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We have previously characterized the “RCA” channel
(root Ca*" channel), a voltage-dependent, Ca>*-permeable
channel found in plasma membrane-enriched vesicles from
wheat roots incorporated into artificial planar lipid bilayers.
Earlier work indicated that this channel was insensitive to
1,4-dihydropyridines (DHPs, such as nifedipine and
202-791). However, the present study shows that this
channel is sensitive to DHPs, but only with submillimolar
Ca”", when the probability of channel opening is reduced,
with flickery closures becoming increasingly evident as
Ca®t activity decreases. Under these ionic conditions,
addition of nanomolar concentrations of (+) 202-791 or
nifedipine caused an increase in both the probability of
channel opening and the unitary conductance. It is pro-
posed that there is a competitive interaction between Ca>™
and DHPs at one of the Ca”"-binding sites involved in
Ca”" permeation and that binding of a DHP to one of the
Ca”"-permeation sites facilitates movement of other cal-
cium ions through the channel. The present study shows
that higher plant Ca®*-permeable channels can be greatly
affected by very low concentrations of DHPs and that
channel sensitivity may vary with the ionic conditions of
the experiment. The results also indicate interesting struc-
tural and functional differences between plant and animal
Ca”"-permeable channels.
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Introduction

Depolarization- and hyperpolarization-activated Ca®"
channels mediate Ca®" influx into plant cells. The physi-
ological role, the selectivity and the pharmacological pro-
files of plant Ca®" channels often differ significantly from
their animal counterparts. Most notably, these plant chan-
nels are permeable to, rather than selective for, Ca** (for
comprehensive reviews, see Demidchik et al. 2002;
Hetherington and Brownlee 2004). We have reported the
main biophysical (e.g., conductivity, selectivity and per-
meability) and pharmacological characterization of the
“RCA” (root Ca2+) channel, a voltage-dependent, Ca’*-
permeable channel recorded from wheat root plasma
membrane-enriched fractions (Pifieros and Tester 1995,
1997a, b; White et al. 2000). The voltage dependence of
the RCA indicates that this channel is closed by hyperpo-
larizing voltages, while remaining open at depolarizing
voltages. The biochemical and electrophysiological evi-
dence strongly supports the plasma-membrane origin for
this channel. The type of pore structure, the permeation and
selectivity mechanisms and the pharmacological properties
described for this channel indicate strong structural and
functional similarities between this higher plant Ca®"
channel and Ca®" channels in the membranes of animal
cells, namely, L-type. However, other functional proper-
ties—such as the RCA channel having a significant per-
meability to cations which are relatively impermeant
(Mg®", Mn*") or which block L-type Ca®" channels in
animal cells (Cd2+, Co*t, Ni2+) and/or the lower affinity
for the binding of Ca®" to the two Ca*" intrapore-binding
sites (White et al. 2000)—also indicate significant
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differences between the RCA structure compared with
those in calcium channels in animal cells.

Given the thorough understanding of the structure and
function of Ca®" channels in animal cells gained through
extensive use of organic compounds that modulate the
activity of these channels (Hockerman et al. 1997), such
compounds have also been used with plant Ca>" channels in
an attempt to elucidate any structural and functional simi-
larities which may be shared between Ca®-permeable
channels from both types of organism. A general lack of
specificity to certain of these pharmacological agents, as
demonstrated, e.g., by the blocking of K plant channels by
some of the so-called Ca>" channel blockers (see, e.g., Terry
etal. 1992; Thomine et al. 1994), has called into question the
existence of specific high-affinity binding sites in plant
Ca*"-permeable channels. The direct effects of the com-
pounds on the putative plasma membrane and tonoplast
plant Ca®"-permeable channels have rarely been corrobo-
rated at the single-channel level and, even then, only with
use of relatively high concentrations of the compounds
(10-100 pM). Among the two groups of compounds used
most frequently (the phenylalkylamines and the 1,4-dihy-
dropyridines, DHPs), functional evidence has already been
obtained for the existence of an intrapore phenylalkylamine
receptor in at least one higher plant Ca®-permeable channel
(Ky, at 0 mV of 24 uM (Pifieros and Tester 1997b)). By
contrast, the functional pharmacological evidence for DHP
receptors remains contradictory. For example, while tracer
flux and electrophysiological studies (e.g., Marshall et al.
1994; Kliisener et al. 1995; Huang et al. 1994) have sug-
gested that higher plant Ca®"-permeable channels lack DHP
receptors, other studies have shown both antagonistic and
agonistic effects by DHPs (e.g., Allen and Sanders 1994;
Very and Davies 2000; Gelli and Blumwald 1997).

