Journal of Cellular Biochemistry 112:1093-1102 (2011)

Electrophysiological Characterization of Potassium
Conductive Pathways in Trypanosoma cruzi
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ABSTRACT

Potassium channels (K" channels) are members of one of the largest and most diverse families of membrane proteins, widely described from
bacteria to humans. Their functions include voltage-membrane potential maintenance, pH and cell volume regulation, excitability,
organogenesis and cell death. K* channels are involved in sensing and responsing to environmental changes such as acidification, 0,
pressure, osmolarity, and ionic concentration. Trypanosoma cruzi is a parasitic protozoan, causative agent of Chagas disease (American
trypanosomiasis) an endemic pathology in Latin America, where up 200,000 new cases are reported annually. In protozoan parasites, the
presence of K* channels has been suggested, but functional direct evidence supporting this hypothesis is limited, mainly due to the difficulty
of employing conventional electrophysiological methods to intact parasites. In T. cruzi, K™ conductive pathways are thought to contribute in
the regulatory volume decrease observed under hyposmotic stress, the steady state pH and the compensatory response to extracellular
acidification and the maintenance of plasma membrane potential. In this work we describe the isolation of plasma membrane enriched
fractions from T. cruzi epimastigotes, their reconstitution into giant liposomes and the first functional characterization by patch-clamp of K*

conductive pathways in protozoan parasites. J. Cell. Biochem. 112: 1093-1102, 2011. © 2011 Wiley-Liss, Inc.
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P otassium channels (K" channels) belong to one of the
largest and most diverse family of membrane proteins, widely
described from bacteria to man [Derst and Karschin, 1998;
MacKinnon et al.,, 1998; Morais Cabral et al., 1998; Zhou and
MacKinnon, 2004; Long et al., 2005, 2007]. They are involved in
membrane potential maintenance, pH and cell volume regulation,
excitability, organogenesis and cell death and many other
cellular processes [Bae et al., 1999; Hille, 2001; Lang et al., 2005;
Park et al., 2007]. In different cell types, sensing and responsing to
environmental changes such as acidification, O, pressure, osmo-
larity and ionic concentration are dependent on K* channel activity
[Lahiri et al., 2006; Kemp and Peers, 2007; Almanza et al., 2008;
Hughes and Swaminathan, 2008]. In protozoan parasites, the
presence of this type of conductive pathway has been suggested
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[Vieira and Cabantchik, 1995; Ponte-Sucre et al., 1998, 2001;
Nolan and Voorheis, 2000; Van der and Docampo, 2000, 2002;
Rohloff et al., 2003] but functional direct evidence supporting
this hypothesis is scant, mainly because of the difficulty in using
conventional electrophysiology on intact parasites.

Recently, two putative K™ channels (PfK1 and PfK2) from
Plasmodium falciparum, an important human protozoan pathogen,
have been cloned and characterized at the molecular level [Ellekvist
et al., 2004; Waller et al., 2008b]. Furthermore, sexual reproduction
of the mosquito-stage of Plasmodium bergei seems to be impaired
by gene disruption of pbKchl, the homologous gene for pfKchl
(PfK1) in this parasite [Ellekvist et al., 2008], suggesting that K"
channels could be a potential therapeutic targets against parasitic
diseases [Ellekvist and Colding, 2006; Waller et al., 2008a].

Grant sponsor: American Heart Association-USA; Grant number: 09P0ST2200011; Grant sponsor: FONDECYT-Chile;
Grant number: 1090124; Grant sponsor: Proyecto Bicentenario Anillo de Investigacion en Ciencias y en Tecnologia-
Chile; Grant number: ACT112; Grant sponsor: FONDECYT-Chile; Grant number: 1070695.

*Correspondence to: V. Jimenez, Center for Tropical and Emerging Global Diseases, University of Georgia, 500 DW
Brooks Dr, Paul Coverdell Center Room 350, Athens, GA 30602. E-mail: vjimen@uga.edu

Received 3 January 2011; Accepted 5 January 2011 e DOI 10.1002/jcb.23023 e © 2011 Wiley-Liss, Inc.
Published online 18 January 2011 in Wiley Online Library (wileyonlinelibrary.com).



