plasma (Lew et al., 2003; Staines et al., 2001).

Despite the increased [Na+] in its immediate extracellular envi-

ronment, the intraerythrocytic parasite itself maintains a low

cytosolic [Na+] (Lee et al., 1988; Mauritz et al., 2011; Wünsch

et al., 1998). The mechanism by which it does so is unknown.

In lower plants (fungi and bryophytes) and some protozoa, Na+

extrusion is mediated by an ENA (exitus natrus) P-type Na+-

ATPase (reviewed by Rodrı́guez-Navarro and Benito, 2010).

The ENA ATPases are closely related to sarcoplasmic/endo-

plasmic reticulum Ca2+-ATPases (SERCA) and plasma

membrane Ca2+-ATPases (PMCA), leading some Na+-ATPases

within this family to be misannotated as Ca2+-ATPases (Benito

et al., 2002). The P. falciparum genome encodes 13 P-type

ATPase candidates (Martin et al., 2005). Two have been anno-

tated as putative Ca2+-ATPases; none have been specifically

annotated as a Na+-ATPase (Martin et al., 2005).

The spiroindolones (Yeung et al., 2010) are a promising class

of antimalarials that show low nanomolar activity against

blood-stage P. falciparum and P. vivax parasites (Rottmann

et al., 2010). One of the spiroindolones, NITD609, is currently

in Phase IIa clinical trials and is ‘‘the first molecule with a novel

mechanism of action to enter Phase IIa studies for malaria in

the last 20 years,’’ (http://www.mmv.org/research-development/

rd-portfolio). In P. falciparum, mutations in PfATP4, a P-type

ATPase candidate on the parasite plasma membrane (encoded

by PF3D7_1211900, previously PFL0590c), confer resistance

to the spiroindolones (Rottmann et al., 2010). PfATP4 has

been annotated, on the basis of sequence homology, as a

Ca2+-transporting ATPase. There is evidence for it having an

associated Ca2+-dependent ATPase activity (Krishna et al.,

2001); however, this has not been confirmed (Rottmann et al.,

2010), and a Ca2+ transport function has not been demonstrated

directly.

The aim of this study was to investigate the mechanism(s) of

Na+ regulation in P. falciparum and to characterize the trans-

porter(s) involved. The results are consistent with the hypothesis

that PfATP4 is a plasma membrane Na+ efflux pump, similar to

the ENA Na+-ATPases of other lower eukaryotes, and a target

of the spiroindolone class of antimalarials.
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Figure 1. Effects of an Ionophore and Ion Transport Inhibitors on
[Na+]i in Saponin-Isolated, SBFI-loaded P. falciparum Trophozoites

(A–E) [Na+]i traces showing the effect of addition (at the point indicated by the

closed triangle) of (A) gramicidin (5 mM), (B) EIPA (20 mM), (C) ouabain (2 mM),

(D) furosemide (100 mM), and (E) orthovanadate (100 mM). For all additions

except ouabain, the compounds were added as a concentrated stock. Cells

were exposed to 2 mM ouabain by being sedimented by centrifugation then

resuspended at the time point indicated in an equivalent saline containing the

inhibitor. The traces shown in each case are representative of those obtained

from at least three independent cell preparations. See also Figure S1.
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RESULTS

Na+ Regulation in the Intraerythrocytic Parasite Involves
a P-type ATPase
To investigate Na+ regulation in the parasite, mature

P. falciparum 3D7 trophozoites were functionally isolated from

their host erythrocytes by saponin permeabilization of the host

cell membrane and loaded with the fluorescent Na+-sensitive

dye SBFI. Fluorescence was distributed uniformly throughout

the cytosol of the dye-loaded parasites (Figure S1A), and the

fluorescence ratio increased with increasing intracellular [Na+]

([Na+]i), allowing calibration of the method (Figures S1B and

S1C). For parasites suspended at an extracellular [Na+] ([Na+]o)

of 125 mM, the resting [Na+]i was estimated to be 11.0 ±

0.6 mM (mean ± SEM, n = 34). Upon replacement of extracellular

Na+ with an alternative cation (choline+, N-methyl-D-glucamine+,

or K+), [Na+]i decreased to close to zerowithin a fewminutes (Fig-

ure S1D). Conversely, on increasing [Na+]o, [Na+]i underwent

a modest increase. When [Na+]o was increased by 175 mM to

300 mM, more than double the physiological level, the increase

in [Na+]i (after correction for osmotic cell shrinkage) was less

than 20 mM (Figures S1E and S1F). The parasite is therefore

capable of maintaining a low [Na+]i even when exposed to

a very high [Na+]o.

To investigate the mechanisms involved in maintaining the low

[Na+]i in the parasite, various ionophores and ion transport inhib-

itors were tested for their effect on [Na+]i. Gramicidin (5 mM),

a monovalent-cation selective ionophore, induced a rapid

increase in [Na+]i, with [Na+]i approaching [Na+]o (125 mM; Fig-

ure 1A). Neither the Na+/H+ exchanger inhibitor ethylisopropyla-

miloride (EIPA; 20 mM) nor the Na+/K+-ATPase inhibitor ouabain

(2 mM) had a significant effect on resting [Na+]i (Figures 1B and

1C). Furosemide (100 mM), an inhibitor of some protozoal Na+-

ATPases (De Souza et al., 2007a; Iizumi et al., 2006), caused

a small (2.3 ± 0.7 mM) increase in [Na+]i (n = 4; p = 0.009) (Fig-

ure 1D). Sodium orthovanadate (100 mM), a phosphate analog

that inhibits P-type ATPases (Cantley et al., 1978a, 1978b),

caused [Na+]i to undergo a prolonged time-dependent increase

(Figure 1E). This is consistent with a P-type ATPase playing a role

in the efflux of Na+ from the parasite, countering the influx of Na+

down its inward electrochemical gradient. The antimalarials

chloroquine (10 mM) and artemisinin (10 mM) were both found

to have no effect on [Na+]i on the timescale of the experiments

(Figures S1G and S1H).

Suspension of isolated parasites in glucose-free medium

(conditions under which parasites undergo ATP depletion; Saliba

and Kirk, 1999) resulted in a progressive increase in [Na+]i (Fig-

ure S1I), again consistent with the involvement of an ATPase in

the maintenance of a low resting [Na+]i.

Spiroindolones Perturb [Na+]i and pHi, but Not [Ca2+]i
Some lower eukaryotes, including other protozoa, use an

ENA P-type Na+-ATPase to extrude Na+ and thereby maintain

a low [Na+]i (De Souza et al., 2007a; Iizumi et al., 2006; Stiles

et al., 2003). Amino acid alignments using the sequences of

ENA Na+-ATPase family members from Saccharomyces

(ScENA1; CAA98867; 29% identity with PfATP4), Leishmania

(LdCA1; AAC19126; 29% identity), Trypanosoma (TcENA1;

XP_817442.1; 29% identity), and Entamoeba (Enthist1;
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XM_652464; 39% identity) revealed homology between these

proteins and PfATP4. In particular, PfATP4 contains an eight

amino acid motif (849IVQSLKRK) that is highly conserved in

ENA Na+-ATPases (Figure 2A). Within this motif is a triple-basic

amino acid sequence (854KRK in PfATP4) that is important for

Na+ transport in ENA Na+-ATPases and absent from both

SERCA and PMCA as well as from Na+/K+-ATPases (Rodrı́-

guez-Navarro and Benito, 2010). The presence of this amino

acid triplet in PfATP4 lends strong support to the hypothesis

that PfATP4 functions as a Na+ efflux pump.

