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Abstract. Calcium channels in the plasma membrane of
root cells fulfill both nutritional and signaling roles. The
permeability of these channels to different cations deter-
mines the magnitude of their cation conductances, their
effects on cell membrane potential and their contribution
to cation toxicities. The selectivity of therca channel, a
Ca2+-permeable channel from the plasma membrane of
wheat (Triticum aestivumL.) roots, was studied follow-
ing its incorporation into planar lipid bilayers. The per-
meation of K+, Na+, Ca2+ and Mg2+ through the pore of
the rca channel was modeled. It was assumed that cat-
ions permeated in single file through a pore with three
energy barriers and two ion-binding sites. Differences in
permeation between divalent and monovalent cations
were attributed largely to the affinity of the ion binding
sites. The model suggested that significant negative sur-
face charge was present in the vestibules to the pore and
that the pore could accommodate two cations simulta-
neously, which repelled each other strongly. The pore
structure of therca channel appeared to differ from that
of L-type calcium channels from animal cell membranes
since its ion binding sites had a lower affinity for diva-
lent cations. The model adequately accounted for the
diverse permeation phenomena observed for therca
channel. It described the apparent submillimolarKm for
the relationship between unitary conductance and Ca2+

activity, the differences in selectivity sequences obtained
from measurements of conductance and permeability ra-
tios, the changes in relative cation permeabilities with
solution ionic composition, and the complex effects of

Ca2+ on K+ and Na+ currents through the channel. Hav-
ing established the adequacy of the model, it was used to
predict the unitary currents that would be observed under
the ionic conditions employed in patch-clamp experi-
ments and to demonstrate the high selectivity of therca
channel for Ca2+ influx under physiological conditions.
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Introduction

Calcium-permeable channels in the plasma membrane of
root cells have been studied electrically following their
reconstitution into planar lipid bilayers (PLB; Pin˜eros &
Tester, 1997; White, 1997, 1998) and by patch-clamping
protoplasts from root cells (Thion et al., 1998; Kiegle,
Haseloff & Tester, 1998). When plasma-membrane
vesicles from wheat roots are incorporated into PLB a
calcium-permeable channel, termed therca channel, is
frequently observed (Pin˜eros & Tester, 1995, 1997a).
Therca channel is permeable to a wide variety of mono-
valent and divalent cations and opens upon plasma mem-
brane depolarization (Pin˜eros & Tester, 1995, 1997a).
The rca channel is inhibited by a range of pharmaceuti-
cals including Al3+, La3+, Gd3+, verapamil, diltiazem and
ruthenium red, but it is insensitive to 1,4-dihydropyri-
dines and bepridil (Pin˜eros & Tester, 1995, 1997a,b).
A channel with similar biophysical characteristics was
observed when plasma-membrane vesicles from rye
roots were incorporated into PLB (White, 1994, 1998).
It has been argued that the physiological role of therca
channel is to mediate Ca2+ influx upon plasma mem-
brane depolarization and, thereby, to increase the cyto-
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plasmic Ca2+ concentration ([Ca2+]cyt). Depolarization
can be elicited by many environmental, developmental or
pathological challenges and an increase in [Ca2+]cyt is
thought to initiate a physiological response.

Measurements of single-channel conductance and
ionic selectivity provide information on the biophysi-
cal mechanisms underlying ion permeation. In previ-
ous studies, the unitary-currentvs.voltage (I/V) relation-
ships obtained for therca channel were fitted to the
Goldman-Hodgkin-Katz (GHK) current equation (Pi-
ñeros & Tester, 1995, 1997a). However, a different ratio
for cation permeabilities (PK/PCa) was required to fit
each set of ionic conditions and it is a precept of the
GHK theory that a unique value ofPK/PCa exists. Thus,
the GHK equation is inappropriate to describe cation
permeation through therca channel.

Several alternative models are available to describe
the permeation of ions through the pore of a channel
(Nonner & Eisenberg, 1998; Levitt, 1999; McCleskey,
1999; Miller, 1999; White et al., 1999). The model
which has been most frequently applied to L-type Ca2+

channels in animal cell membranes is based on a “multi-
ion” pore which contains two high affinity binding sites
for cations separated by an insignificant energy barrier
(e.g., Almers & McCleskey, 1984; Hess & Tsien, 1984;
Hille, 1992; Yellen, 1993; Aidley & Stanfield, 1996;
McCleskey, 1999). These sites have a high affinity for
Ca2+, the dissociation constant (Kd) being in the micro-
molar range. Monovalent cations, which have a lower
affinity for these sites, can permeate in the absence of
Ca2+. However, when Ca2+ is present it preferentially
occupies the binding sites thereby reducing both the flux
of monovalent cations and the unitary current. When
both sites are occupied by Ca2+, there is a strong elec-
trostatic repulsion, elevating the free-energy of Ca2+ at
the binding sites. This increase in the free-energy of
Ca2+ at the binding sites accelerates Ca2+ movement and
accounts for the differences between the apparentKi for
the reduction of monovalent cation flux and unitary cur-
rent (micromolar: single occupancy) and the apparentKm

for divalent cation permeation (millimolar: double occu-
pancy). This classic model has also been used to de-
scribe cation permeation through the Ca2+-permeable
high-conductance “maxi” cation channel in the plasma
membrane of plant roots (White & Ridout, 1999).

In this paper a similar model is used to describe
cation permeation through therca channel. The pore of
therca channel is modeled as a “multi-ion” pore that has
three energy-barriers and two ion-binding sites (a 3B2S
model). It is assumed that cations permeate in single
file. More than one cation can be present, and cations
can interact, within the pore. The use of this model was
suggested by the observations: (i) that the selectivity se-
quences obtained from measurements of conductance
and permeability ratios differed (Pin˜eros, 1995), (ii) that

apparent permeability ratios changed with cation concen-
tration (Piñeros & Tester, 1995, 1997a; White, 1997),
and (iii) that an anomalous mole fraction effect (mini-
mum) is observed in the inward unitary conductance as
the ratio of BaCl2 to CaCl2 (at a total concentration of 1
mM divalent cation) is varied in the extracellular medium
and 1 mM CaCl2 is present in the cytoplasmic medium
(Piñeros, 1995). All these are characteristics of L-type
Ca2+ channels in animal cell membranes and of “multi-
ion” pores in general (Hille, 1992).

