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To our everlasting memory of Mom



Planar bilayers can be incredibly frustrating. All of us who have worked with them

have, at one time or another, been reduced to irrational (but satisfring) acts of anger.

The frustration usually arises because one is, unknowingly, trying to do something that

is thermodynamically unlikely. The number of beakers I sent crashing against the

laboratory wall decreased as my understanding of the physical chemistry of the system

increased.

S.H. White (Ion Channel Reconstitution 1986)
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ABSTRACT

A new pathway was characterised for calcium flux into roots of wheat(Triticum

aestivum L.). Plasma membrane vesicles were enriched by aqueous polymer two-phase

partitioning and incorporated into artificial planar lipid bilayers, allowing measurements

of single channel currents under voltage clamp conditions. The plasma membrane origin

of the channel was suggested by the correlation between biochemical markers for the

plasma membrane and electrophysiolo gical characteristics.

The channel was highly selective for Ca2* over Cl- and had aVrl*nri of 17 to

4l in physiologically realistic ionic conditions. Permeability ratios obtained for several

ions in bi-ionic conditions confirmed the higher afhnity of the channel for divalent over

monovalent cations. The Kn' for permeation was about 50 times smaller for divalent

than for monovalent cations, although the maximum conductance for divalent cations

was about five times smaller. The relationships between permeability and selectivity

ratios suggested that selectivity was achieved by diflerential affrnity for intra-pore

binding sites.

Inorganic cation blockade revealed two relatively high affrnity intra-pore

binding sites located 35 % and 3 to ll Yo down the electric field from the extracellular

face of the channel. The presence of at least two binding sites, an anomalous mole

fraction effect and the variation in permeability ratios upon changing ionic conditions

are consistent with an asymmetrical multi-ion single-filed pore resembling that

described for L-type Ca2* channels in animal cells.

The sharp voltage dependence of the channel suggested that in vivo the channel

would remain largely closed and would open only upon membrane depolarisation.

Although the channel was insensitive to ABA, IP3 and intracellular Ct*, intracellular

ATP may regulate channel activity. Evidence is also provided for binding sites for

phenylalkylamines, I-4, dihydropyridines, betuothiazipines and diphenylbutyl-

piperidines.

The results provide evidence for a specific, regulated, high affinity mechanism

for entry of Ca2* and other divalent cations into the roots of wheat. This pathway could

be involved in cellular signalling and/or the uptake of divalent cation nutrients into

higher plants.
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CHAPTER 1

INTRODUCTION

1.1 Calcium in plant cells

Calcium (C;. ) has many important structural and physiological roles in

plants. It is important in maintaining the stability of the cell walls, membranes and

membrane-bound proteins, due to its ability to "bridge" chemical residual groups among

these structures (Taiz andZeiger l99I; Marschner 1995).It also plays an essential role

in cellular homeostasis and plant development, most notably as an intracellular second

messenger (Hepler and Wayne 1985).

Free Ca2* concentrations in the cytosol are in the range of 30 to 200 nM (Read

et al. 1992), three to four orders of magnitude lower than that found in the intracellular

organelles and the extracellular space (Felle 1988; Gilroy et al. 1990). The cytosolic

electrical potential is negative relative to the extracellular and intra-organelle spaces. As

a result, there is a large electrochemical gradient of Ca2* across the plasma and endo-

membranes, which is directed into the cytosol. The low cytosolic C** activities are

maintained by active mechanisms. Extrusion of Ca2* against the steep electrochemical

gradient from the cytosol into the extracellular space is catalysed by the plasma

membrane Ca2* ATPase (Evans et at. l99l). which simultaneously allows H* influx into

the cytosol, providing additional energy for the active removal of Ca2* (Rasi-Caldogno

et al. 1987).C** sequestration into the vacuole can take place via the nH+/Ca2* solute-

coupled antiporter located in the tonoplast (Blackford et al. 1990) and/or into the

endoplasmic reticulum via the Ca2* translocating ATPase (Thomson et al. 1993).

Sequestration into the chloroplast may also occur upon illumination via a Caz* uniport

transporter associated with the photosynthetic electron transport (Kreimer et ql. I985a,

b; Evans et al. l99l). In contrast, the movement of Ca2* into the cytosol from either the

extracellular or intra-organelle Ca2* pools is passive and can be achieved through the

opening of Ca2* permeable channels. Figure 1.1 summarises the multiple active and

passive Ca2* pathways found so far in higher plant cells.

Changes in c1'tosoli c C** activities due to Ca2* fluxes in response to a variety

of extemal stimuli have been reported in many plant cells [as reviewed by Bush (1995)].

Snrall changes in cytosoli c C** activities in response to stimuli may serve to transduce

I



Figure 1.1 Schematic diagram representing the various Ca2* transport pathways

described for higher plant cells.
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messages and amplit/ signals by triggering intracellular biochemical processes

(Johannes et al. 1991, 1992a; Bush 1993; Sanders et al. 1994). The relatively high

concentrations of Ca2* found in the endoplasmic reticulum (Bush et al. 1989), the

vacuole (DuPont et al. 1990), and the extracellular space may serve as the Ca2* pools

required for signalling cascade processes. Since different Ca2* pools may be accessed to

generate different types of intracellular stimuli which may vary in magnitude and

duration, the spatial localisation of the Ca2* influx into the cytosol may contain key

information for the Ca2*-signalling response (Bush 1993). As a first step into the

understanding of the transduction pathway, some of the passive mechanisms which

allow Ca2* movement into the cytosol have been partially characterised (see Table 1.1).

In addition to its signalling role, a plasma membrane Ca2* influx is also necessary for

the "nutritional" requirements of the plant.

Several techniques have been used to obtain estimates and characterise the

magnitude of C** fluxes in plant cells [for a review, see Reid and Tester 1992)].

Measurements in intact cells have show¡1 problems due to large amounts of cation

binding within the cell wall. Radiometric studies with 45Ca2* fluxes in protoplasts and

isolated membrane preparations have solved such difficulties, although introduced new

problems due to the lack of turgor (Reid et al. 1993). Nevertheless, such measurements

can provide valuable information, especially on voltage dependence and

pharmacological properties of fluxes which are likely to be mediated by ion channels.

Electrophysiological studies using patch-clamp and ion channel reconstitution

techniques enable more detailed insight into plant Ca2* channels, due to the molecular

resolution of the approach. Four main parameters ¿ìre commonly employed to

characterise the channel properties: conductance (i.e. transport rate), ion selectivity,

gating and pharmacology. Tester (1990) has previously summarised these data for giant

algal cells. The following section summarises these parameters and associated data

described so far for Ca2* channels from higher plant cells'
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Table 1.1 Summary of the conduction and selectivþ parameters of higher plant Ca2* channels

Membrane origin Plant species Type ofchannel G Pc,'"Px'
gating (ps)

Plasma membrane
Reconstituted protein

Cell suspension culture
Roots

Roots Secale cereale Voltage-gated

non-cytosolicCaz* Reference

Mature mesophyll
Epidermal cells

Guard cells

Guard cells

Tonoplast
Cell suspension culture
Cell suspension

Roots
Roots
Roots

Roots

Roots

Guard cells

Guard cells
Endoplasmic reticulum

Tendrils
Microsomes

Roots

Daucus carota

Secale cereale

Arabidopsis thaliana
Allium cepa
Viciafaba
Viciafaba

Nicotiana tabacum

Beta vulgaris
Beta vulgaris
Beta vulgaris
Beta vulgaris

Beta vulgaris
Beta vulgaris
Viciafaba
Viciafaba

Bryonia dioica

Zea mays

Voltage-gated
Voltage-gated
Voltage-gated

Voltage-gated
Stretch-activated
Stretch-activated
ABA-gated

Voltage-gated
Voltage-gated
Voltage-gated
Voltage-gated
IP3-gated

IPr-gated
cADPR-gated
Voltage-gated
Voltage-gated

Voltage-gated

nd

*20
6-14

t2
40

30&50

ll,5l & 182

nd
t4 &.27

nd

*12 &.46

nd
nd

2
t2

J
'l

>30

t7
200

nd

>30

20

15 to 20

5 -7
nd

100 - 800

9 -27
4 &.9

5

6.6

13

38
135

nd
40
nd

+23

nd
3

nd

40
90

100

2
280

.,

50
100

30
I

Thuleau et al. (1994)
Thuleau et al. (1993)
White (1993)

White (1994)

Ping et al. (1992b)
Ding and Picka¡d (1993)

Cosgrove and Hedrich (1991)

Sch¡oeder and Hagiwara (1990)

Ping er al. (1992a)

Gelli and Blumwald (1993)

Johannes et al. (1992a,b)
Pantoja et al. (1992)
Alexandre et al. (1990)
Alexandre and Lassalles (1992)
Allen and Sanders (l99aa)
Allen er al. (1995)
Allen and Sanders (1994b)

Ward and Schroeder (1994).

50 Klüsener et al. (1995)

Tester and Harvey (1989)

50
l0

5

30&s0
5

5

5

I
5

50

29

nd

* Ba2* was used rather than Ca2*

nd: not determined



1.2 Properties of Ca2* channels from higher plant cells

1.2.1 Types of Ca2* channel gating mechanisms in different cellular membranes

Three different types of gating mechanisms (i.e. control on the opening and

closing of the channel) have been reported for plant Ca2* channels: ligand, voltage and

stretch or mechanically-gated channels. only one type (voltage-gated) has been

observed in the endoplasmic reticulum. Ligand and voltage-gated types have been

reported in the tonoplast. All three types of mechanisms have been reported in the

plasma membrane. Table l.l summarises some of the properties of these cha¡nels from

different membranes and plant species.

l.2.l.l Ca2* channels in the endoplasmic reticulum

Reconstitution of endoplasmic reticulum membrane fractions into lipid bilayers

has shown the first example of a voltage-dependent Ca2* channel in this endomembrane

(Klüsener et al. 1995). During maximum activity, the channel can reach an open state

probability of about 0.75. The range of membrane potentials at which the channel

activates is affected by the Ca2* gradient imposed across the channel. The increase in

Ca2* concentration in the lumen shifts the activating potentials to more negative

voltages þotential in cytosol relative to lumen).

1.2.1.2 Ca2* channels in the tonoplast

Two types of ligand-gated channels have been shown to coexist in the

tonoplast. Radiometric studies have provided evidence for the existence of an IP3-gated

channel, suggesting a K, of about 60 nM IP3 (Schumaker and Sze 1987; Brosnan and

Sanders 1990; Johannes et al. 1992b; Allen et al. 1995). This evidence has been

corroborated by patch-clamp techniques (Alexandre et al. 1990; Alexandre and

Lassalles 1992;Allen and Sanders 1994a). Another ligand-gated tonoplast Ca2* channel,

a cyclic ADP-ribose (cADPR) activated channel with a Kn' between 20 and 25 nM

cADPR, has also been suggested by radiometric and patch clamping techniques (Allen

et al. 1995).

Both radiometric (Johannes ef c/. 1992b) and patch-clamp (Johannes et al'

I992a,b; Pantoja et al. 1992; Ping et at. 1992a; Gelli and Blumwald 1993; Allen and

Sanders 1994b; Johannes and Sanders 1995a, b) approaches have established the

existence of voltage-gated Ca2* channels in vacuolar membranes. The tonoplast channel

3



remains closed at membrane potentials near 0 mV and activates as the membrane

potential becomes more negative (potential in cytosol relative to vacuole: (Johannes ef

al. 1992b;ping et al. t992b; Gelli and Blumwald 1993; Allen and Sanders 1994b), in

the range of trans-tonoplast membrane potentials in vivo (Rea and Sanders 1987).

During maximum activity, the channel reaches an open state probability of 0.05 to 0.35

(Johannes et at. 1992b; Ping et at. 1992b; Gelli and Blumwald 1993; Allen and Sanders

1994b;Johannes and Sanders 1995a). The range of membrane potentials over which the

channel is most active may be affected by additional factors such as variations in

vacuola¡ Ca2* lJohannes et al. 1992b; Johannes and Sanders 1995a) and pH (Allen and

Sanders 1994b). The effect of varying cytosolic C** concentrations has been

controversial: some reports showed no effect on the channel (Johannes et al' 1992b)

whilst other report inhibitory effects (Gelli and Blumwald 1993).

Whole-cell patch-clamp measurements in vacuoles from stomatal guard cells

show the existence of another voltage-dependent Ca2*-permeable channel [the so-called

slow vacuolar channel: Ward and Schroeder (1994)]. Although an active role in a C**-

induced Ca2* release mechanism has been proposed for this channel, its apparent

selectivity for Ca2* has been measured in unphysiological Ca2* concentrations. Thus, its

role in such process is still open to question, as the channel permeabilþ and selectivity

may vary according to the ionic conditions imposed (see Sectionl.2.2).

1.2.1.3 Ca2* channels in the plasma membrane

patch-clamp measurements have provided evidence for the existence of ABA-

activated (Schroeder and Hagiwara 1990) and mechanosensitive (Cosgrove and Hedrich

l99I; Ding and Pickard 1993) Ca2*-permeable channels. Recent radiometric (Huang ef

at. 1994; Marshall et al. 1994) and electrophysiological (Ping et al. 1992b; Thuleau e/

al. 1993,1994a, b; White |gg3,1994) studies have indicated the existence of voltage-

gated Ca2* channels in the plasma membrane.

Voltage-dependent 
otc** influxes into plasma membrane vesicles increased

with depolarising membrane potentials, reaching a maximum flux at -100 to -80 mV

(Huang et al. 1994; Marshall et al. 1994). Whole-cell patch-clamp measurements

showed a voltage-dependent activation of inward Ca2* currents at membrane potentials

more positive than -135 mV (Thuleau et al. I994b), consistent with the increase in the

single channel open state probability of plasma membrane Ca2*-permeable channels at

4



membrane potentials positive of -100 mV (White 1994). These plasma membrane

channels activate in the range of depolarised plasma membrane potentials (Maathius and

Sanders lgg3).In contrast to the tonoplast and endoplasmic reticulum voltage-gated

channels, the plasma membrane voltage-gated channels can reach an open state

probability approaching 1.0 (White 1993, lgg4). Ca2* permeable cha¡nels have also

been suggested in protoplasts from Arabidopsis thqliana (Ping et al. I992b), however

this work must be viewed with caution since the voltage dependence described for these

channels resembles that described for the voltage-gated channel from the tonoplast.

1.2.2 Conduction and ion selectivity

There is a strong similarity in the Ca2* transport rates (i.e. conductances)

among the various plant Ca2* channels, regardless of their membrane origin or gating

mechanism (see'Iable 1.1). The single channel unitary conductance is usually between

l0 and 50 pS, although conductances lower than 5 pS (Cosgrove and Hedrich 1991) and

higher than 130 pS (White 1993; Allen and Sanders 1994a) have also been reported.

Current saturation with voltage is more evident in voltage-gated channels from the

tonoplast (Johannes et al. 1992b; Allen and Sanders 1994b; Johannes and Sanders

1995a) than in the plasma membrane (Thuleau et al. 1993, 1994b; White 1993, 1994)

and endoplasmic reticulum (Klüsener et al. 1995).

Ca2* channels allow permeation of divalent cations other than Ca2*. The

divalent cation conductivity sequence is similar for voltage-gated cha¡nels from

different membranes, namely B** > Sr2* > Ci* > Mg2* lcelli and Blumwald 1993;

White 1993; Thuleau et al. 19940), although a Mg2* > Ci* sequence has also been

reported for the tonoplast voltage-gated channel (Allen and Sanders 1994b).

Interestingly, the tonoplast IP3-gated channel showed a conductivity sequence opposite

to that usually reported, namely: C**>Ba2*>Sr2* lAlexandre and Lassalles 1992).

Such differences might reflect differences in the permeation pathways among different

Ca2* channels in plant cells.

Estimates for the K^ of the transport capacity of these channels ate rare, and

vary substantially among reports and with techniques. Single channel measurements in

the tonoplast voltage-gated channels have shown a K, for Ca2* permeation of 13 to

24 mM (pantoja et al. 1992; Gelli and Blumwald 1993), although current saturation at

concentrations as low as 5 mM Ca2* has been reported for the same channel by Johannes

5



et al. (lgg2b). Estimates of K, for the plasma membrane voltage-dependent Ca2*

transport have been done radiometrically and indicate higher transport affrnities' The

suggested K* is between 48 and 167 ¡tMrca2* lHuang et al. 1994; Marshall et al' 1994),

one to two orders of magnitude smaller than those reported for the tonoplast' The

saturation observed in channel mediated Ca2* transport suggests that Ca2* interactions

with the channel set a limit to the mærimal Ca2* transfer rates.

There has been little published on single channel selectivity parameters in plant

Ca2* channels, with the selectivity parameter most commonly estimated being the

selectivity for Ci* over K* (Pc"2*/?K*). The different channels seem to have a similar

selectivity (Table 1.1), with ratios usually ranging from 5 to 30, although values as high

as g00 (Allen and sanders 1994a) and as low as 2 (white 1993) have also been reported'

Nevertheless, comparison and interpretation of these selectivþ parameters among

different plant channels should be treated carefully, as Psu2*/Pç* may vary according to

experimental ionic conditions. Taking into consideration the relatively high Ca2*

concentrations employed to measure conductance and/or selectivity ratios (Table l'l),

the selectivity parameters reported so far date may only represent an approximation of

those expected under physiologically relevant ionic concentrations'

The selectivity of the channel may be determined by the affrnity of an ion for

an intra-pore binding site(s). A relatively high affrnity intra-pore binding site (Ko of

0.3 mM C*\has been described for the voltage-gated tonoplast channel (Johannes and

Sanders 1995a); to enable the observed rates of permeation with such a high afFrnity

binding site, it would be necessary for the channel to have more than one binding site'

The authors proposed a multi-ion pore structure which shares common features with

those described for the L-type ca2* channels in animal cells (Hess and Tsien 1984;

Tsien et al. 1987; Yang et al. 1993). Differences in ion affinþ among Ca2* channels

from plant and animal cells should be expected, particularly since plant channel C**

selectivity is consistently lower than that found in most voltage-gated channels from

animal cells (Tsien 1983; Tsien et at. 1987; Tsien and Tsien 1990). Nevertheless, the

relatively weak selectivity for Ca2* ove, K* observed in plant channels is still enough to

allow Ca2* channels to catalyse Ca2* fluxes into the cytosol against other steep

monovalent cation gradients, mainly potassium'

6



1.2.3 Pharmacolory

Analysis of the changes in channel permeation and/or gating induced by

inorganic as well as organic compounds have provided further insights on the pore

structure and the ion interactions that take place during ion permeation'

1.2.3.L Inorganic Pharmacolo gY

Several multivalent cations have proven to have inhibitory effects on Ca2*

fluxes. Micromolar concentrations of La3*, Gd3* and 413* caused a decrease in C**

fluxes in protoplasts (Rengel and Elliott 1992a, b; Rengel 1994) and plasma membrane

(Huang et al. 1994: Ma¡shall et at. 1994) and tonoplast (Johannes et al. 1992b) vesicles'

This putative channel blockade has been corroborated with electrophysiological

techniques. L;* blocked the single channel current caried through the tonoplast

voltage-gat ed C** channel (Pantoja et al. lgg2). The open state probability of the

voltage-dependent C** channels from the tonoplast and endoplasmic reticulum

decreased in the presence of micromolar concentrations of Gd3* (Johannes et al. 1992b;

Allen and Sanders 1994b; Sanders et al. 1994; Klüsener et al. 1995). Likewise, the

activity of the plasma membrane stretch-activated Ca2* channels has been reduced upon

exposnre to Al3* (Ding and Pickard 1993;Ding et al' 1993)'

Divalent cations such as Ni2*, Zn2*, Mnz* and Mg2* have also been shown to

decrease Ca2* fluxes in plasma membrane (Huang et al. 1994; Marshall et al. 1994) af'd

tonoplast (Johannes et al. 1992b) vesicles-

Multivalent cation blockade of C** fluxes may reflect competition among two

ions of similar affinities for an intra-pore binding site involved in the ion permeation

process.

1.2.3.2 Organic pharmacolory

Several of the organic compounds which modulate animal cell Ca2* channel

activity (antagonist and agonist drugs) have been applied to plant Ca2* channels in an

attempt to elucidate any structural and functional similarities among Ca2* channels from

both types of organisms. Sensitivity of plant Ca2* channels to organic compounds (see

Table 6.1) has usually been tested in relatively high concentrations (10 to 100 pM),

which are also known to block c channels (Terry et al. 1992: Thomine et al' 1994)'

l



Thus, the evidence for the existence of specific high affinity binding sites in Ca2*

uhannels is still debated.

pharmacological studies on C** influx into protoplasts provided initial

evidence for the putative Ca2* channel sensitivity to phenylalkylamines, and thus the

existence of specific receptor sites (Graztana et al. 1988; Rengel and Elliott 1992b;

Schumaker and Gizinski 1993). The sensitivity to this group of compounds has been

corroborated through single channel analysis for the voltage-gated C** channels in the

tonoplast (Pantoja et al. 1992; Gelli and Blumwald 1993), endoplasmic reticulum

(Klüsener et al. 1995) and plasma membrane (Thuleau et al. 1993). Whole-cell patch-

clamp (Alexandre et al. 1990) and radiometric studies (Schumaker and Sze 1987;

Brosnan and Sanders 1990; Johannes et al. 1992a, b) have also shown partial inhibition

of the tonoplast lP3-gated channel by phenylalkylamines.

Bepridil reduced the Ca2* influx into protoplasts (Graziana et al. 1988; Rengel

and Elliott |gg2b), being consistent with the blockade described for single channel

recordings of the reconstituted putative plasma membrane Ca2* channels (Thuleau ef a/.

1993).

In contrast, beruothiazipines had no effect on Ca2* influxes into protoplasts

(Graziana et al. 1988) nor into plasma membrane vesicles (Marshall et al. 1994),

suggesting that these putative Ca2* channels lack the receptor for this group of drugs.

Dihydropyridines (DHPs) had no effect on Ca2* fluxes in protoplasts (Graziana

et al. 1988), nor in plasma membrane (Huang et al. 1994; Ma¡shall et al. 1994) and

tonoplast (Brosnan and Sanders 1990) vesicles, nor on the single channel activity of the

endoplasmic reticulum Ca2* channel (Klüsener et al. 1995). However, several DHPs

have been shown to have both agonist and antagonist effects on the voltage-gated

tonoplast channel at the single channel level (Gelli and Blumwald 1993; Allen and

Sanders 1994b).

Some of these drugs have been used successfully for affinity labelling and

consequent enrichment or purification of putative Ca2* channel proteins (Harvey et al-

1989; Thuleau et al. 1990) which, upon reconstitution, have shown to possess Ca2*

channel activity (Tester and Harvey 1989; Thuleau et al. 1993). In addition,

pharmacological data suggest that the degree of sensitivity among Ca2* channels from

different membranes may vary, reflecting possible small structural differences.
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1.3 General aims of the Project

A partial characterisation of Ca2* channels from different cell membranes and

plant species has been done over the few past years (see Table 1.1). Although there has

been some consistent evidence for the existence of voltage-gated Ca2* channels in the

plasma membrane, there has not been a thorough characterisation of this particular type

of channel, and only a few single channel measurements have been reported'

Furthermore, there is little evidence for a C**-selective plasma membrane channel, as

opposed to a C**'permeable channel.

The data reported so far for plant Ca2* channels have generally been quite

fragmentary. Based on electrophysiological parameters such as permeability ratios, a

weak selectivity for Ca2* over K has been shown. These parameters have only been

studied in few, generally unphysiological, ionic conditions. Therefore, the C**

selectivity of these channels has not been thoroughly addressed. Although lhe present

estimates give an insight into the possible roles of the channels in cell signalling and/or

plant nutrition, the underlying mechanism by which these channels are able to achieve

the selectivity properties are not yet fully understood. Recently, a more thorough

characterisation of the voltage-gated tonoplast channel (Johannes and Sanders 1995a)

showed an intrapore binding site with a relative high affinity for Ca2*, which supports

the idea of a selectivity mechanism resembling that described for the L-type channel in

animal cells (Tsien et al. 1987).

Given the small amount of work done on plant plasma membrarre C**

channels (relative to that done in animal cells), there is clearly a need for a

comprehensive study of the ion permeation and selectivity mechanisms of Ca2* channels

from the plasma membrane of higher plant cells. The aim of the present project was to

characterise thoroughly a voltage-dependent Ca2*-selective channel from the plasma

membrane of wheat roots, following the extensive studies done for many animal

systems. Thus, the discussion of the results takes into account the animal cell literature.

The study was done at the simplest functional molecular level, using ion channel

reconstitution of membrane protein into artificial bilayers. Single channel

electrophysiology allowed a comprehensive description of the main biophysical

properties: conductance, selectivity, gating and regulation, and pharmacology. A wide
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range of experiments, including some at physiologically relevant ionic conditions,

revealed structural and functional features of the permeation pathway of this channel.
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CHAPTER 2

PREPARATION OF'RIGHT.SIDE OUT PLASMA MEMBRANE VESICLES
AND THEIR RECONSTITUTION INTO PLANAR LIPD BILAYERS

2.1 Introduction

2.1.1 Principles of membrane preparation

Aqueous polymer two-phase partitioning is the most effective technique

available for the enrichment of plant plasma membrane vesicles. In addition to the high

purity of plasma membrane obtained by this method (Bérczi and Moller 1986), it also

yields a population of vesicles of a defined sidedness. This represents a gteat advantage

for channel reconstitution studies. The essence of this method has been extensively

discussed, and it has been used for many different plant species and tissues (Larsson

1983, 1985; Larsson et al. 1984, 1987; Palmgren et al. 1990). Briefly, this technique

relies on the physicochemical properties of a given mixture of polymers, which at

specific concentrations and temperatures, separate into two distinct phases. Dextran

T500 (Dextran) and polyethylene glycol (PEG, average Mr. 3350) are the polymers

commonly used for the enrichment of plant membranes. When mixed together so their

final concentrations lie within the two-phase region of the phase diagram (Figure 2.1),

an aqueous two-phase system is obtained. This system contains a PEG-enriched upper

phase and a Dextran-enriched lower phase. Both phases have a high water content,

which makes them suitable for separating biological membranes, in contrast to earlier

methods developed using organic solvents. In addition, other isolation parameters (such

as osmolarity and pH) can be modified, without affecting the final distribution of

membranes.

Distribution of membrane vesicles into the two phases is due to differences in

electrostatic interactions between the surfaces of membrane vesicles and the polymers in

the upper and lower phases of the system (Walter et al. 1992), rather than to differences

in size and density of membrane vesicles. The extracellular face of the plasma

membrane has a negative surface charge and a higher hydrophobicity than the cytosolic

face (Moller eî al. 19S4). In addition, the hydrophobicity of the extracellular face of the

plasma membrane is higher than that found for other intracellular membranes (Sandelius

and Moné 1990). Due to these properties, plasma membrane vesicles of different
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Figure 2.1 Phase diagram for aqueous solutions of the polymers Dexûan and PEG at

4 oC. After Larsson (1985).
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sidedness will distribute differently among the two phases of the aqueous polymer

system, and right-side-out plasma membrane vesicles will distribute differently to

vesicles from intracellular membranes. Vesicles which are oriented with their apoplastic

side facing the resuspension medium (right-side-out vesicles) will tend to partition into

the electropositive hydrophobic phase (enriched in PEG), while plasma membrane

vesicles of the opposite sidedness (inside-out) and other intracellular membrane vesicles

will tend to partition into the electronegative, hydrophobic phase (enriched in Dextran).

Membrane separation may be altered by adjusting both the polymer concentrations and

ionic strength of the phase system. Further pwity may be obtained by repartitioning the

upper phase with a fresh lower phase (the so-called "batch procedure"). Populations of

plasma membrane vesicles obtained by this type of preparation have an average

diameter of 0.12 ¡rm (Brightman and Morré 1992).

In order to assess the purity of the enriched upper phase, specific membrane

ma¡kers are used to quantiff the amount of plasma membrane as well as other

contaminant membranes that may not have been removed during the partitioning.

