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Abstract
Erythrocytes infected with plasmodia, including those that cause human malaria, have increased
permeability to a diverse collection of organic and inorganic solutes. While these increases have been
known for decades, their mechanistic basis was unclear until electrophysiological studies revealed
flux through one or more ion channels on the infected erythrocyte membrane. Current debates have
centered on the number of distinct ion channels, which channels mediate the transport of each solute
and whether the channels represent parasite-encoded proteins or human channels activated after
infection. This article reviews the identification of the plasmodial surface anion channel and other
proposed channels with an emphasis on two distinct channel mutants generated through in vitro
selection. These mutants implicate parasite genetic elements in the parasite-induced permeability,
reveal an important new antimalarial drug resistance mechanism and provide tools for molecular
studies. We also critically examine the technical issues relevant to the detection of ion channels by
electrophysiological methods; these technical considerations have general applicability for
interpreting studies of various ion channels proposed for the infected erythrocyte membrane.
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Human malaria is a leading cause of morbidity and mortality in many parts of the world [1];
it also places an astounding economic burden on developing countries [2]. As there is no
approved vaccine effective against either of the two major species affecting humans, current
options for control are limited to preventive measures, such as insecticide-treated bednets [3]
and treatment with drugs targeting parasite-specific activities. Since available antimalarial
drugs are expected to have a limited lifetime of utility owing to evolving drug resistance [4],
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it is generally acknowledged that new drugs, ideally targeting previously unexploited parasite
activities, must be developed to effectively control malaria in the future.

An important unexploited parasite activity is the increased permeability of infected
erythrocytes to a range of organic and inorganic solutes. These permeability changes were
initially detected through flame photometric measurements on blood drawn from infected
monkeys more than 60 years ago [5]. Subsequent studies from multiple laboratories then
achieved universal consensus by confirming increased permeability with isotope uptake and
qualitative osmotic lysis studies. Importantly, these studies also defined the breadth of these
changes by showing that both inorganic and organic solutes of either positive or negative charge
may exhibit increased permeability after infection [6–8].

These early studies also identified a number of relatively nonspecific transport inhibitors [8–
10]. Since these inhibitors suppressed in vitro parasite cultures, increased erythrocyte
permeability was presumed to be essential for the intracellular parasite. These inhibitors were
therefore considered to be possible starting points for antimalarial drug development. However,
a major limitation of these studies was that they were unable to identify the mechanism(s)
responsible for these changes. Proposals included endocytosis, diffusion of solutes via
membrane-delimited ducts and transmembrane flux via membrane defects, ion channels or
transporters.

Since the macroscopic methods used in the previous studies could not unambiguously
distinguish between these possible molecular mechanisms, our laboratory adapted patch-clamp
methods to the study of the infected erythrocyte membrane. Patch-clamp methods measure the
small currents resulting from transmembrane ion movement and can also detect capacitance
changes resulting from changes in membrane properties or surface area [11,12]. A number of
different patch-clamp configurations have been developed and are typically used to study large
cells, such as muscle cells and neurons [13]. Under optimal conditions, these configurations
can definitively identify the number of independent molecular entities responsible for ion flux,
provide kinetic information about individual transport molecules with submillisecond
resolution and determine other important information, such as copy number/cell, voltage
dependence and the mechanism and site of action of inhibitors or agonists.

Owing to the significantly smaller size and unique membrane properties of human erythrocytes,
several modifications to the general patch-clamp protocol were required to successfully achieve
the cell-attached and whole-cell configurations in our studies of infected erythrocytes. With
these modifications, described in detail below, our patch-clamp studies identified the
plasmodial surface anion channel (PSAC) and proposed that this channel is the primary
molecular mechanism responsible for the above parasite-induced erythrocyte permeability
[14]. Subsequent studies from our group have added to this model by determining that PSAC
has a number of unusual functional properties and that it may be parasite encoded. These
findings have fueled interest in this channel as a drug target.

This article reviews the identification of PSAC and a number of other channels proposed
through electrophysiological studies from other laboratories. Importantly, these other studies
agree with the observed increase in anion conductance after infection, but they present an
alternative mechanistic model based on activation or modification of human ion channels
already present in the erythrocyte membrane. We emphasize the identification of two novel
PSAC mutants that suggest PSAC plays a central role in uptake of diverse solutes by infected
cells, implicate parasite genetic elements in the formation of this activity, provide insights into
the channel’s structure and its function in parasite physiology, and raise concerns about a new
antimalarial drug resistance mechanism for compounds targeting intracellular parasite
activities. Finally, differences in experimental conditions utilized by each group have been a
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major area of discussion and may account for the discrepant conclusions reached. Hence, our
technical experience on patch clamp of infected erythrocytes and our design considerations for
improving detection of small conductance channels are also reviewed.

Identification of PSAC & a possible molecular mechanism for parasite-
induced permeability changes

In 2000, our group reported on the identification of PSAC through the use of two patch-clamp
configurations that measure currents resulting from ion movement across membranes [14]. The
first of these, the whole-cell configuration, measures the total ionic permeability of individual
cells. Comparison of currents from mature trophozoite-infected erythrocytes to those from
uninfected cells revealed a dramatic increase in Cl− permeability (Figure 1A). Interestingly,
the infected cell currents were significantly larger at negative membrane potentials (Vm) than
at positive Vm despite an equal and opposite driving force for ion movement across the
erythrocyte membrane; this ‘inward-rectifying’ voltage dependence has become a hallmark
for infected cell currents in our hands. Furthermore, this whole-cell Cl− flux could be inhibited
by furosemide, 5-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB) and glybenclamide,
known antagonists of the parasite-induced uptake of organic solutes. These experiments
excluded proposals of bulk solute uptake and instead implicated transmembrane flux via one
or more conductive pathways.

The second patch-clamp configuration, the cell-attached configuration, revealed single-
channel molecule activity on infected cells that was never detected on uninfected cells (Figure
1B). We termed this molecular activity the plasmodial surface anion channel, or PSAC. Several
findings suggested that 1000–2000 copies of this channel type account for the increased
permeability detected in our whole-cell recordings. First, single-molecule recordings of PSAC
revealed opening events that were more abundant and lasted for longer durations at negative
membrane potentials than at positive membrane potentials (bottom vs top traces in Figure 1B).
This voltage-dependence matched that seen in our inward-rectifying whole-cell currents,
suggesting a common underlying mechanism. Second, the power spectrum of single PSAC
recordings, a measure of the frequency content of transitions between open and closed channel
states (known as ‘gating’), paralleled the spectrum calculated from our whole-cell recordings.
Parallel power spectra provide quantitative evidence against significant contributions from
channels with different gating phenotypes. Third, single-channel studies with various inhibitors
– furosemide, phloridzin, NPPB, dantrolene and dantrolene derivatives [14–19] – revealed
inhibition that matched the effects of these compounds on whole-cell currents. Lastly, PSAC
activity was not seen in cell-attached patch clamp of either uninfected erythrocytes or cells
infected with the distantly related parasite Babesia divergens [20], consistent with significantly
smaller whole-cell currents on those cells. These studies strongly suggested that PSAC is the
primary conductive pathway for Cl− flux in the infected erythrocyte membrane, at least under
the various physiological and hypertonic recording conditions we have employed (see
discussion of technical issues below).