The structural characteristics of the pore and the
free-energy profiles for K+, Na+, Ca2+ and Mg2+ were
estimated. This allowed the permeation pathway of the
rca channel to be compared with that of other Ca2+-
permeable channels in plant and animal cell membranes.
The permeation model was used to predict the unitary
currents that would be observed in patch-clamp experi-
ments on therca channel and to demonstrate the high
selectivity of the rca channel for Ca2+ influx under
physiological ionic conditions. It is argued that, if
coupled to an appropriate kinetic model, the permeation
model could also be used to predict ionic fluxes through
therca channel under changing physiological conditions.

Materials and Methods

PLASMA MEMBRANE ISOLATION AND INCORPORATION

INTO PLANAR LIPID BILAYERS

Wheat (Triticum aestivumL.) caryopses were imbibed in distilled water
for 36 to 48 hr and, following germination, grown in darkness over a 1
mM CaSO4 solution. Roots were harvested on the fourth day after
germination and plasma-membrane vesicles were obtained by aqueous-
polymer two-phase partitioning of a microsomal-membrane fraction
(Piñeros & Tester, 1995).

Plasma-membrane vesicles were incorporated into PLB generated
from a dispersion of 8 mM PE, 3 mM PS, 1.5 mM PC and 12.5 mM
cholesterol inn-decane, as described by Pin˜eros & Tester (1995). The
bilayer separated volumes of 500ml in the cis compartment and 1.5 ml
in the trans compartment. Plasma-membrane vesicles were added to
the solution in thecis compartment and, following incorporation, the
rca channel became orientated with its extracellular surface facing the
cis solution (Piñeros & Tester, 1995).

The orientation, conductivity and voltage dependence of therca
channel were determined prior to experimentation. Since verapamil
reduced the current through therca channel only when applied to the
extracellular face of the channel (Pin˜eros & Tester, 1995), channel
orientation was verified by the addition of 1–10mM verapamil to the
solution in thecis chamber. Thecis chamber was then perfused with 1
mM CaCl2 and the unitary conductance and voltage-dependence of the
channel were estimated to confirm its identity.

Ionic conditions were established either by the addition of stock
solutions or by perfusing thecis chamber with an appropriate solution.
Unless indicated, CaCl2 and other cation chloride solutions were un-
buffered and their pH was adjusted to 5.5 by addition of HCl. Potas-
sium was supplied as KCl, and solutions containing KCl also contained
0.8 mM CaCl2, 0.8 mM ethylene glycol-bis (b-aminoethyl-ether) N,N,-
N8,N8-tetraacetic acid (EGTA), pH 7.0 (adjusted with KOH). The Ca2+
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activity under these conditions was 500 nM. Ionic activities and spe-
ciation were calculated using GEOCHEM-PC version 2.0 (Parker, Nor-
vell & Chaney, 1995).

SINGLE CHANNEL RECORDINGS

Experiments were performed at room temperature. Current recordings
were obtained under voltage-clamp conditions using a Dagan 3900A
amplifier (with 3910 expander; Dagan, Minneapolis, MN) connected to
the bilayer chambers via 3M KCl/1% agar salt bridges. Voltages were
referenced to thecis chamber, which was grounded. This accords with
the physiological convention (i.e., cytosol with respect to the external
medium). Movement of cations from the extracellular to the cytoplas-
mic side of the channel is indicated by a negative current. Data were
stored unfiltered on digital audiotape (DTC-75ES; Sony, Japan). To
determine unitary currents, data were replayed, filtered at 100 Hz with
an 8-pole low pass Bessel filter (Series 902, Frequency Devices, Haver-
hill, MA) and displayed on a digital storage oscilloscope (Gould 400,
Gould Electronics, Hainault, UK).

Several of the data sets have been published previously (Pin˜eros
& Tester, 1995, 1997a) and the remainder can be found in Pin˜eros
(1995). Examples of single-channel current recordings can also be
found in these papers. In addition to the data presented in the figures,
I/V relationships obtained in solutions containing (trans:cis) 0.05:0.01,
0.05:0.02, 0.05:10, 0.05:1000, 0.1:0.005, 0.1:0.02, 0.1:0.05 mM CaCl2
and 150 mM NaCl plus 1.5 mM free Ca2+:50 mM CaCl2 were also input
for regressions. Since no attempt was made to standardize data from
different experiments (with the exception that the data presented in Fig.
7 were scaled so that the unitary conductance determined between +100
and −100 mV in the presence of symmetrical 1 mM CaCl2 was 20 pS),
it should be noted thatrca channel activities from different membrane
preparations can differ in their unitary currents (e.g., legend to Fig. 8).

MODELING

Estimates of energy profiles for permeant cations and structural char-
acteristics of therca channel were obtained using a version of the
FORTRAN computer program AJUSTE (Alvarez, Villarroel & Eisen-
man, 1992) modified for the presence of both monovalent and divalent
cations (White & Ridout, 1999). The model chosen (a 3B2S model)
had energy profiles consisting of three energy-barriers and two ion
binding-sites (energy-wells), and allowed for single-file permeation,
double cation occupancy, ion-ion repulsion and surface potential ef-
fects. The energies of the unoccupied channel at zero voltage (ex-
pressed as multiples of the thermal energy, RT) were defined by three
peaks G1, G2 and G3, and two wells, U1 and U2, with the postscript
referring to their position relative to thetrans (cytoplasmic) compart-
ment. The distances D1 to D5 refer to the position of successive peaks
and wells in the electrical field relative to thetrans (cytoplasmic)
compartment.

The effects of ion-ion interactions (electrostatic and/or allosteric)
were simulated by the addition of an energy factor to the peaks and
wells adjacent to an occupied well. This was calculated asA(z1z2)/d,
where A is the ionic-repulsion energy parameter,z1 and z2 are the
valencies of the interacting cations andd is the electrical distance from
the occupied well. Two parameters (RscisandRstrans) were included in
the model to describe surface charge effects. These parameters corre-
spond to the radii of circles (expressed in Å) containing one electron
charge in thecis and trans vestibules of the pore respectively.

