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ABSTRACT The malaria parasite, Plasmodium falcipa-
rum, requires large amounts of nutrients to sustain its rapid
growth within the human red blood cell. A recently identified
ion channel on the surface of the intraerythrocytic parasite
may provide direct access to these nutrients in the red blood
cell cytosol. Evidence supporting this role was obtained by
incorporating this channel into planar lipid bilayers. In
bilayers, this channel has conductance and gating properties
identical to the in situ channel, passes soluble macromolecules
of up to 1400 Da, and functions as a high capacity, low affinity
molecular sieve. These properties, remarkably similar to those
of a pore on Toxoplasma gondii (another protozoan parasite
causing human disease), suggest a novel class of channels used
by these intracellular parasites to acquire nutrients from host
cytosol.

The intraerythrocytic malaria parasite acquires nutrients by
endocytosis of red blood cell (RBC) cytosol (1), diffusion
through a membranous duct (2), andyor direct access to RBC
cytosol through a nutrient-permeable ion channel (3) on the
parasitophorous vacuole membrane (PVM), the outer of two
membranes that surround the parasite. This ion channel,
identified by patch clamp of erythrocyte-free parasites, is
present in high density and is permeable to amino acids and
monosaccharides (3).
The physiological role of this PVM ion channel remains

controversial for several reasons. First, patch clamp experi-
ments using intact parasites (3) could not distinguish whether
this channel spans only the PVM or both the PVM and the
parasite plasma membrane, an underlying apposed membrane
not accessible to the patch clamp pipette. This uncertainty has
significant implications for how nutrients move from RBC
cytosol into the parasite (4, 5); a channel spanning both
membranes would obviate the need for additional transport
pathways in the parasite plasma membrane but would deplete
known Na1 and K1 gradients between parasite and RBC
cytosols (6).
Second, patch clamp of the small intracellular parasite (;3

mm in diameter) is technically difficult and requires high
concentrations of divalent cations (Ca21 or Mg21), which may
alter channel function. Although those experiments demon-
strated that the channel is open.98% of the time at the PVM’s
resting membrane potential (3), open probabilities with more
physiological solutions could not be determined. Indeed, the
RBC’s Ca21-activated K1 channel is closed under physiolog-
ical conditions but has a high open probability at micromolar
Ca21 concentrations (7).
Finally, the on-cell patch clamp configuration does not allow

detailed biophysical characterization of the channel. For ex-
ample, it could not determine the channel’s affinity for per-
meating nutrients because it required near-isotonic pipette

solutions. Furthermore, size restrictions on permeant mole-
cules could not be examined.
To resolve these issues, we have incorporated this ion

channel into planar lipid bilayers. In this method, channels are
studied in a single bilayer without the second apposed bilayer
that was present in the patch clamp experiments. This method
also allows more complete manipulation of the bathing solu-
tions on both sides of the bilayer, allowing detailed charac-
terization of the channel.

MATERIALS AND METHODS

Culture and Preparation of Plasmodial Membranes. In-
dochina strain Plasmodium falciparum-infected RBCs were
grown in RPMI 1640 culture medium with 10% human serum
and 50 mgyl hypoxanthine (8), synchronized with sorbitol lysis
(9), and harvested at the mid-trophozoite stage. Cells were
lysed with 50 mgyml digitonin at a hematocrit of 6% at 48C in
100 mM KCl with buffer B (40 mM Hepesy10 mM EGTAy2.9
mM CaCl2y2.0 mM MgCl2y1.0 mM Na2ATPy0.1 mM phenyl-
methylsulfonyl f luoridey1 mg/ml aprotininy1 mg/ml leupep-
tiny1 mg/ml pepstatin A, pH 7.0 with KOH). Digitonin, a
cholesterol-requiring detergent, permeabilizes RBC mem-
branes without damaging parasite membranes or the nutrient
channel (3). Parasites were then washed twice in the same
solution without digitonin (30003 g, 5 min) before mechanical
disruption with a Dounce homogenizer in buffer B without
KCl at 48C. The turbid supernatant was then centrifuged at
100,000 3 g for 30 min, and the pellet was resuspended in 100
mM KCl with buffer B before freezing in liquid nitrogen.
Incorporation into Planar Lipid Bilayers. Bilayers were