In Trypanosoma cruzi, the causative agent of Chagas disease, K™
conductive pathways have been postulated to play a role in
osmoregulatory process, contributing to 7% of the regulatory
volume decrease observed under hyposmotic stress [reviewed in
Rohloff and Docampo, 2008]. On the other hand, pH steady state
and the compensatory response to extracellular acidification are K*
dependent in T. cruzi mammalian stages, both process being Ba™
and Cs™ sensitive [Van der and Docampo, 2000]. These authors
pointed to an inward rectifier K™ channel as one of the effectors
participating in parasite pH homeostasis.

In most cells, plasma membrane potential (Vm) is maintained
through Nat/K" ATPases operating together with K* channels,
generating the necessary ion gradients that drive multiple transport
mechanisms. T. cruzi Vm is mainly dependent on a H"-ATPase
but in trypomastigotes (mammalian stage), Vm variations are
highly sensitive to extracellular K concentrations, suggesting
that passive K* conductive pathways are present in the plasma
membrane [Van der and Docampo, 2002].

Characterization and functional conclusive demonstration of
channel activity requires direct electrophysiological methods.
In this regard, the most powerful tool is the patch-clamp technique,
which allows for single-channel recording [Hamill et al., 1981].
Unfortunately, the small size and active motility of T. cruzi makes
this approach extremely difficult. To overcome this limitation,
we isolated membranes from epimastigotes (triatomine bug stage)
that were subsequently reconstituted into giant liposomes
[Riquelme et al., 1990] and recorded by patch-clamp, to obtain
the first functional characterization of K™ conductive pathways in
T. cruzi.

PARASITES CULTURE

T. cruzi epimastigotes (Tulahuen strain) were grown at 28°C
in Diamond’s liquid medium (106 mM NaCl, 29 mM KH,PO,,
23 mM K,HPO,, 12.5¢g/L tryptose, 12.5g/L tryptone, and 12.5g/L
yeast extract, pH 7.2) supplemented with 10% fetal bovine serum,
7.5uM hemin, and antibiotics (penicillin 75 U/ml-streptomycin
75 pwg/ml) [Diamond, 1968].

MEMBRANE ISOLATION

Purification of T. cruzi epimastigote membranes was achieved
using previously described methods [Benaim et al, 1991].
Briefly, parasites at the exponential phase of growth were collected
by centrifugation at 1,000g for 10min and washed twice
with five volumes of washing buffer (10 mM KCl, 140 mM NaCl,
75mM Tris-Cl pH 7.4). The pellet was resuspended in lysis
buffer containing 400 mM mannitol, 10mM KCI, 2mM EDTA,
1 mM PMSF, 10 p.g/ml leupeptin, 5 pg/ml aprotinin, 20 mM HEPES-
K pH 7.4. The controlled lysis of the parasites was done by freeze-
thaw three times in liquid nitrogen followed by glass-teflon
homogenization.

After differential centrifugation at 1,000¢g for nuclei separation,
and at 16,000¢ for 30 min to eliminate mitochondria, a microsomal
fraction enriched in plasma membrane was obtained by centrifuga-
tion of the supernatant at 100,000g 1h. The final pellet was

resuspended in 150 mM NaCl, 10 mM HEPES-K pH 6.8 containing
protease inhibitors mix and stored in liquid nitrogen. Integrity of
membrane vesicles and cross-contamination with other organelles
were evaluated by electron microscopy.

RECONSTITUTION OF ISOLATED MEMBRANES INTO GIANT
LIPOSOMES

Giant liposomes were prepared according to the method reported by
Riquelme et al. [1990]. A membrane aliquot containing 50-100 pg
of protein was mixed with 2ml of a 13mM (in terms of lipid
phosphorus) suspension of the asolectin vesicles. After a partial
dehydration/rehydration cycle, the diameter of the resulting giant
multilamellar liposomes ranged from 5 to 100 pm.

PATCH-CLAMP RECORDINGS

Aliquots (3-5 pl) of giant liposomes were placed into the recording
chamber (RC-28, Warner Instruments Corporation, USA) mixed with
0.4 ml of the buffer of choice for electrical recording (bath solution).
Single-channel recordings were obtained by patch-clamp [Hamill
et al., 1981]. Giga seals were formed on giant liposomes with glass-
microelectrodes of 5-10 M() resistance. After sealing, withdrawal of
the pipette from the liposome surface resulted in an excised patch.
Current was recorded with an EPC-9 amplifier (Heka Elektronic,
Lambrecht/Pfalzt, Germany) at a gain of 50-100 mV/pA and a filter
setting of 10 kHz. The holding potential was applied to the interior of
the patch pipette, and the bath was maintained at virtual ground
(V=Vbath—Vpipette). The bath was grounded via an agar bridge
and the junction potential was compensated when necessary. The
signal was analyzed off-line using TAC (Bruxton Corporation), Pulse
Fit (Heka, Lambrecht/Pfalz) and Microcal Origin 7.0 (Microcal
Software, Inc., USA) software. All the experiments were conducted
at room temperature.