As each of the above inhibitors also abrogates uptake of organic solutes at concentrations that
are effective in patch clamp, these studies also implicated PSAC as the primary mechanism
for uptake of most small solutes with increased permeability after infection. (A notable
exception is the increased permeability of divalent cations such as Ca2+ [21,22]. Since Ca2+

uptake is insensitive to furosemide [23], it may be mediated by an unrelated mechanism.) As
described below, the functional properties of two new PSAC mutants provide additional
independent evidence for this channel’s central role because each mutant exhibits changes in
single PSAC recordings and in macroscopic transport of various organic solutes whose
permeabilities increase after infection.
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Unusual functional properties of PSAC
The plasmodial surface anion channel has a number of unique functional properties that warrant
intensive study as a model microbe-associated ion channel. Some of these properties are absent
from channels in higher organisms, suggesting that they have evolved to meet the unique needs
of the intracellular malaria parasite. For example, while PSAC can transport solutes that carry
net positive or negative charge and may be larger than 600 Da in size, it efficiently excludes
the small Na+ ion (23 Da and a naked ionic radius of ~1.1 Å),), whose permeability has been
estimated at less than 10−5–10−3.5 relative to Cl− [24,25]. Other broad permeability channels
lack this ability to exclude individual small ions; our survey of published studies of such
channels found permeability ratios for those channels no lower than 0.1 for common inorganic
ions such as Na+ and K+ relative to the most permeant solute. This unique characteristic has
physiological consequences and is essential for parasite survival; without stringent Na+

exclusion by PSAC, infected cells would incur net Na+Cl− uptake and undergo osmotic lysis
in the bloodstream. There are other examples of PSAC’s unusual selectivity profile: while its
ability to transport both physiological and nonphysiological amino acids suggests poor
selectivity, the channel can distinguish between proline and hydroxyproline and transport these
congeners by distinct mechanisms [26]. Although the structural basis of this channel’s unusual
selectivity filter(s) remains largely unexplored, one study used N-hydroxysulfosuccinimide
esters to identify multiple amines at PSAC extracellular face; these amines are positively
charged at physiological pH values and appear to contribute to Na+ exclusion through
electrostatic repulsion [25].

Another puzzling functional property is PSAC’s small single-channel conductance in patch-
clamp studies (<3 pS in isotonic Cl− solutions). Single-channel conductance is a quantitative
measure of how many ions are transported through an open channel per unit time. Based on
comparisons with other broad permeability channels (e.g., bacterial porins, which usually have
conductances >1000 pS [27,28]), we expected PSAC to have a larger conductance because its
ability to transport solutes having large molecular volumes suggests that it must have a wide
aqueous pore; large pores generally produce high rates of ion flux. Thus, these functional
studies suggest that PSAC must use as yet undescribed mechanisms to limit rates of ion and
solute flux; we imagine that this relatively low throughput somehow permits the channel to
exclude unwanted small solutes such as Na+.

Other proposed channels
Since the initial detection of PSAC activity approximately 10 years ago [14], our recording
conditions have detected only two reproducible channel activities on infected erythrocyte
membranes despite intensive study by multiple workers in our group: PSAC and the
endogenous Ca2+-activated K+ channel [29]. It is important to recognize that cell-attached
recordings designed to identify rare single-channel activity are limited by the unknown lateral
distribution of functional channels on the membrane of interest. With this caveat in mind, four
other groups have performed patch-clamp studies of infected cells and reported their findings.
These studies have achieved universal consensus that infection with Plasmodium falciparum
increases the host membrane anion permeability and that ion channels, as opposed to
nonspecific membrane leaks, mediate these increases. The magnitudes of whole-cell currents
in each group’s studies were similar to those we obtained, suggesting that each group is
observing the same basic phenomenon. However, there are some fundamental differences in
the results obtained and the interpretations made by each group, as reviewed here.

The Thomas group (Roscoff, France) has used cell-attached and whole-cell patch-clamp
configurations to report three distinct ion channels on infected erythrocytes [30,31]: an inward-
rectifying channel (12–18 pS, referred to as IRC), a small conductance channel (SCC) with
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similar voltage dependence (4–5 pS) and a less abundant large conductance, outward-rectifying
ion channel. Their studies suggest that the IRC and the SCC both contribute significantly to
the whole-cell current, but that the IRC is the greater contributor in physiological saline [32].
As each of these channel activities was seen in their experiments using uninfected erythrocytes
stimulated with PKA along with high concentrations of ATP and theophylline added to the
pipette [31], the Thomas group proposed that the parasite-induced permeability of organic
solutes results from phosphorylation of one or more of these endogenous ion channels. A more
recent study from this group reported a parasite-encoded regulatory subunit of PKA that
modulates infected erythrocyte transport properties [33].

The group of Huber and Lang (Tübingen, Germany) has primarily used whole-cell patch-clamp
to propose at least four distinct ion channels that each differ from PSAC and the channels
proposed by the Thomas group. Each of these channels represents an endogenous ion channel
that is activated by the oxidative stress resulting from the intracellular parasite’s metabolic
activity [34]. Three of these channels are anion selective, with an outward rectifying channel
presumed to mediate organic solute transport [35] and an inward-rectifying channel absent in
mice that lack the ClC-2 chloride channel [36]. The fourth channel proposed by this group is
a nonselective cation channel [37].

A single study from the De Jonge group (Rotterdam, The Netherlands) examined the transport
properties of infected and uninfected erythrocytes from both healthy donors and cystic fibrosis
(CF) patients who carry a homozygous F508 deletion in the CFTR chloride channel gene. This
group reported ATP-dependent currents that do not rectify on uninfected erythrocytes from
healthy volunteers but are absent from CF erythrocytes. Cell shrinkage or infection with P.
falciparum induced an inward-rectifying current in normal erythrocytes, but not in CF
erythrocytes in their hands. The authors suggested that the parasite activates an endogenous
anion channel that is distinct from CFTR, but is dependent on wild-type CFTR for its activity.
Osmotic lysis studies revealed no differences in parasite-induced organic solute permeability
between normal and CF erythrocytes, suggesting that organic solute transport occurs via
mechanisms not detected in their patch-clamp studies.