Rate constants were formulated by the standard Eyring rate theory
expression equal to the product of a pre-exponential term,kT/h (where
k/h is Boltzmann’s constant divided by Planck’s constant), and an

exponential function of the energy difference, exp(DG/(RT)). A similar
expression was used for the bimolecular rate constants describing the
entry of ions from the internal or external solutions. The reference
energy state of our model corresponds to 1M solution. To compare our
energy values to models that use a 55.5M reference state (e.g., White
& Ridout, 1995, 1999), 4.02RT units must be subtracted from our
values.

Following the precedent of previous workers (e.g., Alvarez et al.,
1992; Allen, Sanders & Gradmann, 1998), parameters were estimated
by weighted least squares with the weight taken as 1/current, subject to
a maximal weighting of 0.5. This put greater weight on small currents
and gave visually better coincidences. Parameters describing the free-
energy profiles for K+, Na+ and Ca2+ permeation were fitted to the
complete data set of 985 datapoints obtained in 39 different solution
combinations in which these cations were present. Fitting began with
a symmetrical model, with electrical distances of 0.00, 0.25, 0.50, 0.75
and 1.00 for D1 through D5, respectively. Starting parameters for well-
depths were based on cation concentrations giving half-maximal con-
ductance and for barrier heights on maximal cation conductances. Ini-
tially, models with fewer parameters were fitted to subsets of the data
obtained in the presence of single cation species. These were then
combined sequentially. Two contrasting sets of parameter estimates
were pursued and the one with the lowest RSS is presented here. In
total over 120 regressions were run in the course of obtaining the final
parameters describing the free-energy profiles for K+, Na+ and Ca2+

permeation. Parameters describing the energies of the unoccupied
channel at zero voltage (G1, G2, G3, U1 and U2) for Mg2+ were
estimated using these values (Fig. 7).

Results

PORE STRUCTURE OF THErca CHANNEL

Traditionally, cation fluxes through the pores of Ca2+

channels have been modeled as the movement of cations
through a corrugated free-energy profile (Hille, 1992;
McCleskey, 1999). It is proposed that cations bind to
specific sites within the pore and that each site can bind
only one cation at a time. Such ion-binding sites are
represented by energy minima. Energy barriers, repre-
senting restrictions to cation movement, separate each
binding-site within the pore and also the pore from the
solutions outside. Under certain conditions several ion-
binding-sites may be occupied and cations simulta-
neously present within the pore will repel each other.

The pore of therca channel was modeled with three
energy barriers and two ion-binding sites (a 3B2S
model). Single-file permeation was assumed. Although
at the molecular level cations cannot pass each other
within the pore of the channel, macroscopic (net) fluxes
of different cationic species can occur in opposite direc-
tions. The direction of the net flux of a particular cation
is determined by its electrochemical gradient. The mag-
nitude of these net fluxes is determined by the probabil-
ity of movements between cation binding sites and the
external solutions.

Free-energy profiles for K+, Na+ and Ca2+ perme-
ation of therca channel (Table) were estimated using the
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complete data set obtained across a wide range of volt-
ages and ionic conditions (985 observations from 39 dif-
ferent ionic conditions, of which 824 datapoints are pre-
sented in Figs. 1 to 7). Although better fits toI/V rela-
tionships for individual experiments could be obtained
using slightly different parameter values, the estimates
given here offer a representative description of the pore
structure of the channel.

The pore structure described by the model had a
slight asymmetry. The outermost free energy peaks (G1,
G3) and the cation binding sites (U1, U2) were placed
near the extremes of the pore. The central free-energy
peak (G2) was close to the center of the pore. The rela-
tive magnitudes of free-energy peaks differed between
cations. The outermost free-energy peaks were low for
all cations, suggesting that entry into the channel was not
particularly energetically unfavorable. The relative
heights of the free-energy peak closest to the cytoplasm
(G1) followed the sequence Na+ > K+ > Ca2+, those of

the central free-energy peak (G2) followed the sequence
Na+ 4 Ca2+ > K+ and those of the peak closest to the
exterior (G3) followed the sequence K+ > Ca2+ 4 Na+.
The magnitudes of U1 and U2 for the two monovalent
cations, K+ and Na+, were similar and greater than those
for Ca2+. The dissociation binding constants (Kds) of the
binding sites for K+ and Na+ in an unoccupied pore were
between 1.3 and 5.7 mM, whereas those for Ca2+ were
6.6 mM (U1) and 2.8mM (U2). These values can be
compared with the apparent affinity of the channel for K+

(Km 4 6 mM) and Ca2+ (Km 4 99 mM) obtained by
fitting the Michaelis-Menten equation to the relationship
between unitary conductance (estimated in nonsym-
metrical or biionic conditions) and cation activity (Pi-
ñeros & Tester, 1997a). It is possible for therca channel
to be occupied by two cations simultaneously, and the
strong interactions between cations within the pore may
dominate conductance properties under certain condi-
tions. The repulsion between cations would increase the
free-energy of the unoccupied binding site in an occu-
pied pore by 3.5 to 14.1 RT, depending upon the valency
of the interacting cations. The model also indicated ap-
preciable negative surface charge in both the cytoplasmic
(0.0005 e/Å2) and extracellular (0.0002 e/Å2) vestibules
of the pore.

All parameters except the central energy peak (G2)
for K+ permeation could be estimated with reasonable
precision. However, the standard errors reported here
for the free-energy parameters are larger than those from
previous studies (e.g., White & Ridout, 1995, 1999).
These estimates are highly correlated and the standard
errors of the differences between barrier heights are
much smaller. This implies that the entire energy profile
can be shifted to greater or lesser values, but that the
shape of the profile is better defined. An inability to
estimate precisely the height of central energy peaks was
also experienced in describing cation permeation through
both a voltage-insensitive K+ channel (White & Ridout,
1995) and the maxi cation channel (White & Ridout,
1999) in the plasma membrane of rye roots using 3B2S
models.