SOLUTIONS

Pipette and bath solutions had the following composition:
140mM KCl, 10mM HEPES-K pH 7.4. Cationic selectivity
was analyzed replacing KCl in bath solution for 140 mM K gluconate
or 140mM NMDG-Cl (N-methyl-p-glucamine chloride). For
the monovalent cation selectivity experiments, K" was replaced
by Na*, Cs*, Li*, or NH;. Divalent cation permeability was
tested replacing the bath solution for the following buffers (in mM):

20 CaCl,, 40 KGluconate, 100 KCI; 10 HEPES-K pH 7.4.
20 MgCl,, 40 KGluconate, 100 KCl; 10 HEPES-K pH 7.4.
20 BaCl,, 40 KGluconate, 100 KCl; 10 HEPES-K pH 7.4.

To evaluate the blocking effect of calcium, BAPTA-K, was used as
chelator and calcium-free concentration (from 0 to 1 mM) was
calculated according to MaxChelator software (C. Patton, University
of Stanford, USA).

Bath solution was replaced by the following buffers (in mM):

- Calcium free: 134 KCl, 2 BAPTA-K,, 10 HEPES-K pH 7.4.

- pCa 5: 132 KCl, 2 BAPTA-K,, 1.68 CaCl,, 10 HEPES-K pH 7.4.
- pCa 4: 132 KCl, 2 BAPTA-K,, 2.1 CaCl,, 10 HEPES-K pH 7.4.
- pCa 3: 132 KCl, 2 BAPTA-K,, 3 CaCl,, 10 HEPES-K pH 7.4.
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pCa is defined as —log [Ca™?] where [Ca™?] refers to free calcium
concentration in a 0.15M ionic strength solution, at 20°C.

Magnesium blocking effect was tested replacing the bath solution
for the following buffers (in mM):

-1 MgCl,, 138 KCI, 10 HEPES-K pH 7.4.
- 5 MgCl,, 130 KCI, 10 HEPES-K pH 7.4.
- 20 MgCl,, 100 KCl, 10 HEPES-K pH 7.4.

DATA ANALYSIS

Data were expressed as means =+ standard error of the mean (SEM).
Statistical differences were tested by two populations Student #-test
or ANOVA. Normal distribution and homogeneity of variance were
analyzed by the Levene test.

ELECTROPHYSIOLOGICAL RECORDINGS IN ISOLATED MEMBRANES
FROM T. CRUZI EPIMASTIGOTES
Technical limitations to gain access to intact T. cruzi parasites
for patch-clamp recordings are related with motility, size and
shape of the parasites, as well as the presence of a strong
microtubular network localized underneath the plasma membrane
[Gull, 1999]. A good alternative methodology is the reconstitution
of ion channels into artificial lipid membranes. A microsomal
fraction enriched in plasma membrane was isolated by differential
centrifugation from T. cruzi epimastigotes at the exponential phase
of growth (Fig. 1).

This isolation method was developed based on previous
work, demonstrating that cell disruption under hypertonic condi-
tions followed by differential centrifugation, allows the isolation of

T. cruzi epimastigotes
(5 days of growth)

Collection of parasites at 1000 x g 10 min
Washed twice
Resuspension in homogenization buffer

Homogenate

Freeze-thaw lysis
1,000 x g 10 min

Pellet (nuclei)

Supernatant

16,000 x g 30 min

Pellet (mitochondria)

Supernatant

100,000 x g 60 min

Asolectin unilamellar
vesicles

(Membrane fraction)

Pellet Supernatant

(cytosol)

Dehydration/rehydration cycle

\_> “-e

Giant liposomes

Patch-clamp recordings

Fig. 1.