formed from decane solutions of palmitoyl-oleoyl-phosphati-
dylethanolamine (15 mgyml) and palmitoyl-oleoyl-phosphati-
dylserine (5 mgyml) across a 200-mm-diameter hole (10).
Bathing solutions on the two sides of the bilayer are given in
the figure legends. Bilayers had resistances of 100–500 GV
before channel incorporation. Parasite vesicles were thawed
quickly and kept on ice until added to the cis chamber for
incorporation into the bilayer, which occurred spontaneously
within 5 min. The membrane potential, Vb, is defined as cis
relative to trans. Single channel recordings were filtered at 200
Hz (8 pole Bessel) and digitized at 1 kHz.
Bathing Solution Conductivity Measurements. Polyethyl-

ene glycols (PEGs), added to the bathing solutions to deter-
mine channel pore size, decreased the conductivity of the
solution as measured with a conductance bridge (model 31A,
Yellow Springs Instruments). Addition of 20% (wtyvol) PEG
(any polymer size) decreased the conductivity of the 100 mM
KCl bathing solution from 12.6 to 6.9 mSycm. A control
PEG-free bathing solution with this same lower conductivity
contained 55 mM KCl.
Chloride Activity Measurements. Addition of PEGs to the
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cients. This effect was quantitated by measuring the Cl2
activities with a Ag-AgCl electrode, a reference electrode
(model 90–01, Orion, Boston), and a voltmeter. The Cl2
activity of the 100 mM KCl bathing solution was increased by
57%with addition of 20% (wtyvol) PEG (any size). Raising the
KCl concentration to 160 mM produced the same increase in
activity without adding PEGs.

RESULTS

Incorporation of the Nutrient Channel into Bilayers. Fig. 1A
shows unambiguous single-channel events seen after incorpo-
ration of trophozoite membranes into planar lipid bilayers.
With 100 mM monovalent charge carriers on both sides of the
bilayer, these channels had a slope conductance of 155 pS and
an apparent reversal potential, Erev, of 9 mV (Fig. 1B, F), in

good agreement with the 140 pS and 2mV seen for the nutrient
channel in situ (3). Replacement of the charge carriers on the
trans side of the bilayer with 240 mM glycine, a zwitterionic
amino acid, decreased the conductance to 86 pS and shifted
the Erev by only 24 mV (Fig. 1B, E), consistent with the 85 pS
and 27 mV shift measured in situ (3). The small shift in Erev
indicates negligible cation or anion selectivity.
Other biophysical properties, identical to those measured by

patch clamp of the PVM, confirm that these channels recon-
stituted into planar lipid bilayers were the same nutrient-
permeable channels studied by patch clamp (3). The recon-
stituted channels exhibited subconductance states (Fig. 1C)
similar to those seen previously. They also had open proba-
bilities .96% at near-zero membrane potentials and a bell-
shaped voltage dependence (Fig. 2). These experiments, which
used physiological divalent cation concentrations, demonstrate
that the channel’s high open probability was not an artifact
produced by the high divalent cation concentrations required
for the previous patch clamp experiments (3). In addition, the
identical conductance and gating properties of the nutrient
channel in bilayers also suggest that the channel’s function
does not depend significantly on its physical environment
because the lipid composition of the bilayer differs markedly
from that of the PVM (12).
This channel activity was never seen in bilayers without

addition of parasite vesicles (n 5 93) or with addition of
identically prepared vesicles from uninfected RBCs (n 5 61;
data not shown). No other channel types were seen with
incorporation of parasite vesicles.
Measurement of Pore Size.Although the nutrient channel is

permeable to several large organomolecules (3), an upper size
limit on permeation has not been established. We examined
this size limit by adding PEGs of discrete polymer lengths to
the bathing solution on both sides of the bilayer. PEGs are
spherical in aqueous solutions and have been used to accu-
rately measure other channel pore sizes (13, 14). We added
PEGs ranging in size from 200 to 3350 Da and used changes