Although previous results indicated that the RCA
channel lacks DHP receptors (Pifieros and Tester 1997a),
the present work shows that this channel is in fact sensitive
to DHPs but only under particular ionic conditions (nota-
bly, low Ca®"). The results suggest that DHPs, as well as
Ca”", regulate the kinetics and permeation of the channel
by interacting with intrapore binding sites involved in the
permeation of Ca®" through this plant Ca®>"-permeable
channel. The details of these interactions have been found
to be quite different in plant and animal channels.

Materials and Methods

Membrane Isolation, Planar Lipid Bilayers and Channel
Reconstitution

RCA channel reconstitution from enriched plasma-mem-
brane vesicles from wheat roots and single-channel data
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acquisition were performed as described in Pifieros and
Tester (1995, 1997a, b). Pharmacological results presented
in the later publications indicated the extracellular face of
the RCA channel is exposed to the cis chamber. The
conductivity, selectivity and permeability characteristics of
the RCA channel in ionic environments simulating physi-
ological conditions (i.e., low and high cytoplasmic Ca®"
and K" activities, respectively) have been established
previously (Pifieros and Tester 1997a). In the present study,
all recordings were conducted in simple CaCl, unbuffered
solutions, with the pH adjusted to 5.5 by addition of HCI.
All organic channel effectors were dissolved in ethanol at
concentrations that ensured that no more than 4% ethanol
was present in the extracellular solution; this concentration
of ethanol had no effect on channel activity. The concen-
trations of ethanol and DHPs had no effect on the pH of the
solution.

Single-Channel Recordings and Data Analysis

Single-channel currents were recorded under voltage-
clamp conditions using a Dagan 3900A amplifier (with a
3910 expander; Dagan, Minneapolis, MN), connected to
the bilayer chambers via 3 M KCl/1% agar salt bridges.
Analog signals were filtered at 100 Hz with an eight-pole
low-pass Bessel filter (series 902; Frequency Devices,
Haverhill, MA) and digitized at 2 kHz using PCLAMP 6.0
software (Axon Instruments, Foster City, CA). Voltages
were measured in the outside chamber (frans side) with
respect to the cup (cis side), following the convention used
for intact cells (i.e., cytosol with respect to the outside).
Membrane potentials were stepped from zero to the desired
voltage. Movement of Ca’" from the cis to the trans
chamber is indicated by a negative current and is shown as
a downward deflection in the current traces (as for an
inward current in intact cells). Steady-state open-state
probabilities (P,) were calculated as a ratio of total open
time to the total recording time and derived from amplitude
histograms as described by Bertl and Slayman (1990).
Recordings of 3-5 min duration were used for analyses. In
cases where two channels were present in the same bilayer,
the following probability formula was used: P, =
(A1 4+ 2A2)/2(Ag + A + Aj), where A and A, represent
the total open time for one and two channels, respectively,
Ay represents the total time with both channels closed and
P, represents the open probability of a single channel.
Single-channel traces and current—frequency distributions
indicated the presence of a subconductance state (e.g., see
distribution in Fig. 2b). Given the small number of repre-
sentative events of this subconductance state (relative to
those of the closed and full opening states), it was not
feasible to accumulate a large number of events to generate
representative dwell-time histograms of this state. Thus,