T. cruzi epimastigote membranes isolation and reconstitution into giant liposomes. Tulahuen strain epimastigote fractionation was performed as indicated in the

Materials and Methods Section. Isolated membranes were reconstituted into giant liposomes and channel activity was recorded by patch-clamp. Insert: Transmission electron

microscopy of membrane fraction obtained following the protocol presented above. Magnification: 69,000 x.
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plasma membrane vesicles from T. cruzi. These vesicles are tightly
closed and suitable for determination of ion transport [Benaim
et al.,, 1995; Martinez et al., 2002]. Cross contamination with
other organelles was evaluated by transmission electron microscopy
(Fig. 1) and considered negligible for the following procedure of
giant liposome/plasma membrane preparation.

Plasma membrane enriched fractions obtained from 10
independent axenic cultures, were reconstituted into asolectin giant
liposomes [Riquelme et al., 1990]. Giga seals with appropriate
signal-noise ratio were obtained by patch-clamp method in 146
(76%) of 196 patches showing stable electrical activity. These
results indicate that the reconstitution method is reliable and highly
efficient in terms of electrical activity to characterize single channel
currents.

POTASSIUM CONDUCTIVE PATHWAYS IN T. CRUZI EPIMASTIGOTES
In 11 of 63 patches analyzed (17%), a potassium conductive
pathway was detected under identical KCl concentration in the bath
and the pipette (symmetrical conditions). In fact, when an increasing
positive voltage step pulse protocol was applied, a single current
level was observed with higher open probability in comparison with
negative pulses (Fig. 2A, +80 mV step). When the bath solution
was replaced to establish asymmetrical potassium conditions (140
and 40 mM K™ pipette and bath, respectively) the reversal potential
shifted from 0 (Fig. 2B, gray line) to 18.8 +3.7mV (n=5) when
a voltage ramp from —120 to +120 mV was applied (Fig. 2B, black
line), indicating a potassium conductivity (theoretical equilibrium
potential for potassium +32 mV).

The calculated relative permeability ratio Py/Pc was 5.03 0.7
(n =5) showing that selectivity for potassium respect to chloride is
not extremely high for this channel.

A linear single channel current-potential relationship and a
reversal potential of OmV was observed under symmetrical
condition (KCl 140 mM in bath and pipette) (Fig. 2C). Under these
conditions, the single-channel conductance calculated as the I/V
slope was 106 4.3 pS (n=4).

The low frequency of these type of currents in plasma membranes
of T. cruzi epimastigotes impaired further characterization regard-
ing ion selectivity and blockage sensitivity.

ELECTROPHYSIOLOGICAL CHARACTERIZATION OF A
NON-SELECTIVE CATION CHANNEL
The most frequent activity recorded in T. cruzi epimastigote plasma
membrane vesicles reconstituted in liposomes corresponds to a Non-
Selective Cation Channel (TcNSCC). Applying a voltage step pulse, a
characteristic current was observed being more active at positive
potentials (Fig. 3A). The channel activity was frequently observed
in clusters as it is shown in Figure 3B, where at least four levels
of current can be detected. Each level corresponds to the unitary
current belonging to a single channel. The chord conductance
calculated at +80 mV and —80 mV was 65.1 £ 4 pS and 45.4 + 2 pS
respectively (n=12) indicating a non-linear current-voltage
relationship (Fig. 3C).

When a voltage ramp from +120 to —120 mV was applied under
KCl symmetrical conditions (140 mM KCl in bath and pipette), the
reverse potential was near to 0 mV (Fig. 4A black line). A shift to

B 120
80 -
40
; . ,
w0 80 120
V(mV)
I(pA)
151
IpA) 107 :
54
120 80 -40 40 80 120
V(mV)
-5
104
-15

Fig. 2. Potassium currents from T. cruzi epimastigotes. A: Representative
current traces applying a voltage-step protocol at the indicated potentials. The
recording was obtained under symmetrical conditions with bath and pipette
solution containing 140 mM KCI, Hepes K 10 mM pH 7.4. Dash lines indicate
open state. B: Current traces obtained with a voltage-ramp protocol. Under
symmetrical conditions (gray line) with bath and pipette solutions indicated in
(A) the reverse potential was near to O mV. Replacing the bath solution for
40 mM KCI, Hepes K 10 mM pH 7.4 (black line) a shift in the reverse potential
to +18.8 mV was observed. C: Current-voltage relationship under symmetrical
conditions described in (A). Data correspond to the unitary current obtained at
the indicated potentials in a continuous pulse protocol. Conductance calcu-
lated from the slope was 106 & 4.3 pS (n =4). Black line corresponds to the
best fit of the data to a linear equation.

