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ABSTRACT For an increasing number of antimalarial agents identified in high-
throughput phenotypic screens, there is evidence that they target PfATP4, a putative
Na� efflux transporter on the plasma membrane of the human malaria parasite Plas-
modium falciparum. For several such “PfATP4-associated” compounds, it has been
noted that their addition to parasitized erythrocytes results in cell swelling. Here we
show that six structurally diverse PfATP4-associated compounds, including the clini-
cal candidate KAE609 (cipargamin), induce swelling of both isolated blood-stage par-
asites and intact parasitized erythrocytes. The swelling of isolated parasites is depen-
dent on the presence of Na� in the external environment and may be attributed to
the osmotic consequences of Na� uptake. The swelling of the parasitized erythro-
cyte results in an increase in its osmotic fragility. Countering cell swelling by increas-
ing the osmolarity of the extracellular medium reduces the antiplasmodial efficacy of
PfATP4-associated compounds, consistent with cell swelling playing a role in the an-
timalarial activity of this class of compounds.
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The search for novel antimalarial compounds has shifted in recent years, from
target-based approaches, i.e., finding compounds that target a specific essential

aspect of parasite biology, toward whole-cell “phenotypic” screening. Whole-cell
screening involves assessing diverse compound libraries for the ability of compounds
to inhibit parasite growth. This approach to the discovery of antimalarial compounds
does not require prior knowledge of the biological target and has led to the identifi-
cation of numerous potential antimalarials with diverse chemical structures (1–4).

For a number of compounds identified in whole-cell screens as having antiparasitic
activity, the exposure of malaria parasites to either a static concentration or increasing
concentrations of the compound, typically over a period of weeks to months, has given
rise to resistant parasites (5–10). Genomic techniques have been used to identify
mutations in the resistant parasites, thereby providing insight into mechanisms of
resistance and, potentially, the identity of the target.

Whole-cell screening and genetic profiling of resistant Plasmodium falciparum
strains have implicated the P-type ATPase PfATP4 (accession no. PF3D7_1211900) in the
mechanism of action of a number of novel antiplasmodial compounds. These com-
pounds include, but are not limited to, the spiroindolones cipargamin (KAE609; for-
merly known as NITD609 and now in advanced clinical trials [11]) and NITD246 (5), the
dihydroisoquinolone (�)-SJ733 (6), the pyrazoleamide PA21A050 (7), the aminopyra-
zole GNF-Pf4492 (12), a compound originally identified as a prolyl-tRNA synthetase
inhibitor, TCMDC-124506 (13), and the GlaxoSmithKline compound MMV772 (http://
www.mmv.org/newsroom/news/three-new-roads-leading-common-pathway; accessed
February 2017).

For all of the PfATP4-associated compounds characterized, to date, their addition to
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blood-stage malaria parasites causes the parasite’s cytosolic Na� concentration ([Na�]i)
to increase, the cytosolic pH (pHi) to increase, and the degree of acidification seen on
inhibition of the parasite’s H�-extruding V-type H� ATPase to decrease (6, 7, 12, 14).
The data are consistent with the hypothesis that these compounds inhibit PfATP4,
which functions as an ion pump exporting Na� and importing H�, thereby maintaining
a low [Na�]i while at the same time imposing a significant “acid load” on the parasite
(14–16). In this model, the alkalinization induced by the PfATP4-associated compounds
and the reduced acidification seen in response to inhibition of the H�-extruding V-type
H� ATPase are attributed to the inhibition of PfATP4 resulting in a lifting of the
PfATP4-mediated acid load.

A screen of the Medicines for Malaria Venture’s (MMV’s) open access Malaria Box—a
structurally diverse collection of 400 compounds identified in phenotypic screens as
being potent inhibitors of the growth of blood-stage P. falciparum parasites—for
effects on malaria parasite Na� regulation revealed multiple additional chemotypes
showing the same effects on parasite [Na�]i and pHi as those of the PfATP4-associated
compounds (17). In this paper, the term “PfATP4-associated compounds” is used to
refer to compounds that (i) cause an increase in [Na�]i, an increase in pHi, and a
decrease in the acidification seen in response to inhibition of the plasma membrane
V-type H� ATPase and (ii) are less potent against parasites carrying resistance-
conferring mutations in PfATP4 than against parasites with wild-type PfATP4.

The ability of PfATP4-associated compounds to kill asexual P. falciparum parasites is
well established; however, the precise mechanism by which they do so is unclear.
Jimenez-Diaz et al. (6) proposed that the ionic changes induced by the dihydroisoquin-
olone (�)-SJ733 ultimately lead to the induction of eryptosis (i.e., programmed cell
death) in infected erythrocytes. Vaidya and colleagues proposed that the disruption of
ion homeostasis by the pyrazoleamide PA21A050 and the spiroindolone KAE609 leads
to the accumulation of cholesterol in the parasite’s plasma membrane and initiates a
cascade of events that trigger premature parasite schizogony (7, 18).

Both the dihydroisoquinolone (�)-SJ733 (6) and the pyrazoleamide PA21A050 (7)
have been reported to induce swelling of the intraerythrocytic parasite, giving rise to
the hypothesis that an increased [Na�]i in the parasite disrupts the osmotic balance of
the cell, leading to water influx and therefore cell swelling (6, 7). Zhang et al. (19)
reported that ring-stage parasitized erythrocytes exposed to KAE609 become spherical
and rigid, and KAE609 has also been reported to cause stage II gametocytes to become
swollen and rounded (20). Whether and (if so) how the swelling of the parasite or of the
parasitized erythrocyte is involved in the mechanism by which PfATP4-associated
compounds inhibit parasite growth are unclear.

In this study, we characterized in more detail the physical changes induced by
PfATP4-associated compounds in both isolated trophozoite-stage parasites and
trophozoite-infected erythrocytes, investigating in particular the role of Na� in cell
swelling and the role of swelling in the inhibition of parasite growth by compounds of
this class.

RESULTS
Host cell and parasite volume estimates. A Coulter MS4 instrument was used to

estimate the volume of uninfected erythrocytes, P. falciparum-infected erythrocytes
(approximately 36 to 40 h postinvasion), and mature trophozoite-stage P. falciparum
parasites (approximately 36 to 40 h postinvasion) functionally isolated from their host
erythrocytes by saponin permeabilization of the host cell membrane. For uninfected
erythrocytes suspended in bicarbonate-free supplemented RPMI 1640 medium (283 �

2 mosM), the volume was 81 � 1 fl (mean � standard deviation [SD]; range, 79 to 83
fl; n � 7 with cells from at least three individual donors). For parasitized erythrocytes
suspended in the same medium, the volume was 83 � 5 fl (mean � SD; range, 72 to
89 fl; n � 12). The volume of parasitized erythrocytes was not significantly different
from that of the control group (“cohort uninfected erythrocytes”) (P � 0.869; n � 7;
paired t test).
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For isolated mature trophozoite-stage parasites suspended in physiological saline
(310 � 2 mosM), the volume was 49 � 7 fl (mean � SD; range, 38 to 65 fl; n � 19).
Increasing the osmolarity of the medium in which isolated parasites were suspended
caused the mean cell volume to decrease (Fig. 1a). The variation of the parasite volume
with osmolarity allowed a determination of the fraction of the “nonwater” volume of
the parasite (i.e., the contribution of “solid” material to the measured volume) (21, 22),
estimated here to be 0.44 � 0.02 (n � 3) (Fig. 1b). This, in turn, allows an estimate of
the intracellular water volume of isolated parasites suspended in physiological saline
(0.56 of the total volume, corresponding to a water volume of 27 � 1 fl for parasites
with a mean total volume of 49 fl).