CALCIUM PERMEATION

Unitary currents through therca channel could be re-
solved at low micromolar Ca2+ concentrations (Pin˜eros
& Tester, 1997a). This enabledI/V relationships to be
determined under symmetrical conditions with Ca2+ con-
centrations of between 50mM and 10 mM on both sides
of the channel (Fig. 1). The 3B2S model described ad-
equately theI/V relationships obtained in the presence of
Ca2+ concentrations of 100mM and above (Fig. 1B–E).
It also described the low apparentKm for the relationship
between unitary conductance and Ca2+ activity (Fig. 1F;
Piñeros & Tester, 1997a). The model was not able to

Table. Estimated parameters for the permeation of K+, Na+ and Ca2+

through the pore of therca channel in the plasma membrane of
wheat roots

K+ Na+ Ca2+

G1 1.98 ± 3.83 5.51 ± 2.82 0.83 ± 3.45
G2 −1.35* 2.87 ± 3.47 2.59 ± 3.61
G3 4.77 ± 3.72 −0.43 ± 4.74 1.04 ± 3.69
U1 −5.17 ± 1.39 −5.30 ± 2.96 −11.93 ± 3.51
U2 −6.01 ± 3.75 −6.61 ± 2.55 −12.80 ± 3.67

A 2.88 ± 1.15

D1 0.04 ± 0.10
D2 0.06 ± 0.10
D3 0.57 ± 0.11
D4 0.88 ± 0.10
D5 0.92 ± 0.10

Rscis 24.5 ± 2.65
Rstrans 38.0 ± 2.52

Permeation is modeled as single-file movement through a free-energy
profile with three energy barriers and two ion-binding sites that can be
occupied simultaneously.
Parameters were estimated fromI/V data collected across a wide vari-
ety of ionic conditions. The total number of observations was 985 and
the weighted residual sum of squares was 234. Standard errors of
parameter estimates are indicated. A reliable estimate of the standard
error of G2 for K+ (marked with an asterisk) is not available, but the
parameter is estimated with low precision. The parameters G1, U1, G2,
U2 and G3 define the free energies at electrical distances of D1, D2,
D3, D4 and D5, respectively. They are expressed in (dimensionless)
multiples of RT. The solution reference state is 1M. The postscript
refers to the position relative to thetrans (cytoplasmic) compartment.
The parameter A defines the magnitude of ionic interactions, which
raise the free-energy profile byA(z1z2)/d, where z1 and z2 are the
valencies of the interacting cations andd is the electrical distance from
an occupied well. The parametersRscis and Rstrans (expressed in Å)
correspond to the radii of circles containing one electron charge in the
cis and trans vestibules of the pore, respectively.
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describe either the decrease in unitary current at positive
voltages nor the curious increase in unitary current at
voltages more negative than about −100 mV when the
Ca2+ concentration was reduced from 100 to 50mM (Fig.
1A). One explanation for this phenomenon could be that

the rca channel protein is directly affected by the ionic
strength of the experimental solutions. This possibility is
not considered in the proposed 3B2S model. However, it
should also be noted that there was higher rectification
and larger currents at high negative voltages at low Ca2+

concentrations in these experiments compared to others
(cf. Fig. 2A and B). Such differences between experi-
ments might reflect interactions between therca channel
and other components of the membrane preparation, such
as lipids or accessory proteins, or a covalent modification
of therca channel protein itself (Bell, 1986; Hille, 1992;
Aidley & Stanfield, 1996).

The rca channel has previously been shown to be
highly selective for Ca2+ over Cl− (Piñeros & Tester,
1995). In the present study, the selectivity of therca
channel was investigated over a wider range of ionic
conditions, including low micromolar Ca2+ concentra-
tions and steeper CaCl2 gradients (Fig. 2). Currents al-
ways reversed near the theoretical (Nernst) reversal
potential for Ca2+ and there was no indication of Cl−

permeability. The 3B2S model described theI/V rela-
tionships recorded in asymmetrical Ca2+ concentrations
adequately (Fig. 2A–L). A difference between the fitted
and observedI/V relationships was apparent under some
ionic conditions (e.g., Fig. 2E,G,I), but no overall sys-
tematic deviation could be determined.

INTERACTIONS BETWEEN CALCIUM AND POTASSIUM

DURING PERMEATION

The permeation of K+, and the interaction of Ca2+ and
K+, within the pore of therca channel was initially in-
vestigated under biionic conditions either by maintaining
a high cytoplasmic (trans) K+ concentration and varying
extracellular Ca2+ activity (Fig. 3) or by maintaining a
constant 100mM extracellular Ca2+ activity and varying
the cytoplasmic K+ (Fig. 4). Under these conditions a
small (26 to 36 pS) inward conductance and a large (59
to 220 pS) outward conductance was observed (Figs. 3
and 4).

Increasing the Ca2+ concentration on the extracellu-

<

Fig. 1. (A–E) Unitary-currentvs.voltage relationships and (F) unitary-
conductancevs.Ca2+-activity relationship for therca channel from the
plasma membrane of wheat roots assayed in the presence of symmetri-
cal CaCl2 solutions. Solutions contained (A) 50 mM (d n 4 5 bilayers;
s n 4 3 bilayers), (B) 100mM (d n 4 8 bilayers;s n 4 3 bilayers),
(C) 1 mM (d n 4 11 bilayers;s n 4 29 bilayers), (D) 5 mM (n 4 3
bilayers) and (E) 10 mM (n 4 4 bilayers) CaCl2. The different symbols
indicate data from separate series of experiments. Unitary conductance
was determined between ±100 mV and is expressed as mean ±SEM.
Previously published data were taken from Pin˜eros & Tester (1995,
1997a). The curves are derived from a theoretical 3B2S model with the
parameters shown in the Table.
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Fig. 2. Unitary-currentvs.voltage relationships for therca channel assayed in the presence of asymmetrical CaCl2 solutions. Solutions contained
trans:cis (A) 0.05:0.005 (n 4 1 bilayer) (B) 0.05:0.1 (C) 0.05:0.50 (D) 0.05:1.0 (E) 0.05:50 (F) 0.05:500 (n 4 1 bilayer) (G) 0.1:0.01 (n 4 2
bilayers) (H) 0.1:0.07 (n 4 4 bilayers) (I) 0.1:1.0 (J) 1:20 (K) 1:50 and (L) 10:95 mM CaCl2. Data obtained in the presence of 1:20 mM and 10:95
mM CaCl2 were taken from Pin˜eros & Tester (1995). Data are means from 3 bilayers unless indicated. The curves are derived from a theoretical
3B2S model with the parameters shown in the Table.