—20+3mV (n=8) was observed in the reverse potential when the
bath solution was replaced by 300 mM KCl (Fig. 4A gray line), near
to the calculated theoretical reverse potential for K* under these
conditions (—19.6 mV). Based on the experimental reverse potentials
measured under asymmetrical conditions, the relative permeability
ratio between K and Cl~ was calculated. The Px/Pq obtained
was 19.2+ 1.1 (n=6), suggesting that this channels has a strong
selectivity for cations over anions.

In order to confirm the cationic selectivity of TcNSCC, a current-
voltage relationship was calculated from a voltage step pulse
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Fig. 3. General characteristics of TcNSCC currents. A: Representative current
traces at the indicated potentials under symmetrical conditions with bath and
pipette solution containing 140 mM KCI, Hepes K 10 mM pH 7.4. Arrows
indicate the open state of the channel. B: Recording at +80 mV where multiple
level of current were observed (dot lines) in the same patch. Histogram
represents the frequency of each current level, which corresponds to multiple
of the unitary current (~5 pA). C: Current-voltage relationship under symme-
trical conditions described in (A). Data correspond to the unitary currents
recorded in continuous voltage steps. The calculated unitary conductance was
near to 65 pS at +80 mV and 45 pS at —80 mV indicating a slight rectification
of the current in both directions. Black line is the best fit to the data according
to Boltzman equation.

protocol, applied under symmetrical conditions (Fig. 4B, black
squares) or replacing the bath solution by 140mM potassium
gluconate (Fig. 4B, open circles). As expected, no significant change
in the current amplitude or shift in the reverse potential was
observed, confirming the low anion conductance of TcNSCC.
When K" was replaced by Na' in the bath solution, the reverse
potential shifted to +8.8 mV (Table I), obtaining a calculated relative
permeability ratio Na*/K* 0f 0.72, as is expected for a non-selective
cation channel. Selectivity for other monovalent cations was
analyzed by replacing K* with Cs™, Li*, or NH; in the bath solution
and applying a voltage ramp from +120 to —120mV. Relative
permeability ratios for each cation were calculated according to

A 120 -

I(pA) 804

-80 =

I(pA) 401

20 -

20 40 60 80
V(mV)

-60 <

Fig. 4. Monovalent cation selectivity of TcNSCC. A: Current traces applying a
voltage-ramp protocol under symmetrical (black line) or asymmetrical (gray
line) conditions. B: Relationship between the potential and the total current of
the seal, obtained from a voltage-step protocol under symmetrical condition
described in (A) (black squares) or replacing the bath solution for 140 mM K-
gluconate, Hepes-K 10 mM pH 7.4 (open circles).

the derived equation from Goldman-Hodgkin-Katz:
Px/Px = ([K];exp(EV/RT)~[K], /exp(FV/RT)[X],

where Py is the cation X permeability, Px is the potassium
permeability, F is the Faraday constant, R is the gas constant, T
is the absolute temperature, V is the experimental change in the
reverse potential, [K]; correspond to potassium concentration in
the bath, [K], is the potassium concentration in the pipette and [X];
represents the monovalent cation concentration in the bath.

The permeability sequence obtained was: NHf 2Cs* >K*' >
Na® >Li" with values of 1.16, 1.15, 1.0, 0.72, and 0.55. NMDG
permeability was 0.11 as expected for a non-permeable cation
(Table I).

TcNSCC permeability to divalent cations was assessed maintain-
ing symmetrical concentrations for KCl and adding 20 mM CaCl,
to the bath solution. In response to a voltage ramp from 120 mV
to —120mV the reverse potential observed was —0.72mV (data
not shown), suggesting low calcium permeability or a possible
blockage by this cation. Relative permeability ratio for Ca™2, Mg™?,
and Ba™? was calculated following the derived Goldman-Hodgkin-
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TABLE 1. TcNSCC Selectivity for Monovalent Cations

X A\/rev (mV) PX/ PK N
K 0.0 1.0 -
Na +8.8+2.4 0.72 £0.05 2
Cs —3.3£0.2 1.15+0.003 2
Li +13.9+£0.7 0.5510.04 2
NH, —-3.5+£0.3 1.16 £0.01 2
NMDG +45.8+6.5 0.11£0.09 8

Relative permeability ratios for monovalent cations respect to potassium were
calculated according to Goldman-Hodgkin-Katz equation with the experimental
reverse potential obtained under bi-ionic condition. Data are expressed as mean-
s+ SEM. N correspond to number of independent experiments analyzed.