PfATP4-associated compounds induce swelling of isolated trophozoites. On
addition of the PfATP4-associated antimalarial KAE609 (10 nM) to isolated parasites
suspended in physiological saline, the parasites immediately started to swell (Fig. 2a),
with their volume plateauing at around 15 min (Fig. 2a, inset). Addition of dimethyl
sulfoxide (DMSO) as a solvent control had no significant effect on parasite volume. For
KAE609-exposed parasites, the volume at 15 min was 53 � 8 fl (mean � SD; n � 16),
which is an increase of 8% � 2% (P � 0.001; paired t test). The half-time for
KAE609-induced swelling was 4.4 � 0.4 min (mean � SD; n � 4), and the percent
increase in trophozoite volume (measured at 15 min) was not affected by the starting
volume of the parasite (see Fig. S1 in the supplemental material).

Another PfATP4-associated antimalarial, PA21A050 (10 nM), caused isolated para-
sites suspended in physiological saline to swell to an extent similar to that seen with
KAE609 (Fig. 2a). The volume increase undergone by parasites in saline exposed to 10
nM PA21A050 for 60 min was not significantly different from that undergone by
parasites in saline exposed to 10 nM KAE609 for 60 min (P � 0.139; paired t test) (Fig. 2c).

For isolated parasites suspended in bicarbonate-free, Albumax-free supplemented
RPMI 1640 medium, the pattern of cell swelling seen in response to addition of the two
PfATP4-associated antimalarials (i.e., KAE609 or PA21A050) (Fig. 2b) was somewhat
different from that seen for parasites suspended in physiological saline. Ten minutes
after the addition of either of the two antimalarial compounds, the swelling undergone
by isolated parasites in RPMI medium was similar to that undergone by parasites in
saline (approximately 3 fl in both cases) (Fig. 2a and b). However, whereas for parasites
in saline the volume plateaued at around 15 min, for parasites in RPMI medium the
swelling continued to increase, such that 60 min after the addition of either KAE609 or

FIG 1 Variation of parasite volume with the osmolarity of the medium. (a) Representative traces showing
the distribution of volume for isolated parasites suspended in either physiological saline (310 mosM;
black trace) or physiological saline made hypertonic by the addition of 155 mosM sucrose (465 mosM;
gray trace). Each data set was fitted with a Gaussian function and the median volume of each of the
parasite populations (dashed lines) thereby determined. (b) The osmolarity of the medium was increased
by the addition of increasing concentrations of sucrose. Parasite volume is cited relative to that of
parasites suspended in physiological saline with an osmolarity of 310 mosM. Relative tonicity is the
tonicity of the sucrose-containing medium relative to that of physiological saline solution. The dashed
line represents the theoretical osmotic response of a cell showing “ideal” osmotic behavior. A straight
line was fitted to the data by use of the following equation: relative parasite volume � 0.55 � (1/relative
tonicity) � 0.44. The y intercept of the fitted line (i.e., the parasite volume at an infinite osmolarity, when
1/relative tonicity � 0) equates to the nonwater volume of the parasite. The results are the means � SD
from three independent experiments.

Cell Swelling Induced by Cipargamin (KAE609) Antimicrobial Agents and Chemotherapy

June 2018 Volume 62 Issue 6 e00087-18 aac.asm.org 3

http://aac.asm.org
http://aac.asm.org/


PA21A050 the parasites in RPMI medium were larger than those in physiological saline
(Fig. 2c). For parasites suspended in RPMI medium, the volume increase induced by
PA21A050 was significantly greater than that induced by KAE609 (P � 0.007; paired t
test).

To investigate whether the ability to cause parasite swelling seen for KAE609 and
PA21A050 was a common feature of diverse PfATP4-associated chemotypes, five
PfATP4-associated compounds from the MMV Malaria Box (see Fig. S2 for chemical
structures) were tested for effects on parasite volume. The five compounds represent
four chemotypes, with two of the five compounds being structurally similar. Each of the
five compounds has been shown previously to induce an increase in [Na�]i and pHi in
isolated trophozoite-stage parasites and to be less potent at inhibiting the proliferation
of parasites harboring KAE609 resistance-conferring mutations in PfATP4 than that of
wild-type parasites (17). The MMV compounds were tested for effects on 3D7 parasite
volume when added at a concentration 15� higher than the 50% inhibitory concen-
tration (IC50) for inhibition of proliferation of asexual-stage Dd2 parasites in vitro, as
determined in a previous study (17). Each of the five compounds induced an increase
in the volume of isolated 3D7 trophozoites suspended in physiological saline. The
magnitudes of the volume increases induced by the compounds tested, measured at
15 min, were in the following order: MMV665949 � KAE609 � MMV665826 �

MMV011567, MMV006656, and MMV006764 (Fig. 3). Doubling the concentrations of the
MMV compounds to 30� the IC50 for inhibition of proliferation of asexual-stage Dd2
parasites did not lead to a greater volume increase in isolated 3D7 trophozoites for any
of the compounds (data not shown).

Exposure of isolated trophozoites to the solvent alone (0.1% [vol/vol] DMSO) or to the
non-PfATP4-associated antimalarial compounds artemisinin and chloroquine (each tested
at a concentration of 100 nM) had no significant effect on parasite volume (Fig. 3). The

FIG 2 Effects of PfATP4-associated compounds KAE609 and PA21A050 on the volume of isolated P. falciparum 3D7 trophozoites suspended in
different media at 37°C. (a) Time course for the volume of isolated parasites suspended in physiological saline following the addition of either
KAE609 in DMSO (final concentration, 10 nM) (black circles), PA21A050 in DMSO (final concentration, 10 nM) (gray circles), or DMSO alone (0.1%
[vol/vol]; solvent control) (white circles). The inset shows a higher-resolution time course for the effect of KAE609 (10 nM) (closed circles) on the
volume of isolated parasites in the same medium compared to a solvent control (0.1% [vol/vol] DMSO) (white circles). (b) Time course for the
volume of isolated parasites suspended in bicarbonate-free, Albumax-free RPMI 1640 medium following the addition of KAE609 in DMSO (final
concentration, 10 nM) (black circles), PA21A050 in DMSO (final concentration, 10 nM) (gray circles), or DMSO alone (0.1% [vol/vol]; solvent control)
(white circles). For panels a and b, first-order exponential equations were fitted to the data for KAE609- and PA21A050-exposed cells; the control
data were fitted by straight lines. In each case, the results shown are from a single experiment and are representative of those obtained in at least
three independent experiments. (c) Change in parasite volume over 60 min for cells suspended in either physiological saline or bicarbonate-free,
Albumax-free supplemented RPMI 1640 medium (RPMI) in the presence of KAE609 (10 nM) or PA21A050 (10 nM) compared to the volume of
control cells (0.1% [vol/vol] DMSO; 60 min). The results are averaged from those obtained in at least three independent experiments for each
compound, and the error bars denote SD. On exposure to KAE609 for 60 min, the volume increase seen for parasites suspended in RPMI medium
was significantly greater (P � 0.05) than that for parasites suspended in physiological saline (P � 0.016; paired t test). On exposure to PA21A050
for 60 min, the volume increase seen for parasites suspended in RPMI medium was greater than that for parasites suspended in physiological
saline, but the difference was not statistically significant (P � 0.138; paired t test). In both media, the swelling induced by 10 nM PA21A050 was
slightly higher than that induced by 10 nM KAE609. For parasites in RPMI medium, the difference was statistically significant (P � 0.01; paired
t test), whereas for parasites in physiological saline it was not statistically significant (P � 0.13).
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induction of trophozoite swelling is therefore not a general feature of antimalarial com-
pounds.

