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a b s t r a c t

The intraerythrocytic malaria parasite, Plasmodium falciparum, derives amino acids from the digestion of
host cell haemoglobin. However, it also takes up amino acids from the extracellular medium. Isoleucine is
absent from adult human haemoglobin and an exogenous source of isoleucine is essential for parasite
growth. An extracellular source of methionine is also important for the normal growth of at least some
parasite strains. In this study we have characterised the uptake of methionine by P. falciparum-infected
human erythrocytes, and by parasites functionally isolated from their host cells by saponin-permeabili-
zation of the erythrocyte membrane. Infected erythrocytes take up methionine much faster than
uninfected erythrocytes, with the increase attributable to the flux of this amino acid via the New Perme-
ability Pathways induced by the parasite in the erythrocyte membrane. Having entered the infected cell,
methionine is taken up by the intracellular parasite via a saturable, temperature-dependent process that
is independent of ATP, Na+ and H+. Substrate competition studies, and comparison of the transport of
methionine with that of isoleucine and leucine, yielded results consistent with the hypothesis that the
parasite has at its surface one or more transporters which mediate the flux into and out of the parasite
of a broad range of neutral amino acids. These transporters function most efficiently when exchanging
one neutral amino acid for another, thus providing a mechanism whereby the parasite is able to import
important exogenous amino acids in exchange for surplus neutral amino acids liberated from the
digestion of host cell haemoglobin.

� 2010 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

As the malaria parasite, Plasmodium falciparum, grows within
the erythrocytes of its human host it ingests and degrades up to
75% of host cell haemoglobin (Loria et al., 1999). Less than 20% of
the amino acids derived from haemoglobin degradation are
utilised by the parasite for protein synthesis (Krugliak et al.,
2002). The parasite exports the majority of the amino acids liber-
ated from haemoglobin to the extracellular medium (Krugliak
et al., 2002), whilst maintaining a high intracellular concentration
of free amino acids, estimated to be of the order of 20–30 mM
(Teng et al., 2009).

Not all of the parasite’s amino acid requirements are met by the
breakdown of haemoglobin. Adult haemoglobin contains no
isoleucine and parasite growth is reliant on a supply of this amino
acid in the extracellular solution (Siddiqui and Schnell, 1972; Divo
et al., 1985). A second amino acid, present at low levels in human
adult haemoglobin, for which an external source is required for
normal growth by some, but not all, P. falciparum strains (Siddiqui
and Schnell, 1972; Liu et al., 2006) is methionine. Furthermore, it
sitology Inc. Published by Elsevier
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has been shown in metabolic labelling experiments that the para-
site is able to take up and incorporate into protein, all 20 of the nat-
urally-occurring a-amino acids (Sherman, 1977; Divo et al., 1985;
Elford et al., 1985; Ginsburg et al., 1985; Kirk et al., 1994). The
available data are therefore consistent with the presence in the
membranes of both the host erythrocyte and the intracellular par-
asite, of amino acid transport pathways, capable of mediating both
the influx and efflux of the full range of amino acids.

Normal human erythrocytes take up isoleucine and methionine
via the saturable L-system (Winter and Christensen, 1964; Rosen-
berg, 1982; Barker and Ellory, 1990; Tunnicliff, 1994). In human
erythrocytes infected with the mature P. falciparum trophozoite
there is a dramatic increase in the rate of amino acid influx, attrib-
utable to New Permeability Pathways (NPPs) induced by the para-
site in the host cell membrane (Martin and Kirk, 2007). These are
broad-specificity pathways, permeable to a wide range of low
molecular weight organic and inorganic solutes, and inhibited by
a variety of anion transport inhibitors including furosemide (Huber
et al., 2005; Staines et al., 2007; Merckx et al., 2009; Hill and Desai,
2010). On entering the infected cell, isoleucine is taken up by the
intracellular parasite via a high-capacity saturable transport pro-
cess that has been characterised in some detail (Martin and Kirk,
2007), although not yet identified at a molecular level.
Ltd. All rights reserved.
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By contrast with isoleucine, the transport of methionine in the
P. falciparum-infected erythrocyte has not been investigated in
any detail. Early studies of erythrocytes infected with Plasmodium
knowlesi (McCormick, 1970), Plasmodium lophurae (Sherman et al.,
1971) and P. falciparum (Kirk et al., 1994) all indicated increased
methionine uptake in infected compared with uninfected cells. In
the present study we have characterised the transport of methio-
nine into P. falciparum-infected erythrocytes, and into and out of
the intracellular parasite. The transport of methionine into infected
cells was shown to be via a combination of the endogenous L-sys-
tem and the parasite-induced NPPs. Measurements on isolated
parasites revealed the presence in the parasite plasma membrane
of one or more saturable transporters able to transport a diverse
range of neutral amino acids.
2. Materials and methods

2.1. Cells and solutions

Human erythrocytes infected with P. falciparum (strain FAF6)
were maintained in continuous suspension (Allen and Kirk,
2009), in synchronous cultures (Lambros and Vanderberg, 1979)
in Group O, Rh + erythrocytes. Experiments were carried out using
trophozoite-infected cells (approximately 30–35 h post-invasion).

Prior to experimentation, P. falciparum-infected erythrocytes
were concentrated to between 85% and 98% parasitemia using a
VarioMACS separation unit (Miltenyi Biotec, North Ryde, NSW,
Australia) as described elsewhere (Teng et al., 2009). Infected
erythrocytes were eluted from the VarioMACS column and resus-
pended in RPMI media (bicarbonate free) supplemented with
25 mM HEPES, 10 mM glucose, 200 lM hypoxanthine, 0.6% w/v
Albumax II and 24 mg/L gentamicin sulphate, then incubated at
37 �C for 15 min to allow the cells to recover before proceeding
with experimentation.