M. A. Pifieros, M. Tester: DHP Effects on a Plant Ca>* Channel

15

although additional open or closed states might be present,
given the above limitations, the reaction scheme used to
describe the kinetics of the RCA channel consisted of only
one open and one closed state, with the channel considered
to be in its open state during the subconductance state.
Mean time constants were estimated only from recording
(as those shown in Fig. 2), where only one channel was
inserted in the bilayer. Recordings showing any indication
of two or multiple channels were discarded. Mean time
constants were estimated from dwell-time logarithmic
histogram distributions with square-root ordinates of the
open and closed states as described by Sigworth and Sine
(1987), using the Simplex and Levenberg—Marquardt least
squares method provided by PCLAMP 9.0 software. All
other curve fittings were performed using Origin 7.5 soft-
ware (OriginLab, Northampton, MA). Standard error bars
represent the SEM and are shown only when larger than the
symbol. As liquid junction potentials were very small (no
more than 2 mV), they were not taken into account. Each
set of observations and ionic conditions was performed in
at least two different bilayers. Ionic activities were esti-
mated using the GEOCHEM-EZ speciation program (Shaff
et al. 2010). DHPs were provided by Dr. P. Hof (Sandoz,
Basel, Switzerland).

Results

In our previous experiments on the wheat root voltage-
dependent Ca®" (RCA) channel, biophysical properties
such as P, were measured with extracellular Ca*" con-
centrations as low as 1 mM. Under these conditions, the
channel showed a sharp voltage dependence (gating
charge, z, of about 4.2), remaining open for long periods of
time at holding potentials positive of —115 mV. As the
holding potentials became more negative, the channel
closed within seconds and remained in its closed state
(Pineros and Tester 1995). We were also able to resolve
single-channel conductances at concentrations below
1 mM Ca®*" (White et al. 2000). As shown in Fig. la,
decreasing Ca”" resulted in a reduction in the single-
channel current amplitude (i.e., unitary conductance) as
well as a modification of the single-channel kinetics. Three
different gating modes, resembling those described for
single Ca®" channels from animal cells (Hess et al. 1984),
could be resolved. “Mode 0” refers to the condition where
the channel remains in the closed state. At low Ca®"
(<100 pM), the open-state kinetics of the RCA channel
resemble “mode 1,” characterized by brief and “flickery”
channel openings occurring in bursts. With higher Ca®"
concentrations (e.g., 1 mM), the kinetics of the RCA
channels shift to “mode 2,” characterized by long-lasting
channel openings and a high P,. It is important to note that
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Fig. 1 Effects of extracellular Ca*" concentration on Ca*" perme-
ation and gating kinetics of RCA single-channel activity. a Currents
through single channels clamped at —115 mV and exposed to
symmetrical CaCl, activities indicated on the left margin. Dashed
lines represent the current level when all channels were closed.
Sample traces were taken from different bilayers and selected to
illustrate changes in current amplitude and short-term gating kinetics.
Note different time and current scales between the first trace and
the bottom three traces. b Open probability (Ppeq) as a function of the
symmetrical Ca*t activity present in the cis and frans sides of the
channel. The open probabilities at the different holding potentials
indicated by the symbols were estimated from recordings of 3—5 min
duration as described in “Materials and Methods” section. The
smooth curve was drawn for the —75-mV values according to the Hill
equation Popen = {Pomax * [Ca"/(Ca" + K")]}, where Po(max) is the
maximum open probability, K is the Ca*" activity where Popen
reaches half its maximal value and Ca is the Ca®" activity. Best fit
was obtained with Pypmaxy = 0.9, K =120 £ 20 uM Ca®* and
n=19=£06® =0972)

the flickery closures apparent in the traces are not “shunt”
noise arising from the very low Ca®" concentrations
around the channel pore because they can be eliminated by
addition of low concentrations of DHPs, as described later
in this study. Thus, the flickering is a true effect of Ca** on
gating and not an effect on permeation arising from the low
concentrations of Ca®* used in these experiments. Reduc-
ing Ca’" reduced the maximum P, at a given voltage
(Fig. 1b). Analysis of P, as a function of Ca*" suggests
that, in addition to permeating the channel, Ca*" was
involved in an allosteric regulation of the channel,
enhancing a conformational change to a more “active
state” (e.g., mode 2). These results suggest a Ca>" binding
site with a dissociation constant of 120 uM Ca”* (Fig. 1b).
This value is of the same order of magnitude as the affinity
of the channel for Ca®" permeation (i.e., 100 pM) reported
previously (White et al. 2000; Pifieros and Tester 1997a, b).