FIG. 1. Incorporation of the nutrient channel into planar lipid
bilayers. (A) Channel activity seen after addition of parasite vesicles to
planar lipid bilayers. Dashed and solid lines represent channel open
and closed states, respectively. Bathing solution was designed to
simulate RBC cytosol and contained (both sides) 100 mM KCl with
buffer A (20 mM Hepesy2.0 mM MgCl2y1 mM Na2ATP, pH 7.3 with
NaOH). Vb was 130 mV. (B) The channel’s current–voltage relation-
ship. Main figure shows unitary current amplitudes (measured by eye)
plotted against Vb. The cis bathing solution was the same as that used
in A. The trans solution contained either 100 mM CsCl1 buffer A (F)
or 240 mM glycine1 buffer A (E). The decrease in slope conductance
(from 155 to 86 pS) and the minimal change in Erev (from 19 to 15
mV) upon replacement of CsCl with glycine confirm that these
channels were equally permeable to cations, anions, and glycine,
consistent with similar measurements on intact parasites (3). The slope
conductances and the Erev values were identical to those measured by
patch clamp of intact parasites (3), confirming that this is the same
channel. Channel events in CsCl (Left Inset) and glycine (Right Inset)
atVb5 250mV. Scale, 4 pAy100ms. (C) Subconductance states. Solid
and dashed lines represent closed and fully open states, respectively.
The dotted line represents a subconductance level seen previously (3).
It is not a separate channel because there are two full transitions
(indicated by arrows) that would require the unlikely simultaneous
opening and closing of two independent channels. Bath solutions are
the same as those in A. Vb 5 130 mV.

FIG. 2. Voltage dependence of the channel. (A) Typical channel
activity at a range of Vb values indicated. The bathing solution on both
sides of the bilayer was 160 mM KCl1 buffer A. The channel’s closed
and fully open states are indicated by solid and dashed lines,respec-
tively, at each voltage. Notice that the channel is mostly open at 625
mV and less so at 270 and 160 mV. The intermediate level shown in
the sweep recorded at160 mV is a subconductance state. (B) Average
normalized current as a function of Vb. At each Vb, recordings from
the channel inAwere integrated (average of 45 s each) and normalized
to the value for a fully open channel. Although different from classical
open probability determinations, this calculation incorporates trans-
port during subconductance states and indicates the net flux per unit
time. Notice that near Vb5 0, the channel passes$96% of its maximal
current. The solid line is given by iaveyimax 5 1.01y{[1 1 exp((240 2
Vb)y13)] z [1 1 exp((Vb - 58)y9)]}, representing a fit to the product of
two Boltzman equations (11).
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in the channel’s slope conductance, which measures perme-
ation of charged ions (100 mMK1 and Cl2 on both sides of the
bilayer), to estimate the channel’s pore size.
First, addition of small PEGs [#400 Da, 20% (wtyvol)]

caused a large decrease in open channel current (Fig. 3A).
With PEG 400, the channel’s slope conductance decreased
from 210 6 11 to 133 6 10 pS (Fig. 3B) without a significant
change in Erev (data not shown). This decrease was quantita-
tively explained by a PEG-induced decrease in the conductivity
of the bathing solution. Channels studied in a 55 mM KCl
bathing solution without PEG, which has the same lower
conductivity as 100 mM KCl plus 20% (wtyvol) PEG, had a
slope conductance of 1136 14 pS (Fig. 3B, lower dashed line).
Because this slope conductance was nearly identical to that
measured in 100mMKCl plus PEG 400, we conclude that PEG
400 permeates freely through the channel pore and decreases
both channel conductance and bulk solution conductivity by
hindering movement of K1 and Cl2.
Larger PEG polymers produced an identical decrease in