A number of different solutions were used in this study: solu-
tion A (130 mM NaCl, 25 mM HEPES, 5 mM KCl, 20 mM glucose,
1 mM MgCl2 and supplemented with RPMI 1640 vitamins and glu-
tathione (Invitrogen); pH 7.4); solution B (same as solution A but
with no glucose); solution C (130 mM NaCl, 25 mM HEPES, 5 mM
KCl, 20 mM glucose, 1 mM MgCl2: pH 7.1); solution D (135 mM
NaCl, 25 mM HEPES, 5 mM KCl and 1 mM MgCl2: pH 7.1); solution
E (Na+ free; same as solution D but containing 135 mM choline
chloride in place of NaCl); solution F (125 mM NaCl, 25 mM HEPES,
25 mM 2-(N-morpholino) ethanesulfonic acid (MES), 5 mM KCl
and 1 mM MgCl2; pH 5.5/6.2/7.1/7.8).
2.2. Uptake measurements in intact erythrocytes

The influx of methionine into uninfected erythrocytes and in-
tact infected erythrocytes was estimated from the uptake of
[3H]methionine. All experiments on intact erythrocytes were car-
ried out in the presence of the naturally-occurring amino acids at
concentrations approximating those found in adult human plasma
(Merck, 1974): alanine (356 lM), arginine (88 lM), asparigine
(13 lM), aspartate (13 lM), cystine (37 lM), glutamate (57 lM),
glutamine (476 lM), glycine (217 lM), histidine (85 lM),
hydroxyproline (8 lM), isoleucine (70 lM), leucine (100 lM), ly-
sine (163 lM), methionine (17 lM), phenylalanine (100 lM), pro-
line (165 lM), serine (128 lM), threonine (112 lM), tryptophan
(50 lM), tyrosine (62 lM) and valine (190 lM). Amino acids com-
pete with one another for transporter proteins and the inclusion of
the full range of amino acids at concentrations approximating
those in blood plasma allows an assessment of the relative contri-
butions of different transport systems to amino acid uptake under
in vivo conditions.
Parasitised erythrocytes (85–98% parasitemia) or uninfected
erythrocytes (maintained under culture conditions for 48 h prior
to experimentation) were suspended at a concentration of approx-
imately 5 � 107 cells/mL at 37 �C in solution A or solution B. An
appropriate volume of reaction medium (identical to the solution
in which the cells were suspended but supplemented with all of
the common amino acids as well as [3H]methionine and, where
appropriate, transport inhibitors) was dispensed into a microcen-
trifuge tube and warmed to 37 �C. Influx commenced with the
addition of an equal volume of cell suspension, immediately fol-
lowed by mixing. The final concentration of each amino acid in
the extracellular medium fell within the normal plasma range
(see above) and the final activity of the [3H]methionine was
2 lCi/mL. In those cases in which transport inhibitors were used
they were added to the suspension immediately prior to combin-
ing the cells with radiolabel. At predetermined intervals (time-
courses) or after 20 s (fixed-time period experiments) aliquots of
the suspension (200 lL) were transferred to microcentrifuge tubes
containing 300 lL dibutyl phthalate (density 1.04 g/mL) layered
over 30 lL 30% v/v perchloric acid. The tubes were centrifuged
immediately (12,000g; 1 min) to sediment the cells through the
oil and into the acid, thereby terminating the flux, lysing the cells
and precipitating the protein. The solution remaining above the oil
was aspirated. The sides of the tube were washed three times to re-
move residual radioactivity and the remaining oil was then aspi-
rated. Trichloroacetic acid (1 mL, 5% w/v) was added to the
perchloric acid extract and the sample was then centrifuged
(12,000g; 8 min). The radioactivity in the supernatant solution
(approximately 1 mL; referred to here as ‘acid-soluble’) was mea-
sured using a b-scintillation counter. In a number of such experi-
ments the acid-insoluble protein pellet at the bottom of the
microcentrifuge tube was dissolved and the radioactivity mea-
sured as described previously (Martin and Kirk, 2007), in order to
assess the extent of incorporation of [3H]methionine into the
acid-insoluble protein fraction.

Transport/protein synthesis rates measured in suspensions of
parasitised erythrocytes (85–98% parasitemia) were corrected to
those for cells at 100% parasitemia by subtracting the small contri-
bution of the uninfected cells (determined on the basis of measure-
ments on uninfected cells), then dividing by the fractional
parasitemia.

2.3. Influx and efflux measurements in isolated parasites

The transport of amino acids across the parasite plasma mem-
brane was characterised in parasites functionally isolated from
their host erythrocytes by treatment of parasitised erythrocytes
with saponin. The saponin forms pores in both the erythrocyte
and parasitophorous vacuole membranes, thereby releasing the
contents of the host erythrocyte and allowing solutes in the extra-
cellular medium free access to the parasite surface. The parasite
plasma membrane remains intact and able to generate and main-
tain substantial ionic gradients (Saliba and Kirk, 1999; Alleva and
Kirk, 2001; Spillman et al., 2008) and a large, inwardly negative
membrane potential (Allen and Kirk, 2004). Such parasites, within
permeabilised erythrocytes, are henceforth referred to as ‘isolated
parasites’.

Influx and efflux of methionine, isoleucine and leucine in
isolated parasites was measured using [3H]methionine, [14C]iso-
leucine and [14C]leucine, respectively. Except where specified
otherwise, flux measurements were carried out at 4 �C (to slow
the rate of transport) with parasites suspended at a concentration
of 0.5–1.0 � 108 cells/mL in the presence of the protein synthesis
inhibitors cycloheximide (40 lM) and anisomycin (150 lM)
(Martin and Kirk, 2007). The majority of experiments were carried
out using ATP-depleted parasites in order to eliminate the
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contribution of ATP-dependent metabolic processes to the mea-
sured uptake of radiolabel (see Kirk et al., 2009).

Isolated parasites were prepared by the addition of 0.05% w/v
saponin (giving a final concentration of 0.005% w/v for the active
agent sapogenin) to parasitised erythrocytes (85–98% parasitemia)
suspended at 37 �C in RPMI 1640 media. Immediately following
the addition of saponin, the cells were centrifuged (3000g;
8 min) and the saponin-containing solution removed. The cells
were resuspended and centrifuged (16,000g; 1 min) three times
in solution C, incubated for 10 min in solution C (to allow recovery)
then, in most cases and unless specified otherwise, washed and
resuspended (three times) in (glucose-free) solution D and incu-
bated for a further 10 min at 37 �C in solution D. The 10 min incu-
bation in solution D served to reduce parasite ATP to a negligible
level (Saliba and Kirk, 1999). In those few experiments carried
out on ATP-replete isolated parasites the second 10 min incubation
was in (glucose-containing) solution C. Neither solution C nor solu-
tion D contained amino acids and the prolonged incubation of the
isolated parasites in these two media (>20 min in total) resulted in
a depletion of intracellular neutral amino acids (see Fig. 5 below),
such that (unless specified otherwise) amino acid influx measure-
ments were carried out under nominally ‘zero-trans’ condition.