Mutations in PfATP4 confer resistance to the spiroindolone

antimalarials (Rottmann et al., 2010). We therefore investigated

the effect of the spiroindolones on parasite Na+ homeostasis.

In initial experiments, two enantiomeric pairs of spiroindo-

lones—NITD246/NITD247 and NITD138/NITD139 (Figure 2B),

with each compound having an enantiopurity of >98% enantio-

meric excess—were tested for their effect on the resting [Na+]i.

Addition of NITD246 and NITD139 (50 nM) resulted in an imme-

diate rapid increase in [Na+]i (Figure 2C). Addition of their much

less active enantiomers, NITD247 and NITD138, respectively,

had little effect at the same concentration (Figure 2C). The less

active enantiomer preparations did perturb [Na+]i at much higher

concentrations, most likely due to the presence of trace amounts

of the active enantiomer in the samples. For all four compounds

the effect on [Na+]i was dose dependent (see Figure S2A for
vier Inc.
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representative traces); for each compound, an IC50 (half maximal

inhibitory concentration) for [Na+]i disruption was calculated

based upon the initial rate of increase of [Na+]i following spiroin-

dolone addition. The order of potency for the effect of the

four compounds on [Na+]i was the same as their order of potency

for inhibition of parasite proliferation (i.e., NITD246 > NITD139 >

NITD247 > NITD138; Figures 2D and 2E). The rates of increase

of [Na+]i measured at maximally effective concentrations of

NITD246, NITD139, and NITD247 (0.092 ± 0.007 mM/s,

0.098 ± 0.007 mM/s, and 0.125 ± 0.013 mM/s, respectively)

were not significantly different from one another (p > 0.06), or

from the rate of increase of [Na+]i seen following the addition

of 500 mM orthovanadate (0.13 ± 0.03 mM/s; n = 4, p = 0.57).

These data are consistent with each of these compounds

inhibiting the parasite’s Na+ extrusion mechanism, revealing

in each case the endogenous influx of Na+ into the parasite.

For the least potent spiroindolone, NITD138, the rate of increase

of [Na+]i did not reach the maximum value at the highest con-

centration tested, precluding an estimate of a maximum rate

of increase of [Na+]i. None of the tested spiroindolones

had any effect on parasite ATP levels when tested at a con-

centration of 50 nM and measured over a period of 60 min

(Figure S2B).

Having shown that the spiroindolones disrupt parasite [Na+]i
regulation, we went on to assess their specificity by testing the

most potent of these compounds, NITD246, for its effect on

the cytosolic concentrations of other ions. As shown in Figure 2F,

addition of 50 nM NITD246 to isolated parasites suspended in

a (Na+-containing) medium (pH 7.1) caused the cytosolic pH

(pHi) to increase from 7.33 ± 0.03 to 7.46 ± 0.02 (n = 6, p =

0.009). The NITD246-induced alkalinisation was Na+ dependent;

addition of 50 nM NITD246 to parasites washed and resus-

pended in a solution containing choline+ in place of Na+ (condi-

tions under which [Na+]i was close to zero; Figure S1D) had no

significant effect on pHi (Figure 2F). The P-type ATPase inhibitor

orthovanadate (100 mM) caused a similar Na+-dependent

increase in pHi from 7.28 ± 0.03 to 7.36 ± 0.03 (n = 6, p =

0.024; Figure S2C).

An increase in pHi, as was seen following the addition of

NITD246 or orthovanadate, represents an increase in the trans-

membrane [H+] gradient. Such an increase in a transmembrane

ion gradient can only occur through the involvement of an

active (i.e., energy-requiring) transport process, such as an

ion-pumping ATPase. The primary acid extrusion mechanism

in the malaria parasite, responsible for maintaining pHi above

the extracellular pH (pHo), is a plasma membrane V-type H+-

ATPase (Hayashi et al., 2000; Saliba and Kirk, 1999; Spillman

et al., 2008). The possible involvement of this H+ pump in the

alkalinisation seen in response to the addition of NITD246 or

orthovanadate was investigated using the V-type H+-ATPase

inhibitor concanamycin A. Upon addition of concanamycin A to

parasites that had undergone an NITD246- or orthovanadate-

induced alkalinisation, there was an immediate reversal of the al-

kalinisation, with pHi decreasing to below its normal resting value

(Figures 2F and S2C, respectively). The NITD246- and orthova-

nadate-induced alkalinisation may therefore be attributed to

the uninhibited action of the V-type H+-ATPase.

Because PfATP4 has previously been annotated as a Ca2+-

transporting ATPase, we investigated the effect of NITD246 on
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cytosolic [Ca2+] ([Ca2+]i). In contrast to its effect on [Na+]i and

pHi, the addition of NITD246 (50 nM) to isolated parasites sus-

pended in medium containing 1 mM Ca2+ (under which condi-

tions there is an inward Ca2+ gradient) had no effect on [Ca2+]i
(Figure 2G). Under the same conditions, the SERCA Ca2+-

ATPase inhibitor cyclopiazonic acid (CPA; 2 mM)did cause a tran-

sient increase in [Ca2+]i, as observed previously (Alleva and Kirk,

2001). CPA and another SERCA Ca2+-ATPase inhibitor, thapsi-

gargin, were also tested for their effect on [Na+]i. While thapsigar-

gin (2 mM) had little effect, the addition of CPA (40 mM) caused

[Na+]i to increase (Figures S2D and S2E).

The Response of the Parasite to an Imposed
Intracellular Na+ Load
As part of this study we investigated whether [Na+]i was affected

by varying the extracellular concentration of ions other than Na+.

Strikingly, on removal of K+ from the medium (by replacement of

the 5 mM K+ present in standard saline with an equivalent

concentration of Na+) there was a progressive increase in

[Na+]i (Figure 3A). The increase was approximately linear with

time, occurring at a rate of 8.8 ± 0.9 3 10�3 mM/s (n = 15; i.e.,

some 10-fold lower than the maximum rate of increase seen in

response to the addition of the spiroindolones or orthovanadate).

The increase in [Na+]i seen on removal of extracellular K+ was

accompanied by a time-dependent decrease in pHi (0.026 ±

0.003 pH units/min; n = 9; Figure 3B). When K+ was restored to

the medium by the addition of 10 mM KCl, [Na+]i recovered to

a level not significantly different from the initial resting [Na+]i
(recovery to 9.5 ± 2.7 mM; n = 15; p = 0.15), and pHi increased,

albeit not quite to the initial resting value. The decrease in [Na+]i
seen following the restoration of K+ to the medium provides

a direct demonstration of a net efflux of Na+ from the parasite

against an inward electrochemical gradient and, therefore, of

the presence of an active Na+ efflux transporter.