76 P.J. White et al.: Cation Permeation Through a Plant Ca2+ Channel



lar side from 0.1 to 1 mM in the presence of 164 mM K+

plus 500 nM free Ca2+ on the cytoplasmic side resulted in
a decrease in the magnitude of the outward current and a
positive shift inErev (Fig. 3). Although the 3B2S model
generally underestimated the unitary current observed at
positive voltages, it did simulate the decline in unitary

conductance at extreme positive voltages and the de-
crease in unitary current observed at positive voltages
when the extracellular Ca2+ concentration was increased
(Fig. 3A). The 3B2S model accurately fitted both the
currents observed at negative voltages (Fig. 3B) and the
positive displacement ofErev as the extracellular Ca2+

concentration was increased (Fig. 3C). It can be noted
that, since the apparentPCa:PK ratios calculated accord-
ing to Fatt & Ginsborg (1958) from the observedErev

values following the assumptions of GHK theory de-
clined from 26 to 17 as the extracellular Ca2+ concen-
tration was increased from 0.1 to 1 mM (Piñeros &
Tester, 1995), it is inappropriate to describe permeation
through therca channel using GHK equations.

Increasing the K+ concentration on the cytoplasmic
side of the channel from 1 to 140 mM in the presence of
100mM Ca2+ on the extracellular side increased the uni-

Fig. 3. (A and B) The effect of varying extracellular (cis) Ca2+ con-
centration on unitary-currentvs.voltage relationships for therca chan-
nel. (C) The relationship between the extracellular (cis) Ca2+ concen-
tration and the current reversal potential (Erev). The cytoplasmic face of
the channel (trans) was exposed to 164 mM KCl (K+ activity of 115
mM), 0.8 mM CaCl2, 0.8 mM ethylene glycol-bis (b-aminoethyl-ether)
N,N,N8,N8-tetraacetic acid (EGTA), pH 7.0 (adjusted with KOH). The
Ca2+ activity, as estimated by GEOCHEM, was 500 mM. The extra-
cellular face of the channel (cis) was exposed to 0.1 (s), 0.2 (m) and
1 mM (d) CaCl2, pH 5.5 (adjusted with HCl). Data were taken from
Piñeros & Tester (1995). The curves are derived from a theoretical
3B2S model with the parameters shown in the Table.

Fig. 4. (A) The effect of varying cytoplasmic (trans) K+ concentration
on unitary-currentvs.voltage relationships for therca channel from the
plasma membrane of wheat roots. (B) The relationship between the
cytoplasmic (trans) K+ concentration and the current reversal potential
(Erev). The extracellular face of the channel (cis) was exposed to 100
mM CaCl2, pH 5.5 (adjusted with HCl). The cytoplasmic face of the
channel (trans) was exposed to concentrations of 140 (d), 100 (s), 10
(n) and 1 (h) mM KCl. All KCl solutions contained 0.8 mM CaCl2, 0.8
mM EGTA, pH 7.0 (adjusted with KOH). The Ca2+ activity, as esti-
mated by GEOCHEM, was 500 nM. Data were taken from Pin˜eros &
Tester (1997a). The curves are derived from a theoretical 3B2S model
with the parameters shown in the Table.

77P.J. White et al.: Cation Permeation Through a Plant Ca2+ Channel



tary conductance at positive voltages, decreased the uni-
tary conductance at negative voltages and shifted theErev

to more negative values (Fig. 4). The 3B2S model pro-
vided an adequate fit to theI/V curves obtained under
these conditions. It fitted the currents observed at posi-
tive voltages well. It also simulated the decrease in uni-
tary current observed at negative voltages as K+ concen-
tration was increased, but underestimated currents at ex-
treme negative voltages at K+ concentrations of 100 mM
and below (Fig. 4A). The 3B2S model accurately fitted
the relationship betweenErev and cytoplasmic K+ con-
centration (Fig. 4B). The apparentPCa:PK ratios calcu-
lated from the observedErev values using the assump-
tions of the GHK equation remained constant with
changing cytoplasmic K+ concentration (PCa:PK ≈ 35;
Piñeros & Tester, 1997a).

The permeation of Ca2+ and K+ through the pore of
the rca channel was also investigated under ionic condi-
tions approximating those encountered physiologically
(Marschner, 1995), with 1 mM KCl plus 500mM CaCl2 at
pH 5.5 on the extracellular (cis) side and 140 mM KCl
plus 500 nM Ca2+ activity at pH 7.0 on the cytoplasmic
(trans) side (Fig. 5). Under these conditions the 3B2S
model fitted the observedI/V relationship adequately.
It described the currents well at negative voltages, but the
predictedErev (−47 mV) was more negative than the
observedErev (−30 mV) and there was a minor discrep-
ancy between the fitted and observed currents at positive
voltages. ThePCa:PK calculated using the GHK equa-
tion was 23 under these conditions (Pin˜eros & Tester,
1997a).

When currents through therca channel were assayed
in biionic (cis:trans) 1 mM KCl:CaCl2 the 3B2S model

did not fit the observedI/V relationship (Fig. 7A). An
adequate fit was only obtained if the free-energy values
for U1 were increased and those for U2 were decreased
for both K+ and Ca2+. This implies that the interactions
between cations and the channel pore were different in
this experimental series and suggests that there may be
differences between individualrca channel proteins with
superficially similar Ca2+ conductance, voltage-depen-
dence and sensitivity to verapamil. This might occur
through covalent modification of therca channel protein
or its interactions with other constituents of the mem-
brane preparation.

INTERACTIONS BETWEEN CALCIUM AND SODIUM

DURING PERMEATION

Sodium also permeates therca channel (Pin˜eros &
Tester, 1995). The free-energy profile for Na+ perme-
ation, and the interactions between Na+ and Ca2+ within
the pore of therca channel were assessed from the ef-
fects of increasing Ca2+ activity in the presence of a fixed
150 mM Na+ concentration at the extracellular (cis) face,
while cytoplasmic (trans) Ca2+ activity was maintained
at 50mM (Fig. 6).