For influx experiments the uptake of radiolabel was initiated by
combining an aliquot of the suspension of isolated parasites with
an equivalent volume of solution containing the radiolabelled sub-
strate. The final activity of radiolabel was 2.0–2.5 lCi/mL. Uptake
was terminated at predetermined times by centrifuging the iso-
lated parasites through an oil layer comprising a blend of dibutyl
phthalate and dioctyl phthalate (5:4; 1.015 g/mL), into 30% v/v per-
chloric acid. In the majority of experiments the cell suspension and
the solution containing the radiolabelled substrate were combined
in a single tube and at predetermined times aliquots of the radio-
labelled suspension were layered on top of the oil mixture and
then centrifuged. In one experiment requiring rapid sampling of
time points (giving rise to the inset in Fig. 2A), an aliquot
(200 lL) of the solution containing the radiolabelled methionine
was layered directly on top of the oil in a microcentrifuge tube
positioned in the centrifuge rotor. At predetermined times the cell
suspension (200 lL) was added to the radiolabelled solution on top
of the oil. Activation of the centrifuge (as little as 1–2 s after com-
bining the cell suspension and radiolabel) terminated the flux.

Efflux experiments were performed using isolated parasites
suspended in solution D and pre-loaded with [3H]methionine,
[14C]isoleucine or [14C]leucine in the presence of protein synthesis
inhibitors. In each case, the radiolabel (at an activity of 2, 6 and
6 lCi/mL, respectively) was allowed to equilibrate between the
intra- and extracellular solutions (15 min incubation), the parasites
were washed by centrifugation (12,000g; 1 min) and then resus-
pended in fresh solution. At predetermined time points samples
of the suspension were taken and the cells separated from the
extracellular solution by centrifugation through an oil layer (into
30% v/v perchloric acid).

For both the influx and efflux experiments the perchloric acid
extracts were processed for b-scintillation counting as described
for the intact erythrocyte samples.

In one set of experiments (giving rise to Fig. 7) the ability of
extracellular (unlabelled) amino acids to stimulate the efflux from
the parasite of (pre-loaded) radiolabelled amino acids was investi-
gated. The experimental procedure was adapted from Martin and
Kirk (2007) with some modifications. Isolated ATP-depleted para-
sites were suspended in solution D in the presence of protein syn-
thesis inhibitors. [3H]methionine, [14C]isoleucine or [14C]leucine
were added (at an activity of 1.5, 3.0 and 3.0 lCi/mL, respectively)
and allowed to equilibrate then, at time-zero, unlabelled methio-
nine, isoleucine, leucine, alanine or aspartate (each at a concentra-
tion of 1 mM) was added to the suspension. At predetermined time
intervals the parasites were centrifuged through an oil layer and
the pellets processed for b-scintillation counting.
2.4. Estimation of extracellular space, centrifugation times and
intracellular concentrations

In influx experiments the volume of extracellular solution (and
hence the amount of radiolabel) trapped between the cells as they
were centrifuged through the oil layer was estimated by taking
replicate samples as quickly as possible after combining the cells
and radiolabel and centrifuging these through an oil layer as de-
scribed above. In experiments with intact infected (and uninfected)
erythrocytes the extent of extracellular trapping of radiolabel was
estimated in cells to which furosemide had been added immedi-
ately before combining cells and radiolabel in order to minimise
the uptake of radiolabelled solute via the parasite-induced NPPs
during the few seconds required to take and process the samples.
The final furosemide concentration was 200 lM. In such experi-
ments (with intact erythrocytes) the extracellular volume typically
comprised 5–10% of the total pellet volume. In experiments with
isolated parasites the extracellular trapping of radiolabelled amino
acid was estimated in samples to which had been added a 10 mM
concentration of the corresponding unlabelled amino acid in order
to slow the uptake of radiolabel. In such experiments (with iso-
lated parasites) the extracellular volume typically comprised
approximately 45% of the total pellet volume.

In those experiments in which initial transport rates were esti-
mated on the basis of time points acquired over630 s, account was
taken of the time-lag between starting the microcentrifuge and the
actual cessation of uptake of radiolabel. The time-lag was esti-
mated by acquiring time-courses for the uptake of methionine
(with multiple points taken over the initial 30 s), fitting a straight
line to the uptake data and extrapolating the line to yield an esti-
mate of the time at which there was zero uptake of radiolabel.
Using this approach it was determined that in experiments on
isolated parasites conducted with modern ‘brushless motor’
microcentrifuges the lag-time was of the order of 8–10 s whereas
in experiments conducted with older ‘brush motor’ microcentri-
fuges the lag-time was of the order of 4–5 s. These values were
confirmed in a second set of experiments in which isolated parasite
suspensions layered onto oil were centrifuged for different lengths
of time (0–10 s) and the extent to which the cells were pelleted
through the oil was determined visually.

Intracellular concentrations of radiolabelled solute (and hence
the ‘distribution ratio’; i.e. the concentration of radiolabel inside
the cell, relative to that in the extracellular solution) were calcu-
lated from the amounts of radiolabel taken up by the cells, in con-
junction with previous estimates of the water volume of
trophozoite-stage P. falciparum-infected erythrocytes (75 fL) and
saponin-isolated parasites (28 fL) (Saliba et al., 1998).
3. Results

3.1. Human erythrocytes infected with P. falciparum have increased
permeability to methionine

Fig. 1A shows time-courses for the uptake of methionine into
uninfected and P. falciparum-infected human erythrocytes, mea-
sured at 37 �C in the presence of approximately physiological con-
centrations of the naturally-occurring amino acids, including
17 lM methionine. The initial rate of influx of methionine into
uninfected cells under these conditions was 73 ± 10 nmol/(1012

cells min) (n = 3; ± standard error (SE); Fig. 1A, closed squares).
In P. falciparum-infected erythrocytes the rate of uptake was in-
creased dramatically; the initial influx rate was 1.10 ± 0.21 lmol/



Fig. 2. Time-courses for the uptake of radiolabelled amino acids into isolated
Plasmodium falciparum trophozoites. Protein synthesis was inhibited by the
addition of cycloheximide (40 lM) and anisomycin (150 lM). (A) Uptake of
[3H]methionine into ATP-replete (d) or ATP-depleted (s) parasites pre-incubated
(at 37 �C) then suspended (at 22 �C) in glucose-containing saline (solution C) or
glucose-free saline (solution D), respectively. The extracellular concentration of
methionine was 70 nM. The inset shows the initial phase of time-courses for the
uptake of methionine into ATP-replete (d, unbroken line) or ATP-depleted (s,
dashed line) parasites pre-incubated (at 37 �C) then suspended (at 4 �C) in glucose-
containing saline (solution C) or glucose-free saline (solution D), respectively.
Symbols show data averaged from three separate experiments, ±standard error. (B)
Uptake of [3H]methionine into parasites suspended in glucose-free saline at either
22 �C (s) or 4 �C (d), and of [14C]isoleucine into parasites suspended in glucose-free
saline at 4 �C (.). The extracellular concentrations of methionine and isoleucine
were 70 nM and 2.7 lM, respectively. The distribution ratio is the concentration of
(acid-soluble) radiolabel within the parasite relative to that in the extracellular
medium. The data are averaged from four separate experiments performed on
different days and are shown ±standard error.