A reduction in the extracellular [K+] has previously been shown

to result in a hyperpolarization of the parasite plasma membrane

(Allen and Kirk, 2004). The mechanism responsible for the

increase in [Na+]i seen upon removal of extracellular K+ was

not investigated further here. However, the phenomenon does

provide a useful means of imposing an intracellular Na+ load

on the parasite and of testing the effect of inhibitors on the net

efflux of Na+ from the Na+-loaded parasite. In experiments in

which parasites were loaded with additional intracellular Na+

by the sequential removal and restoration of extracellular K+,

the recovery of [Na+]i was (1) unaffected by the Na+/H+

exchanger inhibitor EIPA (20 mM; Figure 3C); (2) slowed by furo-

semide (100 mM; Figure 3D); and (3) prevented by the spiroindo-

lone NITD246 (at 1 nM, NITD246 resulted in [Na+]i remaining at

the level reached at the point of addition of extracellular K+; at

5 nM, it resulted in a prolonged time-dependent increase in

[Na+]i; [Figure 3E]).

A Spiroindolone-Sensitive Membrane-Associated
Na+-ATPase in the Parasite
To test directly whether the spiroindolones inhibit a membrane

ATPase in the parasite, we investigated ATPase activity

(i.e., ATP hydrolysis) in membrane preparations from both

infected and uninfected erythrocytes. The total membrane-asso-

ciated ATPase activity in erythrocytes infected with mature
Microbe 13, 227–237, February 13, 2013 ª2013 Elsevier Inc. 229



Figure 2. PfATP4 and the Effect of the Spiroindolones on Ion Regulation in Saponin-Isolated P. falciparum Trophozoites

(A) Amino acid alignment of residues 849–856 of PfATP4 with the equivalent regions in ENA Na+-ATPases from Saccharomyces cerevisiae (ScENA1; P13587),

Leishmania donovani (LdCA1; AAC19126), Trypanosoma cruzi (TcENA1; XP_817442.1), and Entamoeba histolytica (Enthist1; XM_652464). Black shaded resi-

dues are completely conserved; gray shaded residues are functionally conserved. The alignment is based on a previous alignment of fungal, bryophyte, and

protozoal ENA ATPases from Rodrı́guez-Navarro and Benito (2010) who highlighted the conservation of this eight amino acid motif (741MIEALHRR in ScENA1) in

ENA ATPases. The 854KRK triple-basic motif in PfATP4 (boxed) plays an important role in Na+ transport in ENA Na+-ATPases and is absent from PMCA, SERCA,

and Na+/K+-ATPases (Rodrı́guez-Navarro and Benito, 2010). The triple-basic motif is not present in the same position in any of the other annotated P. falciparum

P-type ATPases (including PfATPase1 [PFE0805w], PfATPase3 [PFE0195w], PfATP6 [PFA0310c], and two putative cation-transporting P-type ATPases

[MAL13P1.246, PF07_0115]). Note that the PfATP4 sequence used (from PlasmoDB: PFL0590c) was the updated sequence reannotated to correct a missed

nucleotide, thus removing a previously incorrectly annotated intron.

(B) Chemical structures of the enantiomers NITD246/NITD247 and NITD138/NITD139.

(C) Traces showing the effects of the four spiroindolones, each at a concentration of 50 nM, on [Na+]i in SBFI-loaded 3D7 parasites suspended in standard saline.

The spiroindolones were added at the time point indicated by the closed triangle.

(legend continued on next page)
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Figure 3. Response of Saponin-Isolated

P. falciparum Trophozoites to an Imposed

Intracellular Na+ Load

(A) Trace showing the effect of removal of extra-

cellular K+ on [Na+]i in SBFI-loaded parasites. At

the time point indicated by the open triangle, the

cells (in standard saline) were washed twice by

centrifugation and resuspension in a K+-free saline

(in which K+ was replaced isosmotically with Na+).

At the time point indicated by the closed triangle,

10 mM K+ (as KCl) was added to the suspension.

The trace is representative of that obtained from at

least twenty independent cell preparations.

(B) Trace showing the effect of the same maneu-

vers (i.e., removal of extracellular K+ at the point

indicated by the open triangle then restoration at

the point indicated by the closed triangle) on the

pHi in BCECF-loaded parasite suspension. The

trace is representative of that obtained from at

least seven independent cell preparations.

(C–E) Effect of ion transport inhibitors on the

recovery of [Na+]i from an imposed intracellular

Na+ load. SBFI-loaded parasite suspensions were

subjected to a Na+ load (by suspension in K+-free

medium) as illustrated in (A), and the traces

commenced with the addition to the suspension of

10 mM KCl either with (gray traces) or without

(control, black traces) (C) EIPA (20 mM), (D) furo-

semide (100 mM), or (E) NITD246 (1 nM or 5 nM).

The traces shown are each representative of those

obtained from at least three independent cell

preparations.
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trophozoite-stage 3D7 parasites (14 ± 3 nmol Pi released/min/

108 cells; n = 5), measured in the presence of 100 mM Na+,

was �14-fold higher than that in uninfected erythrocytes (1.0 ±

0.2 nmol Pi released/min/108 cells; n = 5).

On reduction of the [Na+] in the reaction buffer to 0.5 mM,

the ATPase activity in the infected erythrocyte membrane

preparation decreased to 76% ± 5% of the control value (n =

5; p = 0.019, paired t test; Figure 4). A significant fraction of the

membrane-associated ATPase activity in parasitized erythro-

cytes was therefore Na+ dependent.

On addition of the spiroindolone NITD246 (50 nM) to in-

fected erythrocyte membranes suspended in the presence of

100 mM Na+, the ATPase activity decreased to 60% ± 4% of

the control value (n = 5; p = 0.020, paired t test; Figure 4).
(D) Concentration dependence of the effect of each of the four spiroindolones on

The initial rate of Na+ influx was estimated from traces such as those represented i

point represents the mean Na+ influx rate averaged from at least three independ

maximum rate of Na+ influx (ymax in the sigmoidal curve described in Experimenta

using the maximally effective concentrations of the three most potent inhibitors

(E) Summary of the IC50 values for inhibition of parasite proliferation and for disrupt

the [Na+]i to increase from its normal resting value at half themaximal rate). The IC5

estimated in the number of independent experiments shown in parentheses (w

disruption of [Na+]i regulation are derived from the fitted curves shown in (D).

(F) Traces showing the effects on pHi of the addition of NITD246 (25 nM, at the p

A (75 nM, at the point indicated by the open triangle) to BCECF-loaded parasi

which Na+ was replaced with an equimolar concentration of choline+; gray tra

NITD246.