KAE609-induced swelling of isolated parasites is Na� dependent. To investigate
the role of Na� in the KAE609-induced swelling of isolated parasites, the effect of
KAE609 on the volume of isolated parasites suspended in a Na�-containing saline was
compared to that on the volume of isolated trophozoites suspended in Na�-free media,
in which Na� was replaced isosmotically with either N-methyl-D-glucamine (NMDG) or
choline. There was no significant difference in the starting volumes of trophozoites
suspended in the three media tested (P � 0.05). For parasites suspended in the
NMDG-containing medium, the volume remained unchanged over 20 min in both the
presence and absence of 10 nM KAE609. Parasites suspended in the choline-containing
medium underwent a small apparent volume increase (�2%; not statistically significant
[P � 0.05]) in both the presence and absence of 10 nM KAE609, with no difference
between the two (Fig. 4). The KAE609-induced swelling of isolated trophozoites is
therefore dependent on the presence of Na� in the external medium.

Addition of KAE609 (50 nM) to isolated parasites suspended in a Na�-containing
medium was demonstrated previously to result in a time-dependent net uptake of Na�

(23). A KAE609-induced increase in the Na� content of the parasite was confirmed here
under the same conditions as those used in the cell volume experiments (Fig. 2a, inset).
The addition of 10 nM KAE609 to isolated parasites suspended in physiological saline
resulted in a time-dependent increase in the parasite Na� content (Fig. 5a and b), which
had increased 3.3- � 1.3-fold by 20 min, from 3.2 � 1.0 mmol/1013 cells at time zero
to 10.7 � 2.4 mmol/1013 cells at 20 min (mean � SD; n � 6) (Fig. 5b). In contrast, there
was no change in the Na� content of isolated parasites over the same (20 min) period
following the addition of DMSO alone (solvent control) (Fig. 5b). The time scale of the
KAE609-induced increase in parasite Na� content was similar to that seen for the
KAE609-induced increase in parasite volume: parasite Na� content reached a maximum
within 10 to 20 min, with a half-time of 5 � 2 min (mean � SD; n � 5) (Fig. 5b), which
is comparable to the half-time of 4.4 � 0.4 min for the KAE609-induced swelling of
parasites in physiological saline (Fig. 2a).

FIG 3 Effects of KAE609 and PfATP4-associated compounds on the volume of isolated P. falciparum 3D7
trophozoites suspended in physiological saline, measured at 37°C. Changes in parasite volume (ex-
pressed as percentages of the starting volume) were determined after 15 min in the presence or absence
of various PfATP4-associated compounds or unrelated antimalarials (artemisinin and chloroquine). The
results are averaged from those obtained in at least three independent experiments for each compound,
and the error bars denote SD. The concentrations tested (in each case, 15� the IC50 for inhibition of
parasite proliferation) were 2.2 �M for MMV006656, 6.7 �M for MMV006764, 4.9 �M for MMV011567, 4.2
�M for MMV665826, and 17 �M for MMV665949. The two antimalarial drugs were tested at �15� the
IC50 for inhibition of parasite proliferation (100 nM for artemisinin and 100 nM for chloroquine). The
letters above the bars indicate statistical significance. Bars labeled with the same letter (e.g., “a”) are not
statistically different from one another (P � 0.05), whereas bars labeled with different letters are
significantly different from one another (P � 0.05) (e.g., the bars labeled “a” are significantly different
from those labeled “b”). The bar labeled “bc” is not significantly different from those labeled “b” or “c”
but is significantly different from those labeled “a” or “d.”
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In contrast to the rapid and relatively large increase in the intracellular Na� content,
the intracellular K� content underwent a slow and relatively small proportional de-
crease over time following the addition of 10 nM KAE609, from 44 � 8 mmol/1013 cells
at time zero to 38 � 8 mmol/1013 cells at 20 min (mean � SD; n � 6) (Fig. 5c). The
decrease reached statistical significance only at the 20-min time point, at which point
the parasite K� content had decreased by an estimated 14% relative to that at time
zero (P � 0.05). There was no change in the K� content of isolated parasites over the
same (20 min) period following the addition of DMSO alone (solvent control) (Fig. 5c).

The estimates of the parasite Na� and K� contents reported here, together with the
parasite water volume, allow calculation of the [Na�]i and [K�]i. The isolated tropho-
zoites in the high-pressure liquid chromatography (HPLC) experiments had a starting

FIG 4 Na� dependence of KAE609-induced swelling of isolated P. falciparum trophozoites. Isolated
trophozoites were suspended in Na�-, NMDG-, or choline-containing saline for 20 min at 37°C before the
addition of either 10 nM KAE609 in DMSO or DMSO alone (solvent control; 0.1% [vol/vol]) (�). The
volume of the isolated 3D7 trophozoites was measured immediately prior to the addition of KAE609 or
DMSO and then again 15 min later. The percent volume change was determined by comparing the
median cell volumes at the beginning and end of the 15-min incubation. The results shown are averaged
from those obtained in five independent experiments, and error bars denote SD. The letters above the
bars indicate statistical significance, with the bars labeled “a” being not significantly different from one
another but significantly different from that labeled “b” (P � 0.05).

FIG 5 Effects of KAE609 on the intracellular Na� and K� contents of isolated P. falciparum trophozoites suspended in physiological saline under
the same conditions as those used in the experiment giving rise to the inset to Fig. 2a. (a) Representative HPLC traces of parasite extracts prepared
from isolated parasites suspended (at time zero) in the presence of 10 nM KAE609. (b) Time courses for the Na� content of isolated trophozoites
following the addition of 10 nM KAE609 (in DMSO) (black circles; fitted with a first-order exponential equation) or DMSO alone (0.1% [vol/vol])
(white circles; fitted by linear regression). (c) Time courses for the K� content of isolated trophozoites following the addition of 10 nM KAE609
(in DMSO) (black circles) or DMSO alone (0.1% [vol/vol]) (white circles). Lines were fitted to both data sets by linear regression. For panels b and
c, the results shown are averaged from those obtained in at least four independent experiments, and error bars show SD. The letters above the
points in the time courses for KAE609-treated cells indicate statistical significance. Values labeled with the same letter are not statistically different
from one another (P � 0.05), whereas those labeled with different letters are significantly different from one another (P � 0.05). The value labeled
“ab” is not significantly different from those labeled “a” or “b.” The value labeled “bc” is not significantly different from those labeled “b” or “c”
but is significantly different from those labeled “a.”
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volume of 50 � 6 fl (mean � SD; n � 6) and an average water volume of 28 fl (using
the 0.56 cell water volume fraction determined in Fig. 1b). For cells suspended in
Na�-containing saline, the [Na�]i and [K�]i values are estimated to be 11 and 157 mM,
respectively (assuming that Na� and K� are distributed evenly throughout the total 28
fl of intracellular water volume). After 20 min of exposure to KAE609, the total parasite
volume had increased by 4 fl. If it is assumed that this increase is wholly accounted for
by an increase in water volume, then the estimated [Na�]i and [K�]i values at 20 min
post-KAE609 exposure are 33 and 119 mM, respectively.

These estimates of the [Na�]i increase following KAE609 exposure are similar to those
for isolated parasites loaded with the Na�-sensitive dye Na�-binding benzofuran isoph-
thalate (SBFI). The mean starting [Na�]i for SBFI-loaded parasites was 6 � 2 mM (mean �

SD; n � 8). The [Na�]i value remained unchanged following exposure to DMSO for 20 min
(6 � 2 mM [mean � SD]; n � 4) and increased to 42 � 19 mM (mean � SD; n � 4)
following exposure to 10 nM KAE609 for 20 min (Fig. S3).