bulk solution conductivity but decreased open channel current
to lesser extents (Fig. 3A), reflecting incomplete channel
permeation by these larger PEG molecules. The channel’s
slope conductance, at a minimum with PEG 200 and 400,
increased with PEG size but reached a maximum value with
the two largest PEGs tested, PEG 1450 and 3350. These two
PEGs actually increased the channel’s slope conductance
above that without PEG (347 6 27 and 316 6 26 pS,
respectively; Fig. 3). This initially unexpected observation
results from the increased activity coefficients of K1 and Cl2
in the presence of PEG, a phenomenon caused by a reduced
bathing solution dielectric constant (16). To test if these largest
PEGs are completely excluded from the channel, we compared
these maximal channel slope conductances to those in a 160
mM KCl, PEG-free solution (320 6 17 pS; Fig. 3B, upper
dashed line), which had the same higher K1 and Cl2 activities.
The good agreement of these measurements indicates that
PEG 1450 and 3350 cannot detectably permeate this channel
because they produce the same channel slope conductance as

the bathing solution without PEGs (allowing for effects on
activity coefficients). Linear extrapolation (Fig. 3B, solid line)
yields a size limit of 1400 Da on permeation and an effective
channel pore diameter of 23 Å.
The Channel’s Substrate Affinity. This large pore diameter

could still produce slow fluxes if permeating substrates bind to
a high affinity site in the channel during transport. We found
that permeation does not involve a binding step because the
channel slope conductance did not saturate with KCl concen-
trations up to 2 M (Fig. 4). This high, nonsaturating transport
capacity suggests that this channel can be modeled as a rigid
cylindrical sieve through which soluble macromolecules can
pass, limited only by their diffusion coefficient in cytosol and
a size in aqueous solution of less than 23 Å. For this simple
model, the average diffusion coefficient and hydrated diame-
ter of K1 and Cl2 ions (75 Sycmyg-equivalentycm3 (17) and 3.6
Å (11), respectively) predict a slope for the conductance–
concentration profile of 7.4 nSyM. This calculated value,
within 3-fold of the measured 3.2 nSyM (slope of line in Fig.
4), suggests that the crude model of a water-filled pore is
reasonable (cf. ref. 18).

DISCUSSION

We propose that the primary function of this channel is to
provide the parasite access to soluble macromolecules in RBC
cytosol. Monosaccharides (19), amino acids (20, 21), and
purine nucleotides (21–23) in the RBC cytosol are taken up by
the intracellular parasite to sustain its high metabolic rate.
These precursors cross the PVM by diffusion through this
channel and likely cross the underlying parasite plasma mem-
brane via specific carriers, a two-step transport process anal-
ogous to that of mitochondria and Gram-negative bacteria.
Saturable transport of macromolecules observed in erythro-
cyte-free parasites (19, 21, 23) therefore reflects the transport
kinetics of the underlying plasma membrane because transport
across the PVM is not likely to be rate-limiting. Additionally,
plasmodial peptides present in the RBC cytosol may reach

FIG. 3. Pore size of the nutrient channel. (A) Open amplitudes of single channels at Vb 5 125 mV after addition of PEG. The bathing solution
on both sides of the bilayer is 100mMKCl with buffer Awithout (control) or with 20% (wtyvol) PEG (of indicated size). These channels are primarily
open at this voltage (also seen in Fig. 2). Notice that the current amplitude increases with PEG size but reaches a maximum by PEG 1450. (B)
Slope conductance of single channels (g) vs. PEG diameter measured in water (15). F, Average slope conductances 6 SEM measured in 100 mM
KCl with buffer A and 20% (wtyvol) PEG 200, 400, 600, 1000, 1450, and 3350 (n 5 3 single channels each, $ 4 Vb values for each conductance).
The dashed lines represents the average slope conductance measured in symmetric bathing solutions of 55 mMKCly11 mMHepesy1.1 mMMgCl2y1
mM Na2ATP, pH 7.3 (lower dashed line, n 5 2 single channels) and 160 mM KCly32 mM Hepesy3.2 mM MgCl2y1 mM Na2ATP, pH 7.3 (upper
dashed line, n 5 4 single channels). The solid line is a linear fit of the data for PEG 600, 1000, and 1450. It intercepts the upper dashed line at
diameter of 23 Å, the estimated pore size of the channel.
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their target by exocytosis at the parasite plasmamembrane and
subsequent threading through this PVM channel (24).
The channel’s pore diameter of 23 Å (1400 Da) is larger than