(G) Trace showing the effect of the addition of NITD246 (50 nM, at the point indic

triangle) on [Ca2+]i in fura-2-loaded parasites suspended in standard saline supp

All of the traces shown are, in each case, representative of those obtained from
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However, addition of NITD246 (50 nM) to infected erythrocyte

membranes suspended in the low (0.5 mM) [Na+] medium re-

sulted in no significant change in the ATPase activity (p = 0.63;

Figure 4); i.e., the spiroindolone-sensitive ATPase activity was

present under high-[Na+], but not under low-[Na+], conditions.

It should be noted that the ATPase activity measured under

low-[Na+] conditions (both in the presence and absence of

NITD246) was higher than that measured under high-[Na+]

conditions in the presence of NITD246, consistent with the stim-

ulation of one or more additional spiroindolone-insensitive

ATPases in the low-[Na+] solution.

The spiroindolone had no effect on the (much lower) ATPase

activity of membranes from uninfected erythrocytes (data not

shown).
the initial rate of Na+ influx (C NITD246;- NITD247;> NITD138;7NITD139).

n (C) (see also Figure S2A) as described in Experimental Procedures. Each data

ent experiments and is shown ±SEM. For the purpose of the curve fitting, the

l Procedures) was set to 0.11 mM/s, the mean of the Na+ influx rates measured

(NITD246, NITD139, and NITD247).

ion of [Na+]i regulation (i.e., the concentration of each inhibitor required to cause

0 values cited for inhibition of parasite proliferation are themean ± SEMof those

ith each independent experiment performed in triplicate). The IC50 values for

oint indicated by the black triangle) followed by the addition of concanamycin

tes suspended in either standard saline (black trace) or Na+-free solution (in

ce). See also Figure S2C for a similar trace using orthovanadate instead of

ated by the closed triangle) and CPA (2 mM, at the point indicated by the open

lemented with 1 mM Ca2+.

at least three independent cell preparations. See also Figure S2.

Microbe 13, 227–237, February 13, 2013 ª2013 Elsevier Inc. 231



Figure 4. Na+-Dependence and Spiroindolone-Sensitivity of

Membrane-Associated ATPase Activity in P. falciparum Infected

Human Erythrocytes

ATPase activity was estimated from the rate of production of Pi and measured

using the PiColorLock Gold Phosphate Detection Kit following the addition of

0.25 mM ATP. Membrane preparations were suspended in either a high

(100mM) Na+ solution (black bars) or a low (0.5 mM) Na+ solution (in which Na+

was replacedwith equimolar choline; white bars) in the absence or presence of

50 nM NITD246. ATPase activity is expressed as a percentage of that

measured in high-Na+ medium in the absence of inhibitor (control). Asterisks

indicating a statistically significant difference from the control (p < 0.05); NS

denotes p > 0.05. The data are averaged from five independent experiments

and are shown +SEM.
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Reduced Spiroindolone Sensitivity of [Na+] Regulation
and Na+-ATPase Activity in Parasites with Mutations in
PfATP4
In the original study reporting the antimalarial activity of the

spiroindolones (Rottmann et al., 2010), spiroindolone-resistant

P. falciparum parasites (NITD609-RDd2) were generated by

exposing parasites to incrementally increasing (sublethal) con-

centrations of the potent spiroindolone, NITD609. In all such

experiments the spiroindolone-resistant parasites acquired

mutations in pfatp4, and introduction of thesemutations into spi-

roindolone-sensitive (Dd2attB) parasites conferred spiroindolone

resistance (Rottmann et al., 2010).

Two spiroindolone-resistant lines expressing mutant PfATP4

(the spiroindolone-exposed NITD609-RDd2 clone #2 and the

transfectant Dd2attB CAM I398F/P990R line) generated in the

earlier study were used here to investigate the role of PfATP4

in parasite Na+ regulation.

An initial characterization of the two mutant PfATP4 lines re-

vealed that for both of the two parasite lines expressing mutant

PfATP4, there was, relative to the parental line, (1) a small

increase in the resting [Na+]i (Table 1); (2) a decrease in the rate

of efflux of Na+ following an imposed Na+ load (Table 1 and Fig-

ure 5A); and (3) an increased sensitivity to the growth-inhibitory

effects of supraphysiological extracellular Na+ concentrations

(Table 1 and Figure 5B). The parasites expressing mutant

PfATP4 therefore showed a slight impairment in their [Na+]i
regulation.

As expected, the spiroindolone-resistant lines showeda signif-

icant decrease in their sensitivity (relative to the parental lines) to
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growth inhibition by the spiroindolone NITD246 (Table 1 and Fig-

ure 5C). They showed a similar decrease in their sensitivity to

disruption of [Na+]i by NITD246 (Table 1 and Figure 5D) and to

inhibition of membrane-associated ATPase activity by NITD246

(Table 1 and Figure 5E).

DISCUSSION

The findings here that Na+ regulation in asexual blood-stage

P. falciparum parasites was impaired by the P-type ATPase

inhibitor orthovanadate, showed some sensitivity to the ENA

Na+-ATPase inhibitor furosemide, and was unaffected by

ouabain (which, at the 2 mM concentration tested here, inhibits

all known Na+/K+-ATPases [De Souza et al., 2007b]), are all

consistent with the parasite relying on an ENA Na+-ATPase to

extrude Na+, countering the influx of Na+, and thereby maintain-

ing a low [Na+]i (represented schematically in Figure 6).

Sequence analysis revealed PfATP4 as themost likely candidate

for a P. falciparum ENA Na+-ATPase. The location of PfATP4 on

the parasite plasma membrane (Dyer et al., 1996; Rottmann

et al., 2010) is consistent with it playing a role in the extrusion

of Na+ from the parasite, and the finding in this study that muta-

tions in PfATP4 result in altered Na+ regulation in the parasite

(increased resting [Na+]i, reduced Na+ efflux following an

imposed intracellular Na+ load, and increased sensitivity to the

growth-inhibitory effects of increased extracellular [Na+])

provides further support for this hypothesis.

The finding by Rottmann et al. (2010) that mutations in PfATP4

confer resistance to the spiroindolones raises the obvious possi-

bility that PfATP4 is a target of these compounds. The findings

here that spiroindolones disrupt parasite Na+ regulation with

the same order of potency as was seen for inhibition of parasite

proliferation (i.e., NITD246 >NITD139 >NITD247 >NITD138) and

that the resistance-conferring mutations in PfATP4 confer

reduced sensitivity to both the disruption of Na+ regulation and

the inhibition of membrane-associated ATPase activity by

NITD246 are consistent with this hypothesis. The finding that,

under conditions in which NITD246 disrupts Na+ regulation, it

does not induce a rise in [Ca2+]i argues against the spiroindo-

lones exerting their effect on parasite growth via an effect on

Ca2+ regulation. The observation that the SERCA Ca2+-ATPase

inhibitor CPA caused a disruption of Na+ regulation might be ac-

counted for by the CPA binding pocket being conserved in

PfATP4, though the possibility that the increase in [Na+]i is

secondary to a CPA-induced increase in [Ca2+]i cannot be

excluded.