Ideally, the membrane markers should represent a unique enzyme activity associated

with the membrane component. However, some markers may have one primary location

in one organelle and a secondary location elsewhere (Briskin et al. 1987). The use of

selective inhibitors and modification of enzyme reaction conditions may help to

alleviate such technical diff,rculties'

Although there is a wide range of marker enzymes that could be employed for

estimating membrane enrichment in plant membrane preparations, for the present study

markers involving ATPase activities were avoided. This was because plasma membrane

enrichment calculations necessitated measurements of enzyme activity in the original

filtrate (see Section2.2.6) and the presence in wheat roots of a high activity of non-

specific phosphatases in the crude filtrate made such calculations subject to large enors.

In addition, standardization of ATPase activities in all other fractions proved difficult,

especially due to background interference from the PEG in the two-phase system. The

marker enzymes used in the present study along with those employed by other workers

are summarised in Table 2.1. Regardless of the type of marker used, membrane purity

values should be taken with caution, since they only represent an approximation of

membrane representation and are not an absolute value of membrane purity. For this
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Table 2.1 Marker enzymes used in the present study and by other workers. References in the fourth column refer to alternative

ma¡kers. References to the markers employed in the present study are given in the text.

Membrane Membrane marker Reference

Present study Altemative ma¡kers

Plasma membrane Glucan synthase II Vanadate-sensitive K+-stimulated Briskin et al. (1987)

ATPase

Endoplasmic reticulum

Mitochondria

Tonoplast

Antimycin A-insensitive-
NADH-cytochrome c reductase

Dolicho-P-mannosyl synthase

Choline pho sphotransferase

Braell (1988)

Gallagher and Leonard (1982)

O'Neill et al. (1983)

Cytochrome c oxidase Azide-sensitive ATPase

Inorganic pyrophosphatase Nitrate-sensitive ATPase



reason (among others: see Section 2.3.z),the terminology employed in the present study

makes reference to plasma membrane enrichment rather than purity.

2.1.2 Channel reconstitution into artificial lipid bilayers

The incorporation of ion channels into artificial lipid bilayers enables their study

in isolation from the rest of the cellular machinery, allowing well defined investigations

of channel function (Miller, C. 1936). The simplicity and resolution of this technique, in

addition to the fast rates at which channels catalyse ion fluxes, makes it possible to

measure currents flowing through a single channel molecule inserted into a planar lipid

bilayer. Nevertheless, it is important to keep in mind the physiological limitations of

such a reductionistic aPProach.

For the specif,rc case of divalent cation channels, isolation of C** channel

currents has proven to be diffrcult even in animal tissues where a high density of Ca2*

channels is expected in some tissues. Diffrculties in dissecting small Ca2* currents from

large background curents, activation of other conductance states due to Ca2* influx and

the inability to control free Ca2* levels in the cytoplasm have been some of the

complications hindering the study of C** channels in animal cells. These problems

have been partially overcome by single channel techniques, although manipulation of

the solutions in the patch pipette and on the cytosolic face of the cell membrane has

remained a diffrculty, complicating ion-substitution and inhibition experiments (Nelson

1936). Alternative approaches such as ion channel reconstitution into artificial planar

lipid bilayers has proven to be a successful technique in studies of ion channels from

animal cells (Miller, C. 1986), allowing relatively easy access to both the cytosolic and

extracellular sides of the reconstituted channel, as well as allowing regulation of the

lipid environment.

However, this technique has not been used frequently for the study of ion

channels in plants. The studies have been focused on relatively abundant monovalent

cation selective channels from the plasma membrane (White and Tester 1992, 1994;

White lgg3,lgg4) and tonoplast (KlughaÍrmer et al. I992a, b), as well as channels in

membranes not easily accessed by patch-clamp microelectrodes, such as the chloroplast

envelope (Flügge and P¡et:u 1984) and thylakoid (Tester and Blatt 1989), and

mitochondrial envelope (Smack and colombini 1985). Recently, a c** channel from

the endoplasmic reticulum has also been identified using the same technique (Klüsener
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et al. l9g5). In addition to providing access to "remote" intracellular membranes, planar

lipid bilayers can also be a powerful tool for studying rare channel proteins, which

might otherwise be obscured and not easily resolved by classical patch-clamping

techniques due to their low abundance. For the present study on plasma membrane

Ca2*-selective channels, it is necessary to consider the nature of the channel of interest.

As resting cytosolic Ca2* levels are maintained in the submicromolar range, a small

number of Ca2*-permeable channels would be expected to be enough to catalyse a

relatively fast Ca2* influx, thus rapidly increasing cytosolic free Ca2* concentrations.

Therefore, it is not unreasonable to expect C** channels to be found in low abundance

in the plasma membrane of plant cells, especially when compared to other channels

which play major roles in a variety of other cellular processes. Reconstitution of plasma

mem6rane Ca2* channels into artificial planar lipid bilayers may be an ideal technique

since it could overcome some of the above diffrculties. An appropriate selection of ionic

solutions can prevent activity of other types of channel which may fuse prior to the

fusion of the protein under study; eventually the protein of interest will fuse and channel

activity will be seen. Thus, this "sit and wait approach" allows the relatively easy

measurement of rare channels, rather than laboriously patch clamping protoplasts in

search of the rare channel. In addition, as plasma membrane fractions obtained by

aqueous polymer two phase partitioning consist of a population of membrane vesicles of

regular orientation (Larsson et al. 1987) and as vesicle fusion into planar lipid bilayers

occgrs in a defined manner (Cohen 1986), the orientation of the channel in the bilayer

can be easily controlled.

Since channel activity in bilayers is usually similar to channels measured with

other approaches such ¿ts whole-cell patch-clamp (Rosenberg et al' 1988), a

combination of plasma membrane vesicle isolation and channel reconstitution into

planar artificial bilayers could be a useful, novel technique to characterise Ca2* channels

in plants.

2.2 Material and methods

2.2.lPlant material

Approximately 40 g of wheat (Triticum aestivum L.) seeds were rinsed in

running distilled water for 30 minutes and allowed to soak for 36-48 hours. Seeds were
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then placed on a plastic mesh over 400 ml of an aerated solution of I mM CaSOa and

grown in darkness at 20+5 "C. Whole roots (4-5 cm) were harvested on the fourth day

after germination (6 days after soaking commenced), to give approximately 60 g fresh

weight.

2.2.2 Preparation of phase partition materials and aqueous polymer two-phase

systems

Since Dextran is a hygroscopic powder which contains some water, the exact

concentration of the stock solution can not be determined from the weight of the solid.

A solution of approximately 22% (wlw) was prepared. An accurately measured

subsample was then diluted to 25 ml with water and the optical rotation of this diluted

solution was measured with a polarimeter at 589 run. The specif,rc rotation is

+199 degree ml g I d--t, thus the concentration(%ow/w) can be calculated by:

Ootical Rotation .25 ml . 100

I99 . weight

where weight stands for the weight (g) of the subsample. The concentration of Dextran

stock was then adjusted as necessary to 20 % (wlw) with water. A 40 % (wlw) stock of

PEG was also made, and both stocks were sub-divided and stored at 4C. Sucrose, salt

and buffer solutions were prepared at 4-20 times stronger than the final concentration

used in the phase systems and stored at 4C. Approximately l8 h before harvesting the

roots, bulk phase systems (which provides fresh upper and lower phases for the batch

procedure: see below) and a phase mixture were prepared from the stock solutions,

allowing them to equilibrate in the cold room overnight [for details see Larsson (1985)].

Approximately I h before harvesting the roots the fresh upper and lower phases from

the equilibrated bulk phase system were separated with a decantating funnel, and the

interface was discarded.

2.2.3 Isolation of plasma membrane vesicles

The isolation procedures were modified from those described by Lundborg et al.

(1981). Isolation and resuspension media were simple, essentially controlling only

osmolarity and pH. All procedures were done at 4oC. Fresh roots were homogenised for

approximately l0 min with a bank of 8 new razor blades in a medium consisting of
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330 mM sucrose, 1 mM Na-EDTA and 10 mM TRIS-KOH at pH 7.5 (1.5 ml solution

was used per gram of fresh weight of roots). The homogenate was filtered through three

layers of cheese cloth and heavy cell components were pelleted by centrifugation at

20000 g for 15 min (Nagahashi and Hiraike 1982). The supernatant was then

centrifuged at 95000 g for 4 hours (Beckman SW28 rotor, 27000 rpm) yielding a

microsomal pellet which was resuspended in 3 ml of 330 mM sucrose and 5 mM

potassium phosphate (pH 7.8).

Enriched plasma membrane fractions were obtained by aqueous polymer two-

phase polymer partitioning as described elsewhere (Larsson et al. 1987) and as

summarised in Figure 2.2. Briefly, 2 mI of a microsomal suspension (containing

approximately 3.5 mg protein) was placed on top of a 14 g aqueous polymer two-phase

system (phase mixture which had been allowed to equilibrate overnight as described in

Section 2.2.2),to give a final concentration of 6.2% (øÐ Dextran, 6.2% (øÐ PEG,

330 mM sucrose, 5 mM potassium phosphate (pH 7.S) and 3 mM KCl. The phase

system was mixed gently by 20-30 inversions and phase partitioning was accelerated

with the aid of a swinging bucket centrifuge (1500 g for 5 min). Enrichment was

obtained following a 3-batch procedure, by re-washing the upper phase with fresh lower

phase (see Figure 2.2). The final upper phase (U¡) was diluted fivefold. Lower phases

(Lt,Lzand L3) were pooled and dituted similarly. Diluted upper and lower phases were

centrifuged at 100 000 g for 2 hours (Beckman Ti50 rotor, 40 000 rpm). The resulting

pellets were resuspended in the same medium as used for the microsomal pellet (to give

a protein concentration of approximately 200 pg ml-l), divided into 20 pl aliquots, and

used immediately or snap frozen in liquid nitrogen (to reduce reorientation of vesicles)

and stored at -85 'C until use. For samples used in pyrophosphatase assays (see Section

2.2.5.4) microsomal fractions and upper and lower phase pellets were resuspended in

5 mM BTP-HCI (pH 7.S) instead of potassium phosphate.

2.2.4 Determination of protein content

Protein content was estimated using the Bio-Rad protein assay kit with BSA as a

standard.
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X'igure 2.2 Outline of the aqueous polymer two-phase partition procedures. The mobile

upper phase is continually re-partitioned against fresh lower phases.
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2.2.5E,nzyme markers

The amount of plasma membr¿ne was estimated from glucan synthase II

activity, endoplasmic reticulum from antimycin A-insensitive NADH-cytochrome c

reductase activity, tonoplast from pyrophosphatase activity and mitochondria from

cytochrome c oxidase. Enryme activities were determined for the original filtrate, the

microsomal fraction, the three pooled lower phases (Lrz¡) and the third upper phase

(U3). All marker enzyme assays were duplicated for each fraction tested.

2.2.5.1 Glucan synthase II
The assay procedures were modified from those described by Briskin er a/.

(1987) and Kauss and Jeblick (1987). The reaction was started by the addition of a 50 ¡rl

sample (20-50 ¡rg protein), to give a final reaction volume of 0.1 ml consisting of

10 mM cellobiose, 8% (wlv) glycerol, 0.02% digitonin (wiv), 0.05 mM CaCl2,40 pM

spermine, 0.4mM UDPGlc, 7.4 kBq ¡Ct41UllClc, and 25 mM TRIS-HCI (pH 7.0).

Samples were incubated for 20 min af 25 "C. The reaction was stopped by boiling the

samples for 10 minutes. A small aliquot of powdered cellulose was added to each

sample and incubated in the fridge overnight. Samples were vacuum filtered through a

2.5 cm diameter Whatman GF/B filter. Filters were washed five times with 3 ml of

350 mM ammonium acetate and 30 % (vlv) redistilled ethanol. The washed filters were

transferred to scintillation vials and covered with 3 ml of scintillation cockfail

(Beckman Ready Safe). Radioactivity on filters was determined by liquid scintillation

counting. To estimate non-specific binding, controls containing denatured (boiled)

protein were used.

2.2.5.2 Antimycin A-insensitive NADH-cytochrome c reductase

The assay procedures have been described by Lord (1987). The reaction was

measured as the initial rate of reduction of cytochrome c at 550 nm. Vesicles were

disrupted with 0.008 % digitonin. The reaction was initiated by the addition of a 50 pl

sample to give a final reaction volume of 0.95 ml, consisting of 235 mM potassium

phosphate (pH 7.2),95 ¡rM KCN, 48 ¡rM cytochrome c, 9 pM antimycin A (from a

stock of 2 mM dissolved in ethanol) and 189 pM NADH.
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2.2.5.3 Cytochrome c oxidase

The assay procedures have been described by Moore and Proudlove (1983). The

reaction was measured as the initial rate of oxidation of reduced cytochrome c at

550 nm. Vesicles were disrupted with 0.008 % digitonin. The reaction was initiated as

described above (Section 2.2.5.2), with a final reaction volume of 0.95 ml, consisting of

277 mMpotassium phosphate @H7.2) and 46 ¡rM cytochrome c'

2.2.5.4 Inorganic pyrophosphatase

The assay procedures have been described by Chanson (1990). Inorganic

phosphate was measured as described by Leigh and V/alker (1980). The assay reaction

was started by the addition of a 50 pl sample to give a final reaction volume of 0.3 ml,

consisting of 50 mM KCl, 3 mM MgSOa, 3 mM Na-PPi, 5 ¡rg gramicidin and 40 mM

TRIS-MES (pH 8.0). Samples were incubated for 30 min at 36 oC. The reaction was

stopped by boiling the samples. Samples were precipitated with 5 mM ammonium

molybdate in 3.5 % (wlv) TCA in the presence of I % (wlv) BSA. Following 30 min

incubation in ice, samples were centrifuged for 3 minutes. The supernatant was

discarded and the pellet was washed once with I ml7 Yo TCA. The final pellet was

resuspended in 0.1 ml of 0.5 M TzuS. Samples were redissolved overnight at 4 oC. The

phosphate assay mixture consisted of 6 parts of 3.6 mM ammonium molybdate in 2 N

H2SO4 plus 1 part of l0 o/o ascorbic acid. Samples were incubated at 45 oC for 20 min in

the presence of 3.6% SDS in the phosphate assay mixture (1.75 parts of protein per I

part of assay mix). The reaction was stopped on ice and absorbence was measured at

760 nm. Due to the presence of non-specific phosphatases, the assay could not be

performed in the initial crude filtrate fraction. All other membrane fractions were

resuspended in BTP as described above (see Section 2.2.3) and tested for

pyrophosphatase activity.

2.2.6 Estimation of surface area enrichment from enzyme activities

Surface area values were calculated as the percentage of recovery from the total

activity in the hltrate (except for the tonoplast, see Section 2.2.5.4), taking into account

an estimate of the relative surface area of the particular membrane in the intact cell.

Distribution of relative surface a¡eas inthe original tissue were assumed as l8 plasma

membrane: 15 tonoplast:24 mitochondria: 43 endoplasmic reticulum' The calculations
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in the present study are based on the areas measured using morphometry for etiolated

soybean hypocotyl (Moné and Buckhout 1979), the only work found publishing such

data. Thus, they can only be regarded as approximations (see Section 2.3.1).

2.2.7 Planar lipid bilayers and channel reconstitution

2.2.7.1 Solutions and ionic activities

All the solutions employed in bilayer experiments were Millipore-filtered

(diameter 0.2 ¡rm: Millex-GS, Millipore). BaCl2 and CaCl2 solutions used in early work

with cholesterol-free bilayers (see Section 2.2.7.2) were buffered with 0.1 mM BTP-

HCI to the desired pH. For most work presented in this thesis, solutions were unbuffered

and the desired pH was adjusted by addition of small amounts of HCl, except where

otherwise stated. All organic channel effectors (see Chapter 6) were dissolved in ethanol

at concentrations such that no more than 4 o/o ethanol was present in the extracellular

solution. This concentration of ethanol had no effect on channel activity. Ionic activities

and speciation of all solutions were calculated using Geochem-PC version 2.0 (Parker et

al. 1994).

2.2.7.2 Formation of planar lipid bilayers

General considerations on planar lipid bilayer techniques have been described

elsewhere (Miller, C. 1986; Labarca and Latorre 1992). Planar lipid bilayers were

painted across a 0.3 mm hole in the wall of a styrene copolymer cup. The synthetic

bilayer used in preliminary experiments (those involving solutions of 10-100 mM BaCl2

or CaCl2) contained 16 mM PE I 6 mM PS / 3 mM PC dispersed in decane (lipids were

obtained from Avanti Polar Lipids, Alabama, USA). In later experiments, cholesterol

was added to the lipid mixture (in a molar ratio of 1 cholesterol : 1 phospholipid), to

give a hnal total lipid concentration of 25 mM. This was done initially in an attempt to

make the artificial bilayer more similar to plant membranes (which are rich in sterols),

but it was also found that cholesterol increased vesicle fusion and provided stability

over a wide range of pH and voltage, even upon incorporation of relatively large

amounts of membrane protein. In general, it appeared that channel activity remained

similar in the presence or absence of cholesterol in the bilayer, at least for the

parameters measured in the current work. The artifrcial bilayer separated the 500 ¡rl

volume in the styrene copolymer cup (cls side) from the 1.5 ml volume of the outer
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Perspex chamber (trans side). Formation of the bilayer was monitored electrically by

measuring the capacitance (300-400 pF). Ionic conditions were established either by

addition of stock solutions to either side of the bilayer or by perfusing the cls

compartment with 50-60 chamber volumes of the desired solution. Bilayers were stable

for up to several hours.

2.2.7.3 Channel reconstitution

Incorporation of channels was achieved by addition of vesicles to the stirred cis

side, following the protocol described by Hanke (1986), and summarised in Figure 2.3.

Vesicles were fused in a BaCl2 or CaCl2 osmotic gradient, cls being hyperosmotic to the

trans side. The final concentration of protein required to incorporate channels into the

bilayer varied from 5 to 20 pg. Once channel activity was detected, further

incorporation was avoided by perfusing away unfused vesicles v¿ith 50 volumes of the

desired experimental solution. It is worth noting that incorporation (i.e. vesicle fusion)

in bilayers containing cholesterol occurred even in the absence of an osmotic gradient

between both chambers. Considering the predominance of right-side-out vesicles

obtained by aqueous two phase partitioning (see Section 2.1.1) and the fact that

membrane vesicles fuse into planar lipid bilayers in a defined manner (Cohen 1986),

channels fused into the bilayer had their extracellular face exposed to the cis chamber.

2.2.7.4 Single channel recordings and data analysis

Single channel currents were recorded under voltage clamp conditions using a

Dagan 39004 amplifier (with 3910 expander; Dagan, Minneapolis, USA), connected to

the bilayer chambers via 3 M KCI / I o/o agar salt bridges. Data were displayed on a

digital storage oscilloscope (Gould 400, Gould Electronics, Hainhault, Essex, UK) and

simultaneously stored unfiltered on a digital audio tape recorder (DAT: Sony

DTC-75ES). It has been suggested that the trans and crs sides are the cytosolic and

extracellular sides respectively (see Section 2.2.7.3); thus voltages were measured in the

outside chamber (trans side) with respect to the cup (cis side), following the same

convention used for intact cells (i.e. cytosol with respect to the outside). Movement of

Ca2* from the cis to the trans chatrtber 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).

Voltages applied to cholesterol-free bilayers were generally restricted to *130 mV, since
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Figure 2.3 Summary of the steps followed to incorporate ion channels from membrane

vesicles into planar lipid bilayers. The top row of the diagram shows a pre-formed

a¡tificial bilayer separating two ionic solutions. Vesicles a¡e added to the c¡s side. The

bottom row (steps A to C) shows vesicle fusion and channel incorporation

(reconstitution) into the artificial lipid bilayer.
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higher voltages often broke the bilayer, while bilayers containing cholesterol proved to

be stable in the range +200 mV.

Data acquisition and analysis was performed with PCLAMP software (versions

5.5 and 6.0, Axon Instruments, Foster City, USA). Membrane potentials were stepped

from zero to the desired voltage. Records from the DAT recorder were played back,

filtered at 100 Hz with an 8-pole low pass Bessel filter (Series 902, Frequency Devices,

Inc., Haverhill, Mass., USA) and sampled at2 kHz. The amplitude of single channel

currents was determined from these records and verified by Gaussian fitting of current-

frequency distributions. Gaussian and exponential distributions were fitted using the

Simplex and Levenberg-Marquardt least squares method provided by PSTAT

(PCLAMP 6.0) software. All other curve f,rttings such as Levenberg-Marquardt non

linear regressions and Boltzmann equations were performed using DataFit 2.0c software

(A Soft Answer, Macquarie Center, Australia, 1993). Liquid junction potentials were

very small (+2mV), thus they were not taken into account to correct membrane

potentials.

2.3 Results

2.3.1 Plasma membrane enrichment

Enrichment of a determined membrane has usually been expressed as

1) the increase in activity ratio (increase in relative purity) between the activity of the

membrane marker in question and another contaminant membrane maker activity

(comparing activity recovery among different steps in the preparation) or

2) the activity recovered for the membrane marker in question as a percentage of the

total activity for all markers in an given fraction. However, for the purpose of the

present study, surface aÍea enrichment of the various cellular membranes was

considered to be a more accurate presentation than that normally used. Thus, it was

necessary to take into account the differences in surface area between the membranes in

the intact cell (Moné and Buckhout 1979), and then determine the activity of each

marker per unit area of membrane (see Section 2.2.6). This should allow an expression

of plasma membrane (PM) enrichment in terms of its relative surface area (Figure 2.4).

On average, in the preparations, PM represented 74 Yo of the membrane area that could

potentiall¡' fuse into the planar lipid bilayers. These values are clearly affected by the
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Figure 2.4 Distribution of membrane surface area (PM indicates plasma membrane;

TN, tonoplast; ER, endoplasmic reticulum; MT, mitochondria) in the different fractions,

estimated from enryme marker activities. Values represent the average of 18

extractions. Surface area values were calculated as the percentage recovery from the

total activity in the filtrate (except for the TN marker), taking into account an estimate

of the relative surface area of membrane in the intact cell [from measurements made by

Morré and Buckhout (1979); see text for details]. TN surface area u,as calculated as the

percentage of recovery from the total activity in the microsome fraction, rather than in
the whole cell, for reasons discussed in Section 2.2.5.4.
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relative surface areas of different membranes in the intact cell, which would be expected

to alter with tissue, species and growing conditions, thus, they ;an only be regarded as

approximations. In addition, this approach can lead to an underestimation of the purity

of membranes with lower surface areas (specifically plasma membrane and tonoplast).

Table 2.2 compares surface area enrichments with those expressed in terms of recovered

activity of membrane markers.

Although the values of percentage marker from total activity (as usually

expressed by many workers) are higher than those obtained for relative surface areas

enrichment, they cannot be used as a measure of absolute purity since they represent

only the absolute amount of plasma membrane remaining from the microsomal fraction

relative to other membranes, and they do not take into account the surface a¡ea of

plasma membrane found in the original tissue relative to other contaminant membra.nes.

Thus, relative enrichment can also be assessed by comparison of the relative surface

areas of membranes in different steps of the enrichment (Table 2.3).

Table 2.3 shows the plasma membrane surface area enrichment in the upper

phase after aqueous two-phase partitioning. The upper phase 3 shows an enrichment of

plasma membrane surface area, with a consistent decrease in mitochondria and

endoplasmic reticulum surface areas. The initial decrease in mitochondrial surface area

in the microsomal fraction (18 compared to 24) is due to the initial centrifugation steps

prior to obtaining microsomes. This decrease is also reflected in the slight increase of

plasma membrane (18 to 26) and endoplasmic reticulum (43 to 52) surface areas in the

microsomal fraction, endoplasmic reticulum being the most affected due to its large

relative surface area.

In summary, 
, 
the calculation for plasma membrane relative surface area

eruichment may provide a more accurate way of expressing enrichments, although the

hgures for membrane purity are lower than those obtained with more commonly used

approaches.

2.3.2 Channel reconstitution and correlation with plasma membrane enrichment

Plasma membrane enriched fractions from different extractions were

incorporated into planar artificial bilayers. The frequency of channel reconstitution

varied among different preparations. Nevertheless, the channel characterised in the

present study was observed in every preparation in which vesicles were measured for
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Table 2.2 Plasmamembrane enrichment expressed in terms of surface area and

recovery of marker enzyme activity. Percentage of surface area values were

calculated as described in Section 2.2.6. Percentage activity recovered from

microsomes is expressed as the marker activity as a percentage of the total

activity for all the ma¡kers. Percentage ma¡ker activity represents the percentage

of ma¡ker activity recovered from the microsomes. Values represent the average

of percentages calculated for 18 extractions (mean + s.e.m.).

Membrane o/o Surface a¡ea Yo Activity recovered in microsomes

% Marker from total
activities

YoMarker activity

Upper Lower Upper Lower Upper Lower

Plasma
membrane
Tonoplast

74+5 26+5 83+2 lTtl 1l+0.7 8+0.4

13r3 8r4 4+l l7!4 0.5+0.3 810.6

Mitochondria 4+2 15+3 5+1 20+I 0.7+0.3 l0+0'4

Endoplasmic
reticulum

lg+5 53+4 8+1 46+l 1.0+0.3 22+0.6



Table 2.3 Relative surface areas and degree of membrane enrichment in
microsomes (or tissue) and upper phase three for various membranes. Values for
Vo relative strface areas in original tissue and those calculated for microsomal

and upper phase three fractions represent averages from l8 extractions (s.e.m. are

shown in Table 2.2).Increase in relative surface area of the membrane represents

the ratio between the relative surface area in the upper phase three and that
present in the original tissue or microsomes.

Marker erøyme oá Relative surface area Increase in relative
surface area of the
membrane in upper
phase 3 relative to:

Original
tissuel

Micro
somes

Upper
phase 3

Original
tissue

Micro
somes

Plasma membrane
(Glucan synthase II)

Tonoplast
(Inorganic pyrophosphatase)

Mitochondria
(Cytochrome c oxidase)

26 74 4.r 2.8

13 0.9 0.8

18 4 0.2 0.2

52 18 0.4 0.3

18

l5

24

43

l6

Endoplasmic reticulum
(Antimycin A-insensitive
NADH-cytochrome c)

(1) From Morré and Buckhout (1979)



channel activity. Fractions stored for up to two months at -85 "C displayed the same

channel activity as when frcshly prepared.

Following incorporation, single channel activity in cholesterol-free bilayers was

stable for up to I hour, with an average recording time of 20 minutes. Cholesterol-free

bilayers were used in the initial experiments where Ba2* was used as a C** analogue to

screen fractions for Ca2* channel activity (Figure 2.5).Inthese preliminary experiments

high concentrations (10 to l00mM) of Ba2*, as well asCi* (Figure 2.6)were used,

since it was thought to be necessary in order to guarantee measurable currents, allowing

resolution of single channel currents over a wide range of voltages.

Bilayer stability was improved by addition of cholesterol. Cholesterol containing

bilayers allowed recording times of 1 to 13 hours, with an average recording time of 4

hours. Using these new bilayers clear single channel recordings could be obtained rvith

physiological ionic concentrations, allowing single channel resolution with CaCl2

concentrations lower than I mM. For this reason, most of the experimental data

presented in the present study w¿ìs collected from channels reconstituted into

cholesterol-containing bilayers.

V/ith all the divalent cations used, an intermediate conductance state could

frequently be detected (Figure 2.5 and 2.6). T\e current amplitude (at a given voltage)

of this "substate" is exactly half that found for the full open state. Although it is as yet

unclear if this Ca2* channel consists of a single double barrelled structure or whether

Ca2* channels are aggregated in pairs in the native membrane, in the cu¡rent study the

double opening has been considered as the full open state of the channel. Another much

smaller subconductance state was also evident at large voltages under diverse ionic

conditions (see Figures 4.1, 4.24 4.3,6.5, and 6.6 in Chapters 4 and 6); again, for the

purposes of the present analyses, the channel was considered simply to be "open", even

during the small reductions in current evident in such traces. Although such

subconductance states are clearly of interest at the molecular biophysical level, the

physiological significance of such closures (with respect to Ca2* entry across the plasma

membrane) seems unlikely to be great.