When the channel was assayed in biionic 50mM

CaCl2 (trans):150 mM NaCl (cis), the channel exhibited
a large inward (Na+) conductance of about 100 pS and an
Erev of 58 ± 5 mV (Fig. 6). TheErev value corresponds
to an apparentPCa:PNa of 67 calculated using the GHK
equation according to Lewis (1979). Increasing the ex-
tracellular (cis) Ca2+ activity progressively reduced the
amplitude of the inward current and its unitary conduc-
tance decreased from 105 to 30 pS.

In the absence of Ca2+ in the trans chamber, the

Fig. 5. Unitary-currentvs. voltage relationships for therca channel
assayed under quasi physiological ionic conditions. The extracellular
face of the channel (cis) was exposed to 1 mM KCl and 500mM CaCl2,
pH 5.5 (adjusted with HCl). The cytoplasmic face of the channel
(trans) was exposed to 140 mM KCl, 0.8 mM CaCl2, 0.8 mM EGTA, pH
7.0 (adjusted with KOH). Free Ca2+ activity, as estimated by GEO-
CHEM, was 500 nM. Data were taken from Pin˜eros & Tester (1997a).
The curves are derived from a theoretical 3B2S model with the param-
eters shown in the Table.

Fig. 6. The effect of increasing extracellular (cis) CaCl2 concentration
on the unitary-currentvs.voltage relationships for therca channel. The
cytoplasmic side of the channel (trans) was exposed to 50mM CaCl2
while the extracellular side was exposed to 150 mM NaCl containing 0
(d), 1.5 (s), 3.5 (j) and 10.3 (h) mM free Ca2+ (as estimated by
Geochem-PC), corresponding to a concentration range of 0 to 20 mM

CaCl2. Data are means from at least two bilayers. The curves are
derived from a theoretical 3B2S model with the parameters shown in
the Table.
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3B2S model for therca channel fitted theI/V curve
observed at voltages more negative than −50 mV, but
underestimated the observed current at voltages between
−30 and 40 mV. Under these conditions, the model sug-
gested a slightly more positive value forErev (70 mV)
than that determined by experimentation (58 mV). As
the Ca2+ activity in the extracellular (cis) compartment
was increased to 0.5, 1.5 and 3.5 mM, the 3B2S model
fitted the I/V curves adequately, although it slightly un-
derestimated the observed current at extreme negative
voltages. When thecis Ca2+ activity was increased to
10.3 mM, the 3B2S model consistently overestimated the
current. The 3B2S model predicted an increase inErev

from 70 to 77 mV as thecis Ca2+ concentration was
increased from zero to 10.3 mM, and an increase in the
apparentPCa:PNa from 40 to 50 (calculated according to
GHK theory using the equations of Lewis, 1979).

CATION SELECTIVITY OF THE rca CHANNEL

In addition to Ca2+, K+ and Na+, the rca channel is per-
meable to many other cations (Pin˜eros & Tester, 1995;
White, 1998). These include cations that are relatively
impermeant (Mg2+, Mn2+) or block (Cd2+, Co2+, Ni2+)
the L-type Ca2+ channels in animal cell membranes.

The permeation of a further nine divalent and three
monovalent cations through therca channel was inves-
tigated in experiments performed in biionic 1 mM (cis:
trans) cation chloride:CaCl2 (Figs. 7 and 8). A compari-
son of the apparent permeability ratios (calculated from
Erev values according to GHK theory using the equation
of Fatt & Ginsborg, 1958) and the unitary conductance of
the inward current (calculated betweenErev and −100
mV) relative to that observed in symmetrical 1 mM Ca2+

(Fig. 8) showed that divalent cations had a clear positive
relationship between permeability and conductivity ra-
tios, which was opposite to that shown by monovalent
cations. This again indicates that the GHK equations are
inappropriate to describe cation permeation through the
rca channel. The selectivity sequence for divalent cat-
ions followed that of Sequence I in Sherry (1969), sug-
gesting that permeating cations interacted with a weak
field-strength site within the pore. Two contrasting se-
lectivity sequences were obtained for monovalent cat-
ions, which reflects the strong interactions occurring be-
tween cations within the pore.

PREDICTED I/V CURVES UNDER

PATCH-CLAMP CONDITIONS

The 3B2S model described here can be used to predict
net currents and cation fluxes through therca channel at
a given voltage under specified ionic conditions. It is
instructive to compare the results obtained in the reduced
PLB system to those observed in patch-clamp studies on

protoplasts from plant cells. Two studies have charac-
terized depolarization activated Ca2+-currents across the
plasma membrane of root-cell protoplasts (Thion et al.,
1998; Kiegle et al., 1998). The 3B2S model was used to
predict the unitaryI/V relationship for therca channel
under the conditions employed in these patch-clamp ex-
periments. However, since patch-clamp experiments
frequently deploy Mg2+ on the cytoplasmic side of the
plasma membrane and therca channel is permeable to
Mg2+, it was necessary initially to determine the free-
energy profile for Mg2+ permeation of therca channel.

The free-energy profile for Mg2+ (legend to Fig. 7)
was determined from theI/V relationship observed in
biionic 1 mM (cis:trans) MgCl2:CaCl2 (Fig. 7B) assum-

Fig. 7. Unitary-currentvs. voltage relationships for therca channel
obtained with 1 mM CaCl2 on thetrans (cytoplasmic) side and (A) 1
mM KCl (h; n 4 5 bilayers), 1 mM NaCl (s; n 4 6 bilayers), (B) 1
mM CaCl2 (d; n 4 29 bilayers) or 1 mM MgCl2 (s; n 4 3 bilayers)
on thecis (extracellular) side of the channel. The Ca2+ activity con-
taminating cation chloride solutions was assumed to be negligible. The
solid curves are derived from a theoretical 3B2S model with the pa-
rameters for Ca2+ and Na+ shown in the Table and parameters for Mg2+

of 0.7 (G1), 6.36 (G2), 3.91 (G3), 12.63 (U1) and 4.08 (U2) RT. The
broken curve was derived using parameters of 0.09 (U1) and −2.28
(U2) for K+ and −3.47 (U1) and −2.62 (U2) for Ca2+.
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ing the structural parameters and Ca2+ free-energy pro-
file reported in the Table. Differences in permeation be-
tween Mg2+ and Ca2+ were attributed to a lower affinity
for Mg2+ of the binding site (U2) closest to the extracel-
lular side of the channel and higher free-energy barriers
for the permeation of Mg2+ at both the center (G2) and
extracellular side (G3) of the pore.