The transfectant (Dd2attB CAM I398F/P990R) parasite line

showed a lower degree of resistance to the growth-inhibitory

effects of the spiroindolones than the drug-selected mutant

(NITD609-RDd2 clone #2) parasite line (Rottmann et al., 2010

and present study). Consistent with this, the transfectants

showed a lower level of resistance than the drug-selected line

to both the [Na+]i-disrupting effect of NITD246 and inhibition by

NITD246 of the membrane-associated ATPase activity. While

the drug-selected line has a single (mutant) copy of the pfatp4

gene, the transfectants coexpress both mutant and wild-type

pfatp4. What effect the expression of the transgene might have

on expression/function of the native gene/protein (and whether,

in particular, expression of the transgene decreases the
vier Inc.



Table 1. Characterization of PfATP4 Mutant Parasites and their Parent Lines in Terms of [Na+]i Regulation and their Sensitivity to

Spiroindolones

Strain

Resting [Na+]i
(mM)

Half-time for recovery

of [Na+]i following Na+

loading (s)

IC50 for inhibition of

parasite proliferation

by excess extracellular

Na+ (mM)

IC50 for inhibition of

parasite proliferation

by NITD246 (nM)

IC50 for disruption

of Na+ regulation

by NITD246 (nM)

IC50 for disruption

of ATPase activity

by NITD246 (nM)

Dd2 parent 7.2 ± 1.1 (10) 153 ± 22 (5) 58 ± 5 (5) 0.08 ± 0.01 (5) 1.6 ± 0.3 0.15 ± 0.05

NITD609-RDd2

clone #2

14.8 ± 1.9 (10)* 345 ± 10 (4)* 31 ± 2 (7)* 0.89 ± 0.12 (7)* 10.4 ± 8.4 1.1 ± 0.2

Dd2attB parent 8.4 ± 0.7 (11) 158 ± 7 (4) 49 ± 8 (5) 0.08 ± 0.01 (5) 1.7 ± 0.5 0.06 ± 0.01

Dd2attB CAM

I398F/P990R

11.9 ± 1.8 (8) 335 ± 55 (4)* 32 ± 5 (5) 0.61 ± 0.14 (5)* 3.9 ± 1.7 0.17 ± 0.12

IC50 values for inhibition of parasite proliferation were estimated using a standard [3H]-hypoxanthine incorporation assay In the case of inhibition of

parasite proliferation by excess Na+ the IC50 values represent the concentrations of excess Na+ (i.e., the increase in [Na+] above that in standard

RPMI) required to inhibit proliferation by 50%. Resting [Na+]i was determined in SBFI-loaded saponin-isolated trophozoites suspended in standard

saline. The half-time for recovery from an imposed intracellular Na+ load was calculated by fitting an exponential decay function to the time-course

for recovery seen on addition of 10 mM KCl to cells preloaded to a [Na+]i approximately double the normal resting value by suspension in a K+-free

medium (as in Figure 3A). The IC50 values for disruption of Na+ regulation are the concentration of each inhibitor required to cause the [Na+]i to increase

from its normal resting value at half the maximal rate. The IC50 values for disruption of ATPase activity by NITD246 are the concentration of each inhib-

itor required to cause the Pi production rate to decrease by half the maximal amount. For all columns other than those pertaining to the disruption of

[Na+]i regulation and the disruption of ATPase activity, the IC50 values cited are, in each case, the mean ± SEM of those estimated in the number of

independent experiments shown in parentheses (with each independent experiment performed in triplicate). The IC50 values for disruption of [Na+]i
regulation and ATPase activity were estimated from curves fitted to data such as those shown in Figure 5, with each data point representing the

mean of at least three independent experiments. Asterisks indicate a statistically significant difference between the parent line and the parasites

expressing mutant PfATP4 (p < 0.05).
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expression of the native gene, as has been observed in at least

one previous case [Sá et al., 2006]) is unknown. In addition, other

compensatory mutations that were selected for in the direct

drug-selected line could contribute to the spiroindolone-resis-

tance phenotype.

The resting [Na+]i in any cell results from the relative rates of

Na+ efflux and influx (i.e., the so-called pump-leak balance). An

increase in [Na+]i, as was seen here in response to a number of

maneuvers (including the addition of spiroindolones), may thus

arise as a consequence of either decreased Na+ efflux (pump)

or increased Na+ influx (leak). The finding that NITD246 inhibits

a membrane-associated Na+-dependent ATPase activity in in-

fected (but not uninfected) erythrocytes provides direct evidence

for the inhibition of a Na+ efflux pump. The findings that the spi-

roindolone causes the transmembrane pH gradient to increase

and leaves [Ca2+]i unperturbed argue against the compound

inducing significant membrane leakage. Also, the finding that

the rate of increase of [Na+]i seen upon addition of maximally

effective concentrations of the three most active spiroindolones

was similar in each case, and similar to that seen on addition of

orthovanadate (500 mM), is consistent with the time-dependent

rise in [Na+]i, reflecting in each case the influx of Na+ via endog-

enous Na+ leak pathways, revealed by inhibition of the efflux

pump. The identity of these influx pathways is unknown, though

at least one Na+ influx transporter has been characterized previ-

ously in the intraerythrocytic parasite (Saliba et al., 2006).

The increase in pHi seen on addition of NITD246 (or ortho-

vanadate) to parasites suspended in the presence (but not in

the absence) of extracellular Na+ might be explained if the

Na+-ATPase extrudes Na+ in exchange for H+ (Figure 6). The

extrusion of one cation in exchange for another is a common,

and perhaps general, feature of cation-pumping P-type

ATPases (Niggli and Sigel, 2008), and it has been proposed
Cell Host &
previously that the efflux of Na+ via ENA Na+-ATPases is accom-

panied by the countertransport of H+ (Rodrı́guez-Navarro and

Benito, 2010). The influx of H+ into the parasite via the Na+-

ATPase would constitute a significant acid load, which would

be countered by the H+-extruding V-type H+-ATPase. Upon inhi-

bition of the Na+-ATPase by either NITD246 or orthovanadate,

the acid load is eliminated, shifting the balance between the

influx of H+ (via the Na+-ATPase) and the efflux of H+ (via the

H+-ATPase), with the ongoing extrusion of H+ via the V-type

H+-ATPase resulting in an alkalinisation (inhibitable by the V-

type H+-ATPase inhibitor concanamycin A). In cells washed

and resuspended in Na+ free medium, [Na+]i is reduced to close

to zero, the Na+-ATPase no longer functions, and there is there-

fore no Na+-ATPase-associated acid load and no alkalinisation

on inhibition of the Na+-ATPase.