In previous studies, the effect of DHPs was tested under
ionic conditions where the RCA channel remained mainly
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Fig. 2 Changes in single-channel current amplitude and in channel p

kinetics in symmetrical CaCl, conditions upon exposure to the DHP
(+) 202-791. a Example of single-channel recordings illustrating
typical changes in single-channel kinetics and current amplitude upon
exposure of the extracellular side (cis) to 10 and 100 nM DHP.
Recordings were obtained in symmetrical 50 uM CaCl, at the
voltages indicated on the left margin of each trace. Dashed lines
represent the current level when the channel was closed. All traces
from the same bilayer. b Effects of the DHP (+) 202-791 on the
probability of channel opening. Examples of single-channel current—
frequency distributions generated from long time recordings (sam-
pling frequency of 2 kHz, bin size of 0.04 pA), as those shown in
a. Recordings were obtained in symmetrical 50 uM CaCl, at the
voltages indicated on the top of the panels under the conditions
(absence and presence of 10 and 100 nM [+]202-791) denoted on the
left-hand margin. Closed arrow at the top of each distribution
indicates the open state of the channel. Open arrow (where present)
illustrates the subconductance state described in the text. ¢ Effects of
10 nM DHP (+) 202-791 on probability of channel opening at
varying symmetrical Ca®" activities (as detailed at the rop of each
panel) and holding potentials (bottom axis). Open probabilities were
estimated as described in “Materials and Methods” section

in mode 2 (i.e., high P, in >1 mM Ca”), concluding that
DHPs had no effect on either single-channel kinetics or
current amplitude (Pifieros and Tester 1997a). However, in
the present study, we took advantage of the reduction in P,
by low Ca’" to determine the sensitivity of the RCA
channel to DHPs. Exposure of the extracellular side of the
channel (in symmetrical 50 pM Ca*") to concentrations as
low as 10 nM (4) 202-791 resulted in an increase in P, as
mode 2 was clearly favored (Fig. 2a, b). A 10-fold increase
in (+) 202-791 did not greatly increase P, (at 50 uM
Ca”™), suggesting the DHP-binding site was saturated at a
lower concentration. More importantly, the addition of (4)
202-791 also increased the single-channel current ampli-
tude. Analyses were performed only on inward currents as
treatments on outward currents had no apparent effect. The
effects of DHPs on the RCA single-channel currents were
reversible upon perfusion of the cis chamber with control
solutions. Prior to further analysis, it is worth noting that
under all ionic conditions tested (including the absence of
DHP) a subconductance state was regularly detected, being
particularly evident at larger negative voltages. The current
amplitude of this subconductance state was about 75% of
that recorded during full channel opening (see single-
channel current—frequency distribution in Fig. 2b).
Considering first the Ca®>" dependence of the DHP-
induced changes in P, exposure to 10 nM (+) 202-791 led
to an increase in P, provided that the Ca®" concentrations
surrounding the channel were low (Fig. 2¢). At 500 pM
and higher Ca”" concentrations, (4) 202791 did not cause
an increase in P,. At lower Ca>" concentrations (10-100
uM), addition of 10 nM (4) 202-791 caused an increase in
P, Lowering Ca’* concentrations resulted in a shift of the
intrinsic voltage dependence of the channel to more neg-
ative potentials, such that the increases in P, following the
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addition of 10 nM (+4) 202-791 were more accentuated at
depolarized membrane potentials, where the RCA channel
has a higher P, (as determined by the voltage sensor of the
channel [Piferos and Tester 1995]). It is worth noting that
the apparent lack of voltage dependence at Ca*" concen-
trations of 500 M and higher (in the absence of DHP)
shown in Fig. 2c is due to the predominance of the open
state at this range of holding potentials, under these specific
ionic conditions.