Under the ionic conditions typically used to study
Ca2+ channels in plasma membrane of plant cells by
patch-clamp techniques, therca channel displayed non-
linear I/V relationships (Fig. 9A). The current reversal
potential (Erev) did not equalECa since Mg2+ permeates
the rca channel, but approximated theErev observed for
currents through depolarization-activated Ca2+ channels
in the plasma membrane of protoplasts assayed under
comparable conditions (Thuleau et al., 1994; Kiegle et
al., 1998). The predicted unitary conductance of the
channel (determined between −100 and −50 mV) ap-
proximated 34 pS. This is greater than the unitary con-
ductance determined for the depolarization-activated
Ca2+ channel in the plasma membrane of cultured carrot
cells, which was 13 pS in 40 mM CaCl2 (Thuleau et al.,
1994). However, the labile Ca2+-selective channel
formed when a phenylalkylamine-binding protein puri-
fied from cultured carrot cells is reconstituted into lipo-
somes has a unitary conductance of 38 pS in (pipette:
bath) 9:90 mM CaCl2 (Thuleau et al., 1993).

Discussion

THE CHOICE OF A 3B2S MODEL

Several models are available to describe ion permeation
through channels (Nonner & Eisenberg, 1998; Levitt,

1999; McCleskey, 1999; Miller, 1999; White et al.,
1999). These are based on the application of either (i)
the GHK current equation, (ii) the concept of single-file
movement through a rigid free-energy profile that can
contain either one (single ion pore) or several (multi-ion
pore) ions simultaneously, (iii) reaction-kinetic equations
based on competitive translocation (dynamic-pore mod-
els), or (iv) solutions to the Poisson-Nernst-Planck (PNP)
equations. Cation permeation through therca channel
cannot be described by the simple GHK current equation
(see Introduction). TheI/V relationships for therca
channel are not consistent with either an energy-barrier

Fig. 8. Relationship between unitary conductance (calculated between
Erev and −100 mV and expressed relative to that observed in symmetri-
cal 1 mM CaCl2; GCa/Gx) and permeability ratios (PCa/Px; estimated
from Erev using the GHK equation) for cations assayed in biionic 1 mM

(cis:trans) cation chloride:CaCl2. The mean unitary conductance in
symmetrical CaCl2 was 23.8 ± 0.8 pS (n 4 29 bilayers) in experiments
pertaining to divalent cations (solid line) and 33.7 ± 0.6 pS (n 4 10
bilayers) in experiments pertaining to monovalent cations (broken line).

Fig. 9. (A) The predicted unitary-currentvs.voltage (I/V) relationship
for the rca channel when assayed under the patch-clamp ionic condi-
tions documented by Thuleau et al. (1994). The estimated Ca2+ activity
in the extracellular medium was 15.5 mM and the estimated Mg2+

activity in the pipette solution was 1.4 mM. (B) The predicted voltage-
dependence of the unitary current (—) and net K+ (—), Na+ (- - - - -)
and Ca2+ (- - - - -) currents when assayed under ionic conditions ap-
proximating those present physiologically (Marschner, 1995). The ex-
tracellular solution contained ionic activities of 0.904 mM K+, 0.930
mM Na+ and 0.696 mM Ca2+ and the cytoplasmic solution contained
activities of 71.5 mM K+, 3.5 mM Na+ and 100 nM Ca2+. The curves are
derived from a theoretical 3B2S model with the parameters for K+, Na+

and Ca2+ shown in the Table and parameters for Mg2+ documented in
the legend to Fig. 7.
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model with a single binding site, since the channel dis-
plays anomalous mole fraction effects (Pin˜eros, 1995),
or a dynamic-pore model, which predicts current satu-
ration at extreme voltages. However, cation move-
ment through the pore of therca channel does behave as
if it occurs in single file, with cations interacting with at
least two binding sites within the pore and, in a multiply
occupied pore, with each other. Thus, a minimal free-
energy profile containing three energy barriers and two
ion-binding sites was chosen to describe cation perme-
ation through therca channel. Indeed, similar 3B2S
models have been used to describe cation permeation
through other Ca2+ channels in the plasma membrane of
both animal (e.g., Almers & McCleskey, 1984; Hess &
Tsien, 1984; Hille, 1992; Yellen, 1993; Aidley & Stan-
field, 1996; McCleskey, 1999) and plant cells (White &
Ridout, 1999). The application of the PNP equations, or
models based on molecular dynamic simulations (re-
viewed by Levitt, 1999), could not be attempted since
there is no sequence or structural information available
for the rca channel.

ADEQUACY OF THE PROPOSED3B2S MODEL

In general the proposed 3B2S model fitted the observed
I/V relationships adequately (but not perfectly) and de-
scribed many of the notable permeation phenomena as-
sociated with therca channel. In addition to resolving
the apparent paradox arising from the variable cation
permeabilities estimated using the GHK equation, the
3B2S model also accounted for the apparent plateau in
unitary conductance at submillimolar CaCl2 concentra-
tions (Piñeros & Tester, 1997a; Fig. 1F) and the complex
effects onI/V relationships observed when (i) extracel-
lular Ca2+ activity was varied while maintaining a high
cytoplasmic (trans) K+ concentration (Fig. 3), (ii) when
cytoplasmic K+ was varied while maintaining a constant
extracellular Ca2+ activity (Fig. 4), and (iii) when the
extracellular Ca2+ concentration was increased in the
presence of 150 mM NaCl while maintaining a constant
cytoplasmic Ca2+ concentration (Fig. 6).

It was suggested earlier in this paper that the anoma-
lous data might be explained, in part, by differences be-
tween individual channel proteins. This could account
for the contrastingI/V relationships at extreme negative
voltages in the experiments at low Ca2+ concentrations
described in Fig. 1 and Fig. 2. It could also explain the
need to alter the free-energy values for U1 and U2 for
both K+ and Ca2+ to fit the currents through therca
channel in the experimental series undertaken in biionic
(cis:trans) 1 mM KCl:CaCl2 (Fig. 7A). Such differences
might arise through covalent modification of therca
channel protein or serendipitous interactions between the
channel and other proteins or lipids present in the mem-
brane preparation (Bell, 1986; Hille, 1992; Aidley &
Stanfield, 1996).