The mechanism underpinning the increase in [Na+]i seen on

removal of K+ from the extracellular medium is unknown. Once

again, the question arises of whether this increase is due to

decreased Na+ efflux or increased Na+ influx. The observation

that the rate of increase of [Na+]i was 10-fold lower than the

rate of increase of [Na+]i following the addition of maximally-

effective concentrations of inhibitors is consistent with the

increase in [Na+]i seen on removal of K+ not being due to the

Na+-ATPase ceasing to operate under these conditions. If

removal of extracellular K+ simply prevented the Na+-ATPase

from extruding Na+, the rate of increase of [Na+]i might be

expected to be the same as that seen in response to pharmaco-

logical inhibition of the Na+-ATPase. Instead, these data are

consistent with the removal of extracellular K+ causing an

increase in Na+ influx, with the Na+-ATPase activity increasing

as the parasite attempted to counter the rising [Na+]i. An increase

in Na+-ATPase activity would result in increased H+ influx (via

the countertransport mechanism), which would account for the
Microbe 13, 227–237, February 13, 2013 ª2013 Elsevier Inc. 233



Figure 5. Comparisons of PfATP4 NITD609-

RDd2 Clone #2 Parasites with their Dd2

Parent Line. The PfATP4 NITD609-RDd2

Clone #2 Parasites were Generated by

Exposure of Dd2 P. falciparum Parasites to

the Potent Spiroindolone NITD609

(A) Recovery of [Na+]i following an intracellular Na+

load imposed by the removal and restoration of

extracellular K+ (as illustrated in Figure 3). The

traces are representative of those obtained from at

least three independent cell preparations, and the

smooth lines are the fitted curves (see Experi-

mental Procedures). The grey trace is fromPfATP4

NITD609-RDd2 clone #2 parasites, and the black

trace is from the Dd2 parent line.

(B) Inhibition of parasite proliferation by excess

extracellular Na+, with ‘‘Excess [Na+]o’’ denoting

the increase in [Na+]o above that normally present

in the parasite culture medium (�133 mM).

(C) Inhibition of parasite proliferation by NITD246.

(D) Disruption of parasite [Na+] regulation by

NITD246 (estimated from the rate of increase of

the [Na+]i immediately following the addition of

NITD246 to isolated SBFI-loaded parasites).

(E) Inhibition of membrane-associated ATPase

activity by NITD246 (measured as the rate of ATP

hydrolysis in membranes isolated from parasitized

erythrocytes). In (B)–(E) the data are averaged from

at least three experiments and are shown ±SEM.

In (B)–(E) the open symbols are from PfATP4

NITD609-RDd2 clone #2 parasites, and the closed

symbols are from the Dd2 parent line. All data in

(B)-(E) are averaged from at least three experi-

ments and are shown ±SEM. The corresponding

IC50 values are given in Table 1.
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progressive acidification of the cytosol seen for parasites

suspended in a K+ free medium. The mechanism by which

removal of K+ might induce increased Na+ influx was not inves-

tigated here.

The findings that spiroindolone-resistant parasites with muta-

tions in PfATP4 showed increased resting [Na+]i, decreased Na+

efflux following an intracellular Na+ load, and increase sensitivity

to the growth-inhibitory effects of excessive extracellular Na+

imply that there is some impairment of Na+ extrusion in these

cells. Although it remains to be demonstrated directly that the

spiroindolones bind to PfATP4, the data are consistent with

them doing so and with the hypothesis that the resistance-

conferring mutations alter the structure of the protein in such

away as both to reduce the affinity with which the spiroindolones

bind and to compromise the protein’s ability to efflux Na+.

The extrusion of Na+, and thus themaintenance of a low [Na+]i,

is a fundamental property of all nucleated cells. It is therefore

likely that the parasite’s putative plasmamembrane Na+-ATPase

plays an essential housekeeping role. The observation that [Na+]i
increased significantly within a few minutes of inhibition of Na+

extrusion highlights the fact that the intraerythrocytic malaria

parasite has a substantial Na+ influx, which, under normal condi-

tions, is countered by Na+ efflux via the Na+-ATPase. The active

efflux of Na+ represents a significant energy investment by the
234 Cell Host & Microbe 13, 227–237, February 13, 2013 ª2013 Else
parasite, which not only uses ATP to expel Na+ (via the Na+-

ATPase), but uses additional ATP (via the V-type H+-ATPase)

to counter the acid load associated with the operation of the

Na+-ATPase. What purpose (if any) might be served by the

high endogenous influx of Na+ into the parasite and the conse-

quent requirement for a high expenditure of ATP in maintaining

a low [Na+]i is unclear. Nevertheless, the high Na+ influx/efflux

rate might be expected to make the parasite particularly vulner-

able to chemical agents that interfere with the mechanisms

involved.

EXPERIMENTAL PROCEDURES

Parasite Culture, Isolation, and Growth Assays

P. falciparum strains 3D7, Dd2, NITD609-RDd2 clone #2, Dd2attB, and Dd2attB

CAM I398F/P990R were cultured under shaking conditions as described

elsewhere (Allen and Kirk, 2010). Cultures were synchronized 24 hr before

experimentation using 5% w/v sorbitol (Lambros and Vanderberg, 1979). All

experiments were conducted on mature trophozoite-stage parasites (36–

40 hr postinvasion) functionally isolated from their host erythrocytes by perme-

abilization of the erythrocyte and parasitophorous vacuolemembranes by brief

exposure to saponin (0.05% w/v) as described previously (Spillman et al.,

2008). After saponin isolation, parasites remained intact and able to generate

and maintain transmembrane ion gradients (Saliba and Kirk, 1999; Spillman

et al., 2008) as well as maintain a large inwardly negative membrane potential

(Allen and Kirk, 2004).
vier Inc.



Figure 6. Schematic Representation

Showing the Proposed Role of PfATP4 in

Na+ Homeostasis in the Intraerythrocytic

P. falciparum Trophozoite-Stage Parasite

(A) PfATP4 is postulated to function as an ENA

Na+-ATPase, actively extruding Na+ from the in-

traerythrocytic parasite, countering the influx of

Na+ (which occurs via unknown pathways), and

maintaining a [Na+]i (�11 mM) more than 10-fold

lower than [Na+]o (125 mM in the experiments

conducted here). The PfATP4-mediated efflux of

Na+ is postulated to be accompanied by an influx

of H+ ions, and this constitutes a significant acid

load, which is countered by H+ extrusion via the

parasite’s plasma membrane V-type H+-ATPase.

(B) PfATP4 is inhibited by the spiroindolones (as

well as by orthovanadate and CPA). Inhibition of

PfATP4 results in an increase in [Na+]i (Figure 2C)

as Na+ moves into the cell, down its electrochemical gradient, via the Na+ influx pathways. At the same time there is an increase in pHi (Figure 2F) attributable

to the V-type H+-ATPase now operating in the absence of the PfATP4-mediated acid load. The alkalinisation seen following inhibition of PfATP4 is not seen

for parasites washed and resuspended in Na+-free medium (Figure 2F), as under these conditions [Na+]i is close to zero (Figure S1D), PfATP4 is nonfunctional,

and there is therefore no PfATP4-mediated acid load.

Cell Host & Microbe

Targeting Na+ Regulation in the Malaria Parasite
Parasite growth assays were performed in 96-well plates over 48 hr

(commencing at the ring stage) using a standard [3H]hypoxanthine incorpora-

tion assay (Desjardins et al., 1979).