The swelling of isolated parasites induced by KAE609 or PA21A050 is not
affected by modulating the cholesterol content of the parasite plasma membrane.
In a previous study, it was reported that PA21A050 and KAE609 induced a Na�-
dependent accumulation of cholesterol in the parasite plasma membrane (18). To
investigate whether this phenomenon might play a role in the parasite swelling seen
here, isolated parasites were preincubated for 30 min (prior to exposure to either
KAE609 or PA21A050) in either (i) RPMI 1640 medium; (ii) RPMI 1640 medium contain-
ing methyl-�-cyclodextrin (M�CD) to remove cholesterol from the parasite plasma
membrane (18); or (iii) RPMI 1640 medium containing M�CD preloaded with choles-
terol, under which conditions cholesterol is not removed from the parasite membrane
(18). The 30-min preincubation in the two M�CD-containing media (with or without
cholesterol) itself caused changes in the volume of the isolated parasites (Fig. S4a).
Preincubation with M�CD preloaded with cholesterol or with M�CD alone caused the
median volume to increase by an average of 14 fl relative to the control level. For
parasites preincubated in each of the three different media, exposure to either KAE609
or PA21A050 resulted in similar degrees of swelling (6 to 8 fl relative to the volume of
parasites exposed to the DMSO solvent control) as measured at 20 min. For both
KAE609 and PA21A050, there was no significant difference in the extent of swelling
induced in parasites preincubated in any of the three different (cholesterol-modulating)
media (P � 0.05) (Fig. S4). The swelling induced by the two PfATP4-associated com-
pounds, as measured over 20 min, is therefore not dependent on the accumulation of
cholesterol in the parasite plasma membrane.

When the incubation of the parasites with the inhibitors (or, in the case of the
solvent control, with DMSO) was extended to 120 min, a more complex pattern
emerged for parasites treated with M�CD. For parasites preincubated with M�CD alone
(i.e., without cholesterol), two subpopulations of cells became evident on the Multisizer
trace, both in cell suspensions exposed to PfATP4-associated compounds and in those
exposed to DMSO alone. For parasites preincubated with M�CD preloaded with
cholesterol, again both for parasite suspensions exposed to PfATP4-associated com-
pounds and those exposed to DMSO alone, the median volume of the entire popula-
tion measured 120 min after the preincubation was increased to approximately double
that seen at 20 min. These complications precluded an accurate determination of the
effect of PfATP4-associated compounds on parasite volume 120 min after their addi-
tion.

PfATP4-associated compounds cause intact parasitized erythrocytes to swell.
Intact trophozoite-infected erythrocytes suspended in bicarbonate-free supplemented
RPMI 1640 medium in the presence of DMSO (0.1% [vol/vol]; solvent control) had an
initial “resting” volume of 86 � 1 fl (mean � SD; n � 8) and underwent a slight but
significant progressive increase in volume, reaching a value of 90 � 2 fl by 60 min
(mean � SD; n � 8; P � 0.002 by paired t test) (Fig. 6a). Parasitized erythrocytes treated
with chloroquine (100 nM) underwent a similar volume increase, reaching a value of
91 � 3 fl (mean � SD; n � 8) (Fig. 6a) after 60 min, which is significantly different from
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the initial volume (P � 0.001; paired t test) but not significantly different from the
volume of cells to which solvent (DMSO) alone had been added (P � 0.05). Parasitized
erythrocytes treated with KAE609 (10 nM) for 60 min swelled to a significantly greater
extent than that for DMSO- or chloroquine-treated infected erythrocytes, reaching a
volume of 98 � 2 fl (mean � SD; n � 8; P � 0.05 for the difference between
KAE609-exposed cells and DMSO- or chloroquine-exposed cells at 60 min).

The five structurally diverse PfATP4-associated compounds from the MMV Malaria
Box were also tested for their effect on the volume of intact infected erythrocytes. All
five compounds caused the cells to swell, to magnitudes similar to that seen in
response to KAE609 (Fig. 6b). In all cases, the swelling was significantly greater than
that seen in response to the addition of DMSO alone or the addition of the non-PfATP4-
associated antimalarial compounds chloroquine and artemisinin (P � 0.05) (Fig. 6b).
Cohort uninfected erythrocytes did not undergo a change in volume during the course
of a 60-min incubation either in the presence of KAE609 (10 nM) or under control
conditions (Fig. 6b). The KAE609-induced swelling of intact parasitized erythrocytes is
therefore dependent on the presence of the intracellular parasite and is not an inherent
property of the erythrocyte.

Attempts to investigate the dependence of the KAE609-induced swelling of intact
parasitized erythrocytes on extracellular Na� were thwarted by the fact that on
suspension of parasitized erythrocytes in medium in which Na� is replaced by an
organic cation (choline or NMDG), the cells swell, and ultimately lyse, as a result of the
influx of the organic cations via the “new permeability pathways” induced by the
parasite in the erythrocyte membrane (24).

KAE609 increases the osmotic fragility of parasitized erythrocytes. An increase
in the volume of parasitized erythrocytes might be expected to result in increased
fragility of the cells. The effect of KAE609 on the osmotic fragility of parasitized and
uninfected erythrocytes was investigated by suspending the cells in media of various
tonicities and quantifying the extent of hemolysis (25). Infected erythrocytes preincu-
bated for 90 min in the presence of 10 nM KAE609 showed a significant increase in osmotic
fragility relative to that of infected erythrocytes preincubated in the presence of either
solvent alone (0.1% [vol/vol] DMSO) or 100 nM chloroquine (P � 0.05) (Fig. 7; Fig. S5).
KAE609 had no effect on the osmotic fragility of uninfected erythrocytes (Fig. 7).

FIG 6 Effects of KAE609 and other compounds on the volume of intact parasitized erythrocytes. (a) Time
courses (measured at 37°C) for the volume of parasitized erythrocytes (parasitemia of �95%; cells were
suspended in bicarbonate-free supplemented RPMI 1640 medium) following the addition of 10 nM
KAE609 (in DMSO) (black circles), 100 nM chloroquine (in DMSO) (gray circles), or DMSO alone (0.1%
[vol/vol]; solvent control) (white circles). In each case, a first-order exponential equation was fitted to the
data. The data shown are averaged from those obtained in five independent experiments, and the error
bars denote SD. (b) Volume changes (expressed as percentages of the initial volume) of parasitized
erythrocytes (parasitemia of �95%) and cohort uninfected erythrocytes (uRBC) incubated for 60 min in
the presence and absence of various PfATP4-associated compounds or unrelated antimalarials (artemis-
inin and chloroquine). The results shown are averaged from those obtained in at least three independent
experiments, and error bars denote SD. The compound concentrations used were the same as those
described in the legend to Fig. 3. The letters above the bars indicate statistical significance. Bars labeled
with the same letter are not statistically different from one another (P � 0.05), whereas those labeled
with different letters are significantly different from one another (P � 0.05).
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Effects of extracellular [Na�] and osmolarity on inhibition of parasite prolifer-
ation by PfATP4-associated compounds. Vaidya et al. reported that parasites cul-
tured in a medium with a reduced [Na�] show decreased sensitivity to a number of
PfATP4-associated compounds—the pyrazoleamides PA21A050 and PA21A085 and the
spiroindolone NITD246—consistent with extracellular Na� playing a key role in the anti-
plasmodial potency of these compounds (7). In the present study, we explored the roles of
extracellular Na� and cell swelling in the inhibition of parasite proliferation by KAE609,
using parasites cultured in media with various [Na�] values and osmolarities.

As shown previously for the related spiroindolone NITD246 (7), the IC50 for the
inhibition of 3D7 parasite proliferation by KAE609 was increased significantly in a
growth medium with a reduced [Na�] (i.e., the parasites showed decreased sensitivity
to the inhibitor), whereas that for chloroquine was unaffected (Table 1). A low-Na�

medium in which Na� was replaced with K� and sucrose had the same osmolarity as
the custom-made RPMI 1640 growth medium (7, 26).