most porins on mitochondria and Gram-negative bacteria
(10–20 Å; ref. 25) but smaller than the chloroplast porin (30
Å; ref. 26). The PVM of another intracellular parasite, Toxo-
plasma gondii, has an exclusion limit for fluorescent peptides
of 1300 Da (27), in remarkable agreement with this plasmodial
channel. Perhaps a class of related channels are used by these
intracellular parasites to access soluble macromolecules in
their host cytosol.
Patch clamp experiments using intact erythrocyte-free par-

asites could not determine whether this channel spans only one
or both of the closely apposed membranes surrounding the
parasite. Incorporation into a single lipid bilayer with identical
conductance and gating properties (Figs. 1 and 2) strongly
supports a channel configuration that spans only one mem-
brane because a second juxtaposed membrane, needed for the
alternative configuration, is not present in these experiments.
In contrast, gap junction channels, which span twomembranes,
have properties markedly different from their source tissue
when incorporated into single bilayers (28, 29).
A recently proposed membranous duct may provide the

parasite direct access to serum by connecting the PVM to the
RBC membrane (2). Coexistence of the nutrient channel with
such a membranous duct is problematic because nutrients in
the RBC cytosol could pass though the channel and leak into
the extracellular space by diffusion down the ducts (4). The
presence of these controversial ducts, identified by uptake of
fluorescent dextrans, has not been confirmed by uptake of
other large labeled molecules, electron microscopy, or diffu-
sive exchange of lipids between the PVM andRBCmembranes
(30–32). Nevertheless, if the ducts do exist, they may exist only
transiently (32), reducing the concern of RBC nutrient leakage.
Our data are most consistent with a pore-forming protein of

parasitic origin. How might such a protein reach and be
inserted into the PVM? It may be incorporated into the
nascent PVM at the time of RBC invasion by a merozoite. The

protein and lipid contents of secretory organelles in the
merozoite (rhoptries) are discharged during invasion and likely
contribute to the PVM (33). This mechanism of routing the
channel to the PVM is appealing because nutrients in the RBC
cytosol would become accessible to the parasite immediately
after invasion. Alternatively, the channel may be packaged as
a soluble protein in dense granules that are exocytosed into the
space beneath the PVM soon after invasion (33). This protein
may then be incorporated into the PVM by hydrophobic
interactions, a mechanism with precedence in Toxoplasma
gondii (34). Finally, the protein may be translated as an integral
membrane protein that reaches the PVM by fusion of vesicles
that bud from the parasite plasma membrane (35). Regardless
of how these channels reach the PVM, regulatory mechanisms
likely prevent channel-mediated transport until incorporation
in the PVM because the large pore size would cause undesir-
able equilibration of solutes across other parasite membranes.
The nutrient channel was studied here by incorporation into

planar lipid bilayers, a method with two advantages over
previous patch clamp experiments (3). First, these experiments
are not technically limited by the parasite’s small size. Indeed,
channels from other stages of the life cycle, which are too small
for patch clamp, may be found only by incorporation into
bilayers. Second, the bilayer method allows examination of
possible channel blockers by addition to either or both faces of
the incorporated channel. We found no effect on channel
conductance or gating with three known antimalarial drugs
(100 mM quinine, 100 mM chloroquine, or 0.3 mM artimisinin;
data not shown). This channel, now more experimentally
accessible, may be an ideal target for new antimalarial drugs.
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