The kinetics of the open, t(open), and closed, T(ciosed),
times were also analyzed to further elucidate the mecha-
nism by which Ca’" and (+) 202-791 modulated P,. The
presence of extracellular (+) 202-791 (at a given Ca®"
concentration) led to a significant increase in T(open)
(Fig. 3a). In contrast, T(cjoseq) tended to remain unaffected
(Fig. 3a). However, the lack of change in 7(cjoseay Should be
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Fig. 3 Dependence of the time constants of the open and closed
states on the extracellular (cis) DHP (+) 202-791 and symmetrical
Ca®" activities. a Dependence of time constants of the open (open
symbols) and closed (closed symbols) states on extracellular (cis)
10 nM (+) 202-791. Values for four different membrane potentials
(rhomboids = —75 mV, circles = —95 mV, upward triangles =
—115 mV, downward triangles = —135 mV) are shown. Individual
points represent the average from four different bilayers in symmet-
rical ionic conditions of 50 uM CaCl,. Lines were drawn for clarity.
b Dependence of the time constants of the open (top panel) and closed
(bottom panel) states on the symmetrical extra and intracellular Ca>*
activities (x-axis) in the absence (open symbols) and presence (closed
symbols) of 10 nM (+4) 202-791. Values are shown for four different
membrane potentials (symbols correspond to those shown in a) rep-
resenting the average from at least four different bilayers. Smooth
curves for the top panel were drawn according to the Hill equation,
Y = T(open max ¥ [Ca"/(Ca" + K")], where Pomax is the maximum
open probability and K is the [Ca*"] where T(Open max) T€aches half its
maximal value. Best fit for control values resulted in Topen max) =
3,300 £ 159 ms, K =260 + 40 uM Ca®" and n = 1.54 4+ 0.23
(R>=0.983) and in T(Open max) = 3,280 £ 345 ms, K =60+
10 pM Ca** and n = 1.10 =+ 0.24 for DHP values (R* = 0.973)

treated cautiously as these values aggregate close to the
filter cut-off (i.e., 100 Hz). The change in t(open) times is
consistent with the significant (4+) 202-791-induced
increase in P, observed earlier at low Ca®" concentrations.
Figure 3b describes the dependence of T(openy and T(cioseq)
on Ca’" (i.e., the permeant ion) in the absence and pres-
ence of (+) 202-791. In the absence of (+) 202-791,
increasing Ca’" led to an increase in T(Open)> With a K/, of
260 £ 40 M Ca’" reaching a value in Topen max) Of about
3,300 ms. In the presence of (+) 202-791, increasing Ca*t
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Fig. 4 Unitary single-channel conductance increase upon exposure to
(+) 202-791. a Unitary /-V relationships in the absence (closed
circles) and presence of extracellular (cis) 10 (open circles) and 100
(open diamonds) nM (+) 202-791. Individual points represent the
average of currents from at least four bilayers with symmetrical
50 uM CaCl,. b Increase in single-channel unitary conductance with
increasing concentrations of extracellular (cis) (4+) 202-791. Symbols
correspond to those shown for the -V relationships in a. Unitary
conductances were estimated from the slopes of the linear regressions
of the data points between —145 and —45 mV of the data shown in
a. Smooth curve was drawn for clarity. ¢ Inhibition of the DHP-
induced single-channel unitary conductance increase by increasing
Ca®* activities. Curve drawn to the 10 nM (+) 202-791 data points
corresponds to the sigmoidal curve g = A; + (A} — Ay)/(1 +
(X/Xo)P), where g is the unitary conductance (pS), A; and A, are the
initial and final values, respectively, and X, is the point of inflection.
Best fit was obtained with 60 = 5 uM Ca2+, A; = 87.6 £ 2.9 pS,
A, =257+ 12 pSandp = 2.08 & 0.4 (R* = 0.995)

also led to an increase in T(open), With T(open max) reaching
similar values as in the absence of (+) 202-791 (i.e.,
3,280). However, most notably, the K;,, value shifted to
60 + 10 uM Ca*". The shift in the Ca®* K, dose—
response curves upon addition (4+) 202-791 is a clear
indication of allosteric modulation between Ca>" and +)
202-791.