Henry Staines (London, UK) has worked closely with the Thomas and Lang groups and has
attempted to reconcile the differences between those results. His studies suggest that
components of serum may contribute to the activation of multiple distinct human channels after
infection [38]. Although they have not used electrophysiological methods, analyses by
Ginsburg and Stein also appear to suggest the involvement of distinct ion channels for at least
two subsets of solutes with increased permeability after infection [39].

While the independent groups do not fully agree with the findings from any other laboratory,
consideration of the various findings has led to two broad hypotheses about the possible
underlying mechanisms. The first proposes a single parasite-encoded ion channel for most
permeant solutes and is supported by data from our group. The in vitro selection of two
independent PSAC mutants, described below, may represent the strongest evidence for this
hypothesis. The second hypothesis suggests that two or more distinct ion channels endogenous
to the erythrocyte membrane are activated by the parasite; proponents of this hypothesis
generally agree that multiple channel types are required to account for both organic and
inorganic solute transport after infection. Universal consensus on which hypothesis is correct,
or if a hybrid model combining features from both is required, will almost certainly require
definitive identification of the responsible ion channel gene(s).

At present, the channel gene or genes continue to resist identification despite the best efforts
of many laboratories. One reason may be that the low abundance of each putative ion channel:
the upper estimate seems to be approximately 1000–2000 functional copies/cell [14], a value

Hill and Desai Page 5

Future Microbiol. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



much lower than that of Band 3 glycophorins and other known proteins in the red cell
membrane. Another reason has been that there are no clear orthologs of known anion channels
in the parasite genome [40], limiting the utility of informatic approaches to gene identification
and possibly favoring the modified human channel hypothesis. It appears that new approaches
and/or new research tools may be needed to identify the elusive genes. We believe the recent
identification of parasite mutants exhibiting altered solute transport may provide such new
handles for gene identification (described below).

What are the physiological roles of these channels?
An important unanswered question is the physiological role served by increased host membrane
permeability. By localizing PSAC activity to the host membrane [14], we could formalize
general speculations about a role in nutrient acquisition into a model of sequential uptake of
essential nutrients via PSAC at the host membrane (Figure 2A), the PVM channel at the
parasitophorous vacuolar membrane surrounding the intracellular parasite [41,42] and specific
transporters for each nutrient at the parasite plasma membrane [43–47]. According to our
model, soluble metabolic waste products may also exit infected cells by movement through
these channels and transporters in the opposite direction. Uncharged nutrients are present at
higher concentrations in serum and will generally enter the cell. As they are continuously
generated through parasite metabolism, waste products such as lactate− are above their
equilibrium concentration in parasite cytosol and can be removed via passive efflux. A near-
comprehensive list of nutrients required for in vitro propagation of parasite cultures has been
developed [48]. The substantial permeability of most of these nutrients through PSAC is strong
circumstantial evidence for this proposed role [49]; nevertheless, direct experimental evidence
for this proposal is missing.

Direct evidence for other proposed roles is also missing. These other possibilities include
infected erythrocyte volume regulation [50], modification of host cytosolic ion concentrations
to create a high Na+/low K+ environment suitable for parasite growth [51,52], erythrocyte
apoptosis [53] and timed osmotic lysis of infected cells to permit release of daughter parasites
at the end of the intraerythrocytic cycle [24]. Another formal possibility, that the channels serve
no essential role and are only an epiphenomenon of parasite invasion, seems unlikely to us
because of conservation of this activity in other plasmodial species [54] and because of the
inability of in vitro selection protocols to generate a complete functional knockout, as described
below.

Two novel permeability mutants & their implications for parasite biology
A recent breakthrough has been the generation of two separate parasite mutants that exhibit
altered PSAC activity [55,56]. Both of these mutants were generated with selective pressure
applied to wild-type parasite cultures. One used 2.5 μg/ml blasticidin S, a toxin made by
Streptomyces bacteria that kills cells by inhibiting protein translation on ribosomes [57]. The
other mutant was generated by selection with 50 μM leupeptin, another bacterial toxin that is
a potent and relatively nonspecific calpain protease inhibitor [58,59]. Importantly, both toxins
must cross multiple membranes to reach their targets within the intraerythrocytic parasite.
When either toxin is added to parasite cultures at its respective concentration, it produces
microscopic clearance of parasite cultures with 3–4 days. Nevertheless, resistant parasites
frequently grow out of these cultures if they are maintained under selective pressure for
extended periods of time (typically ≥ 2 months). Interestingly, each mutant can only be
generated from a single and distinct wild-type parasite isolate. While blasticidin S resistance
could only be acquired by the FCB laboratory isolate, leupeptin resistance was possible with
only the HB3 parasite. Moreover, the two mutants exhibit limited or no cross-resistance as
each is rapidly killed by addition of the other toxin. Standard limiting dilution culturing of

Hill and Desai Page 6

Future Microbiol. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



these resistant parasites has been used to generate clonal cultures of each mutant; the blasticidin
S- and leupeptin-resistant clones are here referred to as FCB-br1 and HB3-leuR1, respectively.
These clones can be propagated indefinitely in the presence of the toxin used for selection and
have been made broadly available to groups interested in membrane transport.

Functional studies with each resistant parasite revealed marked changes in PSAC activity. Both
exhibited changes in organic solute permeability, PSAC single-channel properties and
pharmacology. Both could be easily distinguished from wild-type channels in both
macroscopic and single-channel molecule studies. The two mutants could also be easily
distinguished from each other as the changes selected by blasticidin S and by leupeptin appear
to be distinct. For example, FCB-br1 exhibits a 16-fold reduction in sorbitol permeability, a
novel subconductance state in single-channel recordings, and an approximately 40-fold
decrease in furosemide inhibitory affinity [55]. By contrast, HB3-leuR1 has only a 2.4-fold
reduction in sorbitol permeability, altered gating without subconductance states, and more
marked changes in inhibition by phloridzin [56]. These functional differences suggest that
blasticidin S and leupeptin select for separate mutations that lead to distinct changes in PSAC;
this is consistent with the observed lack of cross-resistance to killing by these toxins.