Fig. 1. Uptake of methionine by Plasmodium falciparum-infected and uninfected
human erythrocytes at 37 �C. The extracellular medium contained all of the
common, naturally-occurring amino acids at concentrations that fall within the
normal plasma range. Uninfected cells were from the same donors as the
erythrocytes used for parasite culture and were maintained in culture for 48 h
prior to experimentation. (A) Time-courses for the uptake of methionine by P.
falciparum-infected erythrocytes (in solution A). The symbol d denotes the acid-
soluble fraction; s denotes the acid-insoluble fraction, and . denotes the combined
acid-soluble and acid-insoluble fractions. The graph also shows the uptake (acid-
soluble fraction) into ATP-depleted parasitised erythrocytes (suspended in solution
B; 4) and into uninfected erythrocytes (j). The data are averaged from three
separate experiments performed on different days, each on cells from different
donors and are shown ±standard error. Where not shown, error bars fall within the
symbols. (B) Effect of inhibitors on methionine influx in P. falciparum-infected cells
(black bars) and uninfected cells (grey bars). Methionine influx was determined
from the uptake of [3H]methionine measured over 20 s in cells suspended in the
presence of the protein synthesis inhibitors cycloheximide (40 lM) and anisomycin
(150 lM), under glucose depleted conditions (solution B). Where indicated,
furosemide (an inhibitor of the parasite-induced New Permeability Pathways
(NPPs)) was added at a concentration of 200 lM, and aminobicyclo[2.2.1]heptane-
2-carboxylic acid (BCH) (an inhibitor of the endogenous erythrocyte L-system) was
added at a concentration of 20 mM. The data are averaged from three separate
experiments performed on different days, each on cells from different donors and
are shown ±standard error.
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(1012 cells min) (n = 3; ±SE; Fig. 1A, closed triangles). At the end of
the 20 min time-course approximately half of the radiolabelled
methionine taken up into parasitised erythrocytes was incorpo-
rated into protein (i.e. the acid-insoluble fraction; open circles)
and half remained acid-soluble (closed circles). The initial rate of
incorporation of exogenous methionine into protein was
380 ± 80 nmol/(1012 cells min) (n = 3; ±SE). ATP depletion of the
parasitised erythrocytes by pre-incubation in a glucose-free med-
ium caused a marked reduction in the accumulation of radiola-
belled methionine within the infected cells (open triangles).
3.2. Methionine is transported into intact parasitised erythrocytes via
the endogenous L-system and the NPPs

The transport of methionine by normal erythrocytes is predom-
inantly via the L-system (Rosenberg, 1982; Barker and Ellory,



Fig. 3. Concentration-dependence of the initial influx of [3H]methionine into
isolated ATP-depleted Plasmodium falciparum trophozoites at 4 �C. The uptake of
[3H]methionine was measured over 3 min, with the concentration of unlabelled
methionine ranging from 2.5 lM to 10 mM. Protein synthesis was inhibited by the
addition of cycloheximide (40 lM) and anisomycin (150 lM). Symbols show data
averaged from five separate experiments, ±standard error, and the curve was drawn
using the equation: methionine influx = Vmax [met]/(Km + [met]), with Km = 1.6 ±
0.3 mM and Vmax = 540 ± 30 lmol/(1012 cells h).
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1990). Fig. 1B illustrates the effects on the influx of methionine into
infected and uninfected erythrocytes of the L-system inhibitor
aminobicyclo[2.2.1]heptane-2-carboxylic acid (BCH, 20 mM)
(Christensen, 1979), and furosemide (200 lM), an effective inhibi-
tor of the NPPs induced by the parasite in the plasma membrane of
infected erythrocytes (Kirk et al., 1994). These measurements were
made in the presence of protein synthesis inhibitors.

The addition of BCH to uninfected erythrocytes reduced the in-
flux of methionine by >95%, consistent with the L-system being the
major route of entry of methionine in these cells. In infected eryth-
rocytes the addition of BCH caused a modest decrease (the actual
magnitude of the decrease was not significantly different from that
seen in uninfected cells; P > 0.3, paired Student’s t test). However
the majority of the influx was insensitive to this inhibitor. By con-
trast, the NPP inhibitor furosemide reduced the influx of methio-
nine into infected erythrocytes by approximately 90%, while
having no significant effect (P > 0.05; paired Student’s t test) on
the influx of methionine into uninfected cells. The influx of methi-
onine into infected cells in the presence of furosemide was not sig-
nificantly different from that into uninfected cells in the presence
of furosemide (P > 0.2, paired Student’s paired t test).

The addition of both BCH and furosemide (together) resulted in
complete inhibition of the uptake of methionine into infected cells.

3.3. Uptake of methionine by isolated P. falciparum trophozoites

The transport of methionine across the parasite plasma mem-
brane was measured in P. falciparum trophozoites functionally iso-
lated from their host cells by saponin-permeabilisation of the
erythrocyte and parasitophorous vacuole membranes, and treated
with protein synthesis inhibitors. Fig. 2A shows time-courses for
the uptake of radiolabelled methionine into isolated parasites sus-
pended at 22 �C in a HEPES-buffered saline (solution C) containing
70 nM methionine. In ATP-replete parasites (closed circles) the
intracellular (acid-soluble) radiolabel increased steadily through-
out the period of the time-course, reaching a distribution ratio of
approximately 10 after 3 min. By contrast, in ATP-depleted para-
sites (suspended in solution D; open circles), the radiolabel equil-
ibrated to a distribution ratio of approximately one within the
first 30 s and remained at this level thereafter.