The increase in single-channel conductance induced by
extracellular (+) 202-791 is described in Fig. 4. As shown
earlier (Fig. 2), exposure to (4) 202-791 caused an
increase in the single-channel current amplitude recorded
at a given voltage. Interestingly, the increase in current was
observed only in the inward (i.e., negative) current. The
increase in unitary conductance of the inward current
elicited by (+) 202-791 was dependent on both the (+)
202-791 and the Ca®" concentrations surrounding the
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channel. A 10-fold increase in (4+) 202-791 concentration
led to a modest increase in the unitary conductance (at a
given Ca** concentration). The (4+) 202-791-induced
increase in unitary conductance was inhibited in a con-
centration-dependent manner by the permeating ion (i.e.,
Ca®"), with the increase being reduced as Ca*" concen-
trations increased. The (4) 202-791-induced increase in
single-channel conductance was halved at Ca®* concen-
tration of about 60 uM. This value is of the same order of
magnitude as the Ca®" dissociation constant determining
the P, (120 uM, Fig. 1b), as well as the K, for Ca’™
permeation (100 M [Pifieros and Tester 1997a; White
et al. 2000]). These results reinforce the allosteric inter-
actions taking place between Ca®" and (+) 202-791.

Exposure of the extracellular side of the channel to as
little as 6 nM nifedipine (in low Ca*") also induced long
channel openings and an increase in single-channel con-
ductance (Fig. 5). The increase in single-channel current
amplitude increased as the extracellular nifedipine con-
centration increased, saturating close to 100 nM nifedipine
with a K., between 25 and 32 nM (Fig. 5). Increasing Ca’"
concentrations attenuated the nifedipine effects in a manner
similar to that described for (4) 202-791 (data not shown).
It is worth noticing that the apparent lack of increase in P,
at —135 and —155 mV following the addition of up to
500 nM nifedipine is due to the significant shift in intrinsic
voltage dependence of the RCA channel at low Ca®"
concentrations (i.e., 20 uM Ca2+), as exemplified in
Fig. 2c. Overall, the effects of nifedipine on the RCA
channel indicate a generalized effect of DHPs on the RCA
channel at low Ca”" concentrations.

Discussion

Compared with the extensive knowledge of the location
and modes of action of DHP receptors in Ca®" channels in
animal cells, any understanding of the structure of Ca®*-
permeable channels from plant cells remains only pre-
liminary. Although the weight of evidence favors the
absence of DHP receptors from higher plant plasma
membranes, the present study shows that the effects of
nanomolar concentrations of DHPs become evident when
the wheat root voltage-dependent, Ca®"-permeable channel
(RCA) is exposed to extracellular micromolar Ca’"
activities. Extracellular nanomolar concentrations of DHPs
had two main effects on the RCA single-channel activity.
First, DHPs stabilized the channel in its open state (or in
gating modes that favor the open state), consequently
increasing its P, at a given holding potential. Second, there
was an increase in the single-channel unitary conductance.
In order to reconcile this unique observation with previous
work, it is necessary to understand the functional and
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Fig. 5 Effects of extracellular nifedipine on single RCA channel
activity and current amplitude. a Example of single-channel record-
ings illustrating typical changes in single-channel current amplitude
and kinetics upon exposure to 500 nM nifedipine. The example traces
for two channels incorporated into one bilayer were recorded on the
same bilayer at the voltages indicated on the left margin of each trace.
Recordings were obtained in 20 pM CaCl, on the extracellular side
(cis) and 50 uM CaCl, on the cytosolic (trans) side. For clarity, the
trace sections indicated by the small scale bars have been enlarged
and are presented below each trace. The time scale on the bottom right
margin corresponds to the upper trace. b Unitary /-V relationship
obtained in the absence (filled circle) and presence of 40 (filled
diamond), 80 (open circle) and 500 (filled diamond) nM nifedipine.
Individual points represent the average of currents measured from at
least two observations. Lines were drawn for clarity. ¢ Increase in
probability of channel opening, P,, with increasing concentrations of
nifedipine at different voltages. The channel was exposed to 20 uM
CaCl, on the extracellular side (cis) and 50 uM CaCl, on the
cytosolic (trans) side. Curves were drawn according to the Hill
equation, P, = Pomaxy * [Nif"/(Nif” + K")], where Nif stands for
nifedipine, Po(max) 1S the maximum open probability and K is the Nif
concentration where P, reaches half its maximal value. Best fits were
obtained by setting n = 1, resulting in Pyumaxy 0.41 £ 0.04 and
0.18 + 0.04 and Ky, 18 &£ 10 and 17 £ 12 nM for the —95 mV
(R* = 0.829) and —115 mV (R? = 0.784) sets of data, respectively