These studies lead to a model of acquired resistance as illustrated in Figure 2B. Our studies
strongly suggest that both blasticidin S and leupeptin enter infected cells primarily via PSAC
and that changes in PSAC contribute to resistance by decreasing toxin permeability. Decreased
permeability reduces toxin uptake to a level that permits survival and propagation of parasites
in culture. At the same time, the altered PSAC must still be able to serve whatever essential
roles the channel plays for the parasite; if the role is in nutrient uptake as described above, then
key nutrient solutes may have somewhat reduced permeabilities, but these must be sufficient
to sustain continuous parasite growth. The slower growth rate of the blasticidin S mutant is
consistent with a fitness cost associated with reducing nutrient permeability. As such, our
studies suggest that a balance is struck between reducing toxin uptake and maintaining uptake
of essential solutes. Consistent with this hypothesis, we found that a mere doubling of either
blasticidin S or leupeptin concentration was sufficient to kill the corresponding resistant isolate.
More extreme mutants, such as mutations or changes that produce functional ‘knockouts’ of
the channel, might have conferred significantly greater levels of toxin resistance, but have not
been generated despite multiple attempts. This observation suggests an essential role for the
channel; that role can apparently be served adequately by the mutant channels on each resistant
isolate.

What is the experimental evidence for this model of resistance? Blasticidin S and leupeptin are
bulky organic solutes (>420 Da each) that carry net positive charge; as a consequence, their
toxicities against many cell types are limited by their poor membrane permeability [60–63].
We confirmed this experimentally in the human erythrocyte system with a semiquantitative
leupeptin uptake assay [56]. This assay revealed that uninfected human erythrocytes have a
low leupeptin permeability that increases significantly after infection with P. falciparum. This
increase was shown to be PSAC mediated because it was largely abrogated by 2-butyl-5-
imino-6-([5-{4-nitrophenyl}-2-furyl]methylene)-5,6-dihydro-7H-(1,3,4)thiadiazolo(3,2-a)
pyrimidin-7-one (NPF-1), a specific PSAC inhibitor. These experiments, when performed with
HB3-leuR1, revealed that leupeptin permeability is significantly reduced (p = 2 × 10−5),
providing compelling evidence for the model in Figure 2B. Although direct blasticidin S uptake
measurements have not been carried out to confirm this mechanism for the FCB-br1 mutant,
we are currently working on a protein translation assay that may further support this model.

The proposed model is also supported by an independent set of experiments that examined
parasite growth inhibition by these toxins in the presence of PSAC inhibitors. If PSAC is
involved in uptake of these toxins, specific PSAC inhibitors should reduce toxin uptake and
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thereby increase the toxin’s IC50 value for parasite killing. This experiment is complicated by
the fact that PSAC inhibitors also kill parasites. Nevertheless, it is possible to test this
expectation with isobologram analysis of parasite killing by different mixtures of the toxin
with a known PSAC inhibitor. These studies determined that leupeptin toxicity is significantly
reduced by addition of the PSAC inhibitor NPF-1. Similar results have also been obtained with
blasticidin S, suggesting that it too enters infected cells via PSAC [Desai S, Unpublished Data].

The generation of distinct PSAC mutants through in vitro selection with antiplasmodial toxins
has several implications for our understanding of parasite biology. First, it contributes to the
debate about whether these channels are parasite encoded or modified human proteins (Figure
3). These mutants support the parasite-encoded channel hypothesis as the mutant parasites can
be passaged through different donors’ red cells without loss of the altered phenotype. If the
channel is parasite encoded, the mutant phenotype can be conservatively attributed to one or
more single-nucleotide polymorphisms (SNPs) in the channel gene(s) (red dots and arrowheads
in bottom row of channels, Figure 3A). SNPs may also account for differences in PSAC
behavior detected through comparisons of divergent laboratory isolates [15,64].

Heritable changes in infection-induced channel activity may also be consistent with the
modified human channel hypothesis, although there are some important caveats. One scenario
is that activation of human channel(s) is through the direct action of one or more parasite-
encoded enzymes (Figure 3B). For example, a parasite-encoded kinase may activate a quiescent
human channel, as has been reported in a number of other systems. We envision that activation
of the wild-type channel would require phosphorylation at multiple sites on the human protein
(represented as ‘P’, Figure 3B). This may allow selection of channel mutants through SNPs in
the putative parasite kinase that affect its enzymatic specificity and yield new permutations of
phosphorylations on the target human protein (Figure 3B, bottom channels). Enzymatic
activation permits differing channel activities to be heritable because changes in the parasite
kinase gene accrued during in vitro selection of mutants can be passed to progeny parasites.
This model can also account for functional polymorphisms in PSAC activity between
laboratory isolates. Whether a kinase or some other type of parasite enzyme mediates this
activation, this model is somewhat less appealing than a parasite-encoded channel because it
requires action at multiple sites on the human channel and the ability to modify the relative
affinities for these sites through SNPs in the parasite enzyme.

Figure 3C shows another model that can account for heritable differences in channel activity,
although there are presently no data to support this model. Here, the channel is made of at least
two subunits, one contributed by the parasite and one from the host. In this model, SNPs in the
parasite subunit could produce functional polymorphisms in PSAC activity as observed. It is
difficult to imagine how nonenzymatic activation of channels consisting of only human
subunits (e.g., parasite-induced oxidative stress [65]) could produce heritable changes in
channel activity even if there are multiple sites of action on the protein. This difference between
nonenzymatic and enzymatic activation of channels results from the biochemical observation
that nonspecific soluble modulators generally cannot alter their relative effects on multiple
target sites to produce distinct and heritable patterns of activation (Figure 3D).

In vitro selection of permeability mutants also contributes to the debate on the number of
distinct ion channels required to mediate the uptake of various solutes [66]. While our early
studies supported a single-channel model by demonstrating concordant dose responses for
inhibition of each solute’s uptake by furosemide, phloridzin and dantrolene [15,16,18], these
findings were not universally compelling because these inhibitors may be nonspecific. More
specific inhibitors have been identified and also produce quantitatively parallel effects on
organic solute uptake and single PSAC patch-clamp recordings [Desai S, Manuscript
Submitted], increasing confidence in this line of reasoning. The recently identified channel
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mutants provide independent evidence for a single-channel model. Notably, we determined
that the cloned FCB-br1 mutant exhibits reduced permeability of not only Cl−, but also of
sorbitol, proline, phenyltrimethylammonium (an organic cation) and an N-hydroxysuccinimide
ester [55]. Such universal changes in solute permeability would not be expected with distinct
channels for uptake of separate solutes and, therefore, support a single, shared ion channel.