The nature of the accumulation of radiolabel to distribution ra-
tios well above one in ATP replete (but not ATP-depleted) parasites
was not investigated, but may well be due to the metabolism of
[3H]methionine and the consequent trapping of radiolabel (in
acid-soluble forms) within the parasite (see Kirk et al., 2009). To as-
sess whether ATP depletion affected the initial influx of [3H]methi-
onine across the parasite plasma membrane, time-courses for the
uptake of [3H]methionine into ATP-replete and ATP-depleted cells
were measured using an alternative technique that entailed reduc-
ing the temperature to 4 �C in order to slow the uptake of radiolabel,
and taking samples over the first 20 s to allow accurate quantitative
estimates of the initial rates to be made. As shown in the inset to
Fig. 2A, ATP depletion had no significant effect on the influx of
[3H]methionine into the isolated parasites; the rate of uptake in
ATP-replete parasites and ATP-depleted parasites, in paired experi-
ments, was 0.92 ± 0.15 and 0.94 ± 0.10 nmol/(1012 cells h) (n = 3;
±SE; P > 0.05 paired Student’s t test), respectively.

In order to eliminate complications arising from metabolism, all
subsequent experiments were carried out in ATP-depleted
parasites.

The dependence of the rate of equilibration of radiolabelled
methionine in isolated ATP-depleted parasites on temperature is
illustrated in more detail in Fig. 2B. On reduction of the tempera-
ture from 22 �C (open circles) to 4 �C (closed circles) the rate of in-
flux decreased significantly, with uptake at 30 s reduced from
1.4 ± 0.17 nmol/(1012 cells) at 22 �C to 0.59 ± 0.06 nmol/(1012 cells)
at 4 �C (P < 0.005; unpaired Student’s t test) (n = 5; ±SE). The final
distribution ratio, measured at 20 min, was unaffected (1.01 ±
0.06 and 0.93 ± 0.09, measured at 22 and 4 �C, respectively;
P > 0.05; unpaired Student’s t test).

The influx of radiolabelled methionine was substantially slower
than that of radiolabelled isoleucine which, even at 4 �C, equili-
brated between the intra- and extracellular solutions within
approximately 2 min (Fig. 2B, closed inverted triangles).

Further characterisation of the equilibrative (ATP-independent)
transport of radiolabelled methionine into isolated parasites was
carried out at 4 �C in order to allow a more accurate estimate of ini-
tial transport rates. Suspension of ATP-depleted isolated parasites
in a Na+-free medium (solution E) had no significant effect on
methionine influx under these conditions; the uptake over the ini-
tial 30 s in the absence of Na+ was 0.53 ± 0.16 nmol/(1012 cells),
compared with an initial rate of 0.59 ± 0.06 nmol/(1012 cells) in
paired controls (n = 4; ±SE; P > 0.05, paired Student’s t test; data
not shown). Similarly, altering the extracellular pH from 7.1 to
7.8, 6.2 or 5.5 (in solution F) had no significant effect on the influx
of radiolabelled methionine; the uptake over the initial 30 s in cells
at pH 7.8 (0.58 ± 0.19 nmol/(1012 cells)) was not significantly dif-
ferent from that in cells at pH 5.5 (0.45 ± 0.15 nmol/(1012 cells)),
pH 6.2 (0.78 ± 0.05 nmol/(1012 cells)) or 7.1 (0.59 ± 0.06 nmol/
(1012 cells), n = 4, P > 0.4, one-way ANOVA; data not shown).

3.4. The uptake of methionine into P. falciparum trophozoites is via a
saturable transporter

The kinetics of methionine transport in ATP-depleted parasites
was investigated by measuring the uptake of [3H]methionine over
3 min at 4 �C, in media having a methionine concentration ranging
from 2.5 lM to 10 mM. The results are shown in Fig. 3. Methionine
influx was saturable; the concentration-dependence conformed to
Michaelis–Menten kinetics, with a Km of 1.6 ± 0.3 mM and a Vmax of
540 ± 30 lmol/(1012 cells h) (n = 5; ±SE).

3.5. Competition by other neutral amino acids

A number of different amino acids and analogues (each at a con-
centration of 10 mM) were tested for their ability to compete with,



Fig. 4. Inhibition of the influx of radiolabelled amino acids into isolated ATP-depleted Plasmodium falciparum trophozoites at 4 �C by unlabelled amino acids. Influx is shown
as a percentage of that measured in the absence of unlabelled amino acids. (A) Uptake of [3H]methionine (present at an activity of 2.3 lCi/mL throughout), measured over
3 min in the presence of various unlabelled amino acids (as indicated below the horizontal axis), each added at a concentration of 10 mM simultaneously with the radiolabel.
Uptake is shown as a percentage of that measured in the absence of unlabelled amino acids. The data are averaged from five separate experiments performed on different
days and are shown ±standard error. The black bar shows the effect of unlabelled methionine, the light grey bars show that of the acidic amino acids, the dark grey bars show
that of the basic amino acids, and the white bars show that of the neutral amino acids. The statistical significance of the difference between uptake measured in the presence
and absence of each unlabelled amino acid was determined using a one-way ANOVA; *P < 0.05, **P < 0.01. (B) Uptake of [3H]methionine (present at an activity of 5 lCi/mL;
black bars), [14C]isoleucine (present at an activity of 3 lCi/mL; white bars) and [14C]leucine (present at an activity of 3 lCi/mL; grey bars), measured over 30 s in the presence
of various unlabelled amino acids (as indicated below the horizontal axis), each at a concentration of 10 mM. Uptake is shown as a percentage of that measured in the absence
of unlabelled amino acids. The data are averaged from four separate experiments performed on different days ±standard error. The statistical significance of the difference
between uptake measured in the presence and absence of each unlabelled amino acid was determined using a one-way ANOVA; *P < 0.05, **P < 0.01. For each of the
unlabelled substrates tested the effects on the influx of [3H]methionine, [14C]isoleucine and [14C]leucine were not statistically different from one another (one-way ANOVA,
P > 0.05).
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and thereby inhibit, the uptake of [3H]methionine into ATP-de-
pleted parasites (measured over 3 min at 4 �C). As illustrated in
Fig. 4A the acidic amino acids, glutamate and aspartate, and the ba-
sic amino acids, arginine and lysine, had no significant effect on the
uptake of [3H]methionine (all P > 0.05; one-way ANOVA). The neu-
tral amino acid tyrosine also had no significant effect (P > 0.05).
However, a wide range of other neutral amino acids caused signif-
icant inhibition of [3H]methionine uptake (Fig. 4A).