Inhibitors and Solutions

The four spiroindolones were synthesized as described previously (Yeung

et al., 2010). All inhibitor stock solutions were prepared in dimethylsulfoxide,

except those for orthovanadate and ouabain, which were dissolved in stan-

dard saline (125 mM NaCl, 5 mM KCl, 1 mM MgCl2, 20 mM glucose, 25 mM

HEPES [pH 7.1]).

Determination of [Na+]i, pHi, [Ca2+]i, and ATP

The [Na+]i of saponin-isolated parasites was measured at 37�C using the Na+-

sensitive dye SBFI (Molecular Probes, Invitrogen) in conjunction with a Perkin-

Elmer LS 50B Fluorescence Spectrometer fitted with a Dual Excitation Fast

Filter. Saponin-isolated parasites were loaded with SBFI by suspension (at

1.40–1.80 3 108 cells/mL) for 20 min at 37�C in bicarbonate-free RPMI1640

supplemented with 20 mM D-glucose, 0.2 mM hypoxanthine, 25 mM HEPES,

and 25 mg/L gentamycin sulfate (pH 7.10), to which SBFI-acetoxymethyl ester

(5.5 mM) and Pluronic F-127 (0.01% w/v) were added. The dye-loaded cells

were washed twice (12,000 3 g, 0.5 min) in bicarbonate-free RPMI then incu-

bated for a further 20 min at 37�C to allow for complete de-esterification of the

dye before being resuspended at a final cell concentration of 1.5–2.5 3 107

cells/mL in standard saline. The dye-loaded cells were excited at 340 nm

and 380 nm with fluorescence recorded at 490 nm. Calibration of the relation-

ship between the 340/380 nm fluorescence ratio and [Na+]i (see Figures S1A–

S1C) was carried out as described previously (Diarra et al., 2001; Harootunian

et al., 1989). Several inhibitors used in this study caused inner filter effects (Gu

and Kenny, 2009; Srinivas and Mutharasan, 1987); in these cases calibration

curves were generated with the inhibitors present.

pHi of saponin-isolated parasites was measured using the pH-sensitive

indicator BCECF (Molecular Probes, Invitrogen) as described previously

(Saliba and Kirk, 1999). The fluorescence from SBFI-loaded parasites varied

significantly with pHi (Figure S1C). Critical experiments performed using

SBFI-loaded parasites were repeated with parasites loaded with BCECF.

In the cases in which pHi was found to vary during the course of the experi-

ment, the SBFI fluorescence was corrected as described elsewhere (Diarra

et al., 2001).

[Ca2+]i was measured with the Ca2+-sensitive indicator fura-2 (Molecular

Probes, Invitrogen) using a loading protocol identical to that described

for SBFI. Calibration was performed as described previously (Alleva and

Kirk, 2001).

ATP levels in isolated parasites were measured using firefly luciferase as

described elsewhere (Saliba and Kirk, 1999).
Cell Host &
Membrane Preparation and ATPase Assays

For the preparation of uninfected erythrocyte membranes, packed uninfected

erythrocytes were lysed by incubation for 5 min in ice-cold PBS containing

0.1% (w/v) saponin together with 1/500 Protease Inhibitor Cocktail Set III (Cal-

biochem). The erythrocyte ghosts were pelleted by centrifugation (12,0003 g,

10 min) and washed three times in ice-cold water (12,000 3 g, 10 min) imme-

diately prior to their use in the ATPase assay. To prepare membranes from

parasitised erythrocytes, saponin-isolated parasites were lysed by suspension

in ice-cold water (containing 1/500 Protease Inhibitor Cocktail Set III) then

washed three times in ice-cold water (12,000 3 g, 10 min) before their imme-

diate use in the ATPase assay. The ATPase activity of membrane preparations

from uninfected erythrocytes and saponin-isolated parasites was estimated

from the rate of hydrolysis of ATP and measured using the PiColorLock Gold

Phosphate (Pi) Detection System (Innova Biosciences). Briefly, membrane

preparations from 1–3 3 108 cells were suspended in reaction buffer

(100 mM of either NaCl or choline chloride, 50 mM Tris-HCl, 20 mM KCl,

and 2 mM MgCl2) at 37
�C. The ATPase reaction was initiated by the addition

of 0.25 mM Na2ATP. Note that it was necessary to use the Na+ salt of ATP,

rather than the K+ and Mg2+ salts, as the latter both contain residual Pi that

saturated the Pi detection system. As a result, the low-Na+ solution used in

the ATPase assays contained 0.5 mM Na+. At the required time points (typi-

cally every 5–10 min over a 20 min time course), triplicate aliquots of the reac-

tion mixture were transferred to a 96-well plate containing the ‘‘gold mix,’’

which terminated the ATPase reaction. Further sample processing was per-

formed as per the kit instructions.

Data Analysis

In experiments in which inhibitors were shown to cause a time-dependent rise

in [Na+]i, the initial Na
+ influx rate was estimated by fitting the following function

to the data: [Na+]i = [Na+]i
t = 0 +D[Na+]i

max3 (1-e-at), where [Na+]i
t = 0 is the initial

resting [Na+]i, D[Na
+]i

max is the maximum increase in [Na+]i, t is the time after

the addition of inhibitor, and a is a fitted constant. The initial Na+ influx rate

(at t = 0) is a 3 D[Na+]i
max.

The rate of efflux of Na+ from the cells, following an imposed intracellular Na+

load, was estimated by fitting the following function to the [Na+]i traces: [Na
+]i =

D[Na+]i
max 3 e-at + [Na+]i

final, where D[Na+]i
max is the increase in [Na+]i above

the normal resting value (following the imposition of an intracellular Na+-

load), t is the time after the commencement of efflux (on addition of extracel-

lular K+), a is a fitted constant, and [Na+]i
final is the final value of [Na+]i. The initial

Na+ efflux rate (at t = 0) is a 3 D[Na+]i
max, and the half-time to complete

recovery (t1/2) is ln(0.5)/-a.

Dose-response curves were obtained using the expression y = ymin + ymax/

(1 + [C/IC50]
b), where y is the parameter beingmeasured (parasite proliferation,

Na+ influx, or ATPase activity), ymin is the minimum value of y, ymax is the
Microbe 13, 227–237, February 13, 2013 ª2013 Elsevier Inc. 235
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maximum value of y, C is the concentration of the moiety that was varied in the

experiment, IC50 is the concentration at which y was reduced to 50% of ymax,

and b is a fitted constant.

Statistical comparisons were made using an unpaired t test unless stated

otherwise.

SUPPLEMENTAL INFORMATION

Supplemental Information includes two figures and can be found with this

article online at http://dx.doi.org/10.1016/j.chom.2012.12.006.

ACKNOWLEDGMENTS

We thank the ACT Red Cross Blood Service for the provision of blood, Kevin

Saliba and Steve Hladky for helpful discussions, Nadine Lavicka and Markus

Winterberg for assistance in establishing the ATPase assays, Terry Neeman

for statistical advice, and Nick Klonis and Leann Tilley for assistance with

the fluorescence microscopy. K.K. was supported by grants from the Austra-

lian NHMRC (585473 and 1042272) and the ARC. E.A.W. was supported by the

NIH (R01AI090141). We gratefully acknowledge translational research support

(WT078285) from theWellcome Trust, the Medicines for Malaria Venture to the

Genomics Institute of the Novartis Research Foundation, and the Novartis

Institute for Tropical Diseases.