Another important implication of these mutants is that they represent a new antimalarial drug
resistance mechanism based on reduced passive uptake at the erythrocyte membrane.
Previously known mechanisms include active extrusion of the drug from its site of action
[67,68], mutations in the target gene [69,70] and upregulated expression of the target to
compensate for inhibition by the drug [71–73]. The addition of a new resistance mechanism
is discouraging for groups developing new antimalarial drugs. However, it is possible to predict
which anti-malarial compounds are vulnerable to resistance via changes in PSAC. Only
compounds whose uptake at the erythrocyte membrane is primarily PSAC mediated are
susceptible; compounds that enter via diffusion through lipid membranes are not. While drug
uptake has historically been assumed to involve movement through the lipid phase, evidence
supporting channel- or transporter-mediated uptake is accumulating rapidly in other systems
[74]. One approach to determining if a compound enters infected cells via PSAC would be to
synthesize a radiolabeled derivative and examine uptake in the absence and presence of PSAC
inhibitors; unfortunately, such syntheses are often not feasible or may be very costly. An
alternative approach for antimalarial compounds having in vitro activity is to determine if the
compound’s IC50 increases in the presence of a known PSAC inhibitor. If it does, as described
above for blasticidin S and leupeptin, then our findings suggest resistance via this mechanism
is possible. Large-scale administration to malaria patients may indeed select for additional
novel PSAC mutants in the clinical setting.

Technical issues & limitations of erythrocyte patch clamp
Many of the advances in our mechanistic understanding of the parasite-induced changes in
erythrocyte permeability have resulted from the addition of patch-clamp methods to our
armamentarium. Soon after patch clamp was first used to detect single ion channel molecules
[11], it was recognized that the various configurations of this method together provide kinetic
and biophysical insights into the inner workings of ion channel molecules simply not possible
with other methods. For developing patch clamp as now used by countless laboratories, Erwin
Neher and Bert Sakmann were awarded the 1991 Nobel Prize in Physiology or Medicine.

As with any other basic research method, there are technical issues that must be considered in
the design and interpretation of patch-clamp experiments. Some are especially important for
studies of human erythrocytes, which are small, deformable cells with special membrane
properties that adversely affect the reproducibility and reliability of acquired recordings.
Varying perspectives on the importance of these technical issues may be a major contributor
to the discrepant results obtained in studies of uninfected and P. falciparum-infected
erythrocytes. We review these technical issues here, attempting to make these issues accessible
to nonelectrophysiologists.

One of the most important concepts in patch clamp is the recognition that all recordings contain
both a ‘signal’ of interest (i.e., the channel being recorded) and ‘noise’ from various sources.
Distinguishing between these components is critical for evaluation of recordings; such analyses
are often summarized with a single statistic known as the signal-to-noise ratio. Faithful
reproduction of the signal and minimization of noise are the most important goals of good
patch-clamp design. Proper design can be achieved and quantitatively assessed through
consideration of the equivalent electrical circuit for the patch-clamp instrumentation and cell
under study. A simplified equivalent circuit for a cell-attached recording that emphasizes key
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sites where major errors can arise is shown in Figure 4. The major elements, with an eye toward
the types of interventions that yield improved signal-to-noise ratios, will be discussed in this
section.

The patch-clamp amplifier detects the small current resulting from ion movement across the
biological membrane under study; it then amplifies this current into a signal that can be
recognized by other instrumentation and eventually visualized and stored on a computer. If a
single PSAC molecule is being studied, the current that must be detected and captured is
approximately 109-fold smaller than the current flowing through an illuminated 60 W light
bulb. Modern amplifiers are sophisticated instruments with multiple stages of amplification
designed to introduce as little noise into the recording as possible; we use the Axopatch 200B
amplifier (Molecular Devices, CA, USA) because it achieves the lowest open-circuit noise
amongst the major commercial models with root mean squared (rms) values of less than 60 fA
at 5-kHz bandwidth. As our cell-attached recordings on infected erythrocytes often achieve
total noise as low as 120 fA rms, the amplifier alone may contribute as much as half of all the
noise in our recordings. Future improvements in amplifier design should permit some
improvement in recording quality.

A second instrument, the analog-to-digital (A/D) converter, converts the continuous signal
coming from the amplifier into discrete digital values, as required for input into modern
computers and other storage devices. Two critical factors here are the converter resolution,
measured in bits, and the data acquisition software’s sampling rate because these together
determine how faithfully the digital signal reproduces the time-variant ion channel currents.
16-bit converters have become affordable for most laboratories and should be used for all patch-
clamp recordings. Since data storage space on computer hard drives has become inexpensive,
we generally set the sampling rate to 10 μs (100 kHz). The Nyquist sampling theorem states
that the sampling frequency should be at least three- to five-times the rate of the highest desired
frequency in the time-variant signal being recorded. 100 kHz is well beyond this threshold;
such ‘oversampling’ may allow for extraction of additional information in downstream
analyses.

The amplifier, converter and other instrumentation are susceptible to introduction of noise.
Much of this noise results from electrical noise (typically 60 Hz noise in the USA) that bleeds
into the signal from the laboratory power supply, which often incurs sags and surges from
power-hungry appliances such as centrifuges and freezers. To minimize this source of noise,
we use an isolated power supply (Symmetra® RM; APC, RI, USA) that exclusively powers
critical patch-clamp instrumentation. We also use halogen lighting in our patch-clamp rooms
because fluorescent tube lights generate significant 60 Hz noise and can contaminate the signal.
Our patch-clamp rooms are small cubicles designed for a single patch-clamp rig, further
reducing both mechanical and electrical noise.

The next major site in the patch-clamp circuit is the patch pipette and holder, which can
introduce noise into the recordings through multiple mechanisms as described in greater detail
by Levis and Rae [75]. The holder can behave as an antenna and pick up 60 Hz noise; we find
the HL-U holder (Axon Instruments, CA, USA) adequate as long as it is kept clean by washing
in ethanol on a regular basis. The patch-clamp pipette is filled with a salt solution and connected
to this holder, where an Ag–AgCl wire transduces the ionic current in the aqueous solution
into an electron-based current recognized by the amplifier. The Ag–AgCl junction should be
checked regularly and anodized to maintain a uniform oxidized coating.