INFERENCES FOR THESTRUCTURE OF THECHANNEL PORE

Having demonstrated that, for the most part, the 3B2S
model yields an adequate description of cation perme-
ation through therca channel, several inferences can be
made regarding the structure of its pore. The model sug-
gests considerable negative surface charge in the vesti-
bules to the channel pore, which appears to be a general
characteristic of cation channels (Hille, 1992; Aidley &
Stanfield, 1996; Doyle et al., 1998). This serves to con-
centrate cations and, thereby, increases cation fluxes at
low concentrations. This is illustrated by the high uni-
tary conductances recorded in the presence of low CaCl2

concentrations (Fig. 1F).
The model suggests that the outermost free-energy

barriers and the cation binding sites are located at the
extremes of the pore. The energy barriers for monova-
lent-cation permeation are not great and, in the absence
of Ca2+, the flux of monovalent cations through therca
channel is high (Pin˜eros & Tester, 1995). However,
when Ca2+ is present at even micromolar concentrations,
fluxes of monovalent cations through therca channel are
dramatically reduced (Figs. 3 and 6), reflecting the high
affinity of the intrapore binding-sites for Ca2+ and the
slow permeation of Ca2+ through the pore. The 3B2S
model also suggests that the pore can be occupied by two
cations simultaneously, and that cations within the pore
will repel each other strongly. It has been suggested that
channels exploit such electrostatic repulsion to promote
cation conduction (Doyle et al., 1998).

The pore structure and the permeation and selectiv-
ity mechanisms proposed for therca channel are similar
to those proposed for several other Ca2+ channels in the
membranes of both animal (Almers & McCleskey, 1984;
Hess & Tsien, 1984; Friel & Tsien, 1989; Hille, 1992;
Yellen, 1993; Aidley & Stanfield, 1996; McCleskey,
1999) and plant cells (White & Ridout, 1999). In these
channels, the high affinity of intrapore binding sites for
divalent cations, together with the strong repulsion be-
tween cations within the pore, provide the basis for the
selective permeability of divalent cations.

Since the pharmacology of therca channel (its sen-
sitivity to trivalent cations, diltiazem and verapamil, but
not its insensitivity to dihydropyridines) resembles L-
type Ca2+ channels in animal cell membranes (Ranjeva et
al., 1996; Pin˜eros & Tester, 1997a), it is perhaps instruc-
tive to compare the permeation models derived for the
rca channel and L-type Ca2+ channels.

The magnitude of the unitary conductances observed
for Ca2+ and Ba2+ are similar for therca channel and
L-type Ca2+ channels in animal cell membranes (Pin˜eros
& Tester, 1997a). However, Mg2+ permeates therca
channel (Figs. 7 and 8) but frequently does not permeate
L-type Ca2+ channels (Ranjeva et al., 1996) and the uni-
tary conductances of therca channel for monovalent
cations are higher than those for L-type Ca2+ channels
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when assayed at pH 6.0 (Nonner & Eisenberg, 1998).
Thus, the structure of the pore of therca channel must
differ from that of the L-type channels. This has impli-
cations for strategies to identify the gene for therca
channel based on homologies with the selectivity filter of
L-type Ca2+ channels. It is unlikely that therca channel
has the conserved quartet of glutamate residues (termed
the EEEE locus; Aidley & Stanfield, 1996) that form the
selectivity filter of animal Ca2+ channels and it is prob-
ably significant that this motif does not occur in the
entire genome of the yeastSaccharomyces cerevisiae.

Differences in pore structure are also borne out by
comparison of the respective free energy profiles for cat-
ion permeation. The affinities for Ca2+ of the cation
binding sites within the pore of an unoccupiedrca chan-
nel (Kds of 6.6 and 2.8mM for U1 and U2, respectively)
are lower than those in an L-type Ca2+ channel from
animal cells (Kd 4 500 nM; Almers & McCleskey, 1984;
Hess & Tsien, 1984; Friel & Tsien, 1989). But the af-
finity of the cation binding sites of an unoccupiedrca
channel for monovalent cations (Kds between 1.3 and 5.7
mM) are higher than those in an L-type Ca2+ channel (Kd

4 140 mM; Almers & McCleskey, 1984; Hess & Tsien,
1984). These properties account for the observation that,
over the range of physiologically realistic ionic concen-
trations, therca channel had a lowerPCa:PK ratio (17 to
41, when estimated following the assumptions of GHK
theory; Piñeros & Tester, 1997a) than that of L-type Ca2+

channels (>3000; for a reviewseeHille, 1992). Further-
more they explain why the range of membrane potentials
at which the current through therca channel reverses is
more negative than that reported for L-type Ca2+ chan-
nels (+50 to +80 mV; Hille, 1992). This property of the
rca channel is likely to reflect the extremely negative
resting potential and the magnitude of action potential
depolarizations observed in plant cells. Thus, the pore
structure of therca channel may be particularly suited to
the plant plasma membrane, allowing therca channel to
catalyze Ca2+ influx against a steep monovalent cation
gradient at physiological membrane potentials (Fig. 9B).

FURTHER APPLICATIONS FOR THEPERMEATION MODEL

Many biotic and abiotic stimuli result in substantial
plasma membrane depolarizations that would activate
the rca channel (Pin˜eros & Tester, 1997a). Such stimuli
also elicit Ca2+ influx into root cells (Bush, 1995). The
3B2S model can be used to predict the net ionic fluxes
through therca channel at negative voltages under physi-
ological ionic conditions (Fig. 9B). The majority of the
inward current is predicted to be carried by Ca2+, which
justifies the classification of therca channel as a Ca2+

channel. Little inward K+ current is predicted, but there
is a marked outward K+ current at membrane potentials
more positive thanEK.

In future simulations, the ability to predict ionic
fluxes through therca channel under physiological
conditions, and to couple this with a kinetic model de-
scribing channel opening, will allow the role of therca
channel in depolarization-mediated Ca2+-signaling to be
examined theoretically (cf. White & Ridout, 1999).
Modeling the gating kinetics of therca channel is now a
priority.
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