Contaminating membranes cannot be excluded as the source of C** channels.

Nevertheless, due to the high surface ¿uea of PM in the upper fractions (74o/o on

average) in comparison to the other contaminating membranes, the probability of fusion
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X'igure 2.5 Example traces of single channel recordings of the putative plasma

membrane Ca2* channel incorporated into planar lipid bilayers. All traces taken from

one experiment done in asymmetrical BaCl2 (10 mM trans and 95 mM cis; solutions

contained 0.1 mM BTP-HCI, pH 7.0). Traces were selected particularly to illustrate

current amplitude and recording resolution, rather than particular aspects of gating

kinetics. Voltage w¿Ìs me¿ìsured trans with respect to cis, which was held at 0 mV,

following the same convention used for intact cells (i.e. cytosol with respect to the

outside). Membrane potentials were stepped from zero to the voltage indicated in the

left margin. The horizontal dashed lines and the 06.5 represent the closed and 50Yo

conductance subconductance states, respectively.
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Figure 2.6 Example traces of single channel recordings of the putative plasma

membrane Ca2* channel incorporated into planar lipid bilayers. All traces taken from

one experiment done in asymmetrical CaCl2 (10 mM trans and 95 mM cis; solutions

contained 0.1 mM BTP-HCI, pH 7.0). Traces were selected particularly to illustrate

current amplitude and recording resolution, rather than particular aspects of gating

kinetics. Membrane potentials were stepped from zero to the voltage indicated in the left

margin. The horizontal dashed lines and the Oe., repiesent the closed and 50Yo

conductance subconductance states, respectively.
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of a PM vesicle is considerably larger than that of vesicles of contaminant membranes.

Of the 236 dtfferent single Ca2* channel records obtained, 221 (g4olo) showed Ca2*

channel activity with similar unitary conductance and kinetics, while the remaining 15

(6%) were distinctively different, having a much larger unitary conductance (data not

shown). For the present study these 15 records have been excluded from the analysis; it

was assumed that they were either a minor component of the plasma membrane

enriched fraction or from contaminating membranes incorporated in the bilayer.

Due to the lack of a method to obtain completely pure plasma membrane

vesicles, and thus guarantee a plasma membrane origin of the channel, it was necessary

to correlate the appearance of the channel in the bilayers with the presence of plasma

membrane in that fraction. The core of this correlation was to take advantage of the

electrophysiological characteristics of this channel and correlate it with the

physicochemical properties of membrane vesicles obtained by aqueous polymer two-

phase partitioning. The channel cha¡acterised in the present study has asymmetrical

properties, such as sidedness in the pharmacological effect of antagonists and

asymmetrical distribution of opening times over the range of membrane potentials tested

(see Chapters 4 and 6). Since membrane vesicles fuse into planar lipid bilayers in a

defined manner (Cohen 1986), vesicles of opposite sidedness (i.e. inside-out vesicles)

should show channel activity with the opposite characteristics (asymmetry) to those

found in right-side-out vesicles.

With this in mind, an attempt to incorporate into bilayers vesicles from the lower

phase (Ln) was done. Such membrane vesicles are expected to have a high surface area

of contaminant membranes and relatively low surface area of predominantly plasma

membrane vesicles (Table 2.2 andFigure 2.4) which would be expected to be inside-out

(Larsson 1983, 1985; La¡sson et al. 1987). Exposing the bilayer to lower phase protein

(up to 5 times more than the average used when incorporating upper phase vesicles)

normally led to breakdown of the lipid bilayer, apparently due to the large incorporation

of protein before any Ct* channel could be observed. However, occasionally (in 3 out

of 10 trials), single Ca2* channels from the lower phase were detected. These recordings

showed a channel with similar unitary conductance to the one obtained from the upper

phase, but with a reversed voltage dependence, suggesting these channels had

incorporated with reversed orientation into the bilayer. The pharmacological sensitivity

24



of this channel was also consistent with a reversed orientation of the channel in the

bilayer. Exposing these channels to up to 50 pM verapamil (a Ca2* channel antagonist)

on the cis side did not induce any change in the gating of the inward current, in contrast

to the change in gating observed with low micromolar concentrations of verapamil on

the cis side for channels incorporated from the upper phase (see Chapter 6). These

results suggest the incorporation into the bilayer of Ca2* channels in vesicles whose

orientation in the lower phase is opposite to that in the upper phase. Given the nature of

the two-phase system used in this work, it is most unlikely that such partitioning of

vesicles could occur by any membrane other than the plasma membrane. Although, the

above observations do not entirely exclude the possibilþ of contaminant membranes

fusing into the bilayer, they strongly support the suggestion that the channel

characterised in the present study comes from plasma membrane vesicles.

2.4 Discussion

Only about 20 %o of the total activity found for the plasma membrane marker in

the microsomal fraction was recovered after phase partitioning (see Table 2.2)- About

half of this activity corresponded to that found in the upper phase pellet. Approximately

the same percentage of recovery was found for the other contaminant membrane

markers, but most of their activity was distributed in the lower phase pellet. Although

the final yield in the upper phase pellet was low, the upper phase fraction was clearly

enriched in plasma membrane. The low recovery of plasma membrane can be attributed

to inefficient pelleting of diluted upper phase 3 and lower phases L123 and to the

composition used for the phase systems. To reach optimal separation of membranes

under these conditions, some (10 %) of the right-side-out plasma membrane vesicles

must partition into the lower phase, as most (95 %) of the other contaminant membranes

are simultaneously partitioning into the lower phase. Potassium phosphate, KCl, and

polymer concentrations employed in the present work þrovided a- satisfactory balance

betu'een enrichment and Yield.

Expressing membrane enrichment in terms of relative surface area has allowed

an estimation of the relative percentage of a given membrane that could potentiall¡'

incorporate in the bilayer and thus be the source of the channel activity observed (see

Figure 2.4). This approach has enabled the expression of pld'sma membrane enrichment
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from the whole cell in contrast to plasma membrane enrichment from a microsomal

fraction, as has been commonly used in the past. Thus, the calculations used in the

present study take into account losses and relative enrichments throughout all the

preparation steps (Tables2.2 and2.3).Nevertheless, due to the presence of non-specific

phosphatases in the filtrate, the tonoplast marker assay could not be evaluated in this

fraction. Thus, the pyrophosphatase marker activity present in the microsomal fraction

was the 100 % activity for estimating the tonoplast surface area distribution among

upper and lower phases. This procedure leads to an overestimation of the tonoplast

surface area contribution in both the upper and the lower phases resulting in a decrease

in the relative surface areas for the remaining membranes, the plasma membrane being

the most affected due to its small surface area compared to the membranes of the

mitochondria and endoplasmic reticulum.

Given these factors affecting the calculation of membrane purity, it appears that

the major contaminant in the upper fractions came from the endoplasmic reticulum.

Recently, Klüsener et al. (1995) have reported the existence of a C** channel in the

endoplasmic reticulum of tendrils of Bryonia dioica. Nevertheless, the

electrophysiological characteristics of this particular channel are distinct from those

described in the present work (see Section 4.4). Additionally, incorporation of

endoplasmic reticulum enriched fractions (by aqueous two-phase partitioning and

centrifugation through sucrose gradients) from the same tissue (Triticum aestivum L.

roots) over a period of three years, did not show the presence arry Ci*-permeable

channel (C. Niemietz, personal communication).

Tonoplast contamination (expected to be less than that estimated) could also be

the source of the channel activity recorded. Nevertheless, comparison between the

channels described for the tonoplast (Alexandre et al. 1990; Johannes et al. 1991,

I992a,b; Alexandre and Lassalles 1992;Pantoja et al. 1992; Gelli and Blumwald 1993l,

Allen and Sander s l994a,b) and the one characterised in the present study rule out such

a possibility, showing that, although they share common features the putative plasma

membrane channel has unique characteristics. A further comparison between the

characteristics of the tonoplast channels and the putative plasma membrane one

characterised in the present study will be given throughout the remaining chapters.
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A correlation was observed between asymmetrical properties of the channel and

the sidedness of vesicles incorporated into the bilayer, which further suggests the

plasma membrane origin of the channel described in the present study. Membrane

fractions containing membrane vesicles with opposite sidedness showed a channel with

reversed voltage dependence and insensitivity to addition of verapamil to the c¡s

chamber (see Section2.3.2).In addition, the strong voltage dependence of the channel

and the range of membrane potentials at which the channel is active, is also consistent

with a plasma membrane origin (see Chapter 4).

Taken together membrane markers, electrophysiological cha¡acteristics of the

channel, and the correlation between channel asymmetry and membrane vesicle

sidedness it is suggested that the channel characterised in the present study is located in

the plasma membrane of wheat roots. Nevertheless, in order to avoid

misunderstandings, and until further evidence is provided by other technical approaches

such as patch clamping, the channel in the present study will be referred to as a putative

plasma membrane root Ca2* channel (rcø channel).

27



CHAPTER 3

CONDUCTIVITY AND SELECTIVITY OF THE RCA CHANNEL

3.1 Introduction

Measurements of single channel conductance and ionic selectivity provide useful

tools for understanding the biophysical mechanisms underlying ion permeation through

a particular channel. A thorough cha¡acterisation and modelling of permeation has been

done for Ca2* channels from animal cells. Based on the 1000-fold difference between

the millimolar K* for divalent cations current saturation and the micromolar K¿ for the

blockade of monovalent currents through the channel, two main permeation models

have been suggested for L-type Ca2* channels.

In the first model ("two sites" model), two high affinity binding sites are located

in the permeation pathway of the channel (Almers and McCleskey 1984; Hess and Tsien

1984; Tsien et al. 1987; Yang et al. 1993). These sites have a micromolar C** affrnity

(K¿) and are separated by an insignificant energy barrier. Monovalent cations (which

have a lower affrnity for these sites) can permeate the pore in the absence of Ca2*. In the

presence of C**, one of the sites is preferentially occupied by Ca2* ldue to its higher

affinity); this causes a blockade (or "slowdown") of the monovalent cation flux, since

Ca2* movement through the pore is slower than monovalent cation movement. As Ca2*

is increased to millimolar concentrations, the probability of frnding the channel

occupied by two Ca2* ions increases. When the two sites are occupied by C**' there is a

strong ion-ion repulsion, elevating the free energy level of Ca2* at the binding sites. This

increase in free energy of Ca2* at the binding sites as the channel moves from single to

double occupancy accounts for the differences between K¿ of monovalent current

blockade (micromolar: single occupancy) and K, of divalent cations current saturation

(millimolar: double occuPancY).

An alternative ("allosteric") model has also been suggested, in which the high

(micromolar) affinity site is located outside the pore, rather than in the permeation

pathway (Kostyuk et al. 1983; Kostyuk and Mironov 1986). In contrast, the binding

sites located along the permeation pathway have a lower (millimolar) affrnity' The high

affinity allosteric site controls conformational changes of the channel pore. In the

absence of Ca2*, monovalent cations move easily as they interact with the low affinity
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intra-pore binding sites. In the presence of C**, the allosteric site induces a

conformational c¡ange of the pore so it only allows the passag e of C** ions. Although

both models can account for most of the experimental observations, recent evidence

describing blockade of monovalent cation currents by divalent cations has shown that

the "two site" model is more suitable for describing the permeation and selectivity

characteristics of the L-type Ca2* channels (Kuo and Hess 1993b, c) .

Lower selectivity for divalent over monovalent cations and a similarity between

the K¿ for Ca2* blockade of monovalent currents and the K, fot C** permeation has

been reported in the ryanodine receptor from sarcoplasmic reticulum (Tinker et al'

lgg1b). Based on additional observations which provide evidence for the channel being

occupied by only one ion, a single high-affinity binding site along the permeation

pathway has been proposed. The selectivity for divalent over monovalent cations is

determined by the affinity of divalent cations for this central high-affrnity binding site,

in addition to thermodynamic processes which would favour the passage of divalent

cations between this high affinity site and other binding sites (of much lower affrnity)

along the permeation pathway of the pore.

In contrast, single channel conductance and ionic selectivity parameters have

been measured for only a few Ca2* channels in plant cells (see Chapter l). The only

studies quantiffing permeation of divalent cations through plant channels have been on

the plasma membrane of algal cells (Lunevsky et at. 1980, 1983; Berestovsky et ø/.

l9B7) and the tonoplast of beet root (Johannes and Sanders 1995a). One (central)

binding site with two (symmetrical) energy barriers has been proposed for the plasma

membrane Ca2* channel in algal cells (Lunevsky ef al. 1980). An intra-pore binding site,

with relatively high affinity for Ca2* (K¿ of 0.29 mM) has been shown for the tonoplast

voltage-gated C** channel in beet root (Johannes and Sanders 1995a). The authors

suggest the existence of multiple binding sites and thus, a multi-ion pore structure

similar to that described for most Ca2* channels in animal cells.

Given the extensive work on Ca2* channels from animal cells (compared to that

done in plant cells), there is clearly a need for comprehensive study of the ion

permeation and selectivity mechanisms of Ca2* channels from higher plant cells. In this

chapter, the ion permeation and selectivity of the rca channel are described in detail. Its
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permeation and selectivity properties are compared to those found for similar Ca2*

channels in animal cells and to the available parameters measured in plant cells.

3.2 Results

3.2.1Calcium selectivity over chloride; and unitary conductance

3.2.1.1 Selectivity in high Ca2* concentrations

Initially, channels were incorporated in high concentrations of C** or Bi*.

Under these conditions, one type of channel was regularly detected (see Figures 2.5 and

2.6). The observed reversal potentials of the currents were close to the theoretical

equilibrium potentials for Ca2* or Ba2* calculated from the Nernst equation (Figure 3.1

and Table 3.1). Reducing the cytosolic and extracellular Ca2*, did not reduce the high

selectivity of the channel for C** over Cl- (Figwe 3.lc and Table 3.1). The correlation

between observed and theoretical reversal potentials (Figure 3.2) showed that the

current through the channel was primarily ca¡ried by the divalent cation, and that the

channel selectivþ for Ca2* over Cl- remained unchanged over the range of Caz*

concentrations tested. In these asymmetrical conditions (higher extracellular C**

concentrations relative to cytosolic Ca2*) the unitary I/V relationship showed a slight

rectification, which can be partially attributed to an n-fold rectification of the current

resulting from the concentration gradient, as predicted by the GHK equation (Hille

t9e2).

3.2.I.2 Unitary conductance in symmetrical conditions

The unitary I/V relationship of the channel was also determined in symmetrical

conditions, at a range of CaCl2 concentrations (50 ¡rM to I mM: Figure 3.3). In I mM

CaCl2 the unitary IA/ relationship was linear, with no indication of current saturation or

rectification (Figure 3.3a). This same behaviour was observed for symmetrical 5 and

10 mM CaCl2 (data not shown). In contrast, in symmetrical 100 pM CaCl2 this

relationship deviated slightly from linearity as the membrane potential became greater

than + 100 mV (Figure 3.3b). The above scenario was greater at lower Ca2* 150 ¡rM:

Figure 3.3c), with the channel showing a strong rectification of the inward curent.

Comparison of the IA/ relationships obtained for 1mM, 100 pM and 50 pM showed a

decrease in the outward current as the concentration of Ca2* surrounding the cytosolic
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X'igure 3.1 Unitary IA/ relationship in high concentrations of Ba2* and C**.

Measurements were done in gradients (trans ; cls) of A) l0 : 95 mM BaCl2 (n : 14

bilayers), B) 10:95 mM CaCl2(n:21 bilayers), and C) l:20 mM CaClz(n:4
bilayers). The observed reversal potentials indicated by the arrows were calculated from

linear regressions of values measured between +30 and -30 mV. Lines are drawn for

clarity. Bars represent s.e.m. The observed reversal potential in each case is near the

theoretical reversal potential for Ca2* or Ba2* (+20.7 mV, +21.0 mV and +30.2 mV,

respectively), calculated using ionic activities estimated by Geochem-PC. Data from a

series of such IA/ relationships are summarised in Table 3.1.
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Table 3.1 Expected and observed reversal potentials under different experimental

conditions. The observed reversal potentials were calculated from linear regressions of
experimental values measu¡ed between +30 and -30 mV, as seen in Figure 3.1.

Solution Concentration
cytosol : extacellular

(trans : cis)
(mM)

Exoected for
Ci* orBi*

'¿

rEr." No. of
bilayers(mv)

Observed

CaCl2

BaCl2

CaCl2

l0:95

l0:95

I :50

t;20

20.7

21.0

38.5

30.2

18.2 0.979 l4

23.8 0.995 2l

32.3 0.992

29.9 0s92

J

4CaCI2



x'igure 3.2 Relationship between the observed reversal potential (E,.") and the natural
logarithm of the cacl2 activity gradient imposed (cacþ 1",": [cacl2ln" ).The line
represents the Nemst potential with ideal Ca2* selectivity. Data points were taken from
the experiments summarised in Tables 3.1 and3.2.
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X'igure 3.3 Unitary I/V relationship in symmetrical CaCl2(IrH 5.5) at concentrations of:

A) I mM (n: ll bilayers), B) 100 pM n:8 bilayers) and C) 50 pM (n:5 bilayers).

Unitary conductances (G) and statistical parameters are summarised in Table 3.2. Lines

were drawn for clarity. Bars represent s.e.m.
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face of the channel was decreased. This was also true for the inward currents in a narrow

range of voltages (0 to -100 mV). I{cwever, the rectification was such that, at voltages

more negative than -115 mV, inward currents in symmetrical 50 ¡tly'r C** exceeded

those obtained with 100 pM Ca2*. Further, at voltages more negative than -145 mV,

they even exceeded the inward current carried in I mM C*t. ln order to compare the

channel conductances at different C** concentrations, it was necessary to reduce the

effect of the rectification observed; thus, the unitary conductances for symmetrical

conditions were estimated from the linear segment of the IA/ relationship (between -100

and 100 mV). Unitary conductances estimated at several CaCl2 concentrations are

summarised in Table 3.2.

3.2.1.3 Effect of Ca2* activity on unitary conductance

Currents obtained in symmetrical C** concentrations higher than 1 mM did not

appear to produce a strong inward current rectification (data not shown). Unitary

conductances for the inward currents carried by 20, 50 and 95 mM CaCl2 in

asymmetrical conditions (i.e. data shown in Figure 3.1) were estimated from linear

regression between -100 mV and Er.u and were used in conjunction with the data

summarised in Table 3.2 to estimate the relationship between unitary conductance and

C;* activity (Figure 3.4). Although the unitary conductances estimated from

asymmetrical conditions may be overestimated, the data could be satisfactorily fitted by

a standard Michaelis-Menten relationship to give a maximal unitary conductance (Vn'*)

of 30.5 pS and a K, of 99 ¡rM C*. çÍ : 0.960). Linear transformations were also

used and provided similar values for K, and Vn',., [Eadie-Hofstee: Vn,,u* : 28.8 pS,

K,n : 88 pM (.' : 0.951); Lineweaver-Burker V.,* :29.6 pS, K. : 82 pM çi : O.SIZ¡1.

It is interesting to note that the strong rectification in the inward current under

symmetrical conditions (see Section 3.2.1.2) was most pronounced at concentrations

below the K* of the channel.

3.2.1.4 Selectivity and conductance in low Ca2*

3.2.1.4.1 Unbuffered Ca2* solutions

Further investigation of the channel conductance at micromolar C**

concentrations was done. The extracellular face of the channel (cis) was exposed to Ca2*

activities ranging from 5 pM to 1 M, while the cytosolic face (trans) was maintained at
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Table 3.2 Unitary conductance (G) in symmetrical CaCl, solutions, estimated from

linear regressions performed between -100 and +100 mV from I/V relationships such as

those shown in Figure 3.3. 'No. of data points' refers to the number of points used in the

linea¡ regression.

No. of bilayers2rConcentration
(mM)

G
(ps)

No. data
points

5

10

0.1

0.05

30.5 + 2.6 0.971

26.9 + t.7 0.985

25.5 + 0.6 0.990

r4.4 ! 0.9 0.97s

1 1.4 1 0.6 0.980

6

5

1i

l4

1

8

4

J

11

8

5



Figure 3.4 Relationship between the unitary conductance (G) and Ca2* activities. Data
collected from symmetrical (.) conditions (Table 3.2) and unitary conductances

estimated between Er.u and -100 mV from the I/V relationships in asymmetrical

conditions (O) (Figure 3.1). Data were fitted to a simple Michaelis-Menren type
parabola, with a Kn. for ca2* activity of 99 ¡rM and â v,n* of 30.5 ps (.2 : 0.960).

Inset: same data, but only for sub-millimolar ca2* acti'ities.
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either 100 pM (Figure 3.5) or 50 pM CaCl2(Figure 3.6). Cunents always reversed near

the theoretical reversal potential for Ca2*. However, exact estimations of the E.., were

not feasible due to the cuwature of the IA/ relationships (either due to the inward

current rectification produced by the presence of Ca2* activities below K,n, or due to the

effect of the concentration gradient predicted, in part, by the GHK equation). Since

current values near Er"u are beyond the resolution of the technique, an attempt was made

to estimate Er.u from a linear regression of the smallest observed current values, but

rectification lead to a constant overestimation of Er." by approximately -20 mV'

Curve fitting of the I/V relationships was also attempted, but, due to the different

shapes of the I/V curves obtained, selection of a standard curve could not be achieved. It

should be noted that the curves could also not be fitted satisfactorily by the GHK

equation. Such complications in the estimation of Err" from these IA/ curves made it

unwise to include these data in the ea¡lier analysis of channel selectivity (Section

3.2.1.1).

A rectification in the inward current was seen when the extracellular face was

exposed to Ci* levels below Kn' (Figures 3.5b,d,e and 3.6b,c). This rectification was no

longer evident when the extracellular face of the channel was exposed to higher Ca2*

concentrations (Figures 3.5f and 3.6d,e,f), even when cytosolic Ca2* concentrations

were at sub-millimolar levels (50 or 100 pM). The rectification of the inward current at

very high Ca2* concentrations (Figures 3.69, h i) might be due to the concentration

gradient effect described by the GHK equation, due to the steepness of the

electrochemical gradient in these conditions (103 and 2'l0a fotd gradients, compared to

1-20 fold gradients in Figure 3.1).

In conclusion, as seen from the similarity between the Er"n and Ca2* equilibrium

potentials, these data show that even at micromolar extracellular concentrations, the

channel appears to maintain a high selectivity for Ca2* over Cf (see Section 3.2.I.1).

3.2.1.4.2 Ca2*-EGTA buffered solutions

The low Ca2* concentrations of the solutions used in the previous section might

be subject to error due to possible Ca2* contamination from deionized water, glassware,

etc. This possibility seems unlikely as observed reversal potentials clearly became more

negative as the external Ca2* was decreased, consistent with the expected reduction in

Ca2* activity. Nevertheless, an attempt to veri$ these results with Ca2*-buffered
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X'igure 3.5 Unitary IA/ relationships at low Ca2* activities (pH 5.5). Measurements were

done with several gradients (trans : cis); trans was kept constant at 100 pM CaCl2 and

c¡s was perfused with A) 5 pM (n = I bilayer), B) l0 pM (n :2bilayers), c) 20 pM (n
:5 bilayers), D) 50 pM (n = 5 bilayers), E)70 pM (n:4 bilayers) and x') 1000 pM (n
: 3 bilayers) CaCl2. Lines were drawn for clarity. Bars represent s.e.m. Solid arïows

show the theoretical reversal potentials for Ca2*. Dashed arows show the theoretical

reversal potentials for Cl-.
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X'igure 3.6 Unitary IA/ relationships in low Ca2* activities (pH 5.5), as in Figure 3.5.

Measurements were done with several gradients (trans : cis); trans was kept eonstant at

50 pM CaCl2 and crs was perfused with A) 5 pM (n: 1 bilayer), B) 10 pM (n : 3

',.'.Silayors), C) Z0.pM (n = 2 bitayers), D) 500 pM (n : 3 bilayers); E) I rnM (n : 3

bilayers), X') l0 mM (n:3 bilayers).
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X'igure 3.6 (cont.) G) 50 mM (n = I bilayer), IÐ 500 mM (n : I bilayer) and

I) 1000 mM (n : I bilayer) CaCl2. Lines were drawn for clarity. Bars represent s.e.m.

Solid arrows show the theoretical reversal potentials for Ca2*. Dashed arows show the

theoretical reversal potentials for Cl-.
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solutions was made. Since no other cation (apart from Ca2*) was desired in the solution,

buffering of Ca2* activities (as estimated by Geochem-PC) was attempted by modiffing

the pH of a solution containing Ca(OH)2, EGTA, HCI and TRIS (see legend to Figure

3.7 for detaits). Averaged currents obtained with Ca2*-EGTA buffered solutions are

shown in Figure 3.7;the cytosolic side of the channel (trans) was maintained at either

1 mM (Figure 3.7a) or 100 pM CaCl2unbuffered solutions (Figure 3.7b).

Exposing the channel to these buffered extracellular solutions resulted in notable

differences in inward currents compared to those observed with unbuffered solutions.

Ca2*-EGTA solutions yielded a lower inward current compared to unbuffered solutions

with a similar range of Ci* activities (compare Figure 3.7 with Figures 3.5 and 3.6).

These differences were striking at activities of 100 pM to I mM and, to a smaller

degree, for solutions of 5 to 100 uM Ca2*. Moreover, inward currents increased linearly

with voltage in notable contrast to the IA/ relationships with unbuffered solutions. In

addition, observed reversal potentials were constantly about 20 mV more negative than

the theoretical C** reversal potential.

The effect of TRIS and H* as possible blocking agents in the Ca2*-EGTA

solutions was tested by measuring their effects on the inward current caried by a I mM

CaCl2 unbuffered solution. Neither TRIS (0.5 to 8mM) nor pH changes (5.0 to 8.0)

decreased current amplitudes nor shifted the reversal potentials (data not shown). Thus,

the effects seen with Ca2*-EGTA buffered solutions could only be attributed to the

presence of EGTA. Due to the many complicated eflects of EGTA on permeation, it

was decided to avoid Ca2*-EGTA buffered solutions in the rest of the experiments

where Ca2* was used as the charge carrier.

3.2.2 Calcium selectivity in physiological ionic conditions

3.2.2.1Setectivity for Ca2* over K* and dependence on Ca2* activities

As the above experiments showed a high selectivity for C** over Cf, a set of

experiments was designed to study the channel selectivity for Ca2* over K*, under more

physiological conditions. Bi-ionic conditions were established, with the cytosolic face

of the channel (trans) exposed to millimolar K* and nanomolar Ca2* and the

extracellular face (cls) exposed to physiological Ca2* concentrations that ranged from

0.1 to I mM CaCl2. In these conditions, the channel displayed a small (32 to 36 pS)

JJ



X'igure 3.7 Unitary I/V relationships in Ca2*-EGTA buffered solutions with low Ca2*

activities. Measurements were done with several gradients (trans : cis); trans being kept

constant with unbuffered CaCl2 (pH : 5.5) white cis was perfrrsed with Ca2*-EGTA

buffered solutions. Ca2*-EGTA buffered solutions were prepared with l0 mM Ca(Oþ2,

l0 mM EGTA, and l0 mM TRIS. The pH of the solution was adjusted by addition of

small amounts of TRIS (additional to the l0 mM in the "starting solution") or HCI to

yield the desired Ca2* activities (as estimated by Geochem-PC), ranging from I mM

ûrH 5.8) to l0 nM (pH 8.2). For ease of presentation,W relationships obtained with

different Ct* activities (Ca2*-EGTA solutions) have been grouped in ranges of

concentrations, assigned by one symbol in the I/V relationships. /r) trans was held

constant at I mM unbuffered CaCL2 at pH 5.5 (activity :786 pM) and crs was perfused

with Ca2*-EGTA solutions with Ca2* activities in the ranges of "l-5 pM" (.; for I and

5 pM; E,"" : -84 to -64 mV), '5-100 pM" (*; for 8, 15 and 59 pM; E.." : -58 to

-33 mV), and "100 pM-l mM" (r; for I l0 pM and 340 pM; E,ru : -25 to -l I mV).