For infected erythrocyte studies, we find that the optimal patch pipette geometry balances a
number of competing factors. A very small opening at the tip (100–200 nm diameter,
considered excessively small for other cell types) is desirable because it permits the highest
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possible seal resistances (Rseal, discussed below); however, it is often difficult to fill these
narrow inner geometry pipettes with recording solution as air bubbles are easily retained. Small
inside diameters also tend to increase pipette resistance (Rpip), which introduces noise into the
recordings and also compromises the signal through voltage-divider considerations. We have
found that hypertonic pipette solutions, as discussed below, significantly reduce Rpip. Filling
of these small geometry pipettes is a two-step process: we first fill the tip with saline under
large negative pressures and then backfill with a narrow bore syringe prepared from a 1-ml
tuberculin syringe by melting. With practice, even our small-tipped pipettes can be routinely
filled without introduction of air bubbles. Submersion of the patch-pipette into the bath
solution, as required to access the cells being studied, also introduces noise into the recording
because of capacitive transfer across the patch pipette wall. As described previously, we
fabricate our pipettes from quartz, which has a lower dissipation factor than borosilicate glass
used in most laboratories [75]. As quartz does not melt below 1600°C, switching to quartz
requires investment in a laser-based pipette puller (P2000, Sutter Instruments, CA, USA), but
our experience suggests that this is worthwhile. After the pipette is pulled, we coat the pipette
as close to the tip as possible with the silicone polymer Sylgard® 184 (Dow Corning, MI, USA)
to further reduce capacitive noise and to minimize wetting of the outside of the pipette. The
thin film of saline on the pipette exterior leads to a cable-like resistor-capacitor circuit to ground
and can, without the Sylgard coating, introduce significant amounts of noise (circuit elements
R1, C1, R2 and C2 in Figure 4). Despite these various precautions, we find it essential to raise
the pipette with the attached cell after seal formation to minimize this unwanted circuit route;
we raise the pipette tip to as near the air–saline interface as possible without loss of the seal.

The next major element in the circuit is Rseal, which describes how well the pipette tip is sealed
on the surface of the biological membrane. Although it has been nearly 30 years since the first
gigaohm seals were formed [13], the molecular basis of high-resistance seals between glass
and membrane remain poorly understood. We know that there must be covalent bonding at
this interface because calculations based on the geometry of the pipette tip annulus, area of
contact with the underlying lipid bilayer and the resistivity of the bathing solution indicate that
the gap between the pipette and the cell is only angstroms wide with a good seal. Recognition
that seal formation requires a ‘chemical reaction’ makes some of the precautions required for
gigaseal formation seem more rational. We have found that it is important to use pipettes
immediately after fabrication, filter all solutions to remove debris, apply positive pressure to
the pipette as it crosses the air–water interface and use each pipette only once. In addition, we
insist on raising the cell off the dish bottom as the seal is forming because this reduces
mechanical vibrations and facilitates seal improvement. With practice, we routinely obtain seal
resistances over 100 GΩ, as generally required for unambiguous detection of PSAC without
spurious seal breakdown [15]. Values approaching 1 TΩ have been obtained on human
erythrocytes. Some workers have argued that such high seal resistances may create a selection
bias and prevent detection of other channels present on infected erythrocytes. Such arguments
are baseless when one recognizes that the seal forms between pipette and lipid and that channel
molecules are much smaller than the area of the membrane patch under study. (Hypothetical
channels that never close may be incorrectly attributed to leaks and therefore rejected by an
insistence on high seal resistances, but such channels cannot be gainfully studied with cell-
attached patch clamp at any value of Rseal.) Instead, workers should strive to obtain as high a
seal resistance as possible because this improves detection of all ion channels.

The ion channel molecule in Figure 4 is represented as a time-varying resistor, Rchn. When the
channel is closed, Rchn may be infinite; when open, it is limited by the rate of ion flux through
the channel. Faithful measurement of Rchn as a function of time, applied voltage and modulators
(e.g., inhibitors) added to the recording solution is the primary goal of patch-clamp
experiments. Since PSAC has a low Cl− ion throughput rate, we have found it necessary to use
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hypertonic Cl− salt solutions to increase the signal in our studies [14,15]. Use of hypertonic
pipette solutions also reduces noise in the recordings by lowering Rpip.

Our use of hypertonic solutions to study transport on intact cells has been criticized as
nonphysiological; we agree that the physiological relevance of any patch-clamp recording
needs to be critically considered. To examine possible effects of nonphysiological solutions
on the channel, we performed patch clamp in solutions with osmolarities between 300 and
approximately 4000 mOsm/l by adding increasing concentrations of choline chloride to a
buffered isotonic NaCl solution. These studies determined that the transport rate increases as
the solution osmolarity increases, but that PSAC’s gating and voltage dependence are not
measurably affected [15]. The channel’s pharmacology is also not affected by raising the salt
concentration because the dose response for inhibition by furosemide, phloridzin and
dantrolene are quantitatively similar in molar salt solution and in more physiological solutions
[15,16,18]. Moreover, whole-cell measurements of PSAC activity can be reliably made in
physiological saline because this configuration sums the current flowing through a population
of channel molecules present on the cell surface. These whole-cell currents have voltage-
dependence and gating power spectra indistinguishable from our single-channel recordings in
molar salt solutions, further allaying concerns regarding the hypertonic conditions.

Another important consideration for patch-clamp of human erythrocytes is perfusion of the
bath solution around a clamped erythrocyte. Our studies demonstrate that perfusion conditions
tolerated by other cell types create unacceptable mechanical stress on the seal with an
erythrocyte. This stress reduces Rseal, creating leak currents that may be erroneously attributed
to channel activity. This is especially problematic with the whole-cell patch-clamp
configuration, where it is difficult to track changes in Rseal over the course of an experiment.
To examine the basis of these perfusion-induced errors, we recorded video files of clamped
erythrocytes and found that even slow rates of perfusion under standard conditions cause the
cell to flail around the pipette tip, creating substantial mechanical shearing of contact area
between the pipette and cell. These movie files are available as supplementary files in [19];
they show that perfusion artifacts may result from the smaller size and greater deformability
of human erythrocytes. Nevertheless, it is very useful to be able to change the bath solution
around a clamped cell. For example, perfusion allows one to apply increasing concentrations
of an inhibitor and determine its dose response on a single cell. To address this need, a slower-
than-gravity perfusion system has been developed; this system utilizes a modified chamber
design that permits rapid solution changes around a small cell without turbulence [19].

Attention to these multiple technical issues is critical for obtaining reliable and reproducible
recordings. When these guidelines are followed, it is possible to obtain single-channel
recordings on infected erythrocytes that correlate with macroscopic transport assays (e.g.,
osmotic fragility and tracer flux measurements for organic solutes). Systematic molecular
characterizations of mutant PSAC activities and of variations in channel behavior between
geographically divergent isolates have also been possible only because of rigorous standards
for patch clamp [15,55,56,64].

In our own work, we have insisted as much as possible on independent corroboration of patch-
clamp results with other transport assays, which have included a quantitative osmotic lysis
assay and tracer flux [76]. The channel mutants are an ideal example of this strategy because
parasites carrying these mutant channels have demonstrated changes in both organic and
inorganic solute permeabilities, which have been quantitatively examined with multiple
independent transport assays.