FIG 7 Effect of KAE609 on osmotic fragility of parasitized and uninfected erythrocytes. (a) Parasitized
(�95% parasitemia) and uninfected erythrocytes were preincubated for 90 min at 37°C in 10 nM KAE609
(black symbols) or 0.1% (vol/vol) DMSO (solvent control) (white symbols) in bicarbonate-free supple-
mented RPMI 1640 medium (see Table S1 in the supplemental material). Cells were pelleted by
centrifugation and resuspended in saline media with relative tonicities of 0.04 to 1 (where a relative
tonicity of 1 equates to an osmolarity of 300 mosM). Lysis of parasitized (circles) and uninfected
(triangles) erythrocytes was determined by measuring the absorbance of hemoglobin (at 415 nm) in the
extracellular solution. The % lysis was calculated by normalizing the data to the absorbance of the
hemoglobin in the supernatant solution from cells suspended in saline with a relative tonicity of 0.04
(100% lysis). The results shown are from a single experiment and are representative of those obtained
in three similar experiments. (b) The tonicity at which 50% of the erythrocytes were lysed (50%
hemolysis) was plotted for parasitized (iRBC; circles) and uninfected (uRBC; triangles) erythrocytes that
had been preincubated in the presence of 10 nM KAE609 (black symbols), 0.1% (vol/vol) DMSO (solvent
control) (white symbols), or 100 nM chloroquine (gray symbols). The data for each of the osmotic fragility
experiments (3 to 5 independent experiments) are shown in Fig. S5. For each treatment, the bold
horizontal bar denotes the mean, and error bars denote SD. The letters above the points indicate
statistical significance. Values labeled with the same letter are not statistically different from one another
(P � 0.05), whereas those labeled with different letters are significantly different from one another (P �
0.05).

TABLE 1 Effects of reduced extracellular [Na�] on potencies of KAE609 and chloroquine
against P. falciparum parasitesa

Parameter

Value

Custom-made RPMI medium Low-Na� medium

Osmolarity (mosM) 330 � 3 330 � 3

IC50 (nM) for 3D7 parasites (n)
KAE609 (P � 0.0044) 0.8 � 0.1 (3) 2.4 � 0.5 (3)
Chloroquine (P � 0.7654) 20 � 2 (3) 20 � 3 (3)

aThe IC50 data are averaged from multiple (n) independent experiments, and errors denote SEM. The P
values indicate the significance of differences between the IC50s measured in the two different media and
are from unpaired t tests. See Table S1 in the supplemental material for the concentrations of the different
components of the media.
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For 3D7 parasites cultured in a high-Na� RPMI 1640 medium in which the [Na�] was
increased by the inclusion of an additional 30 mM NaCl, there was a decrease in the IC50

for the inhibition of parasite proliferation by KAE609 (i.e., the parasites showed in-
creased sensitivity to the inhibitor) (P � 0.0044; unpaired t test) (Table 2). The shift
toward a lower IC50 in the high-Na� growth medium was also observed for
Dd2 parasites exposed to KAE609 and to another PfATP4-associated compound,
MMV011567 (P � 0.03 and 0.002, respectively; unpaired t test) (Table 2). In contrast, the
inhibition of both 3D7 and Dd2 parasite proliferation by chloroquine, a non-PfATP4-
associated antimalarial, was unaffected by the increased [Na�] in the medium (Table 2).

The high-Na� growth medium had an osmolarity of 349 mosM and was therefore
hypertonic relative to the normal growth medium, which had an osmolarity of 293
mosM. The effects of hypertonicity on both the IC50 for inhibition of 3D7 parasite
proliferation by KAE609 and the volume of the parasitized erythrocytes (in both the
presence and absence of KAE609) were explored further using an alternative medium,
rendered hypertonic by the addition of 61 mM sucrose (yielding an osmolarity of 349
mosM, the same as that of the high-Na� medium). The IC50 for inhibition of parasite
proliferation by KAE609 for cells in this medium was 0.92 � 0.13 nM (mean � standard
error of the mean [SEM]; n � 8), which is significantly higher than that for cells in
normal medium (0.62 � 0.04 nM; n � 8; P � 0.0497 by the unpaired t test) (Table 2),
i.e., sucrose-mediated hypertonicity decreased the efficacy of KAE609 as an inhibitor of
parasite growth, the opposite of what was seen in media rendered hypertonic by the
addition of NaCl. In contrast, the IC50 for inhibition of parasite proliferation by chloro-
quine was unaffected by the addition of sucrose to the medium (Table 2).

For parasitized erythrocytes suspended in the hypertonic sucrose-containing me-
dium, the volume was some 6 fl (i.e., 9%) lower than that of parasitized erythrocytes
suspended at physiological osmolarity (Fig. S6). On addition of KAE609 to cells in this
medium, the cells swelled by approximately the same amount as that for cells in
physiological medium; in both media, the volume increased by approximately 3 to 4 fl
over 60 min (Fig. S6). Significantly, for parasitized erythrocytes that underwent KAE609-
induced swelling in the hypertonic medium, the volume remained below that of
(untreated, unswollen) parasites suspended in physiological media.

The hypertonic sucrose-containing medium and the low-Na� medium both con-
tained sucrose, and in both there was a reduced efficacy of KAE609 (i.e., the IC50 for the
inhibition of parasite proliferation increased). To test the possibility that the sucrose
present in both media somehow disrupted the interaction between KAE609 and its

TABLE 2 Effects of increased extracellular [Na�] and osmolarity on potencies of KAE609,
MMV011567, and CQ against P. falciparum parasitesa

Parameter

Value

RPMI medium
High-Na� RPMI
medium

Sucrose RPMI
medium

Osmolarity (mosM) 290 � 3 349 349

IC50 (nM) (n)
KAE609 against 3D7 parasites 0.62 � 0.04 (8) 0.42 � 0.03 (7) 0.92 � 0.13 (8)

P value 0.0010 0.0497
KAE609 against Dd2 parasites 0.9 � 0.1 (5) 0.6 � 0.1 (5) ND

P value 0.03
MMV011567 against Dd2 parasites 285 � 19 (5) 178 � 13 (5) ND

P value 0.002
CQ against 3D7 parasites 20 � 1 (7) 18 � 2 (7) 18 � 1 (7)

P value 0.1798 0.2106
CQ against Dd2 parasites 93 � 18 (5) 106 � 15 (5) ND

P value 0.6
aThe IC50 data are averaged from multiple (n) independent experiments, and errors denote SEM. The P
values are from unpaired t tests and relate to the differences between the IC50s for parasites grown in RPMI
1640 medium and those grown in either high-Na� RPMI 1640 medium or sucrose RPMI 1640 medium. CQ,
chloroquine; ND, not determined.
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target, we investigated the efficacy with which KAE609 disrupted Na� regulation in
isolated parasites loaded with the Na�-sensitive fluorescent indicator SBFI and sus-
pended in three different media: physiological saline, hypertonic sucrose-containing
saline, and physiological saline to which had been added an additional 30 mM NaCl
(designed to mimic the ionic environment of a trophozoite within a host erythrocyte
following hypertonic shrinkage of the host cell by an impermeant solute, such as
sucrose, that remains outside the infected cell). In each case, the initial rate of increase
of the [Na�]i value immediately following the addition of KAE609 was measured. There
was no difference between IC50s for the perturbation of Na� homeostasis by KAE609
for any of the three saline media tested (Fig. S7). These data indicate that the reduced
growth-inhibitory potency of KAE609 seen for sucrose-containing media is not due to
a reduced efficacy of the interaction of KAE609 with its target under any of the different
osmotic/ionic conditions tested. Rather, the variation in the IC50s for inhibition of
parasite proliferation seen in the different media can be attributed to differences in the
(“downstream”) consequences of inhibition of the target in the different media.