B) trans was held constant at 100 pM unbuffered CaCl2 at pH 5.5 (activity : 98 pM)

and c¡s was perfused with Ca2*-EGTA solutions with Ca2* activities in the ranges of

"10 nM - 5 pM" (o; for 10,80, 520 nM, 1 pM and 5 pMi Er.": -116 to -38mV),
"5-100 pM" (*; for I l, 14, 17,20, 60 and 95 FMI Er." : -28to 0 mV), and "l00 pM -

I mM" (r for 200,360 and 620 FrMi Er." : 9 to 23 mV). Lines were drawn through

groups of Ca2* activity data points. Data for each concentration collected from I to 3

bilayers.
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conductance for Ca2* influx (cis to trans), and a larye (215 to 220 pS) conductance for

K* efflux (trans to cis) (Figure 3.8). It is notable that these conductances were

independent of the external Ca2* concentration, for the range of concentrations used

(Table 3.3). This is in contrast to that seen in symmetrical C** where the conductance

near Er"u halves upon a decrease in concentration from I to 0.1 mM (see Table 3.2). T}:re

permeability ratio (Pcu2*/PK*) estimated from the observed reversal potentials for the

different gradients was 17 to 26 (Table 3.3). The Prl*lP** slightly decreased as the

extracellular C** concentration was increased from 0.1 to 1mM. This concentration

dependence of the permeability ratios may provide initial evidence for a multi-ion pore

structure of the channel (for further discussion see Section 3.2.2.4 and Hille and

Schwarz (1978).

3.2.2.2Dependezce of selectivity on intracellular f
As the above experiments showed changes in selectivity for Ca2* over tC wittr

varying external Ca2*, another set of experiments was designed to study this selectivity

with varying concentrations of cytosolic K*. Bi-ionic conditions were established, with

the extracellular face (crs) exposed to 0.1 mM CaClz and the cytosolic face of the

channel (trans) exposed to I to 140 mM KCI and nanomolar Ca2*. In these conditions,

the channel displayed a small inward current (i.e. Ca2* influx from cls to trøns) with a

unitary conductance of 22 to 3l pS, while the unitary conductance of the outward

current increased greatly from 59 and 165 pS with increasing K*, wittt a K. for K* of

6 mM (Figure 3.9 and Table 3.4). The mærimum conductance of the outward current in

this experiment is slightly lower than that measured in earlier experiments (see Figure

3.8 and Table 3.3). Variability in conductance among channels from different membrane

preparations wris also noted in other experiments (see Section 3.2.3.3); such variability

may account for the differences in conductance observed in different series of

experiments.

Permeability ratios (P."2*/PK*) estimated from the observed reversal potentials

tended to remain constant as cytosolic KCI concentrations were increased from I to

100 mM, but the Pc"2*/Pr* with 140 mM cytosolic KCI was slightly higher (Table 3.4).

Overall, it appears that cytosolic K* does not have the same effect on Pç"2*lPç* as seet

for extracellular Ca2* lsee 3.2.2.4 for further discussion).

34



Figure 3.8 Selectivity of Ca2* over K* with dif;lerent extracellular (crs) CaCI2

concentrations. The cytosolic face of the channel (trans) was exposed to 164 mM KCI

(K+ activity of I 15 mM), 0.8 mM CaCl2and 0.8 mM EGTA, pH 7.0 (adjusted with

KOH). Free Ca2* activity was 500 nM. The extracellula¡ face (crs) of the channel was

exposed to 0.1 (O), 0.2 (r) and I mM CaCl2(.); pH 5.5 adjusted with HCl. Lines were

drawn for clarity. P"j+Æ** for each case was estimated from the observed reversal

potentials (obtained from the curve fitting statistical parameters summarised in Table

3.3 and are indicated by the arows), using the Fatt and Ginsborg (1953) equation. For

clarity, the range of membrane potentials has been limited to the range corresponding to

Ca2* currents (cls to trans). The inset shows the unitary I/V relationship over the whole

range of membrane potentials.
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Table 3.3 Observed reversal potentials (E,.") and Prl*lP** at different external (cls)

CaCl2 concentrations. The cytosolic side (trans) was exposed to 164 mM KCI
(K* activity of I 15 mM) and Ca2* was buffered to 500 nM as described in Figure 3.8.

The unitary conductances (G) for each case were estimated from independent linear

regressions of the Ca2* currents (from -200 mV to Er"") and the K.* currents (from Er* to
+100 mV). Observed reversal potentials were obtained from the linear regression for the

Ca2* currents. Observed reverial potentials estimated from outward (K.) currents were

not taken into consideration since they gave less accurate information on the values nea¡

Er"" due to the strong rectification of the current (see Figure 3.8: inset). Pç"2?¡* were

estimated from the observed reversal potentials using the Fatt and Ginsborg equation
(1es8).

[CaCl2] E*u Prl*lP + No. of
bilayers

K G
cts

(mM) (mV) (ps)
1I

Ca'' K. ct- K.

1.0 -30 t7 32 + 0.5 215 + 15 0.993 0.951 5

0.3 47

0.2 -s4

0.1 45

)')

23

26

33 + 0.7 nd 0.994 nd

36 + 1.0 216+ 5 0.984 0.997

33 + 0.5 220 + 8 0.987 0.983

I

2

2



Figure 3.9 Selectivity of Ci* over K. with different cytosolic (trans) KCI

concentrations. A) The extracellular face of the channel (cls) was exposed to 100 pM

CaCl2 úrH 5.5). The cytosolic face (trans) of the channel was exposed to KCI

concentrations of I (o), l0 (O), 100 (r) and 140 mM (l), corresponding to an activity

range of 0.9 to 107 mM. All KCI solutions contained 0.8 mM CaClz and 0.8 mM

EGTA, pH 7.0 (adjusted with KOH). Free Ca2+ activity was 500 nM. Lines were drawn

for clarity. The top figure shows the IA/ relationship over the whole range of membrane

potentials. The lower figure shows the same dat4 but only over the membrane potentials

allowing inward Ca2* currents (cls to trans). P"J*Æ** for each case was estimated from

the observed reversal potentials (obtained from the curve fitting statistical parameters

summarised in Table 3.4 and a¡e indicated by the arrows), using the Fatt and Ginsborg

equation (1958). B) Relationship between the inward (O; carrying Ct\ and outward

(o; carrying K*) conductances and the cytosolic (trans) KCI activity. Conductance

values are given in Table 3.4. Data for the outward current were fitted to a simple

Michaelis-Menten type parabola with a K, for K+ activity of 6 mM and a vn.,* : 164 ps

(r2 :0.982).
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Table 3.4 Observed reversal potentials andP"l*lP¡ç* at different cytosolic (trans) KCI
concentrations with Ca2* buffered to 500 nM as described in Figure 3.8. The

extracellular side (crs) was exposed to 100 pM CaC^12 ûrH 5.5). Due to the rectification

observed in the inward current caried by Ca'* (see Figure 3.9), the unitary

conductances (G) and observed reversal potentials were estimated from independent

linear regressions from 60 mV more negative than E,." to E,"". The unitary conductance

(G) of the K* currents were estimated from linear regressions from E,"" to +100 mV.

Observed reversal potentials estimated from outward (L) currents were not taken into

consideration since they give a less accurate information on the values near E,"" due the

strong rectification of the current near E,." (see Figure 3.g). Pc:*lP** were estimated

from the observed reversal potentials using the Fatt and Ginsborg equation (1958).

tKCll
trsns
(mM)

Er"" P.J*/P**

(mv)

2rG No. of
bilayers

(ps)

1 JJ JJ 22+t 59+3 0.996 0.974

10 JJ 23 +2 107 +2 0.950 0.995

53 -35 35 30+1 127+5 0.998 0.989

100 46 35 3t+2 146+5 0.986 0.988

140 -s0 4t 26+2 165 + 3 0.964 0.995
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4
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2
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3.2.2.3 Selectivity in physiological ionic conditions

As the abo'.'e experiments showed that the selectivity for C** over K* is

dependent on extracellular Ca2* activities, a final experiment was designed to study the

channel selectivity for Ca2* ov". K* with ionic mixtures that would resemble the

physiological conditions to which the channel might be exposed in the intact cell. The

extracellular face (cl's) of the channel was exposed to I mM KCI and 0.5 mM CaCl2,

while the cytosolic face of the channel (trans) was exposed to 140 mM KCI and 500 nM

cytosolic Ca2* lFigure 3.10). In these conditions, the channel displayed a small (35.S t
1.0 pS) conductance for the inward current (cis to trans), while the conductance of the

outward current (trans to cis) was significantly larger (163.9 + 2.6 pS). The

permeability ratio estimated from the observed reversal potentials for this set of ionic

mixtures gave a P.u2*/P** of 23. The reversal potential was -30 mV, indicating that at

most physiological potentials the channel would catalyse the movement of cations into

the cell.

3.2.2.4 Conclusions on selectivity in physiological conditions

In general, the three sets of experiments described above (Sections 3.2.2.I to

3.2.2.3) showed that the channel is selective for Ca2* over K* over a wide range of ionic

conditions. Furthermore, comparison of Figures 3.4 and 3.9b shows that

a) the Kn' for Ca2* permeation is at low sub-millimolar concentrations whereas it is at

millimolar concentrations for K*, and

b) the maximum conductance at saturating C** concentrations is least 5 times smaller

than that found for saturating concentrations of K*.

The effects of cytosolic K* and extracellular Ca2* activities on Pçu2*/P5* are

illustrated in Figure 3.11. Increasing extracellular Ca2* decreased Pç"2*/P**, whereas

cytosolic rc* na¿ no effect on P"u2*/P**. This suggests that C** and K* interact

distinctively within the channel. Thus, Pcu2*/PK* is not only dependent on the

concentration ratio of both ions, but is also determined by the interaction of each type of

ion within the channel (i.e. ion movement along the pore is not independent). Although

values of P.u2*/P** can describe the selectivity (i.e. the relative affinity) of the channel

for particular ions, they cannot describe differences in absolute permeabilities in

different ionic conditions.
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X'igure 3.10 Selectivity of Ca2* over K+ with the extracellular (cls) face of the channel

exposed to I mM KCI and 0.5 mM CaCl2 OH 5.5). The cytosolic face of the channel

(trans) was exposed to 140 mM KCl, 0.8 mM CaCl2 and 0.8 mM EGTA, pH 7.0

(adjusted with KOH). The Ca2* activity in trans was 500 nM. The line was drawn for

clarity. The observed reversal potential and conductance described in the text were

determined in the same way as described in Figures 3.8 and 3.9; individual points are

averages from 2 bilayers. The Pçu2*/P¡ç* was estimated from the observed reversal

potential using the Fatt and Ginsborg equation (1958).
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Figure 3.11 P.J+/P** * u function of different extracellular (cÐ Ca2* lclosed circles)

and cytosolic (trans)K* lopen circles) activities. P.J+¡p** values were taken from

Tables 3.3 (closed circle) and 3.4 (open circles); resting cell conditions (squares) are the

value described in Figure 3.10, and are plotted for both the cytosollc (trans) K* and

extracellular (cis) Ca2* activities'
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In conclusion, the data presented in the previous sections showed a C**-

dependent change in P6u2?¡ç* that cannot be explained by independent changes in the

absolute permeabilities. Such deviation from the independence principle (assumed in the

GHK-theory) and the C** dependence of the permeability ratios is consistent with a

multi-ion pore structure of the channel (Hille and Schwa¡z 1978). Further evidence for a

multi-ion pore structure will be provided in Sections 3.2.4,3.2.5 and 3.2.6.In addition,

regardless of the pore structure and selectivity mechanisms of the channel, under

physiological ionic conditions, the channel is expected to be about 20 times more

selective for C** than for K*, thus favouring Ca2* influx in the range of membrane

potentials more negative than about -30 mV.

3.2.3 Selectivity for other divalent and monovalent cations

3.2.3.1 Confirmation of channel identity

To measure channel selectivity for a wide range of cations, solutions in the c¡s

chamber were exchanged to replace Ca2* with another cation. Prior to this substitution,

however, it was necessary to check channel orientation, conductivity and voltage

dependence. This was necessary because small variations in unitary conductance \¡/ere

seen in channels from different preparations. Channel orientation was checked by

measuring changes in the gating of the inward current upon addition of 1-10 pM

verapamil to the c¡s side of the channel. Verapamil reduced channel open times only if

the extracellular face of the channel faced the cis chamber (see Chapter 2 Section23.2,

and Chapter 6 Section 6.2.1). The cis chamber was then perfused with I mM CaCl2, and

the unitary conductance was measured in symmetrical 1 mM CaCL2. Voltage

dependence was measured as described in Chapter 4. These procedures allowed

confirmation of cha¡nel identity, which was necessary for the rigorous determination of

permeability ratios for different ions. Following this protocol, desired bi-ionic

conditions were obtained by perfusing the c¡s chamber with 1 mM of the divalent or

monovalent chloride salt. For all the divalent and monovalent cations used, the

intermediate conductance state was detected (see Section 2.3.2), the current amplitude

(at a given voltage) of this "substate" always being half of that observed for the full

open state. As in the previous sections in this chapter, current amplitudes measured for
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all divalent and monovalent cations represent the full open state (or double opening) of

the channel.

Permeability and selectivity to the various divalent and monovalent cations was

estimated in two ways: (l) bV measuring the unitary conductance of the inward current

carried by either divalent or monovalent cations and (2) from the reversal potential (E,"")

using the Fatt and Ginsborg equation (195S). To be consistent with the permeability and

selectivity nomenclature employed in the previous sections, permeability and

conductivity ratios are expressed as the ratio between Ci* and a given divalent or

monovalent cation 1i.e. P.u2*/P** *d G.u21G*). Thus, a low selectivity ratio indicates

a high selectivity of the channel for that ion (X*). Likewise, a low conductivity ratio,

indicates a high conductivity of the channel for that ion (X*).

3.2.3.2 Divalent cations

The IA/ relationships obtained with the ten different divalent cations tested in

1 mM bi-ionic conditions are presented in Figure 3.12. The inward currents carried by

the divalent cations were approximately linear, with no apparent current rectification nor

saturation. Nevertheless, to minimise effects of rectification on the inward current (see

Section 3.2.1.3), the unitary conductances for all divalent cations were estimated from

linea¡ regressions of values between Er"u and -100 mV. The observed E."u was estimated

from the linear regressions of only the inward currents, since measurements of outward

currents (carried by Ca2*¡ were not obtained due to the low number of channel events

(i.e. at positive membrane potentials the channel remained in its open state for long

periods of time, see Chapter 4). The unitary conductance in symmetrical I mM CaCl2 in

this set of experiments was similar to that obtained in previous experiments [23.8 pS +

0.8 pS (n:29 bilayers) compared to25.6 pS + 0.6 pS (n: ll bilayers: Table 3.2)1. The

unitary conductances and reversal potentials estimated for ten different divalent cations

under bi-ionic conditions are srünmarised in Table 3.5.

According to the relative unitary conductances, the permeability sequence was :

Ba2*> Sr2*> c;*> co2*> Mgt*> zf*> Mn2*> Ni2*> cd2*> cu2*.

In contrast, according to the relative permeabilities estimated from Erru, the

selectivity sequence \ /as :

Ba2*> sr2*> c** > zn2* > Ni2*^, Mgt*= Mn2* >> co2*> cu2*> cd2*.
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Figure 3.12 Unitary UV relationships in bi-ionic conditions. For clarity, the s.e.m. are

not shown (see Table 3.5 for statistical parameters). Alt solutions were unbuffered and

pH was adjusted to 5.5 with small amounts of concenhated HCl. All graphs include

symmetrical 1 mM CaCl2 as reference (.). Trans was kept constant with I mM CaCl2

and cis was perfused with I mM. A) BaCl2(O), SrCl2 (O) and ùIricl2 (r), B) ZnCL2(L)

and CuCl2 (E).

(.../cont.)
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X'igure 3.12 (cont.) C) MgCl2 (r,) and NiCl2 (r) D) CoCl2 (+) and CdCl2 (X).
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Table 3.5 Divalent cation conductances and permeability ratios estimated in bi-ionic

conditions. Reversal potentials and conductances were calculated by linear regressions

of the inward current (between Er"" and -100 mV)-from the IA/ relationships shown in

Figure 3.12. Relative permeability ratios @rl*lPÌ*) were calculated from the reversal

potentials estimated from the linear regression. This list of divalent cations is arranged

ty increasing P.u2*/P*2*.

'¿

rG
(ps)

Ion
(xt.)

E."u
(mv)

Pco'*lP;* No. of
bilayers

Bt*
S12*

ci*
-2+LN
Mgt*
Ni'*

1L
Mn-'
Co2*
Cu2*

1r
cd''

32.0 + 1.5

29.0 + 3.2
23.8 + 0.8
15.4 + 0.8

16.7 + 2.6
12.5 + l.l
13.6 + 0.5

t7.2+ 1.0

9.6 + 0.9
10.7 + 1.0

0.991
0.954
0.995
0.989
0.910
0.973
0.995
0.998
0.966
0.970

6.6
2.8
0.0

--6.8

-10.0
-9.8

-10.3
-18.3
-14.0
-23.3

0.61
0.80
1.00
1.67

2.13
2.13
2.t7
4.00
4.55
6.67

5

J

29
2

J

2
4
J

I
4



It should be noted that of all the 1 mM divalent cation solutions employed, Cu2*

has a significantly lower activity (0.51 mM, as estimated by Geochem-PC) relative to

the rest (0.78 mM in average). Thus, although the Er.u for Cu2* is more positive than the

one for Co2*, the P.l* lP*'* is still higher.

To ease the comparison of unitary conductances and permeability ratios, divalent

cations were arbitrarily grouped into one of three distinct categories for both unitary

conductance 1G.u2*/G*'*) *d permeability ratios Qrl*lPÍ.): significantly less than 1,

between I and2.2, and greater thart2.2 (see Table 3.6).

Despite the differences in the permeability and selectivity sequences described

above, there are general similarities between the unitary conductance and permeability

ratios. Divalent cations with lower permeabilþ ratios usually had lower conductance

ratios; the most notable exception was Co2*. Thus, divalent cations with the highest

affrnities (i.e. the lowest permeability ratios according to the nomenclature used here)

have the highest mobility (i.e. the lowest conductivity ratios).

3.2.3.3 Monovalent cations

The IA/ relationships obtained with the five different monovalent cations tested

in I mM bi-ionic conditions are presented in Figure 3.13. The average unitary

conductance in symmetrical I mM CaCl2 in this set of experiments was higher 133.7 !

0.6 pS for the inward current (n : l0 bilayers)] than that described for the channel in

Sections 3.2.1.2 and 3.2.3.2 under the same experimental conditions. Such variation in

conductance was occasionally seen in channels from different preparations.

Nevertheless, the channels always showed the same affrnity and selectivity for C**, and

similar voltage dependence and pharmacology. Therefore, the average unitary

conductance for the inward current of the controls (33.7 pS) was used to estimate the

relative unitary conductances between the monovalent cation and Ca2*. In contrast to the

previous experiments with divalent cations, channel events at positive membrane

potentials were more frequent, thus allowing measurements of outward currents (canied

by Ca2*). The outward current remained relatively constant with a unitary conductance

between 26.6 and33.2 pS, with the exception of bi-ionic conditions containing external

K*, where the conductance of the Ca2* outward current was lower (20.2 pS). The inward

currents carried by monovalent cations (especially Na*) were not linear, but showed a

rectification, becoming larger at more negative potentials. Thus, the E..n for these
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Table 3.6 Unitary conductances and permeabilþ ratios for divalent cations estimated in

bi-ionic conditions (data from Table 3.5). Unitary conductance ratios (G ratio) and

permeability ratios (P ratio) were arbitrarily ctassified into low, intermediate or high as

described in the text (Section 3.2.3.2). This list of divalent cations is arranged by

increasing P"f;*lP*'*.

Ion Low Intermediate High

G ratio P ratio G ratio P ratio G ratio P ratio

taB{'
îr

Sr''
c*.
-2+LN

1a
Ms''
N¡-
Mn2*
Co2*
Cu2*
cd2*

0.74
0.82
1.00

0.61
0.80
1.00

1.55

t.43
1.90
r.75
1.38

1.67
2.13

2.t3
2.17

2.48
2.22

4.00
4.55
6.67



X'igure 3.13 Unitary UV relationships in bi-ionic conditions. For clarity, the s.e.m. are

not shown (see Table 3.7 for statistical parameters). All solutions were unbuffered and

pH was adjusted to 5.5 with small amounts of concentrated HCl. Both graphs include

symmetrical I mM CaCl2 as reference (o). Trans was kept constant with I mM CaCl2

and crs was perfused with I mM A) CsCl (r,) and KCI (o) and, B) NaCl (a), LiCl (^)

and RbCl (r).
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I/V relationships were calculated from the average of the E,ru observed for both the

monovalent (inward' estimated by linear regression of values from E."" to -100 mV) and

divalent (outward: estimated by linear regression of values from E."u to +100 mV)

cation currents. The unitary conductances and reversal potentials estimated for f,rve

different monovalent cations are summarised in Table 3.7.

According to the relative unitary conductance, the permeability sequence was :

cs* > Na*: K* > Li* >> Rb*

In contrast, according to the relative permeabilities estimated from E..u, the

selectivity sequence was :

Rb*>Li*>tr>Na*:cs*
As for the divalent cations, relative unitary conductances and permeability ratios

were grouped into distinct categories to ease comparison of the two methods of

assessing channel selectivity (Table 3.8). The monovalent cations showed a distinct

relationship from the divalent cations. The conductivity ratios for most of the

monovalent cations (except Rb*) were intermediate, while the permeability ratios for all

the monovalent cations was high. In addition, monovalent cations showed an inverse

relationship between the unitary conductance and permeability ratios. Monovalent

cations with lower permeability ratios had higher conductance ratios. Thus, monovalent

cations with the highest affinities (i.e. the lowest permeability ratios according to the

nomenclature present here) have the lowest mobility (i.e. the lowest conductivit-r' ratios).

Although the permeability and selectivity sequences do not correspond to any of the

eleven Eisenman sequences for monovalent cations (Eisenman and Hom 1983), the

permeability sequence resembles most those describing a weak-field-strength site lRb*

being the exception). However, the fact that the selectivity sequence is opposite to the

permeability sequence suggests that there is a stronger interaction betu'een the

monovalent cations and the binding site within the pore. This apparent contradiction is

discussed further below.

3.2.4 General selectivity and permeability patterns

Divalent and monovalent cations (in 1 mM bi-ionic conditions) showed an

inverse correlation between conductivity and selectivity ratios; this is summarised in

Figure 3.14. Divalent cations showed a positive correlation, with increasing affinity (as

judged by their lower permeability ratios) as their mobility through the channel
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Table 3.7 Monovalent cation conductances and permeability ratios estimated in bi-ionic

conditions. Unitary conductances and observed reversal potentials for each condition

were estimated from independent linear regressions of the inwa¡d (monovalent: between

Er." and -100 mV) and outward (divalent between Er"" and +100 mV) currents from the

I/ü relationships shown in Figure 3.13. Relative permeability ratios (P."2*/P**) were

calculated from the average of the observed reversal potential for the inward and

outwa¡d currents (for reasons discussed in the text; Section 3.2.3.3), using the Fatt and

Ginsborg equation (1953). This list of monovalent cations is alranged by increasing

Pc"2*/Px*.

Ion Inward cunent (X*) Outward current (Cut) P"l*/P +
x No of

bilayers

G
(ps)

EDÍev Er.u
(mv)mv)

G
(ps)(

c** n.7 !0.6 0.999 1.6 32.8 + 3.0 0.968 4.0 1.00 10

Rb* 7.5 + l.l 0.915 -33.9 27.i + 4.9 0912 --27.7 4.00 2

Li* 16.0 + 3.0 0.914 -36.2 26.6 + 0.9 0.997 -34.7 5.88 I

K. t9.5 !t.7 0.971 44.4 20.2+ 1.0 0.990 -41.8 10.00

Na* t9.0!2.7 0.926 47.3 33.2+2.8 0.972 47.3 14-29

5

6

6Cs* 32.5 ! r.7 0.996 47.6 32.5 + l.l 0.992 45.4 14.29



Tabte 3.8 Unitary conductances and permeabilþ ratios for monovalent cations

estimated in bi-ionic conditions (data from Table 3.7). UrLLt:rry conductance ratios

(G ratio) and permeability ratios (P ratio) were a¡bitrarily classified as for the divalent

cations (Section 3.2.3.2). This list of monovalent cations is arranged by increasing
p.l*lpÌ.

Ion Intermediate High
G ratio P ratio Gratio P ratio

Rb*
Li*
K'
Na'
Cs'

2.ll
1.73

1.77
1.04

4.49 4.00
5.88

r0.00
14.29
14.29



X'igure 3.14 Relationship betweon the unitary conductance ratios (G""'*/P**) and the

permeability ratios (P""t?*) estimated for divalent (O) and monovalent (o) cations in

bi-ionic conditions (trans was kept constant with I mM CaCl2). Values were taken from

Tables 3.6 and 3.8. For clarity, lines were drawn to show the trend for both monovalent

( . .) and divalent (- - -) cations.
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increased (as judged by their lower conductivity ratios). In contrast, monovalent cations

showed a negative correlation, with decreasing affrnity as their mobility through the

channel increased.

Nevertheless, this trend might be affected by the ionic conditions to which the

channel is exposed. Although the K, for all the divalent cations was not determined, it

is not unreasonable to assume that their K, is of a similar magnitude to that estimated

for Ca2* (i.e. submillimolar; see Section 3.2.1.3). Thus, the conductivity and selectivity

ratios obtained for divalent cations in I mM bi-ionic conditions were probably estimated

in or near saturating ionic conditions. In contrast, this might not be the case for the

monovalent cations. In the previous Section (3.2.2.2), it was shown that the K' for

permeation of K* was 6 mM, higher than that employed for the selectivity experiments

in 1 mM bi-ionic conditions (i.e. monovalent cation selectivity ratios were estimated

under non-saturating conditions). Since the conductance for K. at saturating

concentrations can be more than 8 times higher than that estimated in I mM bi-ionic

conditions (e.g. comparc data in Tables 3.4 and 3.7), the unitary conductance ratios

presented in Section 3.2.3.3 are much higher than if comparisons had been made with

both ions at saturating concentrations. G.u2*/G** values calculated from the data

presented in Section 3.2.2.I arrd 3.2.2.2 (Table 3.3 and 3.4) can decrease to values near

0.15 (in contrast to 1.73, as estimated in Section 3.2.3.3: Table 3.8) when f* is

increased to saturating concentrations. In contrast, the Pcu2*/Pr* remains relatively

constant (between l0 and 4l) over a wide range of K+ concentrations. Thus, under

saturating concentrations the G""21G** for the monovalent cations can become even

smaller than those estimated for the divalent cations, while their P6"2+/Py* still remains

higher than those estimated for divalent cations. Thus, although the permeability

sequence 1G"u2*/G**) obtained for monovalent cations may vary with the monovalent

cation concentration employed, the selectivity sequence (Pc"2*/Px*) would be expected

to be relatively insensitive to the monovalent concentration employed. Therefore, a

strong-field-strength binding site described by the selectivity sequence for monovalent

cations may reflect more accurately the permeation and selectivity properties of the

channel for monovalent cations.

In general, the channel has a higher affinity for divalent than for monovalent

cations (as judged from their lower Pc"2*/Px*). Considering that the conductivity ratios
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estimated for monovalent cations could be much smaller than those estimated for

divalent cations, it can be concluded that divalent cations have a lower mobility (as

judged from their higher Grl*lG*2*) than monovalent cations. A comparison between

divalent and monovalent cations suggests that selectivity for divalent over monovalent

cations in the channel cannot take place by ion rejection alone. Altematively, selectivity

can be achieved by a mechanism which involves differing ion afhnities at one or more

binding sites within the pore, in such a way that ions with the higher affinity (divalent

cations) have the lower mobility. These results are consistent with previous evidence

(see Section3.2.2.4) suggesting a multi-ion pore structure.