The inhibition of [3H]methionine uptake by other neutral amino
acids is consistent with these compounds competing with methio-
nine for one or more transporters in the parasite membrane. Evi-
dence has previously been presented for the transport of
isoleucine and leucine via a saturable transporter in the parasite
plasma membrane (Martin and Kirk, 2007). We therefore
compared the effects of a selection of the amino acids represented
in Fig. 4A (each at 10 mM) on the uptake of [3H]methionine,
[14C]isoleucine and [14C]leucine into isolated ATP-depleted para-
sites (Fig. 4B). For each of the amino acids tested, the effects on
the influx of radiolabelled methionine, isoleucine and leucine were
not significantly different from one another (P > 0.05, one-way



Fig. 5. Time-courses for the efflux of [3H]methionine, [14C]isoleucine and [14C]leu-
cine from isolated ATP-depleted Plasmodium falciparum trophozoites at 4 �C.
Isolated parasites were pre-loaded with [3H]methionine (d), [14C]isoleucine (s)
or [14C]leucine (.) for 10 min at 37 �C in the presence of the protein synthesis
inhibitors cycloheximide (40 lM) and anisomycin (150 lM). The cell suspension
was cooled to 4 �C then centrifuged, the extracellular radiolabel was removed, and
the cells were resuspended at time-zero in solution D. The data are averaged from
three separate experiments performed on different days and are shown ±standard
error. Where not shown, error bars fall within the symbols.
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ANOVA). Isoleucine, leucine, methionine and phenylalanine inhib-
ited the uptake of all three radiolabelled amino acids between 49–
78% (all P < 0.05, one-way ANOVA). Alanine inhibited the uptake of
all three by approximately 40% (N.B. This decrease was statistically
significant for [14C]isoleucine (P < 0.05, one-way ANOVA) but not
for [3H]methionine or [14C] leucine). Neither aspartate nor lysine
had any significant effect on the uptake of [3H]methionine,
[14C]isoleucine or [14C]leucine.
Fig. 6. Trans-stimulation of the influx of (A) [3H]methionine and (B) [14C]isoleucine
into isolated ATP-depleted Plasmodium falciparum trophozoites at 4 �C. (A) Isolated
parasites were washed three times in an amino acid-free solution (solution D) and
then incubated (10 min, 37 �C) in either solution D (for the nominally zero-trans
conditions; bars A, C, E, G and I) or solution D supplemented with 1 mM unlabelled
methionine, isoleucine, leucine, alanine, or aspartate (for the exchange conditions;
bars B, D, F, H and J, respectively). At the end of the incubation the parasites were
washed and resuspended in the same solutions supplemented with protein
synthesis inhibitors (cycloheximide (40 lM) and anisomycin (150 lM)). Uptake of
[3H]methionine, measured over 3 min, commenced at time-zero by combining the
parasite suspension with a solution containing the radiolabel together with
protein synthesis inhibitors and a sufficient concentration of the appropriate
unlabelled amino acid to give a final extracellular amino acid concentration of
1 mM. The black bars show uptake (expressed in terms of the distribution ratio at
3 min) measured under nominally zero-trans conditions in which the unlabelled
amino acids were present in the extracellular medium but nominally absent from
the parasite cytosol (bars A, C, E, G and I). The grey bars show uptake measured
under exchange conditions, in which the parasites were pre-loaded with the
unlabelled amino acids and the amino acid was therefore present at similarly high
3.6. Efflux of methionine, isoleucine and leucine from isolated
P. falciparum trophozoites

The majority of amino acids liberated through the digestion of
haemoglobin are exported to the extracellular medium (Zarchin
et al., 1986; Krugliak et al., 2002). The efflux of amino acids from
the parasite therefore plays an important physiological role.
Fig. 5 compares time-courses for the efflux of [3H]methionine,
[14C]isoleucine and [14C]leucine from ATP-depleted isolated para-
sites. The efflux of both leucine and isoleucine was rapid; within
the first minute approximately 90% of the pre-loaded leucine and
80% of the pre-loaded isoleucine had left the cells. Methionine ef-
flux was slower, with approximately 40% of the pre-loaded methi-
onine exiting the parasites within the first minute.

The estimated half-times for the efflux of leucine, isoleucine and
methionine, measured at 4 �C, were 9 ± 1 s, 21 ± 6 s and 115 ± 29 s,
respectively (n = 3; ±SE).
concentrations at both the extracellular (cis) and intracellular (trans) faces of the
parasite plasma membrane throughout the uptake period (bars B, D, F, H and J).
The data are averaged from seven separate experiments performed on different
days and are shown ±standard error. (B) Uptake of [14C]isoleucine was measured
using the same protocol, with uptake measured over 45 s rather than 3 min
(reflecting the faster rate of transport for isoleucine compared with methionine).
The black bars show uptake measured under nominally zero-trans conditions and
the grey bars show uptake measured under exchange conditions. The data are
averaged from four separate experiments performed on different days and are
shown ±standard error. In both panels � denotes the statistical significance of the
difference between the uptake measured under zero-trans and exchange condi-
tions for each of the different (unlabelled) amino acids tested (P < 0.05; paired
Student’s t test).
3.7. Trans-stimulation of the influx of methionine and isoleucine into
the parasite

In a previous study of the transport of isoleucine into isolated
malaria parasites (Martin and Kirk, 2007) it was shown that the in-
flux of radiolabelled isoleucine was faster under ‘exchange’ condi-
tions (specifically, when there was unlabelled isoleucine or leucine
inside the parasites) than under nominally ‘zero-trans’ conditions
(in which the parasites were depleted of amino acids). This



Fig. 7. Trans-stimulation of the efflux of (A) [3H]methionine, (B) [14C]isoleucine and
(C) [14C]leucine from isolated Plasmodium falciparum trophozoites at 4 �C. Radio-
labelled amino acids were added to ATP-depleted isolated parasites suspended in
solution D (3.2 mL), in the presence of protein synthesis inhibitors, and allowed to
equilibrate before the addition, at time-zero, of a 32 lL aliquot of solution D
containing 100 mM methionine (d, dotted line), isoleucine (s, unbroken line),
leucine (., short dashed line), alanine (4, long dashed line) or aspartate (grey
unbroken line; data points omitted for clarity), giving a final extracellular
concentration of 1 mM for the unlabelled amino acid. In control experiments in
which the equivalent volume of solution D alone was added to the cells there was
no effect on the intracellular concentration of [3H]methionine (i.e. the result was
similar to that seen following the addition of aspartate; data not shown). The
concentration of radiolabel within the parasite is expressed in terms of the
distribution ratio. Each graph shows data averaged from four separate experiments
performed on different days (±standard error).
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phenomenon, known as ‘trans-stimulation’, is a characteristic of
many transporters (Stein, 1990).