DISCUSSION

The cell volume estimates made here using a Coulter Multisizer instrument are
similar to those made previously using a range of different methodologies. The
estimated volume of uninfected erythrocytes (81 � 1 fl) is within the clinical reference
range (80 to 100 fl) (27) and is similar to volume estimates derived from confocal
microscopy and three-dimensional (3D) reconstruction of live fluorescent-dye-loaded
erythrocytes (28, 29). The mean volume of parasitized erythrocytes (83 � 5 fl) measured
here is somewhat lower than the estimates obtained from confocal microscopy of live,
dye-loaded trophozoite-infected cells (103 � 26 fl) (28) and 3D refractive index tomo-
grams of live trophozoite-infected cells (107 � 17 fl) (30) but similar to those obtained
for late-trophozoite-infected cells by cryo-X-ray microscopy (79 � 14 fl) (31).

For isolated trophozoite-stage parasites, the mean volume found here (49 � 7 fl
[mean � SD]) was larger than that estimated from cryo-X-ray microscopy (33 � 6 fl for
late trophozoites) (31) but similar to estimates derived from interpretation of UV-visible
spectra of live infected erythrocytes (42 to 46 fl) (32). The mean cell water volume of
isolated mature trophozoite-stage parasites, estimated here as 27 � 1 fl, falls within the
range of previous estimates of the internal water volume of isolated trophozoite-stage
parasites that were made based on measurements of the distribution of 3H2O (21 to 28
fl for parasites at approximately 35 to 40 h postinvasion) (33, 34).

PfATP4-associated compounds caused both isolated parasites and intact infected
erythrocytes to swell. For the isolated parasites, the magnitude and time course of
swelling induced both by the spiroindolone KAE609 and by the pyrazoleamide
PA21A050 varied with the medium in which the parasites were suspended. The
amounts of swelling undergone in the first 10 min following the addition of either
compound were similar for each of the two media tested (an RPMI-based medium and
a more minimal saline medium). However, whereas for parasites in saline the volume
plateaued after approximately 15 min, for parasites in RPMI medium the volume
increase continued over the ensuing 45 min. The prolonged swelling of isolated
parasites in RPMI medium (Fig. 2b) showed some similarity to the KAE609-induced
swelling of intact parasitized erythrocytes, which persisted over the full 60-min incu-
bation period (Fig. 6a). Why the volume increase of isolated parasites suspended in
saline plateaued 15 min after the addition of the PfATP4-associated compounds is
uncertain.

The volume increases reported here are substantially smaller than those that might
be deduced from a previous report from Vaidya et al. (7) that on treatment of
trophozoite-stage P. falciparum-infected erythrocytes with PA21A050 for 2 h, the
diameter of the intracellular parasite (estimated using live-cell imaging) increased from
2.5 �m to 4.6 �m. If it is assumed that the parasite is approximately spherical, this
equates to an approximately 6-fold increase in parasite volume, well above the ap-
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proximately 25% increase seen here for the volume of isolated parasites suspended in
an RPMI-based medium and exposed to PA21A050 for 1 h.

Attempts to isolate parasites from intact infected cells that had undergone KAE609-
induced swelling (and to ascertain thereby the volume of parasites swollen within their
host cells) proved unsuccessful; addition of the isolating agent saponin to KAE609-
treated parasitized erythrocytes resulted in a loss of membrane integrity for both the
parasite and the host cell, as reported previously (18). Whether the larger apparent
parasite swelling that might be inferred from the earlier live-cell imaging data was due
to the parasites being within intact infected cells and/or might be due to the swelling
being overestimated as a result of the parasites not being spherical under the condi-
tions tested is not clear.

The KAE609-induced swelling of isolated parasites was dependent on the presence
of Na� in the external medium, highlighting the central role of Na� in the response of
the parasites to this compound. The time scale of KAE609-induced isolated-parasite
swelling was similar to that for the increase in parasite Na� content. In addition to the
3.3-fold increase in the Na� content of the parasite measured over 20 min, there was
a small but significant (14%) decrease in the K� content of the parasite population over
the same period. The K� loss was not accounted for by cell lysis, though whether this
K� loss reflects the loss of a small proportion of the intracellular K� content across the
whole parasite population or the loss of a greater proportion of the internal K� pool
from a subpopulation of the parasites, perhaps as a result of a nonlytic loss of
membrane integrity, is not readily resolved.

The swelling induced by KAE609 or PA21A050 was not dependent on the previously
reported accumulation of cholesterol in the parasite plasma membrane (18). The latter
phenomenon occurs on a longer time scale (increasing over a period of hours) than the
immediate-onset increase in volume and Na� content characterized here.

The finding that reducing the [Na�] in the growth medium decreased the efficacy
with which KAE609 inhibited parasite proliferation (similar to a previous report of
reduced efficacy of PA21A050 and the spiroindolone NITD246 in low-Na� medium [7]),
whereas increasing the [Na�] in the growth medium increased the efficacy of KAE609,
is consistent with Na� playing a key role in the toxicity of KAE609 and other PfATP4-
associated antimalarials. The finding that osmotic shrinkage of the parasitized eryth-
rocytes by the addition of sucrose to the growth medium conferred some degree of
protection for the parasite against KAE609, decreasing the efficacy of the inhibitor, is
consistent with cell swelling playing some role in the mechanism of action of the
PfATP4-associated antimalarials. However, the finding that for cells suspended under
these hypertonic conditions KAE609 still inhibited parasite proliferation (albeit with
reduced efficacy), despite the volume of the parasitized erythrocytes remaining below
that of (untreated, unswollen) parasites suspended in physiological medium (at least in
the hour following addition of the compound), indicates that the swelling of the
parasite above the normal volume is not a necessary condition for inhibition of parasite
growth by KAE609.

In a recent phase 2 study of the efficacy of KAE609 in adults with uncomplicated P.
falciparum malaria or P. vivax malaria, the median half-life for parasite clearance was
less than 1 h in both cases. The time scale of the cell volume changes reported here falls
within this time frame, highlighting the possibility that cell swelling plays a role in the
clearance of infected cells by host mechanisms (e.g., the spleen).

Parasitized cells in the high-Na� hypertonic growth medium showed increased
sensitivity to inhibition of parasite proliferation by KAE609 relative to that of cells in
physiological medium. This is likely to reflect the combined effects of (i) increased influx
of Na� into the parasite following inhibition of PfATP4, occurring as a consequence of
the higher extracellular [Na�] and resulting in increased toxicity of the inhibitor; and (ii)
a (partially) protective effect of the higher osmolarity of the medium counteracting the
cell swelling induced by the influx of Na�. According to this interpretation, the increase
in parasite sensitivity to KAE609 resulting from the increased extracellular [Na�] is a
stronger effect than the protective effect afforded by the hypertonic shrinkage.
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In summary, PfATP4-associated compounds cause Na�-dependent swelling of iso-
lated trophozoites as well as swelling of infected erythrocytes. Protecting the parasites
from excessive Na� influx by reducing the Na� concentration in the growth medium,
or protecting the parasite from swelling by increasing the osmolarity of the medium,
reduces the efficacy of KAE609. The data are consistent with parasite swelling contrib-
uting to, but not playing an essential role in, the inhibition of parasite growth by this
new and highly promising class of antimalarials.