Received: August 29, 2012

Revised: October 28, 2012

Accepted: December 20, 2012

Published: February 13, 2013

REFERENCES

Allen, R.J., and Kirk, K. (2004). Themembrane potential of the intraerythrocytic

malaria parasite Plasmodium falciparum. J. Biol. Chem. 279, 11264–11272.

Allen, R.J., and Kirk, K. (2010). Plasmodium falciparum culture: the benefits of

shaking. Mol. Biochem. Parasitol. 169, 63–65.

Alleva, L.M., and Kirk, K. (2001). Calcium regulation in the intraerythrocytic

malaria parasite Plasmodium falciparum. Mol. Biochem. Parasitol. 117,

121–128.

Benito, B., Garciadeblás, B., and Rodrı́guez-Navarro, A. (2002). Potassium- or

sodium-efflux ATPase, a key enzyme in the evolution of fungi. Microbiology

148, 933–941.

Cantley, L.C., Jr., Cantley, L.G., and Josephson, L. (1978a). A characterization

of vanadate interactions with the (Na,K)-ATPase. Mechanistic and regulatory

implications. J. Biol. Chem. 253, 7361–7368.

Cantley, L.C., Jr., Resh, M.D., and Guidotti, G. (1978b). Vanadate inhibits the

red cell (Na+, K+) ATPase from the cytoplasmic side. Nature 272, 552–554.

De Souza, A.M., Batista, E.J., Pinheiro, A.A., Carvalhaes, M., Lopes, A.G., De

Souza, W., and Caruso-Neves, C. (2007a). Entamoeba histolytica: ouabain-

insensitive Na+-ATPase activity. Exp. Parasitol. 117, 195–200.

De Souza, A.M., Carvalho, T.L., Sabino, P.M., Vives, D., Fontes, C.F., Lopes,

A.G., and Caruso-Neves, C. (2007b). Characterization and partial isolation

of ouabain-insensitive Na+-ATPase in MDCK I cells. Biochimie 89, 1425–

1432.

Desjardins, R.E., Canfield, C.J., Haynes, J.D., and Chulay, J.D. (1979).

Quantitative assessment of antimalarial activity in vitro by a semiautomated

microdilution technique. Antimicrob. Agents Chemother. 16, 710–718.

Diarra, A., Sheldon, C., and Church, J. (2001). In situ calibration and [H+] sensi-

tivity of the fluorescent Na+ indicator SBFI. Am. J. Physiol. Cell Physiol. 280,

C1623–C1633.

Dyer, M., Jackson, M., McWhinney, C., Zhao, G., and Mikkelsen, R. (1996).

Analysis of a cation-transporting ATPase of Plasmodium falciparum. Mol.

Biochem. Parasitol. 78, 1–12.

Gu, Q., and Kenny, J.E. (2009). Improvement of inner filter effect correction

based on determination of effective geometric parameters using a conven-

tional fluorimeter. Anal. Chem. 81, 420–426.
236 Cell Host & Microbe 13, 227–237, February 13, 2013 ª2013 Else
Harootunian, A.T., Kao, J.P., Eckert, B.K., and Tsien, R.Y. (1989).

Fluorescence ratio imaging of cytosolic free Na+ in individual fibroblasts and

lymphocytes. J. Biol. Chem. 264, 19458–19467.

Hayashi, M., Yamada, H., Mitamura, T., Horii, T., Yamamoto, A., and

Moriyama, Y. (2000). Vacuolar H+-ATPase localized in plasma membranes

of malaria parasite cells, Plasmodium falciparum, is involved in regional acid-

ification of parasitized erythrocytes. J. Biol. Chem. 275, 34353–34358.

Iizumi, K., Mikami, Y., Hashimoto, M., Nara, T., Hara, Y., and Aoki, T. (2006).

Molecular cloning and characterization of ouabain-insensitive Na+-ATPase

in the parasitic protist, Trypanosoma cruzi. Biochim. Biophys. Acta 1758,

738–746.

Krishna, S., Woodrow, C., Webb, R., Penny, J., Takeyasu, K., Kimura, M., and

East, J.M. (2001). Expression and functional characterization of a Plasmodium

falciparum Ca2+-ATPase (PfATP4) belonging to a subclass unique to apicom-

plexan organisms. J. Biol. Chem. 276, 10782–10787.

Lambros, C., and Vanderberg, J.P. (1979). Synchronization of Plasmodium

falciparum erythrocytic stages in culture. J. Parasitol. 65, 418–420.

Lee, P., Ye, Z., Van Dyke, K., and Kirk, R.G. (1988). X-ray microanalysis of

Plasmodium falciparum and infected red blood cells: effects of qinghaosu

and chloroquine on potassium, sodium, and phosphorus composition. Am.

J. Trop. Med. Hyg. 39, 157–165.

Lew, V.L., Tiffert, T., and Ginsburg, H. (2003). Excess hemoglobin digestion

and the osmotic stability of Plasmodium falciparum-infected red blood cells.

Blood 101, 4189–4194.

Martin, R.E., and Kirk, K. (2007). Transport of the essential nutrient isoleucine in

human erythrocytes infected with themalaria parasite Plasmodium falciparum.

Blood 109, 2217–2224.

Martin, R.E., Henry, R.I., Abbey, J.L., Clements, J.D., and Kirk, K. (2005). The

‘permeome’ of the malaria parasite: an overview of the membrane transport

proteins of Plasmodium falciparum. Genome Biol. 6, R26.

Mauritz, J.M., Seear, R., Esposito, A., Kaminski, C.F., Skepper, J.N., Warley,

A., Lew, V.L., and Tiffert, T. (2011). X-ray microanalysis investigation of the

changes in Na, K, and hemoglobin concentration in plasmodium falciparum-in-

fected red blood cells. Biophys. J. 100, 1438–1445.

Niggli, V., and Sigel, E. (2008). Anticipating antiport in P-type ATPases. Trends

Biochem. Sci. 33, 156–160.

Pillai, A.D., Nguitragool, W., Lyko, B., Dolinta, K., Butler, M.M., Nguyen, S.T.,

Peet, N.P., Bowlin, T.L., and Desai, S.A. (2012). Solute restriction reveals an

essential role for clag3-associated channels in malaria parasite nutrient acqui-

sition. Mol. Pharmacol. 82, 1104–1114.

Rodrı́guez-Navarro, A., and Benito, B. (2010). Sodium or potassium efflux

ATPase a fungal, bryophyte, and protozoal ATPase. Biochim. Biophys. Acta

1798, 1841–1853.

Rottmann, M., McNamara, C., Yeung, B.K., Lee, M.C., Zou, B., Russell, B.,

Seitz, P., Plouffe, D.M., Dharia, N.V., Tan, J., et al. (2010). Spiroindolones,

a potent compound class for the treatment of malaria. Science 329, 1175–

1180.
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