3.2.5 Blockade of monovalent currents by Ca2*

Another set of experiments was performed to elucidate more about the affinity of

the conduction path of the channel for divalent and monovalent cations. In these

experiments, the effect of C** on the inward current carried by a monovalent cation

Nu) was measured. Bi-ionic conditions were established, with the extracellular face

(cls) being exposed to 150 mM NaCl, and the cytosolic face of the channel (trans)

exposed to 50 ¡rM CaCl2. In these conditions, the channel displayed a large (100 to

1 l0 pS) conductance for the inward current (i.e. Na* influx from cis to trans)

(Figure 3.15). The permeability ratio (as calculated from the E."u of +58 t 5 mV)

showed a higher affinity for Ca2* than Na* with a Pcot*/PNu* of 45 to 55. Addition of

extracellular C** (from 0.1 pM to 10.3 mM activity in cls) caused a reduction in the

single channel current amplitude, with a unitary conductance decrease from 105 pS to

30 pS (Figure 3.15a,b and d) as well as an increase in P."21P,uu*(Figure 3.15c), despite

having no signif,rcant effect on the E."u (<5 mV) (see Figure 3.15 a). Effects were more

pronounced atC** concentrations greater than 100 ¡rM (Figure 3.15 b and d), near the

Kn., for Caz* permeation (see Section3.2.L3). The blockade of the inwardNa* current

by C** was concentration-dependent (Figure 3.15a,b and d) and voltage-dependent

(Figure 3.15a and b), being more pronounced at less negative membrane potentials. The

parameters from the curve fitted in Figure 3.15d, predict that as the Ca2* activity is

increased to 10 mM and Na* is reduced to 0 mM, a single channel conductance of

around 27 pS can be expected. These predictions are in agreement u'ith the range of

Ca2* conductance values shown elsewhere in this thesis (e.g. Section 3.2.1.3).
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Figure 3.15 Blockade of Na* inward current by Ct*. The cytosolic side of the channel

(trons) was exposed to 50 ¡rM CaCl2 while the extracellular side (cls) was exposed to

150 mM NaCl. Ca2* was added to the c¡s side from a I mM or 1 M CaCl2 stock

solution. The pH of the cis,trans and CaCl2 stock solutions was adjusted to 5.5 with a

small amount of concentrated HCl. A) Unitary I/V relationships of the inward current

carried by 150 mM Nacl with 0 (o), 0.5 (*), 1.5 (o), :.s (r) and 10.3 (.) mM free ca2*
(as estimated by Geochem-PC), corresponding to a concentration range of 0 to 20 mM
CaCl2. Lines were drawn for clarity. B) Na* current amplitude as a function of
extracellular (cls) Ca2* activity at different voltages as indicated on the right margin.
Lines were drawn for clarity. C) Relationship between Pcu2*/PNu* and the extracellular

@i$ Ci* activity. The P6"2*Æ¡u* was estimated from the observed reversal potential

using the Fatt and Ginsborg equation (1958). The observed reversal potentials and

conductances were determined from linear regressions (statistical parameters not
shown) of the I/V relationships (such as those shown in part A of the figure) f-or values

between -55 mV and Er.u; open and closed sl,mbols represent measurements from 2

different bilayers. A line was drawn for claritv.

(.../cont.)
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Block of Na* inward currents by C** was modelled assuming a one-to-one

interactio,r between a blocking ion (Ca2*) and a binding site along the electric field of

the permeation pathway as described by the Woodhull model (Woodhull 1973;

Rosenberg and Chen 1991) (see Chapter 5 for further details). The best fitting yielded a

K¿(0) of 0.9 mM Ca2* (Figure 3.15e). This value is similar to the C** activity where

P.u2*/P*u* increased (Figure 3.15c) and the unitary conductance for Na* decreased

(Figure 3.1 5d), as well as being similar to the K. for Ca2* permeation (Section 3.2.1 .3).

The modelling also suggests a binding site for Ca2* locate d 35 % across the electric field

drop from the extracellular face of the channel.

The above results show that the presence of Ca2* within the channet inhibits the

flux of the monovalent current carried by Na*, by binding with relatively high affinity

(K¿(0) of 0.9 mM Ca2*) to a site located within the channel pore. In addition, these

results support several observations described previously in this chapter. They reaffrm

the concentration dependence of Ca2* on the permeability ratios, an observation which

had also been described in a previous Section (3.2.2.4).In addition, these results showed

that C** permeation through the channel takes place by the binding of the ion to a site

located within the channel, as suggested from previous observations (see Section 3.2.4).

In conclusion, results presented in this section suggest that characteristics of

Ca2* permeation and selectivity described in the previous sections are determined by the

existence of at least one high affinity binding site located within the channel (at 35 %

across the electric field drop) and reaffirmed the suggestion of a multi-ion pore structure

of the channel.

3.2.6 Mole fraction dependence of conductance

As suggested in the previous section, the existence of one or more binding sites

along the pore region of the channel seems likely. Nevertheless, a further experiment

was done to examine in a different way the degree of ion occupancy of the channel. The

dependence of conductance on the relative concentrations of two permea¡rt ions ("mole

fractions") was studied. The conductance of the inward current (cls to trans) w'as

measured for solutions of varying mixtures of two conducting ions (Ba2* and Ca2*) at a

constant total cis ion concentration of I mM. The trans solution was kept constant

throughout at 1 mM CaCl2. The unitary conductances of the inward currents obtained at

different mole fractions are summarised in Figure 3.16. The conductance obtained with
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Figure 3.16 Relationship between the unitary conductance and different mole fractions.

Trans was kept constant at I mM CaCl2 úrH 5.5). Cr's was perfused with mixtures of
Ci* and Ba2*, keeping the total concentration at 1 mM [rH 5.5). Mole fractions are

given by the ion concentration (cls) / total concentration (cl's: i.e. 1 mM). The unitary
conductances in the dif[erent mixtures were determined by linear regressions of the
points in the IA/ relationship between -105 and 0 mV (vertical lines indicate the

standard error of the slopes calculated from I/V relationships from 2 bilayers). A curve

showing the unitary conductance minimum was drawn for clarity.
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solutions which contained 50-90 yo C*n was lower than that obtained with Ca2* or B**

¿lone. These results indicate a difference in the aff,rnity of the channel for Ca2* and Ba2*,

such that one ion dominates the competition by binding more strongly, thus decreasing

the conductance of both ions. Such minima in conductance with varying mole fraction

(anomalous mole fraction effect) are an indicator of multi-ion occupancy, in contrast to

single-ion pores which show a monotonic variation in conductance with varying mole

fraction (Hille and Schwarz 1978). The minimum observed in the conductance was not

very steep, and was only observed when the ionic mixtures contained 50 o/o or more

Ca2*. Changes in the observed reversal potential among the different ion mixtures were

not significant (< 5 mV).

In conclusion, the anomalous mole fraction effect (AMFE) observed represents

another line of evidence (in addition to that cliscussed in Sections 3.2.4 and3.2.5) for the

multi-ion occupancy of the channel and reaffirms the suggestion of at least one binding

site within the pore (see Section3.2.5).

3.3 Discussion

3.3.1 General features of conduction through the channel

High Ba2* and Ca2* concentrations (10-100 mM) were initially employed since,

as observed in animal cells, such concentrations were necessary to obtain measurable

single channel currents over a wide range of membrane potentials. However, single rca

channel currents were resolved even at low micromola¡ concentrations, well below the

lowest concentrations known to have been employed in animal cells [2 mM Ca2*

(Gollasch et al. 1992; Tinker and William s 1992) and 1 mM Ba2* (Yue and Marban

1990)]. To my knowledge, there is no previous report from any system of single Ca2*

channel measurements at micromolar Ca2* activities.

The rca channel showed a high selectivity for Ca2* over Cl- at all physiological

and unphysiological Ca2* gradients tested. It had a relatively high affinity for Ca2*

permeation with a K, of about 100 ¡rM and a maximum conductance of 30.5 pS, in

contrast to a K. of about 6 mM and a maximum conductance of 164 pS described for

K* permeation. The rca charnel was selective for Ca2* over K* over the wide range of

ionic conditions tested. The Pç"2*lPç* decreased with increasing extracellular Ca2*

which, in addition to the anomalous mole fraction effect observed, is consistent with a

43



multi-ion pore structure. Divalent and monovalent cations showed opposite correlations

between permeability and selectivity ratios, suggesting that selectivity takes place by a

mechanism which involves differing ion affinities for one or more binding sites within

the pore (see Section 3.2.4). Furthermore, blockade of monovalent currents by Ci*

revealed a relatively high affinitv (K¿(0) of 0.9 mM Ca2*) binding site located within the

channel pore, which is consistent with Ca2* permeation through the channel taking place

by the binding of the ion to an intra-pore binding site.

Ion channel permeability and selectivity has commonly been assessed by

determining several parameters: selectivity for cations over anions, ratios of

permeability and conductivity among permeable cations, and ratios of binding affinities.

Since most studies on permeation and selectivþ have been done with Ca2* channels

from animal cell systems, comparisons with Ca2* channels described in plant cells will

be discussed in an independent section.

3.3.2 Current rectification at low concentrations

The ion movement through the channel can be represented as a simple electrical

circuit (the lipid bilayer and the channel representing ^ capacitor and conductor

respectively). Thus, under symmetric al C** concentrations a linear I/V relationship

would be expected. However, at low symmetrical concentrations of Ca2*, the rca

channel showed a non-linear IA/ relationship ("rectification") which cannot be

explained by simple diffusion of ions through the pore. Such rectification might be due

to an effect of the lipid environment surrounding the channel or to a functional

asymmetry of the channel.

Since lipid composition of the membrane bilayer can affect the conduction

parameters of channel proteins (Bell 1986), the PS in the bilayer (see Section 2.2'7.2)

may partially account for the observed current rectification. PS generates a negative

surface charge in the bilayer (i.e. a negative potential at the membrane surface relative

to the bulk solution) which increases the concentration and thus supply of C** nea¡ the

membrane surface. At high concentrations, Ca2* ions from the bulk solution can

"screen" the negative f,txed charges in the bilayer surface as well as bind to and

neutralise the fixed charges, reducing the surface charge density. This results in the ratio

of Ca2* at the bilayer surface to that in the bulk solution to approach unity. As Ca2*

concentrations in the bulk solutions are decreased, the surface charge effect becomes
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more pronounced, thus mobil e C** is attracted to the surface, raising the local Ca2*

concentrations near the membrane (and therefore also at the mouth of the channel). As

the amount of C** is higher, due to the presence of PS, at low Ca2* concentrations a

concentration-dependent increase in conductance can be expected, becoming more

significant as Ca2* concentrations decrease. Such an effect could explain why the

inward current rectification was just observed at Ca2* activities lower than 100 pM,

while at l, 5 and 10 mM the IA/ relationship remained linear.

The inward current carried by 50 pM and 100 pM exceeded that observed in

lmM C** (at membrane potentials more negative than -ll5 and -145mV

respectively). This observation would imply that the negative surface charge effect

could raise the local Ca2* concentration around the extracellular mouth of the channel to

values exceeding 1 mM Ca2* 1in contrast to the 50 or 100 pM concentration in the bulk

solution), such that the difference in potential between the surface and the bulk solution

could reach values of 28 to 38 mV. These values are in the same range as changes in

surface potentials seen when divalent cation concentration was changed l0-fold in PS

vesicles fx 20 mV (Mclaughlin et ol. 1971)] and PS-containing bilayers [æ 25 mV

(Mclaughlin et aI. l98l; Peitzch et at. 1995)1. Thus, the presence of PS in the bilayer

lipid mixture can account for significant surface charge effects, increasing local Ca2*

levels near the mouth of the rca chawtel.

In contrast to effects seen with the inward current, there were no signs of

rectification in the outwa¡d current as Ca2* concentrations were lowered. As surface

charge effects are unlikely to account for such asymmetry since the artificial lipid

bilayer is most tikely to be symmetrical, the data suggest a functional asymmetry in the

channel. The channel may extend into the aqueous phase, some distance away from the

bilayer, in such a way that the potential sensed at the perimeter of the channel would be

slightly lower than the actual surface potential. The asymmetry in the IA/ relationship

would suggest that the degree of insulation from the membrane surface is not similar at

the two faces of the channel, with the protein extending further into the bulk solution at

the cytosolic face. An alternative explanation could be an asymmetrical distribution of

the energy profile across the channel, corresponding to differences in affinity between

the binding sites within the Pore.
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Likewise, interactions between the channel, membrane, EGTA and Ca2*-EGTA

were complicated and difficult to interpret. Therefore, although the exact activities in

unbuffered micromolar Ca2* solutions were uncertain, exclusion of C** buffers was

necessary, since quantification of the surface potentials and EGTA interactions, as well

as their effect on the energy profile, was considered to be beyond the scope the present

work.

3.3.3 Dependence of conductance on ionic activities

The rca channel showed a clear saturation of C** permeation at concentrations

as low as I mM Ca2*, indicating that ion movement through the channel pore does not

follow the independence principle. This saturation suggests that Ca2* interactions within

the pore (ion binding) limits the Ca2* transfer rate (i.e. conductance). The rca chawrcl

had a relatively high affinity for Ca2* 1K, of 99 ¡rM), resembling that described for the

ryanodine receptor [a06 pM estimated experimentally (Tinker and Williams 1992) and

100 ¡rM according to modelling (Tinker et al. 1992b)]. In contrast, most other Ca2*

channels in animal cells have much higher K. values [5 to 28 mM (Kostyuk et al. 1983;

Hess e/ ot. ßgltKuo and Hess 1993b)1.

In saturating conditions, the rca channel showed similar single channel

conductances in Ba2* and Ca2* (32 and 24 pS respectively) to those described for

corresponding channels in animal cells Í20-23 pS in 50 to 100 mM Ba2* andT-12 pS in

50 to l00mM Ca2* (Coronado and Affolter 1986; Hess ¿/ al. 1986; Rosenberg e/ a/.

1986)]. Interestingly, significantly higher conductances have also been reported for the

ryanodine receptor [202 pS and 166 pS in 200 mM Ba2* and Ca2* respectively (Tinker

and V/illiams 1992)1.

Since the presence of PS can lead to higher unsaturated unitary conductance and

lower K, values than those obtained in a neutral bilayer, comparisons between different

studies should be treated cautiously, as such values are susceptible to variation due to

different lipid environments surrounding the channels (Bell and Miller 1984)'

Nevertheless, maximum conductance and channel selectivity parameters have been

found to be relatively insensitive to the presence of PS (Apell et al. 1979; Bell and

Miller 1984).
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3.3.4 Permeability and selectivity

Under physiological conditions, with high cytosohc K* an.l a 103 to 104-fold

difference in C** activity across the membrane (extracellular higher than the cytosolic),

the current through the channel reversed at small negative membrane potentials

(between --65 and 2mY depending on the extracellular and cytosolic cation activities:

Figures 3.8, 3.9 and 3.10 as well as Tables 3.3 and 3.4). This range of membrane

potentials is more negative than that described for Ct* channels in animal cells exposed

to similar conditions [+60 to +80 mV (Brown et al. l98l; Byerly and Hagiwara 1982;

Lee and Tsien 1982, l9S4)1. Under these conditions the rca channel showed a

selectivity for Ca2* over K (17 to 41) which is significantly lower than that obtained for

Ca2* channels in animal cells [selectivity greater than 1000 (Lee and Tsien 1984;

Rosenberg et qt. 1986)]. Nevertheless, as in animal cells, the rca channel can catalyse a

large C** influx against a steep monovalent cation gradient (mainly K*¡ over a wide

range of depolarised membrane potentials, as well as allowing large monovalent cation

outward currents under strong membrane depolarisation (Rosenbetg et a/. 1988).

The permeability and selectivity of the rca channel for various othei divalent

and monovalent cations were estimated in bi-ionic conditions in two ways:

l) measurements of unitary current amplitudes (conductivity ratios, which describe

permeation characteristics), and

2) measurements of E,.u (permeability ratios, which describe selectivity characteristics).

The permeability ratios showed that the rca chawtel generally has a higher

affrnity for divalent than for monovalent cations (C.r'* and Cd2* being the exceptions).

This higher afhnity for divalent cations was supported by measurements of affinity

constants, with the K, for Ca2* 1100 ¡rM) being at least 50 times smaller than that for K*

(6 mM).

Divalent and monovalent cations showed opposite relationships between affrnity

(selectivity) and permeability (conductivity); divalent cation permeabilities increased as

their affinity increased, while monovalent cation permeabilities decreased as their

affinity increased. In I mM bi-ionic conditions. divalent cations had higher or simila¡

conductivity to most monovalent cations. Nevertheless, at saturating concentrations the

conductances of monovalent cations (with 10-100 mM K* on the cytosolic side or

150 mM Na* on the extracellular side) increased by a factor of 5, while the conductance
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of divalent cations remained constant. Therefore, under saturating conditions for both

divalent and monovalent cations, ions with the highest affinities would be expected to

have lowest mobility, resembling the permeation characteristics of divalent and

monovalent cations described for L-type channels (Hess et al. 1986).

The rco channel has the ability to distinguish between ten different divalent

cations (permeability ratios among divalent cations varying between 0.61 to 6.67), with

the permeability increasing as the energy of hydration decreases. Nevertheless although

ion dehydration might partially determine ion permeability through the pore, it is not the

only determinant of ion permeation, as judged by the relatively high conductances

obtained for divalent cations with very high energies of hydration [see Table I in

Edwards (19S2)1. In general, although permeation of divalent cations with high

hydration energies has also been reported in channels from animal cells, ions such as

Mrt*, Co2* and Cd2* have been shown to act mainly as blockers in most nerve, muscle

and heart cells fsee Table 5 in Edwards (1982)]. Nevertheless, a wide range of divalent

cations have been shown to permeate various channels in a range of animal cells,

including Mg'* (Coronado and Affolter 1986; Tinker and William s 1992),Co2* lAdams

et aI. 1980; Brown et al. l98l), Mt'*, Z** andeven Ni2* (Adams et al. 1980; Edwards

1982).

The movement of ions through the channel pore can be described as a series of

j,rmps between binding sites (energy minima or "wells") across barriers (energy maxima

or "peaks"). Under this scenario, the inverse relationship between permeability and

selectivity observed between divalent and monovalent cations cannot be described by a

"selectivity filter" alone (i.e. ion selectivity cannot take place solely by ion rejection).

Since a critical narrowing of the pore (i.e. a selectivity filter corresponding to a peak in

the energy profile) cannot account for the selectivity characteristics of the channel, the

observations suggest a differential affinity for ion binding at the energy wells, such that

ions with the highest affinities move more slowly (i.e. with lower conductance) as they

interact longer with binding sites within the pore. Thus, the selectivity observed in the

channel can be attributed to the affinity of cations for one (or more) true binding sites

within the pore. Further characterisation of the affinity of these sites supported this

suggestion (see below).
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3.3.5 Ca2* blockade of monovalent currents and anomalous mole fraction effect

The channel was able to carry large monovalent cation currents (outward K* and

inward Na*¡ in the absence of Ca2*. The presence of Ca2* caused a voltage-dependent

decrease in the inward current carried by Na*. Blockade was more noticeable at

potentials slightly negative of E,"u and became weaker at more negative potentials'

resembling the selectivity models described for animal cells (Almers and McCleskey

19g4). These observations are consistent with the permeation model proposed for Ca2*

channels from animal cells where monovalent cations can permeate at fast rates (high

conductance) provided that the binding site(s) in the pore ale not occupied by a divalent

cation at the same time (Almers and McCleskey 1984; Hess and Tsien 1984; Tsien et al'

1987;Kuo and Hess 1993b, c).

Modelling the blockade of Na* inward currents by C** fas described by

woodhull (1g7s)l yielded a K6(0) of 0.g mM ca2* at a binding site for ca2* located

35 % down the electric field from the extracellular face of the channel. This K¿(0) value

is in the same order of magnitude as the K* observed for Ca2* permeation. Similarity

between the afhnities for blockade and permeation has also been reported for the

ryanodine receptor (Tinker et al. lggzb).In contrast, most other animal cell Ca2*

channels have shown significant differences (at least three orders of magnitude) between

the K* for Ca2* or Ba2* permeation [5 to 28 mM (Kostyuk et aI. 1983; Hess e/ al. 1986,

Kuo and Hess 1993b)] and the K¿ for Ca2* blockade of monovalent current [= lpM

(Kostyuk et al. 1983; Lansman et al. 1986; Kuo andHess 1993b, c)1. The discrepancy

between these two values has been explained by a multi-site single file ion pore

structure containing at least two binding site(s) with high affrnity for Ca2* [K¿ = 1 pM

(Almers and Mccleskey 1984; Hess and Tsien 1984; Rosenberg et al. 1988)1. The low

Kn, for current saturation has been attributed to a strong electrostatic repulsion between

the ions in the double occupancy state (Almers and McCleskey 1984; Hess and Tsien

19S4). Alternatively, an allosteric model has been suggested (one intra-pore binding site

with a K6 of millimolar Ca2* concentrations and one external site with a K6 of

micromolar Ca2* concentrations), based on the observation of a voltage-independent

blockade of Na* currents by C** (Kostyuk et al. 1983), which is not applicable to the

rca chartel.
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The voltage dependence of the blockade of Ca2* currents by divalent çNi2*¡ and

trivalent (Lut*, Gd3* and Al3*) cations (see Chapter 5) suggests the existence of a second

binding site within the pore. Thus, the rca channel is best described by the model

suggesting a multi-site single-f,rled ion pore.

The observed differences in permeability ratios in different ionic conditions

strongly suggest multi-ion occupancy of the channel pore (Hille and Schwarz 1978),

although they could be attributed to surface charge effects on E,"u (Lewis 1979). The

minimum in unitary conductance with varying mole fractions provides further evidence

for multi-ion occupancy (Hille and Schwarz 1978). The presence of AMFE at both

whole cell (Almers and McCleskey 1984) and single channel (Friel and Tsien 1989)

levels suggest a multi-ion occupancy of two or more binding sites in the pore region in

Ca2* channels in animal cells.

In conclusion, two or more intra-pore binding sites simultaneously occupied by

the permeant ions moving in a single file could account for the permeability and

selectivity properties described for the rca chawrcl. Multiple occupancy would result in

ion-ion interactions (i.e. repulsion) which promote the fast exit (i.e. high conductance)

of ions G*\ which are otherwise bound with relatively high affinities within the pore.

permeation and selectivity mechanisms are most similar to those described for L-type

Ca2* channels in animal cells (Almers and McCleskey 1984; Hess and Tsien 1984;

Tsien et al. 1987; Yang et al. 1993)-

3.3.6 Comparison with other plant Ca2* channels

The conduction and selectivity parameters of the rca channel resemble those

reported for most plant cell Ca2* channels (see Table 1.1). Although the regulatory

mechanisms (ligand- and voltage dependence of gating) may vary in channels from

different membranes, there is still generally a strong similarity in the Ca2* transport

rates (i.e. conductances) and selectivity mechanisms of these channels [although

compare White (1993) and Allen and Sanders (1994a)]. Saturation of divalent cation

current with voltage is more evident in tonoplast (Johannes et al. 1992b; Allen and

Sanders 1994b;Johannes and Sanders 1995a) than in plasma membrane (Thuleau er a/.

1993, 1994b; White Igg3, lgg4) and endoplasmic reticulum (Klüsener et al. 1995)

voltage-gated channels. The rca channel shows a divalent cation conductivity sequence

sinrilar to most other voltage-gated plant cell Ca2* channels (Lunevsky ef ai' 1983; Gelli
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and Blumwald 1993; White 1993; Allen and Sanders 1994b), although alternative

sequences have also been proposed for algal cells based on the capacity of divalent

cations to activate the depolarising inward current ÍC** : Sr2* > B** :Mg'*: Mn2* in

Shiina and razawa (19s7) and ca2* : B** t Mg'* : sr2* in Taylor et al' (1992)l' A

different conductance sequence (C** > Ba2* t Srt*) has been shown for the IP3-gated

channel (Alexandre and Lassalles 1992).

As for the rca channel, other plasma membrane and tonoplast Ca2* channels

have a higher permeability for Ca2* over other divalent cations: C** t Mgt* in Chara

(Lunevsky et al. 1983), C** t Mg'* > Co2* > Mn2* in Secale cereale (White 1993) and

C** > Mg'* in Daucus carota (Thuleau et at. 1994b). Although Mg'* conductances

greater than for Ca2* have been reported for the tonoplast in Vicia faba guard cells, this

channel is nevertheless selective for Ca2* over Mgt* (Allen and Sanders 1994b).

Comparison of selectivity ratios (P.j?**) from different channels should be

treated carefully as Pço2*/P¡ç* may vary according to experimental ionic conditions. The

dif[erent plant Ca2* channels seem to have a similar selectivity for Ca2* over K* lsee

Table 1.1), ranging from of 5 to 30, although values as low as 2 (White 1993) and

higher than 200 (Cosgrove and Hedrich 1991; Allen and Sanders 1994a) have also been

reported. Interestingly, such selectivity is consistently lower than that found in most

animal cells [>1000, although see Tinker et al. (1992b)].

Unfortunately, estimates of K, for cturent saturation by C** are limited to the

tonoplast voltage-gated channels and vary substantially among reports. Current

saturation was reported in 5 mM Ca2* (Johannes et al. 1992b), although a Kn' of 24 mM

for Ci*,18 mM for Sr2* (Gelli and Blumwald 1993) and 13 to 16 mM for Ba2* (Pantoja

et al. 1992; Gelli and Blumwald 1993) have been reported in the same species. These

values are significantly higher than the K, reported in the present work. Nevertheless,

similar K, values have been reported for 45Ca2* fluxes through putative voltage-

dependent channels in root plasma membrane vesicles ftom Triticum aestivum 1167 ¡tM

Huang et al. (199a)l and Zea mays [48 ¡rM: Marshall et ql. (1994)], although the

kinetics of these fluxes were contradictory; Z. mays showed a maximum flux at 100 pM

Ca2*, which decreased as Ca2* concentrations were raised in contrast to a constant

increase in flux with increasing concentrations (up to 500 ¡rM Ca2*) reported in
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T. aestivum. Regardless of the differences in flux kinetics, these transport affinities a¡e

similar to the one reported in the present work.

Blockade of monovalent cation current by divalent cations has been observed in

other plant channels. The inward current (carried by 60 mM Na*) across the plasma

membrane of Chara cells was reduced to 40 o/o when 0.5 mM Ca2* was added to the

external medium, and to 20% with 10 mM Ca2* llunevsky øf at. 1983). Blockade of

monovalent cation currents by Ci* has also been observed in the voltage-dependent

Ca2* channel in the tonoplast of higher plant cells (Johannes et al. 1992a; Johannes and

Sanders 1995a). The inwa¡d current (efflux from the tonoplast into the cytoplasm)

caried by 50 mM K. was blocked in a concentration and voltage-dependent manner by

Ca2*, with a IÇ(0) of 0.29 mM. This value is in the same order of magnitude to the one

estimated in the present work (0.9 mM Ca2*). The tonoplast channel showed a steep

inflection of the outwa¡d current similar to that shown for the rca channel when exposed

to similar bi-ionic conditions [compare with Figure 2 in Johannes et al. (1992a)).In

symmetrical 50 mM ¡¡ , the IA/ relationship for the tonoplast channel was linear, and

became asymmetrical upon addition of Ca2* and substitution of K by Ca2*. These

observations agree with the asymmetry found in the rca channel.

Most observations of Ca2* channels in plant cells suggest that ion movement

along the pore is not independent, and that ionic competition for an intra-pore binding

site(s) takes place. The relatively high affrnity of Ca2* binding to such site(s) might

represent the crucial step in ion selectivity. A model with trvo symmetrical energy

barriers and one central binding site was originally proposed for the plasma membrane

Ca2* channel in algal cells (Lunevsky et al. 1980). Nevertheless, more thorough

measurements of the permeability and selectivity parameters [Johannes and Sanders

(1995a) and the present work] support the idea of a multi-ion pore structure for Ca2*

channels in plant cells, resembling the "two site" model described for the L-type

channels in animal cells.