Another potential problem with patch-clamp studies is that large amounts of data can be
collected in a short amount of time. For example, our data-acquisition rate corresponds to
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100,000 data points for every second of recording. Since recordings on a single cell can be
made for 1 h or more and because it is not always obvious which recordings or parts of a
recording are of high or low quality, it is possible to bias one’s analysis of the data unknowingly.
To avoid such biases, we have incorporated population analyses of single-channel recordings
by developing scripts that calculate dwell-time distributions, all points histograms, power
spectral analyses and other quantitative measures [16,77]. Such an approach has allowed us to
include hundreds of seconds of single-channel recording in analyses of inhibitor studies. We
have also used this approach to identify individual traces that match the population mean;
publication of these ‘average’ traces has helped prevent selection biases in our studies.

In the absence of a standardized experimental protocol, it may help if workers agree on the
reporting of key experimental parameters necessary for the full evaluation of data presented
in manuscripts. We suggest that each study should, at a minimum, itemize:

• Amplifier and A/D converter make and model

• Glass composition from which patch pipettes are fabricated

• Data sampling rate and filter frequencies

• Seal resistances and other measures of recording durability

• Solution compositions and whether perfusion has been used

• Statistical analysis of reproducibility

Inclusion of these parameters in manuscripts will permit consideration of signal quality and
sources of noise as described above.

Conclusion
The increased permeability of erythrocytes infected with malaria parasites is an important
example of how intracellular parasites modify their host cells. Electrophysiological methods
have revealed that these changes result from the action of ion channels induced by the parasite,
but important questions remain to be answered. One particular ion channel, PSAC, appears to
mediate the transport of both organic and inorganic solutes based on patch-clamp detection on
erythrocytes infected with plasmodia and absence from uninfected cells and from cells infected
with B. divergens, quantitatively concordant pharmacology for inhibition of each solute’s
uptake, marked changes in PSAC activity that parallel changes in organic solute permeability
after selection of mutants resistant to blasticidin S or leupeptin, and parasite isolate-specific
differences in channel properties that can be detected in transport assays that examine flux of
distinct solutes [64]. Our studies to date suggest that PSAC is parasite encoded; evidence for
unrelated ion channels from other groups instead supports upregulation of human ion channels.

In either case, conservation of the activity on other plasmodial species, in vitro growth
inhibition by available inhibitors and the apparent inability of stringent selection conditions to
generate complete loss-of-function mutants all suggest that the channel serves an essential role
for the intracellular parasite. However, the exact role is not yet well established. Recently
generated channel mutants suggest that PSAC may also mediate uptake of bulky antimalarial
agents. This may relax concerns about membrane permeability of drug leads acting against
intracellular parasite activities and be, at one level, desired by drug discovery programs.
However, the ability of malaria parasites to acquire resistance to such agents by altering the
channel’s selectivity for permeating solutes suggests this is a dangerous approach. Thus, the
increased permeability of infected cells may be both an important drug target and a central site
for acquired resistance to some antimalarials.
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Future perspective
Fundamental questions to be addressed in the coming years include: what is the genetic basis
of PSAC and other ion channels proposed for the infected erythrocyte membrane? How are
the encoded proteins trafficked to and activated in the erythrocyte membrane? Which channel
(s) are responsible for the increased permeability of inorganic and organic solutes as known
for decades through macroscopic transport assays? If a single ion channel mediates these
permeability changes, what is the molecular and structural basis of the channel’s unusual ability
to distinguish between similar solutes? How does it mediate the uptake of diverse solutes but
maintain very low permeability to Na+? Do these channels serve an essential role or roles for
the intracellular parasite? If so, what are these roles? Can these channels serve as antimalarial
targets for drug and/or vaccine development?

Systematic but incremental progress is being made towards answering these questions. We
expect that the next decade of research in this field will provide conclusive answers to these
questions even though each is intensely debated at present. An important question is whether
the channels are parasite encoded or host derived. Identification of functional polymorphisms
between laboratory isolates and generation of mutants through in vitro selection suggest that
PSAC is parasite encoded; at the same time, detection of essentially identical activity on
uninfected erythrocytes suggests that the other proposed channels are human channels, possibly
upregulated by the intracellular parasite. It seems that definitive resolution of this fundamental
debate will only be possible when the responsible gene(s) are identified.

We believe that molecular and genetic approaches hold the greatest promise for identification
of these elusive genes. For example, molecular biological studies with the newly identified
channel mutants represent a new direction with conceptual advantages over brute-force
biochemical approaches. DNA and RNA microarray experiments with these mutants and their
closely related wild-type parental isolates are being aggressively pursued in our laboratory.
These have the potential to identify mutations in the channel gene that account for the functional
changes detected in transport studies and mediate in vitro toxin resistance. We are also using
next-generation whole-genome sequencing as another powerful tool to characterize the
molecular basis of altered permeability [78]. Classical genetic approaches based on functional
polymorphisms in transport activity induced by separate laboratory isolates are also being used
and may also contribute significantly [64]. Given the various complexities we and others have
identified for these transport changes, definitive identification of the channel’s gene(s) is likely
to require a convergence of these and other approaches.

When strong candidate genes are identified, a number of new directions will become available
to help address the fundamental questions listed at the start of this section. Biochemical studies
with specific antibodies will be necessary to localize candidate proteins to the host erythrocyte
membrane and to map the membrane topology; these antibodies may also be used in
immunoprecipitation experiments to identify interacting proteins as possible channel subunits
or accessory proteins. DNA transfection experiments can also be initiated when a candidate
gene is identified. These experiments can determine whether molecular knockouts are viable
and permit creation of site-directed mutants that shed light on how the channel is trafficked to
the host membrane. Heterologous expression of the candidate gene(s) will also be necessary;
functional reconstitution of the activity in a system amenable to rigorous transport studies (e.g.,
Xenopus oocytes or baculovirus-transfected insect cells) would definitively implicate the gene
(s) in encoding PSAC activity.

This field is ideally suited to build from early observations made with traditional transport
methods to detailed molecular mechanisms that can be tested with state-of-the-art methods
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ranging from electrophysiology to molecular and chemical biology. The addition of new tools
makes this is an exciting time for membrane transport studies in malaria parasites.

Executive summary

Broad range of solutes with increased permeability identified with classical transport
methods

• Plasmodium-infected erythrocytes have increased permeability to sugars, amino
acids, purines, some vitamins, organic and inorganic anions, and some monovalent
cations.