MATERIALS AND METHODS
Parasite lines and culture. The 3D7 and Dd2 strains of P. falciparum were maintained in continuous

shaking culture (35) in RPMI 1640 medium (Gibco) supplemented with 3 g/liter Albumax II, 25 mM HEPES,
11 mM glucose (final concentration, 22 mM), 200 �M hypoxanthine, and 20 �g/ml gentamicin sulfate.
The supplemented RPMI 1640 medium (see Table S1 in the supplemental material) had an osmolarity of
290 � 3 mosM and a pH of 7.3. Parasites were synchronized using sorbitol (5% [wt/vol]) (36) at least once,
and in some cases twice, in the 1 to 5 days prior to experimentation.

Compounds. KAE609 was supplied by MMV and PA21A050 by Akhil Vaidya. A selection of the
PfATP4-associated antiplasmodial compounds present in the MMV Malaria Box (MMV011567,
MMV006656, MMV006764, MMV665826, and MMV665949) were sourced either from MMV or from
Princeton BioMolecular Research. Compound details can be found at the ChEMBL-Neglected Tropical
Disease website (https://www.ebi.ac.uk/chemblntd). Artemisinin and chloroquine were purchased from
Sigma.

All compounds were dissolved in dimethyl sulfoxide (DMSO) at 1,000� the concentration required
in the assays, resulting in a final DMSO concentration of 0.1% (vol/vol) in the cell suspensions following
addition of the compounds. In all experiments in which compounds were added to cell suspensions, the
corresponding volume of DMSO was added to an equivalent suspension as a solvent control. The stock
solutions of compounds in DMSO were stored at �20°C in small volumes (typically 3 to 6 �l) and were
thawed only once before use in an assay (i.e., there was no repeated freeze-thawing of stock solutions).

Preparation of infected erythrocytes, uninfected erythrocytes, and isolated parasites. The ages
(postinvasion) of trophozoite-stage parasites used for experimentation fell within the range of 24 to 44
h. Parasites were prepared for experimentation when the majority were at the mature trophozoite stage
(median age, approximately 36 to 40 h) as determined by inspection of Giemsa-stained smears.

Parasitized erythrocytes were purified from the culture by use of a VarioMACS CS column (Miltenyi
Biotech) as described previously (37). Parasitized cell suspensions (typically 4% hematocrit and 5%
parasitemia) were centrifuged and suspended in supplement-free RPMI 1640 medium prior to passage
through the VarioMACS CS column. Parasitized erythrocytes were eluted from the column by use of
supplement-free RPMI 1640 medium. Most of the uninfected erythrocytes were discarded; however,
some were collected for use as a control group and termed “cohort uninfected erythrocytes.”

The purified infected erythrocytes (�95% parasitemia) and cohort uninfected erythrocytes were washed
once with bicarbonate-free, supplement-free RPMI 1640 medium and in most cases resuspended in either
bicarbonate-free supplemented RPMI 1640 medium (i.e., supplemented RPMI 1640 medium without NaHCO3

and gentamicin; 283 � 2 mosM; pH adjusted to 7.4 by using NaOH) (Table S1) or physiological saline (125 mM
NaCl, 5 mM KCl, 1 mM MgCl2, 20 mM glucose, 25 mM HEPES free acid; 310 � 2 mosM; pH adjusted to 7.4 by
using NaOH) (Table S2). The parasitized and cohort uninfected erythrocytes were incubated in one or other
of these media, as appropriate, at 37°C for 15 to 20 min prior to the start of each experiment.

Trophozoite-stage parasites were functionally isolated from their host erythrocytes by brief (15 to 20 s)
exposure of a parasitized cell suspension (typically 4% hematocrit and 5% parasitemia) to 0.05% (wt/vol)
saponin (equating to at least 0.005% [wt/vol] of the active ingredient sapogenin) (38). Saponin permea-
bilizes the host cell and parasitophorous vacuole membranes while leaving the parasite plasma mem-
brane intact (39) and able to maintain transmembrane ion gradients (14, 15, 40, 41). Except where
specified otherwise, the isolated parasites were washed and resuspended in physiological saline (pH
adjusted to 7.1 by using NaOH) and then incubated at 37°C for 15 to 20 min to allow parasites to recover
from the saponin isolation procedure prior to beginning each experiment.

For experiments in which isolated parasites were suspended in a Na�-free saline, the Na� was replaced
with an equimolar amount of either N-methyl-D-glucamine (NMDG) or choline. The NMDG-Cl- and choline-
based saline media were pH adjusted to 7.1 by using HCl and NMDG-Cl, respectively (Table S2).

For experiments in which the cholesterol content of the parasite was modulated (Fig. S4), isolated
parasites were incubated at 37°C for 30 min in bicarbonate-free, Albumax-free supplemented RPMI 1640
medium (i.e., supplemented RPMI 1640 medium without NaHCO3, gentamicin sulfate, or Albumax II;
288 � 2 mosM; pH adjusted to 7.1 by using NaOH) (Table S1) or in the same medium supplemented with
either the cholesterol-chelating compound methyl-�-cyclodextrin (M�CD; 5 mM) or M�CD loaded with
cholesterol (M�CD-cholesterol; 5 mM), based on the method of Das and colleagues (18). Incubation of
parasites in the presence of M�CD removes the cholesterol from the plasma membranes, whereas
incubation in the presence of M�CD-cholesterol does not (18). M�CD was loaded with cholesterol at a
5:1 ratio of M�CD to cholesterol, as described previously (42). Following 30 min of incubation, the
isolated parasites were washed twice and resuspended in bicarbonate-free, Albumax II-free RPMI 1640
medium.
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Cell volume measurements. The volumes of infected and uninfected erythrocytes and isolated
trophozoites were measured using a Beckman Coulter Multisizer 4 (MS4) instrument with a 100-�m
aperture tube.

For accurate cell volume measurements, the electrical conductivities of the electrolyte solution within
the aperture tube and the medium in which the cells are suspended should be the same (43). For volume
measurements of infected erythrocytes and cohort uninfected erythrocytes, the electrolyte solution
within the aperture tube was bicarbonate-free, supplement-free RPMI 1640 medium. For measurements
of isolated trophozoites, the electrolyte solution within the aperture tube was either glucose-free
physiological saline or bicarbonate-free, supplement-free RPMI 1640 medium.

The Beckman Coulter MS4 instrument and its internal electrolyte solution were maintained at 25°C.
For all cell volume measurements, cells were suspended at approximately 2 � 107 to 4 � 107 cells/ml
and maintained at 37°C. Immediately prior to volume measurement, an aliquot of the suspension was
transferred to a cuvette and diluted to approximately 4 � 105 cells/ml. For each volume measurement,
approximately 20,000 pulses (with each pulse corresponding to the transit of a single cell through the
aperture) were recorded. Unless stated otherwise, the resulting cell population volume distribution data
were fitted to a log Gaussian distribution and the median volume of the cells in each sample thereby
determined (Fig. 1a). The median volume (rather than the mean volume) of the cells was used in order
to minimize the impact of debris particles (typically �10 fl and �200 fl) on the measurement.

In a control experiment, it was shown that an uninfected erythrocyte population lysed by exposure
to saponin (thereby generating erythrocyte “ghosts”) did not give rise to a detectable signal.

In one series of experiments, the volumes of saponin-isolated parasites suspended in saline media of
various osmolarities were determined. Isolated trophozoites were suspended in a physiological saline
(310 � 2 mosM) for 20 min at 37°C, at which point an aliquot of hypertonic (1.5 M; 1,760 mosM) sucrose
solution was added, increasing the osmolarity of the extracellular medium in increments of 31 mosM, up
to a maximum of 465 mosM. A separate parasite suspension was prepared for each of the five different
osmolarities tested. Parasite volume was measured immediately before and after the addition of the
hypertonic sucrose solution.