3.3.7 Summary

The selectivity mechanism proposed for the rca channel shares common features

with that originally proposed for L-type channels (Hess and Tsien 1984; Tsien et al.

l9g7; yang et at. 1993) and the ryanodine receptor (Tinker et al. 1992b). As in the

ryanodine receptor, selectivity in the rca channel is achieved by at least one binding site
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(presumably located 35 % down the electric field drop from the extracellular face of the

channel), with an affinity about 100-1000 t^mes lower than that observed for the L-type

channels. The K, for C** permeation was similar to the K¿ for Ca2* blockade of

monovalent currents (especially when compared to the 1000-fold difference reported in

animal cells), suggesting that both approaches describe the affrnity of Cf* for one

binding site. Although a second binding site could be present at 3 - 11 o/o across the

voltage drop from the extracellular face, its contribution to ion selectivity would be

minor (see Chapter 5). Thus, although the rca channel can hold more than one ion at the

same time, ion selectivity would be achieved primarily by the higher affrnity (deepness

of the well) of one of the binding sites. The selectivity mechanism for the rca resembles

that originally proposed for L-type channels (Hess and Tsien 1984; Tsien et al. 1987),

yet it differs in that the multiple binding sites along the permeation pathway might have

different affinities for Ca2*. The selectivity mechanism of the rca chanrtel could

resemble that recently proposed for L-type channels, where a "binding site" could in fact

be two or more binding sites in close proximity, or where Ca2* ions might even share

the same'ligand within one apparent site in the pore structure (Yang et al. 1993).

Nevertheless, Ca2* affinity for such site(s) in the rca chattnel would be lower than

described for L-type channels. The small differences, if significant, between the K. for

permeation and the K¿ for blockade indicate that ion-ion interactions arising from

double or multiple occupancy could contribute to the rapid movement of Ca2* along the

rca channel pore. However, the ion-ion interactions in the rcs channel may not be as

significant as in animalC** channels.

Permeability and selectivity differences between Ca2* channels from plant and

animal cells are evident, although they point towa¡ds a similar general mechanism. Ion

selectivity (binding) in animal cell Ca2* channels is attributed to a region within the pore

containing highly conserved glutamate residues (SS2). Single amino acid substitutions

of these residues alter the ion-permeation and selectivity properties of the channel

(M1kala et al. 1993; Yang et ot. t993). In the same \¡r'ay, subtle differences in the

primary structure of Ca2* channels could account for the varying selectivity among plant

and animal cell Ca2* channels.

Although the rca channel has a weak selectivity (compared to that observed in

animal cells), it remains selective for Ca2* oue. K* over all the range of physiologically
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realistic extracellul ar C** and intracellula¡ K* concentrations tested. Upon membrane

depolarisation, such selectivity properties would allow the channel to catalyse a large

Ca2* influx (down its electrochemical gradient) against a steep monovalent cation

gradient (mainly K*¡, suggesting that the channel could constitute a main pathway of

Ca2* influx in the intact root. In addition, the channel could also catalyse a large K*

efflux under stronger membrane depolarisation. The mechanism which controls channel

opening or closure (regulating ionic fluxes) will be described in the next chapter.
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CHAPTER 4

REGULATION OF CHANNEL ACTIVITY

4.1 Introduction

Several Ca2*-permeable and Ca2*-selective channels located in the plasma

membrane and tonoplast of higher plant cells may increase the resting c¡osolic Ca2*

activity (from nanomolar concentrations) by allowing Ca2* movement into the cytosol

down a steep electrochemical potential gradient from either internal or apoplastic C**

pools. Fluctuations in cytosolic C** activity may trigger a wide variety of biochemical

changes, vital in responses to environmental cues, with cytosolic Ca2* acting as a

secondary messenger in higher plant cells (Johannes et al. 1991, 1992a; Schroeder and

Thuleau l99l; Bush 1993; Sanders et aI. 1994). Activation and regulation of the

channels responsible for Ca2* movement into the cytosol is triggered by a complex

interaction of intracellular and extracellular signalling mechanisms. Three main

mechanisms of channel regulation have been identified in C** channels in higher plant

cells: voltage, stretch and the binding of ligands.

All three mechanisms have been reported for Ca2*-permeable channels from the

plasma membrane of higher plant cells. Voltage-gated channels have been reported in

several species (Ping et at. 1992b; White 1993, 1994; Thuleau et al' 1994a, b). The

second type, stretch-activated channels, have been reported in epidermal cells of onion

bulbs (Ding and Picka¡d 1993) and stomatal guard cells (Cosgrove and Hedrich 1991)'

The third type, an ABA-activated non-specific Ca2*-permeable channel, has also been

reported in guard celts (Schroeder and Hagiwara 1990).

Two of the three gpes of channel regulation have also been reported for

tonoplast Ca2*-selective channels. Two kinds of ligand-gated channels coexisting in the

tonoplast have been identified, one activated by IP3 (Alexandre et al. 1990; Alexandre

and Lassalles 1992; Allen and Sanders 1994a) and the other activated by cyclic ADP-

ribose (Allen et al. 1995). Voltage-gated channels are also found in the tonoplast

(Johannes et al. 1992a, b; Pantoj a et al. 1992;Ping et al. I992a, b; Gelli and Blumwald

1993;Allen and Sanders 1994b; Johannes and Sanders 1995a).

In addition, a voltage-gated channel has recently been identified in the

endoplasmic reticulum of Bryonia dioica (Klüsener et al. 1995).
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In this chapter, the regulatory mechanism of the rca chaînel, characterised in the

present study, is described.

4.2 Methods

Basic single channel analysis was performed as described in Chapter Two (see

Section 2.2.7.4). Membrane potentials were stepped from zero to the desired voltage.

Single-channel current-frequency distributions generated from recordings over a period

of 5-20 minutes at each voltage (5 minute records contained approximately 100 events)

were fitted to Gaussian distributions using the Simplex least squares method. In order to

avoid interference from capacitive currents, the initial 5 seconds after applying the

desired voltage were excluded from the analysis. Open state probabilities were

calculated from the ratio of the total open times to the total recording times derived from

the curve frtting of the single-channel current-frequency distributions, as, for example,

in Bertl and Slayman (1990).

4.3 Results

4.3.1 Voltage dependence

The open probability of the channel was strongly dependent on the membrane

potential. The channel remained mainly open between -115 and +145 mV, and as the

membrane potential became more negative channel closure occurred more frequently

(Figure 4.1). For the first seconds at more negative membrane potentials, the channel

spent more time in its closed state than when at less negative potentials (Figure 4.1). On

a longer time scale, the channel inactivated within a minute at more negative membrære

potentials, in contrast to the lack of inactivation observed at less negative membrane

potentials (Figure 4.2a). Channel inactivation with time was observed at more negative

membrane potentials, and the effect was reversed as soon as the membrane potential

was stepped back to 0 mV. At steady-state (e.g. from 5 sec to 5 min after a change in

voltage), the channel spent half of the time in the open state at -128 mV, while at

membrane potentials more negative than -135 mV, it remained in the closed state for

most of the time (Figure 4.2b). The probability of opening had an asymmetrical

distribution over the range of membrane potentials tested (Figure 4.2b)'
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Figure 4.1 Single channel recordings of the rca Ci* channel. All traces taken from one

representative experiment done in symmetrical I mM CaCl2 úrH 5.5) and selected to

illushate current amplitude and channel gating at different membrane potentials over a

short time scale (30 s). Voltage was measured following the same convention used for

intact cells (i.e. cytosol with respect to the outside). Membrane potentials were stepped

from zero to the voltage indicated in the left margin. The initial five seconds containing

capacitive currents have been removed from all the traces. The horizontal dashed line

represents the closed state ofthe channel.
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X'igure 4.2 
^) 

Single channel recordings of the rca Ca2* channel over a long time scale

(5 min). All traces taken from one representative experiment done in symmetrical I mM

CaCl2 ûrH 5.5) and selected to illustrate current amplitude and probabitity of opening

over the narrow range of membrane potentials where the open probability changes

rapidly with small changes in voltage (see Figure 4.2b). Membrane potentials were

stepped from zero to the voltage indicated in the left margin. The initial 5 seconds

containing capacitive currents have been removed from all traces. The horizontal dashed

line represents the closed state of the channel. The graph on the right hand side of each

trace shows the Gaussian curye fitting of the single-channel current-frequency

distributions generated from each trace (sampling frequency 2 kHz, bin size 0.04 pA).

B) Open probability at steady-state as a function of the membrane potential. The open

probabilities were estimated from recordings (of 3-5 min duration) and curve fittings

such as those shown in Figure 4.2a. The average open probability and standard errors

are plotted at each membrane potential tested (n:7 bilayers). The smooth curve was

drawn according to the Boltzmann equation, P1op.n¡: Pn,,* / (l + exp (vo.s - v) i l.Ð,

where Pn,o is the maximum observed open state probability, Vo., is the voltage where

Ploprn¡:0.5 and N : steepness factor equivalent to RT/Fz; R, T, and F have their usual

meaning and z represents the gating charge. Best fitting was obtained by adjusting

values to ve.5 : -128 mv and N : 6 mv, equivalent to a gating charge (z) of 4.2.
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Taking advantage of this last property and of the defined membrane vesicle

sidedness obtained with the aqueous two phase partitioning during the membrane

isolation procedure, an attempt to reconstitute the rca chamel from membrane vesicles

of opposite sidedness (i.e. inside-out vesicles from the lower phase; see Section 2.3.2)

was ¿one. Under these conditions, single Ca2* channel recordings showed similar

unitary conductance, and a reversed voltage dependence (data not shown). since

membrane vesicle fusion into planar lipid bilayers occurs in a defined manner (Cohen

1986), these results suggest that these channels had incorporated with reversed

orientation into the bilayer, corroborating the plasma membrane origin of the channel

suggested by the biochemical characterisation of the membrane fractions (see Section

2.2.6).

4.3.2 Other regulatory mechanisms

Cytosolic Ca2* does not seem to play a regulatory role, as the channel activity

remained constant over a wide range of cytosolic Cf* activities from 500 nM to 10 mM

(data not shown). The channel was exposed to a range of concentrations of ABA or IP3

on both the cytosolic (trans) and extracellular (cis) sides in symmetrical I mM CaCl2

OH 5.5). Raising the cytosolic concentration of IP3 up to 10 pM or the extracellular

concentration up to 4 ¡rM did not affect channel activity of either the inward or the

outward current (data not shown). Likewise, 50 nM to 225 ¡rM ABA on the cl4osolic

side or 50 nM to 500 pM on the extracellular side did not affect channel activity of

either the inward or the outward current (data not shown)'

In contrast, exposure of the cytosolic side of the channel to 1.5mM ATP

induced a change in the kinetics of the inward current (Figure 4.3a). ATP reduced the

number of short transitions between the open and closed states (i.e. events) and

increased the open state probability (Figure 4.3b). These parameters suggest that the

increase in open state probability upon addition of ATP could be more due to a shift in

the voltage at which the open state probability is 0.5 (i.e. from -140 to -150 mV), than

an increase in the maximum open state probability (i.e. from 0.75 to 0.80)' Further

elucidation of the mechanism by which ATP affected the kinetics of the open and

closing rates of the channel was not feasible since the number of events (i.e. transitions

between open and closed states) were not enough to generate representative dwell time

histogram to extract the time constants of the reaction. Differences between V6.5 in these
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Figure 4.3 Effect of ATP on the inward current of the rca C** channel. The

extracellular face of the channel (crs) was exposed to 0.5 mM CaCl2 and 1 mM KCt (pH

adjusted to 5.5 with a small amount of concentrated HCI). The cytosolic face of the

channel (trans) was exposed to 140 mM KCl, 0.g mM cacL2and 0.g mM EGTA, pH
7.0 (adjusted with KOH). The Ca2* activity in trans was 500 nM. A) All traces taken

from one experiment. Membrane potentials were stepped from zero to the voltage
indicated in the left margin. The initial 5 seconds containing capacitive currents have

been removed from all the traces. The horizontal dashed line represents the closed state

of the charmel. The bar graph on the right hand side of each trace shows the open

probability calculated as described in Figure 4.2. Similar observations were recorded in
2 bilayers.

(.../cont.)
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f igure 4.3 (cont ) B) Open probability at steady-state as a function of the membrane

potential and presence or absence of ATP. The open probabilities were estimated from

recordings and curve fittings such as those shown in part A of the figure. The smooth

curyes were drawn according to the Boltzmann equation described in Figure 4.2b. Best

fittings were obtained by keeping N at 6 mV and adjusting Vs.5 to -140 and -150, and

P-o to 0.75 and 0.80 for -AIP and *ATp, respectively.



B. P (open)

-100

o -Af"
o +Ax?

c

-180 -120

1.0

0.8

0.6

0.4

o2

o

-160 -140

Møbranopoftmial (nV)

Figure 4.3 (cont)



data and that presented earlier (see Section 4.3.1) are likely to be due to the shorter

sampling time in the ATP experiment.

4.4 Discussion

4.4.1 Voltage dependence

The rca channel showed a sharp voltage dependence which suggests that at

physiological resting potentials the channel remains largely closed, and is only opened,

allowing Ca2* influx, upon membrane depolarisation. The open state probability of the

rca charunel was very low at membrane potentials negative of about -135 mV and

increased rapidly to be mainly open at membrane potentials positive of about -115 mV.

The voltage dependence of the rca channel described here is consistent with that

described for plasma membrane Ca2* influxes me¿rsured in other systems. Single

channel analysis of a plasma membrane Ca2*-permeable channel from Secale cereale

incorporated into planar lipid bilayers also increased in the open probability at

membrane potentials positive of about -100 mV (White lgg4). ntc** influxes into

right-side-out plasma membrane vesicles increased with depolarisation with a maximum

at -100 mV in Triticum aestivum (Huang et al. 1994) and -80 mV in Zea mays

(Marshall et al. 1994). Likewise, whole cell patch clamp me¿ìsurements in Daucus

carota showed activation of inward currents carried by 40 mM Ca2* upon membrane

depolarisation to potentials more positive than -135 mV, with a maximum current at

-84 mV (Thuleau et al. 1994b). These results generally agree with the opening of the

rca charnel upon depolarising membrane potentials. However, the inward currents in

Daucus carota showed a slow inactivation (Thuleau et al. I994a, b). In contrast, the rca

channel did not show any inactivation at the same range of membrane potentials. The

channel described in Daucus carota might have, in addition to the voltage gating,

alternative intrinsic regulatory mechanisms, such as channel inactivation, which are

possibly lacking in the rca channel. Likewise, loss or inactivation of such mechanisms

in the rca channel during membrane isolation cannot be excluded. Dissimilarities in

channel inactivation cannot be explained since different experimental approaches have

been used.

A maximum open probability of 0.20 was reported for a putative plasma

membrane Ca2* channel from Arabidopsis thaliana at -80 mV with closure at 0 mV
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(ping et al. lggzb). However, this open distribution resembles that found for the

tonoplast channel in the same report and elsewhere (see below), so this work must be

treated with caution.

The open probability of the tonoplast and endoplasmic reticulum voltage-gated

channels is affected by a different range of membrane potentials to the rca chartr;rel

(Figure 4.4). The open state probability of the tonoplast channel increases upon

hyperpolarisation from 0 to -80 mV þotential in the cytosol relative to the vacuole:

Johannes et al. (1992b); Ping et al. (1992b); Gelli and Blumwald (1993); Allen and

Sanders (1994b)1, and then decreases at more negative potentials (Allen and Sanders

1994b). A shift in channel activation to less negative potentials is also observed when

vacuolar Ca2* is increased (Johannes et al. 1992b; Johannes and Sanders 1995a), and a

decrease in the open state probability is seen as vacuola¡ pH is lowered (Allen and

Sanders 1994b). Likewise, under symmetrical conditions (50 mM CaCl) the

endoplasmic reticulum channel remains closed at 0 mV and increases its open

probability as the membrane potential becomes more negative (cytosol relative to the

endoplasmic reticulum lumen), saturating at -80 to -90 mV with a maximum open

probability of about 0.70 (Klüsener et al. 1995). In addition, its open probability

distribution shifts towards positive voltages as a Ci* gradient is imposed across the

channel (cls higher relative to trans).

Two additional features differ in the voltage dependence of the gating of the

tonoplast, endoplasmic reticulum, and rca channels. Firstly, the steepness of the voltage

dependence of the rca C** channel is greater than that described for the tonoplast and

endoplasmic reticulum voltage-gated channels. The rca chawtel has a gating charge at

least 3 times greater than that described for the tonoplast (Johannes et al. 1992b) and 1.3

to 2.2 times greater than that of the endoplasmic reticulum channel (Klüsener ef a/'

1995). Secondly, the maximum open probabitity is between 0.05 to 0.35 for the

tonoplast channel (Johannes et at. 1992b; Ping et al. 1992b; Gelli and Blumwald 1993;

Allen and Sanders 1994b; Johannes and Sanders 1995a) and 0.75 for the endoplasmic

reticulum channel (Klüsener et al. 1995), in contrast to 0.95 to 1.0 observed for the rca

channel at membrane potentials less negative than -105 mV'
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X'igure 4.4 Open state probability at steady-state as a function of the membrane

potential in the rca andendomembrane voltage-dependent Ca2* channels (all membrane

potentials in the cytosol relative to the non-cytosolic compartrnent)' Data fot the rca

channel were taken from FigUre 4.2b, data for the endoplasmic reticulum from

symmetrical and asymmetrical conditions in Kltisener et al' (1995), and data for the

tonoplast channel represent an approximation of the open probabilities reported in

different sets of ionic conditions in several papers (Johannes et al- 1992b; Gelli and

Blumwald 1993;Allen and sanders 1994b; Johannes and Sanders 1995a)'
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4.4.2 Other regulatory mechanisms

The activity of the rcc channel remained constant over a wide range of cytosolic

Ca2* concentrations (500 nM to 10 mM). Simitar observations have been shown for the

tonoplast voltage-dependent channel (Johannes et al. 1992b), although inhibition by

cytosolic Ca2* has also been reported (Gelli and Blumwald 1993). Cytosolic Ca2* has

also been suggested to regulate the activation of the C** channel in the plasma

membrane of the giant-celled green alga, Nitellopsis obtusa (Zhetelova et al. 1987).

The rca channel was insensitive to a wide range of cytosolic and extracellular

concentrations of ABA and IP3, consistent with a primary regulation by voltage rather

than ligand binding. Nevertheless, loss or inactivation of such a receptor during

membrane isolation in the present study cannot be excluded at the present stage. In

contrast, ABA activated a non-specific Ca2*-permeable channel in the plasma

membrane of guard cells (Schroeder and Hagiwara 1990), and IP3 (Alexandre et al'

1990; Alexandre and Lassalles 1992; Allen and Sanders 1994a) and cyclic ADP-ribose

(Allen et al. 1995) activated ligand-gated C** channels in the tonoplast of higher

plants.

Addition of ATP to the cytosolic side increased the open state probability of the

rca chawtel. Nevertheless, its presence or absence was not a crucial factor in

determining channel activity. ATP also increased the open probability of both the

phosphorylated and non-phosphorylated ryanodine receptor of skeletal muscle

reconstituted into lipid bilayers (Herrmann-Frank and Varsrányi 1993), in agreement

with earlier suggestions of an allosteric effect of ATP on Ca2* channel activity (Smith e/

al. 19B6).ATP has also been shown to affect plasma membrane K* channels from plant

cells, as for example: increasing the open probability of the inwa¡d rectifuing K+

channel in Vicia faba cells (V/u and Assmann 1995) or decreasing it in Nitellopsis

obtusa (Katsuhara et al. 1990). Results in the current work are consistent with a direct

allosteric regulatory effect of ATP on the rca chawtel, enhancing its open probability'

Further experiments using non-hydrolysable ATP analogues are needed to test whether

the effect of ATP is mediated by phosphorylation'

A range of regulatory mechanisms such as protein kinase C (Zherelova 1989b),

phosphorylation state (Shiina and Tazawa 1986), cAMP (Zherelova 1989a) and ATP

and Mg2* (Zherelova 1985; Hodick and Sievers 1988) have been shown to be necessary
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for maintaining cell excitability and activity of the plasma membrane Ca2* channels in

algal cells. Nevertheless, in the present study, the rca channel activity and gating could

be observed in the absence of any soluble regulatory factors, remaining stable for up to

l3 hours without inactivation or run down.

In conclusion, the results presented in this chapter suggest that in the intact cell,

under resting physiological conditions, the rca chawrcl would remain largely closed and

would open only upon membrane depolarisation. Given the channel selectivity for Ca2*

over K.. under physiologically realistic extracellular C** and intracellular K.

concentrations (see Chapter Three), channel opening upon membrane depolarisation

below about -130 mV would allow the rca channel to catalyse a large Ca2* influx

(down its electrochemical gradient and against a monovalent cation gradient, mainly

K*¡, suggesting that the rcachannel could constitute a major pathway of C** influx in

the intact root. Further membrane depolarisation to values more positive than about

-20 mV (a value which would depend mainly on the intracellular K concentration)

would result in K* efflux, acting as a feedback mechanism to reduce further

depolarisation. Since neither cytosolic Ca2* nor inactivation appear to regulate the rca

channel (at least not in bilayers), outwa¡d current via the outwardly rectiffing K+

channels (Ketchum et at. 1989) and/or H* efflux pump (Btatt et al. 1990) would be

necessary to induce membrane repolarisation and thus closure of the rca cha¡'nel. Thus,

the rca channel has the potential to allow fast cytosolic Ca2* increases in response to

changes in the plasma membrane potential.

Although the Ca2* pool surrounding the extracellular face of the plasma

membrane may be less significant and stable than intracellular storage (Johannes ef a/.

1992a; Sanders et al. 1994), the rca chawtel still represents a potential source of Ca2*

required during cellular signalling. Considering the small changes in cytosolic Ca2* that

take place during cellular signalling, the relative localisation of a C** channel may be

of more importance than Ca2* availability. The plasma membrane Ca2* channel

represents a mecha¡rism for the modulation of cytosolic Ca2*, which, in contrast to the

tonoplast channels, is in direct contact with the external environment. Regardless of its

possible role in cellular signalling, the rca channel undoubtedly represents a mechanism

by which Ca2* and some other divalent cations (see Section3.2.3.2) could be taken up

into the roots of higher Plants.
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CHAPTER 5

INORGANIC PHARMACOLOGY

5.1 Introduction

Currents through a range of voltage-gated Ca2*-selective channels from animal

cells can be blocked by a variety of di- and trivalent cations, La3* and Cd2* being the

most effective and commonly used [for a review see Edwards (1982)]. Analysis of the

kinetics of blockade at the single channel level has provided detailed knowledge about

the mechanisms of inhibition and the properties of the permeation pathway in C**

channels. Blockade ranges from 'slow' to 'fast', depending on the association and

dissociation rates of the blocker with the blocking site. Slow blockers have dissociation

rates slow enough to be resolved at the single channel level. In contrast, fast blockers

have dissociation rates in the order of 105 seCl or more, which cannot be resolved at the

single channel level and thus appear as an apparent reduction in the single charurel

current amplitude (Mocrydlowski 1986, 1992).

Blockade of single channel Ca2* currents by di- and trivalent cations, as well as

blockade of monovalent currents (through Ca2* channels) by Ct* and other di- and

trivalent cations, have been shown in Ca2* channels both reconstituted into artificial

lipid bilayers (Nelson et at. 1984: Rosenberg et al. 1986, 1988; Tinker et al. l992a,b)

and patch-clamped in native membranes (McCleskey and Almers 1985; Nilius el a/.

1985; Lansman et al. 1986; Lansman 1990; Kuo and Hess 1993a, b, c). Generally, when

using artificial bilayers, the blockade of single Ca2* channel currents has been described

as 'fast', whereas a slow blockade is more commonly described when patch-clamp

techniques are used [compare bilayer work of Rosenberg et al. (1986, 1988) with patch-

clamp studies of Lansman et al. (1986) and Lansman (1990)]. This difference can be

attributed to the lower cut-off frequency of filtering necessary for viewing recordings

from artificial bilayers compared with patch-clamp recordings; this means the rapid

events of "fast blockade" are missed in artihcial bilayers, instead appearing as a

reduction in current amplitude. Regardless of the technical approach employed, these

studies showed that the effectiveness of the blockade varied with the blocking ion and

the type of Ca2* channel. Generally, micromolar concentrations of trivalent cations
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effectively inhibited Ca2* currents. In contrast, relatively weak blockers such as Mg2*

and Ni2* are only effective at millimolar concentrations.

A voltage and concentration dependence of the blockade by multivalent cations

suggests a direct effect of the voltage on the association/dissociation rates. This type of

one-to-one interaction between a blocking ion and a binding site along the electric field

of the permeation pathway is commonly described by the use of the Woodhull model

(1973); see results for a detailed outline of this model.

Blockade of plant cell Ca2* channels using patch-clamping and lipid bilayer

techniques have shown channel blockade by Gd3* (Johannes et al. I992b; Allen and

Sanders 1994b; Klüsener et at. 1995), Al'* (Ding et al. 1993) a¡rd Cd2* (Ping et al.

1992a) at the single channel level. Nevertheless, the characterisation of the blockade

reactions has been less thorough than for Ca2* channels in animal cells.

Analysis of the changes in the kinetics of blocking and unblocking reactions of

Ca2* currents by multivalent cations with varying ion concentrations and membrane

potentials can provide furthei insights on the ion-pore interactions fundamental for ion

permeation. This chapter describes a set of experiments performed to increase the

understanding of these interactions in the conduction pathway of the rca channel.

5.2 Results

5.2.1 Blockade of inward Ca2* currents by trivalent cations

In these experiments, effects were measured of extracellular trivalent cations on

the inward current carried by C** in symmetrical I mM CaCl2. Gd3* and La3- were

tested at pH 5.5, while Al3* was tested at pH 4.0 to reduce the formation of aluminium

hydroxyl complexes (Kinraide 1991). The unitary conductance and channel kinetics

remained unchanged when the channel was exposed to low pH (data not shown). The

blockade by the trivalent cations appeared as a reversible, concentration-dependent

reduction in the amplitude of the inward single-channel Ca2* current (Figwe 5.1), which

is summarised in I/V relationships for all concentrations tested (Figure 5.2). At all

concentrations, the outward current remained unchanged (data not shown); even with

La3* concentrations as high as 2 mM, the outward current remained unaffected u'hereas

the inward current was completely inhibited.
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Figure 5.1 Blockade of inward C** currents by trivalent cations. The channel was

exposed to symmetrical I mM CaCl2OH 5.5 for experiments with Gd3* and La3*: parts

A and B; pH 4.0 for experiments with Al3*: part C). Trivalent cations were added to the

extracellular side of the channel (cis) from a I mM or l0 mM trivalent cation-chloride

stock solution at the appropriate pH. The final concentration of trivalent cations present

in the cls chamber is given at the top of each set of traces. Membrane potentials were

stepped from zero to the voltage indicated on the left margin of each figure. The

horizontal dashed lines represent the closed state. Traces correspond to the blockade by

A) Gd3*,

(.../cont.)
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Figure 5.1 (cont.) B) La3*,
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Figure 5.2 Blockade of inward Ca2* currents by trivalent cations. Unitarl,

I/V relationships of the inward Ca2* current in the presence of different concentrations

of A) Gdt*, B) La3* and C) Al3*. Data points were taken from recordings such as those

shown in Figure 5.1. Control currents (o) insymmetrical I mM CaClr(pH 5.5 or 4.0 as

in Figure 5.1). Data points at different concentrations of trivalent cations are shown with
different symbols on each set of curves. The concentrations of trivalent cation are not

corrected for chemical activities. The concentration of trivalent cation present in the c¡s

chamber is indicated at the left of each curve. For clarity, s.e.m. are not shown and lines

were drawn for each set of [/V relationships. All data points are the average of at least

tlrree different bilal,s¡s.
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The type of blockade observed for the trivalent cations (i.e. reduction in the

single channel current amplitude) is consistent with a fast blocking mechanism in which

the individual blocking and unblocking reactions are beyond the resolution of the

techniques used. Thus, the blockade appears as a time-averaged reduction in the single

channel Ca2n current amplitude. This blockade by trivalent cations could be described

by a model in which there is a one-to-one interaction between the blocking ion and the

pore:

KIV)
o+x <-+ oX (5.1)

where K¿(V) is the apparent equilibrium dissociation constant for the binding of the

blocker X to a site in the unblocked channet O at the membrane potential (V), resulting

in the blocked state of the channel OX (Woodhull, l9l3). The Woodhull model

describes a blockade where the probability of having the site unblocked (P") is

equivalent to the ratio of the unitary current (i) in the presence of the blocker and that

(in'*) in the absence of the blocker:

Pu: i li^o: K¿(v) / [Kdry) + x] 6.2)

where X is the concentration of the blocker.