• A number of nonspecific and specific inhibitors have been identified.

Molecular mechanism revealed with patch-clamp studies

• Cell-attached and whole-cell patch-clamp configurations can provide detailed
mechanistic insights that are not possible with macroscopic transport
measurements.

• Our studies suggest the plasmodial surface anion channel (PSAC) is the
predominant conductive pathway in the infected erythrocyte membrane.

• Pharmacological studies provided quantitative correlations between single-
channel patch clamp and macroscopic organic solute transport, implicating a single
shared ion channel.

Unusual functional properties of PSAC

• Na+ has very low permeability in spite of high permeability of larger solutes that
may be charged or uncharged.

• The channel is able to distinguish between structurally similar solutes.

• The channel shows surprisingly low single-channel conductance.

A number of other channels have been reported on infected erythrocytes

• These channels are presumed to be human channels modified and/or upregulated
by the parasite.

• Two main hypotheses exist: a single parasite-encoded channel shared by diverse
solutes or parasite-induced activation of multiple human channels with distinct
solute preferences.

Physiological role of these channels remains unknown

• The leading hypothesis is a role in the sequential uptake of nutrients, which must
cross three membranes to reach the intracellular parasite.

• Other proposals include volume regulation, altered ionic composition of
erythrocyte cytosol, apoptosis and cell-cycle regulation.

Two novel PSAC mutants & their implications for parasite biology

• PSAC mutants were generated by in vitro selection with blasticidin S or leupeptin,
charged, bulky toxins that resemble solutes with known PSAC permeability.

• These mutants exhibit markedly altered single-channel properties, pharmacology
and organic solute permeability.
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• Mutants appear to resist toxin-mediated killing by reducing toxin uptake while
maintaining sufficient nutrient uptake. This is supported by leupeptin permeability
measurements and by effects of PSAC inhibitors on toxin IC50 values.

• Mutants provide evidence for a parasite-encoded channel, but other explanations
are possible.

• Mutants also support a single, shared ion channel because each mutant exhibits
parallel changes in the uptake of diverse solutes.

• Permeability mutants represent a novel antimalarial drug resistance mechanism in
Plasmodium falciparum based on reduced passive uptake at the erythrocyte
membrane. An assay for evaluating susceptibility to this resistance mechanism has
been developed.

Technical issues in patch clamp of human erythrocytes

• Small size, deformability and unusual membrane properties make erythrocytes
more difficult to patch.

• Careful attention to a number of experimental conditions is essential for
reproducibility and analysis of patch-clamp data.
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Figure 1. Plasmodial surface anion channel activity at a range of membrane potentials detected
with patch clamp
(A) Current–voltage profile from whole-cell recordings of an uninfected erythrocyte and a cell
infected with a Plasmodium falciparum trophozoite (black and white circles, respectively).
Notice that the infected cell has larger currents at each Vm. (B) Single plasmodial surface anion
channel recordings in the cell-attached patch-clamp configuration. All traces were recorded
from a single patch with imposed Vm values indicated to the right of each trace. For each trace,
the closed channel level is indicated with horizontal dashes on each side. Channel openings
are reflected by transitions away from this level; these transitions are upgoing at positive Vm
and downgoing at negative Vm. Scale bar represents 100 ms (horizontal) and 2 pA (vertical).
Notice that plasmodial surface anion channel openings are more frequent at negative Vm,
consistent with greater absolute magnitudes of whole-cell currents at negative Vm in (A).
Recordings were obtained with symmetrical molar salt solutions as described previously
[15].
I: Current; Vm: Membrane potential.
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Figure 2. Sequential diffusive pathway for nutrient acquisition by intracellular malaria parasites
(A) and a model for plasmodial surface anion channel-mediated drug resistance (B)
(A) Nutrients and toxins may enter infected cells by passive uptake via PSAC on the erythrocyte
membrane, a large-conductance nonselective channel on the PVM and multiple distinct carriers
on the PPM. Metabolic waste products generated in the parasite cytosol (blue) exit the infected
cell complex by flux in the opposite direction. According to our proposed model, various
solutes share a single ion channel at the erythrocyte membrane and at the PVM, but use separate
and specific transporters at the PPM. A nucleus and some organelles are shown within the
parasite cytosol to exemplify the metabolic activity of the intracellular parasite. (B) In vitro
selection with either leupeptin or blasticidin S generates separate PSAC mutants that have
reduced uptake of the applied toxin but only modestly compromised uptake of nutrients and
the other toxin.
PPM: Parasite plasma membrane; PVM: Parasitophorous vacuolar membrane; PSAC:
Plasmodial surface anion channel; RBC: Red blood cell membrane.
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Figure 3. Possible mechanisms for functional polymorphisms in plasmodial surface anion channel
activity
In each panel, a ‘wild-type’ channel is shown in the top bilayer, while mutant or polymorphic
channels are shown on the lower membrane. Parasite-encoded channel subunits or enzymes
are shown in blue, while human proteins are shown in green. Polymorphic residues are shown
as red dots (plus arrowheads) on the channel protein or on modifying enzymes and can arise
only on parasite-encoded proteins. (A) A parasite-encoded ion channel model can accrue
multiple distinct single-nucleotide polymorphisms and yield a spectrum of channel phenotypes.
(B) A human ion channel activated by a specific parasite enzyme (e.g., a kinase that
phosphorylates multiple sites on the channel protein) can produce distinct patterns of activation
if mutations in the enzyme yield differing affinities for the sites on the human target protein.
(C) An ion channel consisting of both parasite and human subunits can accrue mutations via
single-nucleotide polymorphisms in the parasite subunit. (D) Nonspecific activation of a
human channel (e.g., via the action of ROS) cannot easily yield heritable changes in channel
activity.
P: Site of phosphorylation; ROS: Reactive oxygen species; SH: A thiol that can be oxidized
to a disulfide, presented as an example target of ROS generated by parasite oxidative stress.

Hill and Desai Page 23

Future Microbiol. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Key instrumentation in a patch-clamp set-up and an equivalent circuit for a pipette sealed
on a cell membrane patch containing a single ion channel molecule
While a gap is shown between the pipette tip and the cell membrane to show the effect of finite
Rseal, useful patch-clamp recordings require isolation of the membrane patch under the annulus
of the pipette through covalent interactions between the pipette tip and cell surface. See the
text for discussion of each component in this drawing.
A/D: Analog-to-digital; Ccell: Equivalent total capacitance of the cell membrane; Rcell:
Equivalent total resistance of the cell membrane; Rchn: Resistance of a single channel molecule;
Rpip: Pipette resistance; Rseal: Seal resistance.
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