A selection of the PfATP4-associated compounds identified previously in the MMV Malaria Box (17)
were tested for their effects on parasite volume at concentrations 15� higher than their 50% inhibitory
concentration (IC50) values for inhibition of proliferation of asexual Dd2 parasites in vitro (17). The
concentrations tested were 4.9 �M for MMV011567, 2.2 �M for MMV006656, 6.7 �M for MMV006764, 4.2
�M for MMV665826, and 17 �M for MMV665949. Artemisinin and chloroquine were both tested at 100
nM, i.e., a concentration �15� higher than their IC50s for inhibition of proliferation of asexual 3D7
parasites (44, 45).

HPLC measurement of parasite Na� and K� contents. The Na� and K� contents of isolated
parasites were determined using high-performance liquid chromatography (HPLC), essentially as de-
scribed previously (23). To generate the cell samples for HPLC analysis, saponin-isolated trophozoite-
stage parasites were suspended in physiological saline at approximately 1 � 107 to 2 � 107 parasites/ml,
with a total volume of at least 10 ml, and maintained at 37°C. KAE609 (10 nM) or 0.1% (vol/vol) DMSO
was added to the cell suspension at 0 min, and 2-ml samples were taken at 0, 5, 10, 15, and 20 min. The
cells in each 2-ml sample were washed twice in ice-cold Na�- and K�-free wash solution (150 mM
magnesium acetate; 320 mosM; pH adjusted to 7.1 by using acetic acid and ammonium hydroxide) and
then lysed in a Na�- and K�-free lysis solution (40% [vol/vol] 20 mM ammonium acetate, adjusted to pH
5 by using acetic acid and ammonium hydroxide; 60% [vol/vol] acetonitrile). The samples were centri-
fuged (16,000 � g, 10 min) to remove cellular debris, and 10 �l of each supernatant solution was
transferred to a glass vial for HPLC analysis.

The possibility of mechanical cell loss occurring during the final two washes was investigated using
the cell counting facility of the Coulter Multisizer MS4 instrument, using the same protocol as that used
for cell volume measurement. The initial cell concentration was determined immediately prior to the
addition of KAE609 (10 nM) or the DMSO solvent control. The final cell concentration was measured
following incubation in the presence of KAE609 (or the solvent control) and two washes. The measure-
ments revealed a loss of 19% � 2% of the cells (mean � SEM; n � 3) (data not shown) during the course
of the final two washes, with no difference in cell loss between KAE609-exposed and DMSO-exposed
parasite samples and no difference in cell loss between the samples taken at the 0-min and 20-min time
points (for both KAE609-exposed and DMSO-exposed samples). The 19% lysis was taken into account in
calculating the Na� and K� contents per cell.

Osmotic fragility assay. The osmotic fragility of infected and uninfected erythrocytes was measured
as described elsewhere (25). Magnet-purified parasitized erythrocytes and cohort uninfected erythro-
cytes were washed and suspended in bicarbonate-free supplemented RPMI 1640 medium (283 � 2
mosM; pH adjusted to 7.4 by using NaOH) to which was added 10 nM KAE609, 100 nM chloroquine, or
0.1% (vol/vol) DMSO (solvent control). The cell suspensions were incubated at 37°C for 90 min, after
which the erythrocytes were pelleted by centrifugation (500 � g, 5 min) and the majority of the
supernatant solution removed. Aliquots (10 �l) of the packed erythrocytes were suspended in the wells
of a round-bottomed 96-well plate with 250-�l aliquots of saline media having relative tonicities (RT) in
the range of 0.04 to 1, prepared by blending the following two solutions in various proportions: (i) 150
mM NaCl, 2 mM HEPES-Na, pH 7.4 (RT � 1; 300 mosM); and (ii) 2 mM HEPES-Na, pH 7.4 (RT � 0.04; 12
mosM). The final RT of each sample was calculated based on the addition of 10 �l of packed erythrocytes
suspended in bicarbonate-free supplemented RPMI 1640 medium (RT � 0.94) to 250 �l of saline with an
RT of 0.04 to 1. The final cell concentration was approximately 1 � 108 cells/ml. The cell suspensions were
incubated at room temperature for 10 min, and the plate was then centrifuged (1,200 � g, 5 min). A
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175-�l aliquot of supernatant solution, containing hemoglobin from lysed cells, was transferred from
each well to a flat-bottomed 96-well plate, and the absorbance at 415 nm (A415) was measured using a
FLUOstar Optima plate reader to provide an estimate of the concentration of the released hemoglobin,
and hence the extent of cell lysis. The % cell lysis was calculated by comparing the A415 for each sample
to that measured in the supernatant solutions derived from the cells suspended in the lowest-RT saline
(RT � 0.075), in which 100% of the cells underwent lysis, as confirmed by microscopy.

Parasite proliferation assays. The effects of compounds on the proliferation of asexual 3D7 and
Dd2 parasites were determined using the fluorescent DNA-intercalating dye (46) SYBR Safe to monitor
parasite proliferation, essentially as described previously (47). Assays were performed over 72 h, com-
mencing when the majority of parasites were in the ring stage. The starting parasitemia and hematocrit
were both approximately 1%.

Low-Na� medium (Table S1) was prepared as described by Pillai et al. (26) and supplemented with
5% (vol/vol) human serum, 25 mM HEPES free acid, and 200 �M hypoxanthine (330 � 3 mosM; pH 7.4).
In this medium, the human serum was the major source of Na� (present at a final concentration of
approximately 7 mM) (26). There was also a relatively small additional Na� concentration (14.5 �M)
introduced by the addition of RPMI 1640 vitamin solution (100�; Sigma-Aldrich). The proliferation of
parasites in low-Na� medium was compared to that of parasites in RPMI 1640 medium that had been
prepared in the lab from individual components and supplemented with 5% (vol/vol) human serum, 25
mM HEPES free acid, and 200 �M hypoxanthine (330 � 3 mosM; pH 7.4) (custom-made supplemented
RPMI 1640 medium) (Table S1). The custom-made supplemented RPMI 1640 medium was used as a
control medium for parasite proliferation because it matched the low-Na� medium with regard to its
method of preparation and its osmolarity (Table S1).

Proliferation of parasites suspended in high-Na� RPMI 1640 medium (supplemented RPMI 1640
medium with 30 mM extra NaCl; 349 mosM) (Table S1) and sucrose RPMI 1640 medium (supplemented
RPMI 1640 medium with 61 mM extra sucrose; 349 mosM) (Table S1) was compared to that of parasites
in normal (commercial) supplemented RPMI 1640 medium.

Intracellular [Na�] measurements. The [Na�]i value for isolated trophozoites was measured using
the Na�-sensitive fluorescent dye Na�-binding benzofuran isophthalate (SBFI) essentially as described
previously (14). Parasites were loaded with the acetoxymethyl (AM) ester of SBFI (SBFI-AM) and then
suspended in either physiological saline (310 � 3 mosM), physiological saline with an extra 30 mM NaCl
(368 mosM), or physiological saline with an extra 61 mM sucrose (369 mosM) (Table S2) prior to
measuring [Na�]i. The osmolarities of the Na� calibration saline media, used to determine the relation-
ship between [Na�]i and the fluorescence ratio, were matched to those of the saline media in which the
parasites were suspended by the addition of sucrose.

Statistical analyses. Unless stated otherwise, statistical comparisons were made using one-way
analysis of variance (ANOVA). Differences between treatments were analyzed by the least significant
difference, with statistical significance reported for P values of �0.05, using the Bonferroni correction for
multiple comparisons. With this method, the significance threshold for individual comparisons is
determined by dividing the experiment-wide P value (0.05 in this study) by the number of pairwise
comparisons being performed. To prevent differences in initial cell volumes from eroding the precision
of the test, “experiment” was nominated as a blocking factor in the ANOVAs.
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