In the present study, the steady-state blockade was quantified by measuring the

single channel unitary currents as a function of the trivalent cation concentration present

in the extracellular face (cls) of the channel (Figure 5.3). Data points were fitted to the

following function, which results from a transformation of Equation 5.2'.

i: i.* I {r + [x / Kdry)]] (s 3)

Curve fittings were performed using the Levenberg-Marquardt non-linear regression

method as described in Section2.2.7 -4.

Values of K¿(V) for the trivalent cations tested were voltage-dependent,

increasing as the holding potential (V) became more negative. Values were htted

against voltage to a Boltzmann distribution, as described in the Woodhull model:

K¿(V) : K¿(0). exp(zõFV/RT) (5'4)

where K¿(0) is the value of K¿(V) at 0 mV, z is the charge of the blocking ion (+3 in the

present case), ô is the fraction of the electric field the blocking ion traverses from the

extracellular face of the channel to reach the binding site, and F, R and T have their

usual meanings. Figure 5.4 shows the curves with their respective K¿(0) and ô values for
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Figure 5.3 Blockade of inward Ca2* currents by extemal trivalent cations. plot of the

unitary inward C;" current amplitude as a function of the extracellular (cls)

concentration of A) Gd3*, B) La3* and c) Al3*. The smooth curves were drawn

according to Equation 5.3, as described in the text. The best K¿(V) values frtted at each

holding potential are given in the inset of each plot. The curves predict a decline in
current amplitude to zero as the extracellular (cLr) concentration increases. Complete

inhibition of current amplitude was observed upon addition of low mM concentrations

of trivalent cations. Data were taken from the IA/ relationships shown in Figure 5.2.
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X'igure 5.4 Characterisation of the voltage dependence of the blocking reactions by the

trivalent cations. Plot of K¿(V) as a ñrnction of the holding potential. The smooth curves

were drawn according to Equation 5.4, as described in the text. The best K6(0) and ô

values fittings are given for each trivalent cation. K¿(V) values plotted for A) Gd'*,

B) La3* and C) Al3* were taken from Figure 5.3.
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each of the trivalent cations tested. Gd'*, La3* and Al3* had a high affrnity for a binding

site along the permeation pathway, as suggested by their K¿(0) of 17,3 and lC pM

respectively. Moreover, the three trivalent cations appeared to bind in the same region

along the permeation pathway, located around 3-Il % of the voltage drop from the

extracellular face of the channel (i.e. ô of 0.03, 0.05 and 0.11).

5.2.2 Btockade of inward Ca2* currents by Ni2*

As a wide range of divalent cations can permeate the rca channel in the absence

of C** (see Sectio n 3 .2.3.2), another set of experiments was performed to examine the

effect of an extracellular permeable divalent cation (Nit*) on the inward current carried

by C**. Blockade by Ni2* appeared as a concentration-dependent reduction in the

amplitude of the single-channel C** current, similar to that described for trivalent

cations (Figure 5.5), which is summarised in IA/ relationships for the different Ni2*

concentrations tested (Figure 5.6a). Further characterisation of this interaction was done

as for the trivalent cations. Figure 5.6b shows the steady-state blockade of the unitarl'

currents at different voltages as a function of extracellular, with curves fitted to data

points using Equation 5.3. The K¿(V) for Ni2* was voltage-dependent, values increasing

as the holding potential (V) became more negative, suggesting a direct effect of the

voltage on the association and dissociation rates of Ni2*. Therefore, K¿(V) values were

fitted to Equation 5.4 (Figure 5.6c). The results suggested a lower affinity of the binding

site Ni2* (K¿(0) of 205 pM) compared to trivalent cations (3-17 pM), but the binding

site at which Ni2* and the trivalent cations interact was in the same region of the pore

(about 5 %o down the electric field from the extracellular face).

5.2.3 Blockade of inward and outward Ca2* currents by TEA*

The effects of TEA* on inward and outward C** currents were also tested.

Micromolar concentrations (10 to 500 ¡rM) of TEA-Br on the extracellular (cis) or

cytosolic (trans) sides of the channel had no effect on the gating nor on the single

channel amplitude of either the inward or outward current (data not shown). In contrast,

millimolar concentrations of TEA*(I to 30 mM) on the extracellular (cls) or cytosolic

(trans) face caused a concentration-dependent reduction in the amplitude of the single

channel inward or outward currents, respectively (Figure 5.7a). The blockade by TEA*

was similar to that described for the trivalent cations, where the dwell time of the
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Figure 5.5 Blockade of inward Ca2* currents by Ni2*. The channel was exposed to

symmetrical I mM CaCl2 OH 5.5). Ni2* was added to the extracellular side of the

channel (cis) from a 10 mM NiCl2 stock solution þH 5.5) or perfused with a I mM

NiCl2 solution (pH 5.5). The concentrations of Ni2* are not corrected for chemical

activities. The hnal concentration of Ni2* present in the cis chamber is given at the top

of each set of traces. The last vertical panel shows the single channel current carried by

1 mM Ni2* in the absence of Ca2*. Membrane potentials were stepped from zero to the

voltage indicated on the left margin of each f,rgure. The horizontal dashed lines represent

the closed state.
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X'igure 5.6 Blockade of inwa¡d, C** currents by Ni2*. A) Unitåry IA/ relationships of

the inward Caz* current in the presence of different concentrations of Ni2*. Data points

were taken from recordings such as those shown in Figure 5.5. Values for the control, in

symmetrical I mM CaCI2, are represented by filled circles (o) and all other values for

the different concentrations of Ni2+ present in the cis chamber a¡e shown with different

symbols on each set of curves and labelled on the left hand margin of each curve. Open

circles (O) represent the IA/ relationship obtained from currents carried by I mM Ni2*

in the absence of Ca2*. Data points for each concentration are the average of at least two

different bilayers. For clarity, s.e.m. are not shown and lines were drawn on each set of
I/V relationships. B) Plot of the unitary inward Ca2* current arnplitude as a function of
the extracellular (cls) Ni2* concentration. The smooth solid curves were drawn

according to Equation 5.3, as described in the text. The best IÇ(V) values fitted at each

holding potential are given in the right hand margin. The dotted line was drawn by eye

to illustrate the reduction in current amplitude when the current is carried by I mM Ni2*

in the absence of Ca2* (open symbols). Data were taken from the IA/ relationships

shown in part A of this figure. C) Voltage dependence of the blocking reaction of Ni2*.

Plot of the IÇ(V) values as a function of the holding potential. The smooth curve was

drawn according to Equation 5.4, as described in the text. The best K¿(0) and õ values

fittings are given in the figure. K¿(V) values were taken from part B) of this figure.
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Figure 5.7 Blockade of inwa¡d and outward Ca2* currents by TEA+. A) Unitffy IA/

relationships of the inward and outward Ct* currents in presence of diflerent

concentrations of TEA.. The channel was exposed to symmetrical I mM CaCl2 @H

5.5). The controls (i.e. outward and inward Ca2* current in the absence of the TEA*) are

represented by frlled circles (o). All other values for the different concentrations of

TEA+ present in either the cis ot trans chamber a¡e shown with different symbols on

each set of curves and labelled on the left and right hand margins, respectively. Data

points for each concentration are the average of at least two different bilayers. For

clarity, s.e.m. are not shown and lines were drawn for each set of IA/ relationships.

B) Ptot of the unitary inward (bottom panel) and outwa¡d (top panel) Ca2* current

amplitudes as a function of the extracellular (cfs) or cytosolic (trans) concentration,

respectively. The smooth curves were drawn according to Equation 5.3, as described in

the text. The best K¿(V) values fitted at each holding potential are given in the inset of

each panel. Data were taken from the IA/ relationships shown in part A of this figure.
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individual blocking events were beyond the resolution of the techniques used. Thus, the

blockade appears as a time-averaged reduction in the single channel Ca2* current

amplitude.

To elucidate further the characteristics of this blockade, data analysis was

performed as in the two previous sections. Figure 5.7b shows the steady-state blockade

of the unitary currents at different voltages as a function of the TEA* concentration at

either the extracellular (cls) or cytosolic (trans) face of the channel. Curves were fitted

to the data points of both inwa¡d and outwa¡d currents using Equation 5.3. The K¿(V)

values for the inwa¡d blocked currents varied only slightly with voltage, indicating there

is little or no direct effect of voltage on the presumed association and dissociation rates

of TEA*, suggesting that TEA* does not significantly enter the conduction pathway

from the extracellular side (cis) of the channel. Nevertheless, further analysis, over a

wider range of membrane potentials is still necessary in order to obtain a more

conclusive result. In contrast to Ni2* and the trivalent cations tested, the K¿(V) values

for TEA* for the inward and outward currents showed a low affrnity and a lack of clea¡

voltage dependence, suggesting that the site of TEA* blockade is different to that for the

other ions tested.

5.3 Discussion

5.3.1 General comparisons

To my knowledge there is no other report in single Ca2* channels in plant cells

describing the effect of trivalent cations over such a range of membrane potentials and

low concentrations. Most reports have been limited either to high cation concentrations

or to a small range of membrane potentials. Nevertheless, some isolated observations

are consistent with those described in the present work.

The open state probability of patch-clamped voltage-dependent Ca2* channels in

the tonoplast of beet root (Johannes et al. I992b) and broad bean guard cells (Allen and

Sanders I994b; Sanders et at. 1994) was decreased by addition of Gd3* to the vacuolar

side while the single channel current amplitude remained unaffected; the K¿(-30 mV) of

inhibition was 10.3 to 35 pM. Similarly, Gd3* at the interlumenal face of the

endoplasmic reticulum channel from Bryonia dioica reconstituted into artificial bilayers

decreased its open state probability without affecting single channel current amplitudes;
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however, the endoplasmic reticulum channel appeared to be more sensitive to Gd3*'

with a Kd(+50 mV) of 1 pM Gd3* lKltis eîer et at. 1995). Although the characteristics of

Gd3* blockade in the rca channel appear to be different (i.e. 'fast' rather than 'slow'

blockade, which may be partly attributable to the different techniques used), the K¿(0)

of 17 pM for Gd3* in the present work is in the same order of magnitude as the

concentrations reported in the above studies' In addition, these electrophysiological

results are consistent with the inhibition of otc** influx into right-side-out plasma

membrane vesicles hom Zea mays by 100 pM Gd3* lMarshall et al' 1994), and

inhibition of net 
otC** influx into Amaranthus tricolor protoplasts upon exposure to 50

pM Gd3* (Rengel 1994).

The rca channel has a high affinity for L;* 6¿(0) of 3 pM). High

concentrations (5 mM) were employed to block the single channel current carried by the

tonoplast voltage-gated Ca2* channel (Pantoja et at. 1992). Likewise, the presence of

La3* inhibited 
45Ca2* influx into right-side-out plasma membrane vesicles from Zea

mays and Triticum aestivumat concentrations of 100 pM La3* (Marshall et al' 1994) and

1 to 5 pM La3* (Huang et al. lgg4) respectively, net flux in Amaranthus tricolor

protoplasts upon exposure to 50 ¡rM La3* lRengel 1994) and influx into isolated Chara

cells exposed to 100 pM La3* (Reid and Smith lggzb).No previous report in plant cells

has quantified the affrnity of plant ca2* channels for La3*. The affinity observed for the

rca chamel resembles that described in whole cell and single Ca2* channel current

measulements in animal cells (Byerly and Hagiwara l9ï2;Nelson et al' 1984; Lansman

et al. 1986).

Al3* also blocked the rca channel. Although complexed species of aluminium

may be the blocking agent, free aluminium (Al3*) is the prevailing species in the

experimental solution (due to its low pH) and is therefore likely to be the blocking

species. Similar observations have been reported for stretch-activated Ca2*-permeable

channels in the plasma membrane of onion bulb epidermal cells, where 10 ¡rM Alcl3

(pH 5.7) inhibited the mechanosensory channel activity (Ding et at. 1993)' These results

are consistent with the reduction of net 45Ca2* influx into Antaranthus tricolor

protoplasts upon exposure to 2 to 150 pM AlCl3 (pH 4.5 and 5.5) (Rengel and Elliott

l992a,b; Rengel lgg4). Ca2* fluxes measured using a vibrating microelectrode in the

root apices of Triticum aestivum were reduced upon exposule to 20 prM AlCl3 OH 4'5)
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(Huang et al. 1992a, b). Although cell wall effects must be considered for this hnal

work (Ryan and Kochian 1993; Reid ¿/ al. 1995), all these results have suggested that

Al3* could disrupt Ca2* influx into cells by inhibition of plasma membrane Ca2*

channels, causing, at least partially, some of the short term effects of aluminium

toxicity.

In animal systems, generally similar results have been reported for rat dorsal root

ganglion (DRG) cells. A concentration-dependent, irreversible, blockade by Al3* was

described for both N and L-type whole cell Ca2* channel currents (Büsselberg et al.

Igg3). Although the blockade appeared to be less effective in DRG cells than fot the rcq

channel, with 50 pM reducing the peak current by only 13Yo and up to 100 pM

reducing it by 77 o/o, it should be noted that the DRG cell study w'as done at a much

higher pH (7.2) than in the present study. Additionally, a pH reduction from 7.2 to 6.4

increased the blockade by Al3* from 77 to 98 %. Thus, considering the high pH

employed in the DRG cell study, the presence of aluminium complexes would lead to an

underestimation of the free concentration of Al3* in the experimental solution. Taking

into account these considerations, the real concentration of Al3* blocking the DRG cell

channel is quite possibly in the same range as that described for the rca chanrrel.

The divalent cation Ni2* blocked the inward current carried by Ca2*. This

observation is consistent with the decrease in a5ca2* fluxes in the presence of other

divalent cations. Influx of asc** into right-side-out plasma membrane vesicles from

Zea mays and, Triticum aestivum decreased in the presence of 100 ¡rM Ni2*, Zn2*,}y'rg2*

or Mn2* (Huang et at. 1994; Marshall et al. 1994) and 4sca2+ efflux from tonoplast

vesicles from Beta vulgaris decreased in the presence of 1000 ¡tly'- Zn2* (Johannes et al.

I9g2b). Further, Ca2* channel activity in charophytes is inhibited by the presence of

cations such as Cd2*, Ni2*, Co'* and Mn2* (Tester 1990). Ca2* channel currents in

animal cells are also blocked by a variety of divalent cations [see Edrvards (1982) for a

review]. The blockade has been shown to be voltage and concentration-dependent for

Cd2* lHagiwara et al. 1974; Byerly and HagiwaralgS2 Rosenberg et al. 1986, 1988),

Zn2* 1Büsselberg et al. 1992), and Ni2* lByerly and Hagiwara 1982; Lansman et al.

l e86).
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5.3.2 Implications of ion blockade for the rcø channel structure

The blockade of the rca channel by divalent and trivalent cations appeared to be

fast, with the time transitions of the blocking and unblocking reactions too fast to be

resolved with the techniques employed, appearing as a time-averaged reduction in the

single channel current amplitude. The characteristics of the blockade were satisfactorily

described by the model of V/oodhull (1973), resembling those described previously for

Ca2* cha¡nels from animal cells (Almers and McCleskey 1984; Hess and Tsien 1984:'

Lansman et al. 1986). The association and dissociation constants estimated for the three

trivalent cations were dependent on the membrane potential, consistent with a direct

effect of voltage on K¿. The low micromolar K¿(0) values for blockade by Gd3*, La3*

and Al3* (17,3 and 10 pM respectively) suggest a high affrnity interaction between the

trivalent cations and one or more binding sites within the channel. It appears that the

trivalent cations traverse the pore and interact at the same binding site or sites which are

separated by insignificant energy ba¡riers. Thus, binding of a trivalent cation within the

channel pore disrupts the movement of the main permeant ion ç*\ along the

conduction pathway, causing the observed channel blockade.

Ni2* also traverses the pore, interacting at the same binding site as the trivalent

cations [or a site separated from the trivalent cation binding site(s) by an insignificant

energy barrier]. The Ç(0) for Ni2* blockade of Ca2* currents was in the same order of

magnitude as the K¿(0) for Ca2* blockade of monovalent currents and the K. for Ca2*

permeation (see Chapter 3). In the absenc e of Ct*,the permeation rate of Ni2* through

the channel was simila¡ to that of Ca2* (12.5 pS compared to 23.8 pS respectively, see

Chapter 3). Since Ni2* only blocked the inwa¡d cu¡rent carried by Ci* at concentrations

near the K, for Ca2* permeation, divalent cation blockade of Ca2* curents is likely to

be due to competition between two ions of simila¡ affrnities. Under such a scenario one

ion could act as a blocker, by competing with the main permeant ion (Ca2* in the present

case) for a same binding site, permeating slower, and consequently reducing the main

ion's mobility through the pore.

Similarly, monovalent cations currents (Nu.) canied through the rca channel

were blocked by a permeant divalent cation (Cut*), as both ions interact and compete for

one or more sites along the permeation pathway (see Chapter 3). The "blocking ion"

would lodge and move more slowly along the permeation pathway. This interpretation
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is consistent with the single file multi-ion pore structure proposed for the rca chamtel in

Chapter 3. Li* currents carried through Ca2* channels in animal cells were blocked by

permeant divalent cations (i.e. Ca2', Mg'* and Cd2*), suggesting the same type of ion

interaction as described above (Lansman et al. 1986; Kuo and Hess 1993a,b, c;Yang et

al. 1993).

As with Ca2* channels from animal cells, there seems to be no sharp distinction

between blocking and permeant ions in the rca channel, but instead, only a difference in

the rates at which they enter and leave the pore. The K¿(0) values for divalent cation

blockade of monovalent and divalent cation currents are about 100 times greater than

those for trivalent cation blockade of divalent cation currents, suggesting that ions with

different valence have distinct affrnities, and thus compete to differing degrees

according to their affinity for the intra-pore binding site(s). Under such a scenario, ion

blockade and permeation effectiveness can be classified into three main categories:

I) Potent blockers with very slow permeation:,ions such as La3*, Gd3* and Al3*

which have an extremely high afhnity (K¿(0) for blockade öf 3 to ll ¡rM)' Thus, the

interact strongly with one or more binding sites along the permeation pathway, and

consequently would permeate the channel at very low rates.

2) Quite potent blockers with rapid permeation: ions such as Ca2* and Ni2*

which have a high affinity (K¿(0) of blockade by C** or Ni2* of 900 and 200 ¡rM ,

respectively, and K, for Ca2* permeation of 100 ¡rM). These ions interact strongly with

the binding site, although not as tightly as those in the previous category, thus,

permeating the channel much faster.

3) Poor blockers with very rapid permeation' ions such as K* and Na* with a

low affinity (Kn,, for K* permeation of 6000 pM), thus interacting poorly with one or

multiple binding sites along the permeation pathway, and consequently permeating the

channel at high rates (see Sections 3.2.2 artd 3.2.5).

In contrast to the above categories, TEA. blockade reveaipd a different

mechanism, being an ineffective blocker at low concentrations and causing a

concentration-dependent blockade only at concentrations above that of the permeant ion

(Cut.). In addition, the blockade was voltage-independent, suggesting that, in contrast to

all other ions tested, TEA* does not enter the permeation pathway. Instead. it is likely

that TEA+ blockade is due to interference in the entry to the extracellular or intracellular
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mouth of the channel, rather than to the type of intra-pore ion competition described for

the above three categories. The stightly voltage-dependent blockade of the outward

current may be due to the previously discussed asymmetry of the channel structure (see

Chapter 3), where TEA* might enter further into the cytosolic (trans) mouth of the

channel than it does into the extracellular (cis) mouth.

TEA* has commonly being used as a blocking agent for K channels from

animal (Hille lgg2) and plant cells (Tester 1990). As shown for the rca channel, high

concentrations of TEA. (in the millimolar range) are needed to block animal and plant

ce11 ç+ channels. The TEA* blockade of K* channels is concentration-dependent and,

generally, voltage-independent (Tester lgSB). TEA*, as well as other tetrametþl

ammonium derivatives, blocked the monovalent cation (210 mM KCI) single channel

currents ca:ried through the sarcoplasmic reticulum Ca2* release channel in animal cells

(Tinker et at. 1992a). The blockade was concentration-dependent with a relatively low

affinity tKd(+40 mV) of 9.8 mM], as in the case of the rca channel. However, blockade

of the sarcoplasmic reticulum Ca2* release channel was voltage-dependant, with

interactions at a single binding site 90 Yo of the voltage drop across the channel from the

cytosolic face.

In conclusion, the pharmacological results presented in this chapter have

revealed further details about the permeation pathway of the rca chawtel described in

Chapter 3. In addition to the binding site located 35 % down the electric field from the

extracellular face of the channel identified in Chapter 3, the blockade of Ca2* currents

by divalent (Ni'*) and trivalent (La3*, Gd3* and Al3*) cations showed the existence of a

second binding site within the pore near the extracellular face of the channel, located at

about 3-ll % of the voltage drop across the channel from the extracellular face.

'Whether or not this high affinity binding site is essential for Ca2* permeation, binding of

other permeable divalent cations (Nit*) suggests that it does have an important role in

divalent cation permeation. Nevertheless, its contribution to ion selectivity would be

minor compared to the site located further along the permeation pathway; if C*t bound

with high affrnity to the 3-II% site, the Ca2* blockade of monovalent cation currents

would be expected to be less strongly voltage-dependent. The presence of at least these

two binding sites is consistent with the double or multiple occupancy pore structure

proposed earlier for the rca chattrtel, where both binding sites contribute to the
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permeation process, but only one, located nearer to the cytosolic face of the channel'

would primarily determine ion selectivity, due to its higher affrnity for c*- '

presumably, more binding sites (such as the putative one which binds TEA* near the

cytosolic mouth of the channel) could also be present along the permeation pathway and

interact with permeating ions.
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CHAPTER 6

ORGANIC PHARMACOLOGY

6.1 Introduction

Several types of organic compounds modulate the activity of C** channels from

animal and plant cells. These drugs have been commonly classified according to the

type of change induced in the channel gating: antagonists normally induce the closed

state of the channel in contrast to agonist compounds, which increase the channel open

state (Coronado and Affolter 1986). Two groups of drugs have been the most widely

employed: phenylalkylamines (such as verapamil and D600) and DHPs (such as

nifedipine, nitrendipine,202-791and BayK 5644). They have been used extensively to

characteris e C** channels in animal cells, providing a thorough understanding of their

structure and function (Campbell et al.l988; Catterall et al. 1988; Hosey and Lazdunski

1988; Tsien et al. l99l; Miller, R.J. 1992). Other groups of compounds such as

benzothiazipines (diltiazem), bepridil and DPBPs are also known to affect channel

activity, although their effects have been less studied.

In contrast, much less is known about the structure of Ca2* channels from plant

cells. Several of these compounds have been shown to disrupt normal plant functions

[for a series of examples see Tester and MacRobbie (1990); Hetheringlon et al. (1992)].

In most cases the effects of these drugs have been assumed to be due to blockade of

Ca2* influx through putative Ca2* channels, although these assumptions have been

rarely tested.

Some of these phenylalkylamines have been successfully used in affinity

labelling and purification of putative Ca2* channel proteins (Harvey et al. 1989; Thuleau

et al. 1990), which have been shown to possess Ca2* channel activity after reconstitution

into synthetic lipid bilayers (Tester and Harvey 1989; Thuleau et ql. 1993)'

Additionally, pharmacological studies on Ca2* influx into protoplasts (Graziana et al'

1988; Rengel and Elliott 1992b; Schumaker and Gizinski 1993), as well as

electrophysiological single channel measurements (Pantoj a et al. 1992; Gelli and

Blumwald 1993; Thuleau et al. 1993; Klüsener et al. 1995) have provided robust

evidence for the existence of phenylalkylamine receptors in Ca2* channels from higher

plant cells. Similar measurements have also suggested bepridil binding sites in these
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membrane proteins (Graziana et al. 1988; Rengel and Elliott 1992b; Thuleau et al.

19e3).

In contrast, the DHPs have shown contradictory results. Ligand-binding and

electrophysiological studies have indicated a lack of DHP receptors in plasma

membrane and endoplasmic reticulum Ca2* channels from higher plant cells (Graziana

et at. 1988; Klüsener et al. 1995), while electrophysiological studies have shown both

antagonist (Gelli and Blumwald 1993; Allen and Sanders 1994b), and agonist (Gelli and

Blumwald 1993) effects in single channel recordings from the tonoplast voltage-gated

channel.

The sensitivity of most known plant Ca2* channels to the above compounds has

been tested with relatively high concentrations of drug, ranging from 10 to 100 pM.

Since a similar range of concentrations of some of these drugs also act as blockers of

plant K* channels (Terrl, et al. 1992; Thomine et al. 1994), the evidence for the

existence of specific high affinity binding sites in plant Ca2* channels is still incomplete.

The following chapter describes the agonist and antagonist effects induced in the

rca channel by organic compounds from five different groups known to be effective in

Ca2* channels from animal cells. In contrast to the fast blockade mechanism described

for multivalent cations in the previous chapter, the dissociation rates of some of these

drugs are slow enough ( lO-t to 10-2 seconds) to be resolved and measured at the single

channel level (Moczydlowski 1992). A quantitative analysis of the changes in kinetics

induced by one of these compounds (i.e. verapamil) follows. The sensitivity of the rca

channel for the other classes of drugs was also tested, and a qualitative description of

their effects (i.e. changes in channel gating and/or current amplitude) is given.

6.2 Results

6.2.1 Phenylalkylamines: Verapamil and D600

These experiments examined the effect of extracellular verapamil on the inward

and outward single channel currents carried by C**. D600 had qualitatively the same

effects as verapamil, but they have not been analysed quantitatively. Exposure of the

extracellular side of the channel (cls) to concentrations as low as 0.5 ¡rM verapamil

induced a blockade of the inward current (cls to trans), with no evident reduction of the

single channel current amplitude (Figure 6.la and 6.1b). At all extracellular
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Figure 6.1 Effect of different concentrations of verapamil on the channel activity.
A) The channel was exposed to symmetrical l mM cacl2 oH 5.5). verapamil was

added from a stock solution to the crs (extracellular) chamber at the concentrations

indicated in the left margin. Membrane potentials were stepped from zero to the voltage

indicated at the top of each set of traces. The horizontal dashed lines represents the

closed state. All traces from the same bilayer. Similar observations were recorded in a

total of six bilayers. B) Enlargement of traces circled in part A as indicated by the

¿urows' The time scale is 7 times longer than that shown in the original traces. C)
Changes in open probability as a function of the membrane potential and the

extracellular verapamil concentration, as indicated at the top of the bars. p(open; was

calculated as described in Chapter Four.

(.../cont.)
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X'igure 6.1 (cont.) D) Open probability at steady-state as a function of negative

membrane potentials and extracellular verapamil concentrations. The open probability

values were taken from part C of this figure. The smooth curves were drawn according

to the Boltznann equation, P(op.n) : Pn,* / (l + exp (Vo.s -- V) / N) , where Pn'o is the

maximum observed open state probability, Ve.5 is the voltage where P1op"n¡:0.5 and N

is the steepness factor of 6 mV equivalent to RTÆ2, R, T, and F having their usual

meaning and z representing the gating charge of 4.2 as estimated in Chapter 4. Best fits

were'obtained by varying v6.5 to -97,-99, -100, -98 and -100 mv and P,no to 0.9,

0.78, 0.71,0.32 and 0.08 for the 0. 0.5, l, 6 and 30 pM verapamil concentrations

respectively.
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concentrations tested, verapamil had no effect on the outward current (i.e- trans to cis).