Fig. 6A shows the influx of [3H]methionine measured under
conditions in which there was unlabelled amino acid present (at
1 mM) either in the extracellular solution alone (nominally ‘zero-
trans conditions’; black bars), or in both the extracellular and intra-
cellular solutions (‘exchange conditions’; grey bars). Influx is
shown as the [3H]methionine distribution ratio measured at 3 min.

For parasites suspended under nominally zero-trans conditions
in medium containing 1 mM unlabelled methionine, [3H]methio-
nine reached a distribution ratio of less than 0.2 within the 3 min
incubation (bar A). Similarly low distribution ratios were obtained
under nominally zero-trans conditions in the presence of 1 mM
unlabelled isoleucine (bar C) and leucine (bar E). In the presence
of either alanine or aspartate the distribution ratio was close to
0.5 (bar G) and 0.8 (bar I), respectively. The extent of inhibition
of [3H]methionine uptake by the different amino acids under nom-
inally zero-trans conditions is consistent with that seen in Fig. 4,
with unlabelled methionine, isoleucine, leucine and (to a lesser ex-
tent) alanine competing with [3H]methionine for one or more
transporters, and the aspartate not doing so to any significant
extent.

Pre-loading parasites with unlabelled isoleucine, leucine or ala-
nine caused a significant increase in [3H]methionine influx relative
to that seen under the corresponding nominally zero-trans condi-
tions (P < 0.05; Student’s t test; Fig. 6A, grey bars). For cells pre-
loaded with methionine there was a small, but not statistically
significant (P > 0.15), increase in [3H]methionine influx relative to
that seen under the corresponding nominally zero-trans condi-
tions. In contrast to the increased influx seen in cells pre-loaded
with the four neutral amino acids, the uptake of [3H]methionine
in parasites pre-loaded with aspartate was the same as that mea-
sured under zero-trans conditions (P > 0.35).

The trans-stimulation of [3H]methionine influx by neutral ami-
no acids (but not by the acidic amino acid, aspartate) and the com-
petition data of Fig. 4 are both consistent with the hypothesis that
the neutral amino acids share one or more transporters in the par-
asite. The results presented in Fig. 6B, showing the influx of
[3H]isoleucine measured under conditions in which there was
unlabelled amino acid present either in the extracellular solution
alone (nominally zero-trans conditions; black bars), or in both
the extracellular and intracellular solutions (exchange conditions;
grey bars) provide further support for this hypothesis. Influx is
shown as the [3H]isoleucine distribution ratio measured at 45 s
(N.B. The transport of [3H]isoleucine occurs at a significantly great-
er rate than the transport of [3H]methionine, hence the shorter
incubation). Pre-loading parasites with unlabelled methionine, iso-
leucine, leucine or alanine caused a significant increase in [3H]iso-
leucine influx relative to that seen under the corresponding
nominally zero-trans conditions (P < 0.05) whereas aspartate had
no significant trans-stimulatory effect (P > 0.15).

3.8. Trans-stimulation of the efflux of isoleucine, methionine and
leucine from isolated parasites

Just as neutral amino acids were able to trans-stimulate the in-
flux of [3H]methionine and [14C]isoleucine (Fig. 6), so too were they
able to trans-stimulate the efflux of [14C]isoleucine, [3H]methio-
nine and [14C]leucine from isolated parasites (Fig. 7). In these
experiments, the radiolabelled species was allowed to equilibrate
between the cytosol of ATP-depleted parasites and the extracellu-
lar solution (solution D). At ‘time-zero’ unlabelled amino acid
(1 mM of isoleucine, methionine, leucine, alanine or aspartate)
was added to the extracellular solution and the concentration of
radiolabel remaining within the parasite was monitored over the
following 10 min.
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Fig. 7A–C shows the time-courses for the [3H]methionine,
[14C]isoleucine and [14C]leucine distribution ratios, respectively,
measured over the 10 min following the addition of unlabelled
methionine, isoleucine, leucine, alanine or aspartate to the external
medium. For all three radiolabelled species, the neutral amino
acids induced a significant transient efflux of radiolabel (deter-
mined at 1 min; P < 0.01, one-way ANOVA) whereas the acidic ami-
no acid aspartate did not (P > 0.5).
4. Discussion

Erythrocytes infected with the human malaria parasite, P. falci-
parum, have long been known to have an increased permeability to
a diverse range of low molecular weight solutes, including amino
acids (Elford et al., 1985; Ginsburg et al., 1985). The increase has
been attributed to the induction in the parasitised erythrocyte
membrane of NPPs, thought to be either endogenous (and nor-
mally quiescent) erythrocyte channels, somehow activated by the
parasite (Huber et al., 2005; Merckx et al., 2009) and/or parasite
encoded proteins synthesised, exported and inserted into the
erythrocyte membrane by the intracellular parasite (Hill and Desai,
2010; reviewed by Staines et al. (2007). In a recent study (Martin
and Kirk, 2007) it was shown that human erythrocytes infected
with mature P. falciparum trophozoites take up the essential amino
acid isoleucine significantly faster than normal uninfected erythro-
cytes, with the increase attributable to the transport of this amino
Fig. 8. Schematic representation of the uptake of the neutral amino acids methionine
isoleucine enter the parasitised erythrocyte through a combination of an endogenous tra
parasite in the host cell membrane. Under approximately physiological conditions the m
acids into the infected cell is not rate-limiting for protein synthesis. Having entered the e
specificity, low-affinity equilibrative transporter (labelled ‘NAAT’ for Neutral Amino
represented’ in haemoglobin (isoleucine, methionine) whilst exporting those (such as ala
therefore generated at high levels within the parasite by the digestion of haemoglobin wi
radiolabelled methionine taken up from the external environment is metabolised via A
soluble fraction.
acid via the NPPs. Similar results were obtained here for methio-
nine. As is represented schematically in Fig. 8, methionine, like
isoleucine, is transported into normal erythrocytes via the (BCH-
inhibitable) L-system. In mature P. falciparum-infected erythro-
cytes transport of methionine via the L-system occurs at a similar
rate to that in uninfected cells but there is, in addition, a large flux
through the furosemide-sensitive NPPs, giving rise to an approxi-
mately 15-fold increase in the rate of methionine influx when mea-
sured in the presence of approximately physiological amino acid
concentrations.