structural properties of the RCA channel. For the RCA
channel, White et al. (2000) proposed a pore structure in
which Ca** ions permeate in single file through a pore with
three energy barriers and two intrapore binding sites with a
high affinity for Ca** (3B2S model). Although similar to
other models proposed for several Ca*" channels in the



M. A. Pifieros, M. Tester: DHP Effects on a Plant Ca>* Channel

19

membranes of animal cells (Friel and Tsien 1989; Hess and
Tsien 1984; Yellen 1993; Almers and McCleskey 1984),
the affinity of Ca>" for the binding sites within the pore of
the RCA channel is much lower than that in animal Ca®"
channels. The model also indicates a considerable surface
charge in the vestibules to the RCA channel pore, which
can account partially for the high unitary conductances and
rectification properties of the inward single-channel current
recorded at low Ca®" concentrations.

The present study also indicated that, in addition to
permeating the RCA channel, Ca®" plays a regulatory role
in stabilizing the channel in its open state. The similarity
between the dissociation constant of Ca®" for this stabil-
ization (120 pM) and the K., for Ca®t permeation
(100 pM) suggests two possible mechanisms for Ca®"
regulation. The first is that at low Ca*" concentrations
(below the K., for permeation), it would become increas-
ingly likely that only one binding site would be occupied.
Given that Ca>* permeation through the RCA pore requires
the binding of two Ca>" ions, the probability of finding the
channel in a nonconducting state would increase at low
Ca’". This would appear as the “flickery” kinetics
observed for the channel at low Ca*" concentrations. As
the Ca’>* concentration increases (above the Ki,), the
probability of Ca®* binding to two binding sites increases,
thus stabilizing the channel in its conducting state and
increasing its P,. Alternatively, the binding of Ca*" to an
allosteric site involved in channel gating (e.g., the voltage
sensor) could stabilize the channel in its open state. Thus,
the Ca’"-binding sites could be distinct from, although
clearly coupled to, the binding sites involved in
permeation.

The DHP-induced changes in the RCA channel kinetics
at low Ca>" concentrations can be reconciled using similar
models to those described for Ca>" channels from animal
cells. DHPs may act as channel agonists (stabilizing the
open state) or antagonists (stabilizing the inactivated state).
It is proposed that DHP antagonistic effects are due to a
direct blocking of the permeation pathway within the
channel pore as the DHP molecule appears to bind to
two sites within the channel pore (Zhorov et al. 2001;
Lipkind and Fozzard 2003; Peterson and Catterall 1995;
Mitterdorfer et al. 1995). In the case of the RCA channel,
addition of extracellular nanomolar concentrations of
DHPs has an agonistic effect. While the RCA channel is
found mainly in mode O (closed state) or 1 (short-lived
openings) at low Ca>" concentrations, addition of DHPs
favors the transition from either mode O or 1 to mode 2
(longer-lasting openings). Superimposed on the agonistic
effects is an interaction of DHP with Ca®" as increasing
Ca*" concentrations surrounding the RCA channel atten-
uated the DHP-induced changes in kinetics and current
amplitude. Given the similarity in the K,, for this Ca®"