Katz equation at the steady state where the current is zero:

= pere KLt D) Dlet
1—e§ 1—e~¢

where I is the current through the patch, Py is the permeability
of potassium, zgx is the valence of potassium, F is the Faraday
constant, & is the FV/RT where V is the shift in the experimental
reverse potential, [K]; and [K], correspond to potassium concentra-
tion in the bath and pipette respectively, Pp is the permeability
for the divalent cation, zp is the valence of the divalent cation, [D];

and [D], are the divalent cation concentrations in the bath and
pipette respectively. Considering the experimental conditions the
derived equation is:

Py [K](1—e*)
Px  4[Dje*

The calculated relative permeability ratio for Ca*? and Mg™?* was
0.10 and 0.09 respectively, suggesting a low permeability for both
divalent cations (Table II). In accordance with these values, the
shift in the reverse potential was negligible. When 20 mM BaCl,
was added to the bath solution, the reverse potential shifted to
—5.7mV =+ 1.3 (Table II). The calculated permeability ratio Pg,/Px
based on the experimental reverse potential was close to 1. Under
symmetrical conditions for K, the presence of 20 mM Ba™? slightly
decreased the currents recorded when a voltage step protocol was
applied, suggesting a possible blocking effect of the divalent ion
(data not shown).

Because divalent cations have been previously described as
blockers of non-selective cation channels [Llanos et al., 2002], the
effect of calcium on TcNSCC currents was investigated. Replacing
the bath solution by buffers with controlled free calcium
concentrations (see Materials and Methods Section) a decrease in
the patch total current was observed. The percentage of current

TABLE II. TcNSCC Selectivity for Divalent Cations

X AV,ey (mV) Pp/Px N
K 0.0 1.0 -
Ca —0.73+0.3 0.10 4
Mg —0.59 £ 0.4 0.09 3
Ba 572413 1.05 3

Relative permeability ratios for divalent cations respect to potassium were
calculated according to Goldman-Hodgkin-Katz equation derivate for symme-
trical potassium conditions in the presence of 20 mM divalent cations. Chloride
was maintained symmetric adjusting the anion concentration with gluconate.
Data are expressed as means + SEM.

reduction was dependent on the calcium concentration. Conse-
quently a linear dose-dependent response was observed when
different voltage step pulses were applied, even in the presence of
10 uM calcium. The effect was reverted when the bath solution
was replaced by calcium-free buffer (Fig. 5A).

The Ki (inhibition constant) was calculated according to the
binding equation [Sabirov et al., 2001]:

i=1,/(1+A/Ki)

where i is the total current in the patch without calcium, i, is
the current after calcium addition and A is the divalent
cation concentration. The values obtained were 0.54 +0.043 mM
(Fig. 5B, black circles) and 0.50 +0.042 mM (Fig. 5B, open circles)
for positive and negative potentials, respectively.

The blocking effect was partial, with a residual current in
the presence of 20 mM calcium that reaches 20% of the maximum
current recorded in the absence of divalent cation (data not shown).
This effect can be explained by an incomplete blockage or by
different types of channels present in the same seal, with only some
being calcium-sensitive.

A

60 -

| Ba¥]

B 604

40

0 0.01 0.1 1 20

Total current of the seal (pA)