On entering the infected erythrocyte, radiolabelled methionine
is taken up by the intracellular parasite, where it is incorporated
into protein as well as being accumulated in an acid-soluble form
in an ATP-dependent manner (Fig. 8). The rate of incorporation into
protein (380 ± 80 nmol/(1012 cells min)) was, under the conditions
of the experiment, significantly higher than the rate of influx via
the endogenous erythrocyte L-system (as estimated from the
BCH-sensitive component of methionine influx in parasitised
erythrocytes; 73 ± 10 nmol/(1012 cells min), but substantially low-
er than the overall rate of influx into parasitised erythrocytes
(1.10 ± 0.21 lmol/(1012 cells min)). The transport of methionine
via the NPPs therefore serves to ensure that the rate of incorpora-
tion of exogenous methionine into protein by the parasite is not
rate-limited by transport across the erythrocyte membrane.

The ATP-dependent accumulation of radiolabel in an acid-solu-
ble form is likely to represent an energy-dependent accumulation
and/or metabolic conversion of the amino acid to a membrane-
and isoleucine in the Plasmodium falciparum-infected erythrocyte. Methionine and
nsporter (the L-system) and the New Permeability Pathways (NPPs) induced by the
ajority of the uptake is via the NPPs which serve to ensure that the entry of amino
rythrocyte, the amino acids are taken up into the intracellular parasite via a broad-

Acid Transporter) that functions to import neutral amino acids that are ‘under-
nine and leucine) that are present at high abundance in haemoglobin and which are
thin the parasite’s digestive vacuole. In addition to being incorporated into proteins,
TP-dependent mechanisms, resulting in the accumulation of radiolabel in an acid-
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impermeant form within the parasite. This was not investigated
further. Instead, the transport of methionine across the parasite
plasma membrane was characterised in some detail.

As is illustrated schematically in Fig. 8, the influx of methionine
into the parasite is mediated by an ATP-independent transport
mechanism (Fig. 2A inset) that serves to equilibrate the intra-
and extracellular methionine concentrations (i.e. it results in a dis-
tribution ratio close to 1; Fig. 2A). Transport was shown to be tem-
perature-dependent (Fig. 2B), saturable (Km = 1.6 ± 0.3 mM; Fig. 3),
and independent of Na+ or H+. It was competed by a wide range of
neutral amino acids, but not to any significant extent by either
acidic or basic amino acids (Fig. 4A). The pattern of competition ob-
served for the influx of methionine was very similar to that ob-
served for the influx of both isoleucine and leucine (Fig. 4B),
consistent with these three neutral amino acids being substrates
for one or more common transporters in the parasite plasma mem-
brane. The observations that: (i) the influx of radiolabelled methi-
onine and isoleucine showed similar patterns of trans-stimulation
by pre-loaded neutral amino acids; and (ii) the addition of unla-
belled methionine, isoleucine and leucine (as well as alanine),
but not aspartate, to the extracellular medium stimulated the ef-
flux of radiolabelled methionine, isoleucine and leucine (Fig. 7),
are again consistent with this hypothesis. As is clear from both
the influx time-courses of Fig. 2B and the efflux time-courses of
Fig. 5, the transport of methionine across the parasite plasma
membrane was significantly slower than that of isoleucine and leu-
cine, perhaps reflecting a lower affinity of the transporter(s) for
methionine compared with isoleucine and leucine. Consistent with
this, the Km for the influx of methionine into isolated parasites was
estimated here to be 1.6 mM, whereas the Km for the influx of iso-
leucine into isolated parasites has been estimated previously to be
60.55 mM (Martin and Kirk, 2007).

In the previous study (Martin and Kirk, 2007) it was found that
the addition of unlabelled methionine (1 mM) did not prevent the
equilibration of radiolabelled isoleucine across the parasite plasma
membrane, as measured over 15 s at 20 �C, whereas unlabelled iso-
leucine and leucine (each at a concentration of 1 mM) did. These
data contrast with the finding in the present study that a 10 mM
concentration of unlabelled methionine did reduce the uptake of
radiolabelled isoleucine (as well as radiolabelled leucine and
methionine) measured over 30 s at 4 �C. This apparent discrepancy
may be accounted for by the fact that at the higher temperature
used in the previous study isoleucine equilibrated within a few
seconds (or less); under these conditions, methionine could cause
quite a marked inhibition of influx yet still not prevent equilibra-
tion occurring over the 15 s incubation period used. This notwith-
standing, the earlier data are again consistent with the hypothesis
that the proposed common neutral amino acid transporter(s) has/
have a higher affinity for isoleucine and leucine than for
methionine.

The data of Figs. 6 and 7 illustrate the fact that the unidirec-
tional transport of one neutral amino acid, either into or out of
the parasite, is trans-stimulated by the movement of another neu-
tral amino acid in the opposite direction. As has been noted previ-
ously in relation to the uptake of the essential amino acid
isoleucine (Martin and Kirk, 2007), this property of the putative
transporter – i.e. operating with maximum efficiency when
exchanging one neutral amino acid for another, a consequence of
the substrate-loaded transporter undergoing the necessary confor-
mational change more rapidly than the empty transporter – pro-
vides the parasite with a mechanism for taking up neutral amino
acids that are under-represented in adult human haemoglobin
(and which the parasite therefore requires from the external med-
ium; e.g. isoleucine and methionine) in exchange for neutral amino
acids that are over-represented (leucine and alanine make up 25%
of the residues in adult human haemoglobin (Kolakovich et al.,
1997)) and which the parasite has to release in order to avoid os-
motic overload.

The failure of anionic or cationic amino acids either to impede,
or to trans-stimulate, the transport of radiolabelled neutral amino
acids indicate that if these charged amino acids are substrates of
the neutral amino acid transporter(s) described here they have a
much lower affinity for the system(s) than do the neutral amino
acids.

The molecular identity of the transporter(s) facilitating the
transport of amino acids across the parasite plasma membrane is
yet to be established. The P. falciparum genome is known to encode
at least six candidate amino acid transporters (Martin et al., 2005,
2009) and all are expressed in blood stage parasites (Bozdech et al.,
2003; Le Roch et al., 2003; Llinas et al., 2006). The substrate spec-
ificity and subcellular localisation of these proteins are yet to be
established.

Whatever their identity, the transporter protein(s) involved in
the flux of amino acids across the parasite plasma membrane
may well be suitable drug targets, either in their own right or in
combination with the pathways involved in haemoglobin degrada-
tion. Inhibition of amino acid influx has the potential to starve the
parasite of essential nutrients. Inhibition of the efflux of amino
acids liberated by haemoglobin degradation will result in a poten-
tially lethal osmotic imbalance within the parasite.
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