attenuation with that for Ca?>* permeation and Ca’" sta-
bilization of the stable open state (mode 2) of the RCA
channel, it is likely that DHPs compete with Ca®" at either
a regulatory or a permeation binding site. At low Ca®"
concentrations, DHPs appear to mimic Ca*" binding to the
Ca*"-binding site, stabilizing the channel in its conducting
state, resulting in agonistic activity. As the Ca*" concen-
tration increases, the Ca2+—binding site becomes occupied
predominantly by Ca®", both stabilizing the open state and
preventing DHP from binding. Similar DHP-Ca*" inter-
actions have been reported in calcium channels from ani-
mal cells and described in a model whereby, depending on
the number of Ca®* ions bound to the intrapore binding
sites involved in Ca*" permeation, the DHP receptor can
shift reversibly between three states with different affinities
for binding DHPs (Hockerman et al. 1997; Mitterdorfer
et al. 1995; Peterson and Catterall 1995, 2006).
Generally, agonists have been reported to have little or
no effect on single-channel amplitude and selectivity
(Coronado and Affolter 1986; Zhorov et al. 2001). To our
knowledge, there are only two studies in cardiac Ca®"
channels from animal cells that report an occasional slight
increase in single-channel current amplitude due to the
presence of DHPs (Kokubun and Reuter 1984; Lacerda and
Brown 1989). In the present study we report the unique
observation of a significant increase in single-channel
current amplitude upon addition of extracellular DHPs. It
should be noted that, under the filtering and sampling
conditions used in the present study, the unitary conduc-
tance estimates could potentially be biased by the channel’s
fast gating in low-Ca®' conditions, particularly as the
closure events become faster than the recording. However,
the estimates for the unitary conductance of the RCA
channel in the absence of DHP and in ionic conditions
evoking fast gating were similar in magnitude to those
estimated from recording in ionic conditions inducing slow
gating (i.e., long-lasting channel openings in the absence of
DHP and high Ca”). Furthermore, the fact that the addi-
tion of extracellular DHP led to a fivefold increase in
unitary conductance, relative to that estimated from slow-
gated recordings, substantiates the assertion that the
changes in unitary conductance are the result of DHP—Ca®"
interactions in the RCA channel. The DHP-induced
increase in unitary conductance decreased as the Ca®"
concentration increased, halving with Ca®* concentrations
that were similar to both the Ca**~DHP interaction con-
stant determined from the open probabilities and the K, for
Ca’" permeation. The observed significant increase in
conductivity supports the hypothesis that DHPs interact
with at least one of the Ca?"-binding sites involved in
permeation, rather than with a “gating” regulatory site. It is
proposed that at low Ca®" concentrations DHPs modify the
permeation pathway within the RCA channel, allowing
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Ca”" ions to permeate more rapidly through the pore,
leading to an increase in unitary conductance. As the Ca®"
concentrations increase, the permeation binding sites are
preferentially occupied by Ca®", returning the permeation
pathway to its original state. Thus, DHPs could modulate
the channel kinetics and permeation by a mechanism that
would alter the affinity of a permeation binding site(s).
This would lead to changes in ion occupancy favoring
double occupancy, thus stabilizing the channel in its per-
meable mode and allowing faster transport rates.

The present study has demonstrated that higher plant
Ca”*-permeable channels have at least one DHP receptor.
Our results indicated that although some differences in
DHP sensitivity, as measured in other studies, may be due
to differences in membranes and species, studies involving
channel sensitivity to DHPs should be treated cautiously as
the channel sensitivity may vary with the ionic conditions
of the experiment.
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