-20 Calcium concentration (mM)
B
o BT
-40 - '___é.—--'
o
60- /

Fig. 5. Blockage of TeNSCC by calcium. A: Voltage-current relationship
obtained from total currents of the seal recorded applying a voltage-step
protocol from —80 to +80 mV under symmetrical condition for potassium and
controlled calcium concentrations (calcium was adjusted according to the
calculated pCa). Control: black squares, 10 uM black circles, 100 .M open
circles, 1 mM black triangles, 20 mM open diamonds, wash open squares. B:
Total current of the seal recorded at —80 (open circles) and +80mV (black
circles), under symmetrical condition described in (A) and increasing calcium
concentration. Kd, were calculated according to the binding equation. Lines
correspond to the best fit of the data to the equation.
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Additionally, we tested the effect of magnesium over
TcNSCC activity. In the presence of 20mM MgCl, in the bath
solution, a reversible reduction of the patch total current was also
observed (Fig. 6A). The percentage of the total current of the
patch (in the presence of Mg"? relative to the current in the absence
of the divalent ion) corresponds to 43.2+6% at +80mV and
61.5+ 6% at —80mV. Recordings of the single channel current
when a voltage pulse of —80mV was applied in the presence of
5 mM MgCl,, showed reduction in the unitary current from —4.8 to
—1.8 pA (data not shown). The estimated Kig for Mg"? were similar
for positive and negative potentials, with values of 11.7 & 2.9 mM
(Fig. 6B, black circles) and 10.5 £ 2.7 mM respectively (Fig. 6B, open
circles). Similar to other non-selective cation channels previously
described, TcNSCC was insensitive to amiloride or lanthanum and
slightly sensitive to 100 uM flufenamic acid (data not shown).

A 60 -
L
2 40 4 /l
g V%
20 . Ve e
—°
®
T T T .7 T T T
=120 -80 40 40 80 120
‘/ /O
o« V(mV)
- -20 4
o« /é
%/; -40 4
-60 -
B - ’
30 4
g 20 4 | } >>>>>>>>>>
g 10 4 o
2
- 0 T T T T T
2 0 5 10 15 20
§ 410 4 Magnesium concentration (mM)
T?; -20 [} ____.-é' ------------------ e
g e
= 304
&
-40 4

Fig. 6. Magnesium effect on TeNSCC. A: Voltage-current relationship
obtained from total currents of the seal recorded applying a voltage-step
protocol from —120 to 4120 mV under symmetrical condition for potassium
(bath and pipette solutions 140 mM KCl, Hepes K 10 mM pH 7.4. black squares)
or in the presence of 20 mM MgCl, (black circles). The effect was completely
reverted by washing with 140 mM KCI, 10 mM Hepes K pH 7.4 (open triangles).
B: Total current of the seal recorded at —80 (open circles) and +80 mV (black
circles), under symmetrical condition described in (A) and increasing magne-
sium concentration. Kds were calculated according to the binding equation.
Lines correspond to the best fit of the data to the equation.

The data presented in this work constitute the first electrophysio-
logical demonstration of T. cruzi ion channel activity. Direct
measurement of parasite membranes by conventional recording
methods has been limited by intrinsic characteristics of the cells.
The active motility introduces a level of noise and instability on
the seals non acceptable for single-channel studies. Furthermore,
the small size, a non-regular shape and a complex subpellicular
cytoskeleton [Gull, 1999] make very difficult the excised patch or
the cell-attached configurations on intact cells.

The isolation of cell membranes and further reconstitution
into an artificial lipidic matrix, has been extensively used as an
alternative methodology for the characterization of ion channels
from diverse cell types [Berrier et al., 1989; Hosokawa et al., 1994;
Bai and Shi, 2001; Henriquez and Riquelme, 2003; Wyneken et al.,
2004; Barrera et al., 2005; Bernucci et al., 2006], validating the data
obtained through this methodology with the ones recorded under
more physiological conditions. Although in this report T. cruzi
membrane orientation on the giant liposomes was not investigated,
previous studies performed with ligand-activated channels demon-
strated that the insertion occurs mainly in the right direction, which
means with the extracellular side of the protein facing outside
[Riquelme et al., 1990].

The method of isolation of a plasma membrane enriched
fraction has previously proven to be adequate for obtaining
closed vesicles with minimum leakage, negligible contamination
with mitochondria or other organelles and no microtubules attached
to the membranes [Nagakura et al., 1986; Benaim et al., 1991, 1995;
Martinez et al., 2002] as we confirmed by electron microscopy
(Fig. 1). The enrichment of plasma membrane for this isolation
method, based on '*’I-concanavalin labeling, was previously
reported as 12- to 14-fold of increase respect to the homogenate
[Benaim et al., 1991].

Our results indicate the presence of, at least, two different
potassium conductive pathways in T. cruzi plasma membrane
enriched fractions. Based on the shift in the reversal potential in
17.5% of the seals a potassium selective channel of intermediate
conductance (106 +4.3pS) was recorded. The current-voltage
relationship was linear and the open probability was higher at
positive potentials (Fig. 2).

The relative permeability ratio Py/P¢; calculated was about 5,
similar to the reported values for potassium channels in Fasciola
hepatica [Jang et al., 2004] and Dictyostelium discoideum [Yoshida
et al., 1997]. Further work is necessary to obtain a complete
biophysical characterization of this channel as well as its possible
cellular functions and molecular identity.

The other potassium conductive pathway was observed in 82.5%
of the seals, the activity recorded corresponded to a non-selective
cationic channel that we called (TcNSCC). This cationic channel
often associated in clusters. Its permeability sequence to monovalent
cations corresponds to Eisenman sequence II, indicating a weak
electrical field at the pore of the channel [Eisenman and Horn, 1983].
Although the relative permeability ratio of Na*/K" is around
0.7, analyzing the total current on the seal under asymmetrical
conditions for both ions, the reduction in the current is similar at all
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applied voltages (data not shown). This can be explained as a
consequence of the decrease in the unitary conductance for K* in the
presence of Na* or due to a lower number of open channels in the seal.
Even if both cations have almost the same permeability, not
necessarily the conductance for both is the same, considering that
ions with higher binding affinity to amino acids at the selectivity filter
can show a lower effective conductance. The other possible
explanation for a decrease in the K" current in the presence
of Na* is an anomalous mole fraction effect. According to this theory,
channels recorded in solutions with two permeant ions, often
conduct less current than in the presence of pure solutions of either,
indicating that several ions can interact in the permeation pathway
[Eisenman et al., 1986; Nonner et al., 1998]. This effect has been
previously reported in non-selective cationic channels from different
cell types [Wang and Veenstra, 1997; Wells and Tanaka, 1997;
Bae et al., 1999].

These permeability properties of TcNSCC can play an important
physiological role for T. cruzi considering that at the rectum and in
the feces of the insect vector, the concentration of monovalent ions
changes from 46 mM to 111 mM for Na™ and from 41 mM to 358 mM
for K*, depending on the feeding cycles of the insect [Kollien et al.,
2001]. Under these extremely variable conditions, TcNSCC can
constitute a pathway for influx or efflux of both ionic species.

Unlike other non-selective cation channels [Barros et al.,
2001; Prakriya and Lewis, 2002; Staruschenko and Vedernikova,
2002; Owsianik et al., 2006], the permeability of TcNSCC to
divalent physiological cations was low. Moreover, Ca*? and Mg*?
blocked the channel but with different affinity. In the presence of
10 pM Ca™ a significant reduction in the total current of the seal
was observed. This effect was dependent on the ion concentration,
with a calculated Ki of about 0.5mM calcium. Single-channel
transitions were difficult to record, but a strong increase in
the flickering is suggestive of a higher rate of opening and
closing events in the presence of Ca™2. It has been reported that Ca™>
can exert a dual effect, activating cation channels at micro-
molar concentrations and blocking them at a millimolar range.
In some other cases, Ca*? can primarily be a blocker of non-
selective cation channels at very low concentrations [Staruschenko
and Vedernikova, 2002; Estacion et al., 2006; Owsianik et al., 2006].

In the presence of 20 mM Mg ™2 a decrease in the unitary current
of TeNSCC (from 4.78 to 1.79 pA at —80mV) and also a reduction
in the total current of the seal was observed at different voltages.
These effects can be explained by a decrease in the unitary
conductance, the open probability, or both. This effect has been
reported in several non-selective cation channels from vertebrates
and plants [Davenport and Tester, 2000; Demidchik and Tester,2002;
Llanos et al., 2002; Simon et al., 2004]. More data are necessary to
elucidate the mechanism of blockage exerted by Mg "2 on TcNSCC.
Blockage of K currents by Ca™ and Mg"? has been demonstrated
recently in murine endothelial cells [Ledoux et al., 2008] and in
oocytes overexpressing small conductance calcium activated
potassium channels from rat [Soh and Park, 2001].

The molecular identity of T. cruzi potassium conductive pathways
is still unknown, but genomic information indicates the presence
of at least two different types of potassium channels: a voltage-
dependent and a calcium-activated potassium channel (http://

teruzidb.org/teruzidb). Our efforts are now focused on the cloning,
expression and characterization of these molecules, in order to
establish whether they correspond to the electrophysiological
activities reported in this work or they constitute alternative
pathways to monovalent ion permeation.
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