Figure 6.1c shows the open state probability of the channel at different membrane

potentials and concentrations of verapamil. The decrease in the open state probability at

a given negative membrane potential was concentration-dependent, suggesting that

verapamil interacts with a binding site in the channel pore. In contrast, the open state

probability of the channel at positive membrane potentials remained unchanged

throughout all the concentrations of verapamil tested, suggesting that the binding of the

drug is reversible at positive membrane potentials. Likewise, verapamil blockade was

reversible upon perfusion of the cis chamber with CaCl2. Figure 6.ld shows the open

state probability as a function of the membrane potential. The curve fittings are only

illustrative, but strongly suggest that the blockade is due to a reduction in the maximum

open state probability, rather than a change in V6 s (i.e. the voltage at which the open

state probability is 0.5). To elucidate further the mechanism by which verapamil blocks

the channel, the kinetics of the open and closed times were analysed. Since the rate of

the blocking reaction of verapamil was slow enough to allow identification and

measurement of the open and closed dwell times, the reaction could be treated as a

discrete slow block. By analogy with the fast blockade mechanism described in the

previous chapter (see Equation 5.1), the slow blockade mechanism can be described by

a reaction according to:

p K""(v)
c¿:>o + D 

-ODcr K"¡(V)

(6 1)

Due to the slowness of the blockade, the time constants of this reaction can be

measured and distinguished experimentally (Moczydlowski 1992). Thus, the estimation

of the K¿(V) values is given by the ratio of the measured rate constants, Ko¡(V) and

Ko^(V) which describe the blocking (o+D 
-> 

oD) and unblocking (oD 
-> 

o+D)

reactions respectively. Likewise, for the purposes of the current analysis, the drug-

independent channel-gating reaction can be simplihed to a reversible one-step process:

closed-open (C <-> O). The tirne constants for the blockade reactions were obtained

by exponential fitting of the dwell time distributions of the open and closed states

(Figure 6.2a). Since the reaction scheme has only one single open state, a single

exponential was used to fit the dwell times distributions of this state at the different
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Figure 6.2 Estimation of time and rate constants for the blocking and unblocking
reaction in the presence of micromolar concentrations of verapamil. A) Example of
divell time histograms generated from single channel recordings such as those shown in
Figure 6'la. The single exponential curves htted for estimates of blocked (ts) and

unblocked (ru) time constants were calculated as described in Section 2.2.7.4. Tyìls

particular example is taken from a record of 1.2 ¡rM extracellular verapamil at a

membrane potential of -75 mV similar to that shown in Figure 6.1a. B) Dependence of
the reciprocal time constants of the blocked (lhs) and unblocked (l/ru) states on the

extracellular (czs) concentration of verapamil. The time constants estimated for three

different membrane potentials (as shown at the top of each panel) were estimated as

described in part A of the figure. The slope of the linear relationship between l/tu and

the verapamil concentration corresponds to the dissociating rate constant (Kon) and the

ordinate intercept corresponds to cr as described in the text by Equation 6.3. The

association rate constants (Kop values were calculated according to Equation 6.2. The
Kon and Ko¡¡ values for -55, -7 5 and-95 mV were:

mV Kon Kon

(r-' In[') cr (s-r) ,, S( )

-55

-75

-95

5.66.106

1.23.I07

1.74.107

1.25.101

2.65.I01

3.86.10r

0.981

0.977

0.981

3.99.10r

5.23.101

5.67.1.01
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membrane potentials and concentrations of verapamil tested. In contrast, as the reaction

contains two "closed" states, C (closed) and OD (blocked), the dwell time distr,bution

for the closed state is predicted to be the sum of two exponentials. Theoretically, since

these two closed states are not in direct communication, the two observed closing time

constants could be independently identified: in the absence of verapamil the channel

would exhibit the p closed time constant associated with the channel opening, and upon

exposure to verapamil the dwell time distribution should reflect a new time constant, rs,

equal to the mean dwell time of the blocker (Moczydlowski 1986, 1992). l)ue to the

small number of transitions (i.e. opening and closings) in the absence of verapamil at

less negative membrane potentials, and thus the lack of a representative number of

events to generate a representative dwell time histogram under these conditions,

determination of the B closed time constant was not feasible in the present study.

Nevertheless, in the presence of verapamil the number of events in the dwell time

distributions of the closed state corresponding to the transitions between O (open) and C

(closed) states at the less negative membrane potentials are likely to be insignificant in

comparison to the large number of events between and O+D (unblocked) and OD

(blocked) states. Thus, the mean dwell time of these distributions is likely to describe

almost entirely the O+D (unblocked) to OD (blocked) transitions. At more negative

membrane potentials [i.e. near V6.5, where a higher number of transitions between O

(open) and C (closed) are expected] the mean dwell time of these distributions is also

representative of the O+D (unblocked) to OD (blocked) transitions, only at high

verapamil concentrations, where the number of transitions between the O (open) and C

(closed) states becomes insignihcant compared to those between the O+D (unblocked)

to OD (blocked). Taking into account these assumptions, the dwell time distribution of

the closed state for each of the different membrane potentials and concentrations of

verapamil tested were fitted with a single exponential. Figure 6.2b shows the reciprocal

of the estimated time constants as a function of the extracellular (cis) verapamil

concentration. The reciprocal time constant for the blocked state (l/ts) was relatively

ildependent of the verapamil concentration. In contrast there was a steep linear

relationship between the reciprocal time constant of the unblocking reaction

(l/ru) and the verapamil concentration'
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The underlying rate constants are given by:

K"r(V) : Ilrs (6.2)

Ko"(V) . [D] + a: IltÍr (6.3)

where ü corresponds to the open time constant described in equation 6.1. Figure 6.3a

shows the rate constants K"r(V) and Kon(V) plotted against voltage. The voltage

dependence of the two rates is such that Kon values increased and Ko¡¡ values remained

relatively constant as the membrane potential became more negative. The slope of the

regression lines in the semi-logarithmic plot in Figure 6.3a suggests that the binding

steps of the drug respond to the voltage across the membrane, such that negative

voltages attract verapamil towards the cytosolic side of the channel, thus speeding the

drug binding and slowing its dissociation. These data can be expressed quantitatively by

the following reactions:

IÇrr(V): çrr(0) exp(-0.05.FV/RT) (6.4)

Ko"(V): Kon(O) exp(-{.61.FV/RT) (6.5)

where Ko.(Q) : 1.78.106 s-l M-r and Ç(0) : 4.20.10t ,-t, and -0.05 and 0.61

correspond to zõ2and zô1 respectively. The sum of the equivalent valences (zt: zô, +

zô2 ) quantifies the effects of the applied potential on the rates, and is equal to 0.56. The

ratio Ko6(0)ÆÇ"(0) [i.e. K¿(0)] it 2.37.10-t M u".upamil. The apparent dissociation

constant K¿(V): K"n(V) / K".(V) may also be calculated in the context of the model

where verapamil traverses the membrane field (V/oodhull model: see Chapter 5 for a

more detailed description) such that:

K¿(V): K¿(0) exp(zr.FV/RT) (6.6)

where, as above, zl is the equivalent valence defined as ô2, where ô and z are the

fraction of the voltage across the channel sensed by verapamil and the charge on the

verapamil molecule respectively. Figure 6.3b shows the K¿(V) plotted against the

membrane potential. The best fitting suggests azt of 0.59 and a K¿(0) of 2.60.10-'M

verapamil, which similar those estimated above.

6.2.2 Benzothiazipine: Diltiazem

Exposure of the extracellular (crs) side of the channel to 5 to 120 pM diltiazem

blocked the inward current (cls to trans) with no evident reduction in the amplitude of

the single channel current (Figure 6.4), consistent with a slow blocking mechanism as

described previously for verapamil. At all extracellular concentrations tested, the
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Figure 6.3 Voltage dependence of the verapamil block. The K"¡(V) and Ko"(V) values

were taken from those estimated in Figure 6.2b. A) K"íV) and Kon(V) as a function of
the membrane potential. Lines were drawn according to Equations 6.4 and 6.5 described

in the text, suggesting a Kon(O): 1.78 .106 s-l l¡fll and a K"í0) :4.20.10r s-l.

B) voltage dependence of the K¿(v) values given by the ratio of K"lV) and Ko"(v)

values. The line was drawn according to Equation 6.6 described in the text, suggesting a

zt :5.60.10-r and a K¿(0) of 2.37.10-s M.
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Figure 6.4 Effect of different concentrations of diltiazem on channel activity. The

channel was exposed to symmetrical I mM CaCl2ûrH 5.5). Diltiazem was added from a

stock solution to the c¡s (extracellular) chamber at the concentrations indicated on the

top left side of each trace. In this particular example, the membrane potential was

stepped from zero to -95 mV. The horizontal dashed lines represents the closed state.

All traces from the same bilayer. Similar observations were recorded from a total of
three bilayers.
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outward current (i.e. trans to cis) remained unchanged (data not shown)' The block

increased with concentration and was rer'¡rsible upon perfusion of the cis chamber with

CaCl2.The afhnity of diltiazem for this putative binding site seems to be lower than that

described for verapamil as the blockade is only effective at higher concentrations (i'e.

above 20 pM).

6.2.3. Bepridil

Exposure of the extracellular (cis) side of the channel to bepridil concentrations

between 10 and 100 pM did not have any effect on the kinetics nor single channel

current amplitude of either the inward or outward currents (Figure 6.5); although this

drug was only tested with I mM CaCl2 (see Section 6'2'4)'

6.2.4. DHPs : (+) 202-7 9 l, (-) 202-79 1 and nifedipine

At nanomolar concentrations, DHPs such as nifedipine are reported to be

agonists of Ca2* channels in animal cells and antagonists at higher concentrations (Hess

et at. 1984; Coronado and Affolter 1986).

As the rca chamel remains in the open state for long periods of time at voltages

more positive than about -120 mV, a different set of ionic conditions were chosen in

order to decrease the open state probability of the channel and thus enable studl' of the

effect of compounds which might be agonists (i.e. drugs that increase opening times) at

this range of voltages. From experiments done on the permeation kinetics of the channel

(Chapter 3), it was noticed that decreasing the extracellular Ca2* from 1 mM to los'er

concentrations (i.e. 100 ¡rM or less) reduced the open state probability of the chan¡el

(compare the controls in Figures 6.1, 6.4 and 6.5 with the controls in Figures 6.6, 6.11

and 6.13). This phenomenon allowed the study of agonist and antagonist eftècts of

extracellular DHPs on the rca channel.

6.2.4.r (+) and (-)202-791

Exposure of the extracellular (cls) side of the channel to concentrations as lou' as

10 nM (+) 202-7gl induced long opening events and increased the single channel

current amplitude of the inward current (cis to trans) (Figure 6.6). Increasing the

concentrations of (+) 202-7gl by a factor of 10 increased the effects, by increasing the

single channel current amplitude. Figure 6.7a shows the I/V relationships obtained from

the single channel current amplitudes recorded in the absence of presence of 10 and
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Figure 6.5 Effect of different concentrations of bepridil on channel activity. The

channel was exposed to I mM CaCl2 symmetrical (pH 5.5). Bepridil was added from a
stock solution to the c¡s (extracellular) chamber at the concentrations indicated on the

top left side of each trace. Membrane potentials were stepped from zero to the voltage

indicated on the top left margin of each set of traces. The horizontal dashed lines

represents the closed state. All traces from the same bilayer. Similar observations were

recorded from a total of thee bilayers.
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Figure 6.6 Effect of different concentrations of (+) 202-791 on the channel activity and

current amplitude. The channel was exposed to symmetrical 50 pM CaCl2 CrH 5.5).

(+) 202-791 was added from a stock solution to the crs (extracellular) chamber at the

concentrations indicated on the top each set of traces. Membrane potentials were

stepped from zero to the voltage indicated on the left margin of each set of traces. The

horizontal dashed lines represent the closed state. All traces from the same bilayer.

Similar observations were recorded in a total of three bilayers.
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Figure 6.7 Unitary I/V relationship obtained in symmetrical 50 pM CaCl2 @H 5.5) in

the absence (o) and presence of A) 10 (o) and 100 (0) nM (+) 202-791 and B) l0 (o)
and 100 (O) nM (-) 202-791. Individual points represent the average of at least three

bilayers. Lines were drawn for clarity.
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100 nM (+) 202-791. The enantiomer (-) 202-791 was also tested under the same

conditions. concentratior,s of 10 and 100 nM (-) 202-7gl led to similar effects on the

inward current (Figure 6.7b). The kinetics and current amplitude of the outward current

(trans to cis) remained unchanged with both isomers. Figure 6'8 compares the current

amplitude increase between the two 202-7gl isomers. The increase in current amplitude

was independent of the membrane potential and type of enantiomer tested'

Anothersetofexperimentswasdesignedtoexaminetheeffectofextracellular

Ca2* concentrations on the magnitude of the current amplitude change induced by

(+) 202-791. The increase in current amplitude due to (+) 202-791 was reduced by

increased Ca2* surrounding the channel (Figure 6.9). At 10 ¡rM Ca2*, the inward current

amplitude change showed a steep voltage dependence at both drug concentrations

tested, with the increase being more significant as the rnernbrane potential became rnore

positive (Figure 6.10). Nevertheless, at extracellular Ca2* concentrations greater than 50

¡rM this voltage dependence was no longer evident. At all concentrations tested neither

the kinetics nor amplitude of the outward current (i'e' trans to cfs) were affected'

under all described conditions, the effects of (+¡ and (-) 202-791 were

reversible upon perfusion of the c¡s chamber with CaCl2'

6.2.4.2 NifediPine

Exposureoftheextracellular(cls)sideofthechanneltoconcentrationsaslowas

6 nM nifedipine in low extracellul ar c** also induced a change in channel activity by

increasing the open state probability and the single channel inward current amplitude

(Figures 6.11 and 6.12). The increase in current amplitude was both voltage and

concentration-dependent, being larger at more negative membrane potentials and higher

concentrations of nifedipine. The effects of nifedipine were reversible upon perfusion of

the cls chamber with caclr. The affinity of nifedipine for a putative binding site is

similar to that described for the other DHPs described above.

6.2.5 DPBPs: Pimozide

Exposure of the extracellular (cls) side of the channel to 30 pM pimozide in low

extracellul ar C** concentrations also increased the open state probability of the channel

(Figure 6.13), although no evident changes in the single channel current amplirude of
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Figure 6.8 Changes in single channel current amplitude at different membrane

potentials and concentrations of (+; and (-) 202-TgL The change in current amplitude is

given by I¿-e / I", the ratio between the single channel current measured in the presence

(I¿.ug) and absence (I") of (+) or (-) 202-79I. The concentrations of each isomer

employed are shown in the inset. Values for unitary currents were taken from
I/V relationships shown in Figure 6.7.
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Figure 6.9 Unitary IA/ relationships obtained in the absence (o) and presence of 10 (O)

and 100 (a) nM (+) 202-791 in different Ca2* concentrations. The cha¡nel was exposed

to symmetrical A) 10 pM (n : 1 bilayer), B) 100 pM (n :2bilayers), C) 500 pM (n:2
bilayers) and D) 1000 pM (n: 3 bilayers) CaCl2þH 5.5). Lines were drawn for clarity.
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Figure 6.10 Changes in single channel current amplitude at different CaCl2

concentrations and membrane potentials in the presence of 10 (top panel) and 100 nM

(bottom panel) of (+¡ 202-79I. The change in current amplitude is given by I¿-e / I., the

ratio between the single channel current measured in the presence (I¿-J and absence (I")

of (+¡ 202-791. The concentrations of CaCl2 employed a¡e described in the inset. Values

for unitary currents were taken from IA/ relationships shown in Figure 6.9.
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X'igure 6.11 Effect of nifedipine on the channel activity and current amplitude. The

channel was exposed to 20 pM CaCl2 úrH 5.5) in the extracellular side (crs) and 50 pM

CaCl2 CrH 5.5) in the cytosolic (trans) side. Nifedipine was added from a stock solution

to the extracellular (cis) side at the concentrations indicated on the top of each set of
traces. Membrane potentials were stepped from zero to the voltage indicated on the left

margin of each set of traces. The horizontal dashed lines represent the closed state. All
traces from the same bilayer. Similar observations were recorded in a total of two

bilayers.
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Figure 6.12 Effect of nifedipine on the inward current amplitude. A) Unitary

IA/ relationship obtained in the absence (o) and presence of 40 (o), 80 (O) and

500 (r,) nM nifedipine. Individual points represent the average of at least two

observations. Lines were drawn for clarity. B) Changes in single channel current

amplitude at different membrane potentials and concentrations of nifedipine. The

change is current amplitude is given by I¿*e / I., the ratio between the single channel

current measured in the presence (I¿.s) and absence (Ir) of nifedipine. The nifedipine

concentrations employed are described in the inset. Values for unitary currents were

taken from I/V relationships as those shown in part A of the figure.
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F'igure 6.13 Effect of pimozide on the channel activity. The channel was exposed to

20 pM cacl2 ftrH 5.5) in the extracellular side (crs) and 50 pM cacl2 ûrH 5.5) in the

cytosolic (trans) side. Pimozide was added from a stock solution to the extracellular

(crs) side. Membrane potentials were stepped from znro to the voltage indicated on the

left margin of each set of traces. The horizontal dashed lines represent the closed state.

All traces from the same bilayer. Similar observations were recorded in a total of two

bilayers.
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the inward current were observed. This effect was reversible upon perfusion of the ci i

chamber with CaClr.

6.2.6 Ruthenium Red

Exposure of the extracellular side of the channel (cls) to l0 pM ruthenium red

led to instability of the lipid membrane bilayer (Figure 6.14). Thus, quantifica-tion of

changes in channel activity and/or current amplitude in the presence of ruthenium red

was not feasible. Nevertheless, perfusion of the c¡s chamber with 100 volumes of CaCl2

showed that ruthenium red irreversibly blocked the channel. Ruthenium red was the

only blocker tested in the present study where binding was irreversible upon perfusion

with CaCl2.

6.3 Discussion

Table 6.1 summarises the effect of the organic compounds tested in the present

study. Among the six groups of organic compounds employed in the present study,

phenylalkylamines and DHPs have been the most extensively used and described in

studies of Ct* fluxes across the plasma membrane of animal and plant cells. The low

concentrations of phenylalkylamines and DHPs required to induce the described effects

suggest the existence of a high affinity binding site. It is likely that the rca channel also

has binding sites for benzothiazipines and DPBPs, although the affinity of such site(s)

appear to be lower than for DHPs, as judged from the range of concentrations needed to

affect the channel. The wide variety of structural differences among the drugs tested, as

well as the variety in their specific effects, suggests the existence of several distinct

binding sites.

6.3. I Phenylalkylamines

Blockade of the rca chawtel by low micromolar concentrations of verapamil was

consistent with many other observations and suggestions previously made in animal and

plant cells. Calcium influx into protoplasts from Physcomitrella patens (Schumaker and

Gizinski 1993), Daucus carota (Graziana et al. 1988) and Antaranthus (Rengel and

Elliott 1992b) was reduced upon exposure to verapamil and verapamil derivatives such

as D600 and D888 (desoxyverapamil). These results are consistent with the verapamil

blockade of the rcct, a putative plasma membrane Ca2* channel. In contrast. verapamil
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Figure 6.14 Effect of ruthenium red on channel activity. The channel was exposed to

symmetrical 1 mM CaCl2 þH 5.5). Ruthenium red was added from a stock solution to
the extracellular (crs) chamber, leading to the lipid bilayer instability as shown in the

second trace (labelled +10 ¡-rM ruthenium red). The c¿s chamber was perfused with more

than 50 ml (100 volumes) of 1 mM CaCl2. The membrane stability and some channel

activity recovered after perfusion and is shown in the traces labelled ...washed,,.

Membrane potentials were stepped from zero to the voltage indicated on the left margin
of each set of traces. The horizontal dashed lines represents the closed state. All traces

from the same bilayer. Similar observations were recorded in a total of two bilayers.
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Table 6.1 Effect of organic compounds on the inward single channel Ca2* current in the

rca charnrel.

Drug group Drug employed Effect observed Drug
classification

Phenylalkylamines VeraPamil
D600

Betuothiazipines Diltiazem

Bepridil Bepridil

Reduction of the open state

probabilþ

Reduction of the oPen state

probability

No effect

Increase of the open state

probabilþ and unitary
current

Antagonists

Antagonists

No effect

AgonistsDHPs

DPBPs Pimozide Increase ofthe open state

probability
Agonist

Ruthenium Red Ruthenium Red Irreversible reduction of the Antagonist

open state probability

(-)202-7er
(+)202-7et
Nifedipine



concentrations up to 100 pM did not block the calcium influx into plasma membrane

vesicles lrom Triticum aestivum (Huang et al. 1994) nor Zeo mai's (Marshal| et al.

1994). Nevertheless, interpretation of these pharmacological results is still open as the

effect of these organic compounds on other experimental variables is unknown (e.g.

membrane potential).

The decrease in channel open times induced by verapamil, as observed inthe rca

channel, has also been reported for Ca2* channels in the tonoplast (Pantoja et al. 1992;

Gelli and Blumwald 1993), endoplasmic reticulum (Klüsener et al. 1995), and plasma

membrane of both higher plants (Thuleau et al. 1993) and algae (Aleksandrov ¿/ a/.

1990). Whole cell Ca2* inward currents carried by the tonoplast IP3-gated channel were

also partialty inhibited by verapamil (Alexandre et al. 1990). The results in the present

work suggest a high affinity binding site for verapamil [as judged from the low K¿(0)]

located 56 to 59 Yo of the voltage drop from the extracellular face of the channel. The

estimated K¿(0) of 24 b 26 ¡t}r/r for verapamil is higher than the apparent dissociation

constants of 130, 72, 85 nM for verapamil and verapamil derivatives binding to crude

membrane preparations of Cucurbita pepo L. (Andrejauskas et al. 1985), Zea mays

(Harvey et al. 1989) and Daucus carota (Graziana et al. 1988) respectively. The

difference between these estimates and that obtained in the present work may be due to

different ionic or lipid environments, or a consequence of the experimental approaches

used.

Similar pharmacological responses to phenylalkylamines have been reported in

electrophysiological studies in animal cells. For example, low micromolar

concentrations of D600 blocked macroscopic Ba2* and Ca2* currents carried through

Ca2* channels from neurones (Kostyuk et al. 1983) and heart muscle (Lee and Tsien

1982,1983, 1984). As in the present work, the frequency and duration of the open state

of single channel recordings from skeletal muscle transverse tubules was decreased

upon exposure to D600 (Coronado and Affolter 1986). Comparative studies between

D600 and D890 (a quaternary derivative) have suggested that the neutral form of the

phenylalkylamine compound can perïneate the lipid membrane in the uncharged form,

dissociate, and then bind to the receptor accessed from the cytosolic face ofthe channel

(Hescheler et al. 7982), opposite to an apparent extracellular access in the rca charnel.
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6.3.2 Benzothiazipine: Diltiazem

The blockade induced by diltiazem on the rca channel is consistent with the

reduction in calcium influx \nto Physcomitrella patens protoplasts upon exposure to the

same benzothiazipine (Schumaker and Gizinski 1993). In contrast up to 100 pM

diltiazem had no effect on calcium influx into Daucus carota protoplasts (Graziana et

al. l9S8) nor plasma membrane vesicles from Zea mays' (Marshall et al. 1994).

Diltiazem did not inhibit the high affinity binding of phenylalkylamines to membrane

preparations oî Cucurbita pepo L (Andrejauskas et al. 1985) not Zea mays (Hawey et

at. 1989),suggesting that either the phenylalkylamine binding protein (i.e. putativ e Ci*

channel) lacks the receptor for benzothiazipines or that it binds to a different,

independent receptor in the same protein.

It is interestine to note that the rca channel was effectively blocked b1' dtltiazem

at concentrations almost 20 times greater than those observed for verapamil. Such a

difference in affinity may account for the lack of diltiazem inhibition in the ligand

studies described above. The results in the present work suggest that the rca channel

contains a binding site for benzothiazipines, which may be different to and has lower

affinity than that described for the phenylalkylamines. Similar types of studies in animal

cells have provided clear evidence that phenylalkylamines (verapamil) and

benzothiazipines (diltiazem) bind to two distinctive sites in the channel u'hich have

negative allosteric interacti.ons (Catterall et al. 1988)'

The results in the present work are consistent with some observations described

in animal cells, where macroscopic currents through Ca2* channels from muscle cells

were blocked by diltiazem (Lee and Tsien i983; Almers and McCleskey i984). As in

the rca channel, these studies show a lower K¿ (about S0 pM) than that obsen'ed for the

phenylalkylamine in the same cells.

6.3.3 Bepridil

Bepridil reduced the Ca2* influx into protoplasts from Amarctnthtts tricolor

(Rengel and Elliott lg92b) and Daucus carota (Graziana et al. 1988), as u'ell as

stimulated Chara cells (Reid and Smith 1992a). Single Ca2* channels obtained from a

verapamil derivative binding protein reconstituted into liposomes were also blocked by

bepridil (Thuleau et at. 1993). In the present work, there was no evidence for blockade

by bepridil at concentrations as high as 100 ¡rM. This result might indicate possible
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structural differences among Ca2* channels from different plant species. However

disruption of a putative bepridil binding site during urembrane isolation can not be

excluded in the case of the rca channel.

6.3.4 DHPs: 202-791 and nifedipine

The changes in channel gating observed for the rcs channel in low extracellular

Ca2* concentrations and in the absence of any drug are similar to those reported in

single Ca2* channels from heart cells (Hess et al. 1984, 1986). Three different modes of

channel gating were reported in these channels: Mode 1 was characterised by brief

channel openings occurring in bursts, similar to those observed in the rca channel at low

extracellul ar C** concentrations. Mode 2 was characterised by long-lasting channel

openings and typically brief closings, with a relatively high probability of channel

opening (> 0.7), similar to those observed in the rca channel at high extracellul ar Ca2-

concentrations (> 1 mM). Finally mode 0 refers to the condition where the channel

remains in the closed state and is unable to open. It has been proposed that the agonist

effect of DHPs occurs due to the binding of a drug favouring mode 2 (Hess et al. 1984).

In the rca channel, the DHPs would favour the transitions from either mode 0 or I (at

low extracellular Ca2* concentrations) to mode 2, inducing the long open states

described in the results.

The above scheme is still unable to account for the increase in single channel

current amplitude. Agonists have been reported to have little or no effect on single

channel amplitude and selectivity (Coronado and Affolter 1986). To my knowledge.

there has been no other work, from either animal or plant cells, reporting an increase in

single channel current amplitude due to the presence of DHPs. The reason why the rca

channel shifts preferentially to the mode 1 at low extracellular C** concentrations is

also not yet understood. Further kinetic studies at different extracellular Caz*

concentrations are needed to provide an explanation of this particular shift in the rca

channel kinetics.

There was no difference between the effect of 202-791 enantiomers (i.e. both

being agonists) on the rca channel, in contrast to the Ca2* channel agonist or antagonist

effects described in animal cells for each of the 202-791 stereoisomers. The structural

differences between these two DHP enantiomers results from an asymmetry in a carbon

(nurnber 4) of the DHP rings, such that the antagonist DHP has ester bonds betrveen the
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3- and 5- positions of this rings, while the agonist DHP has one ester and one non ester

bond in these positions (Bechem et a/. 1988). The lack of a differential effect inthe rca

channel between these enantiomers emphasises possible structural differences among

plant and animal cell Ca2* channels.

All the DHPs tested in the present study induced agonist effects. In contrast, in

other plant cells, DHPs have been reported to induce both agonist and antagonist effects

on Ca2* fluxes. Nifedipine reduced the C** influx into protoplasts of the moss

Physcomitrella patens (Schumaker and Gizinski 1993) and the alga Chara (MacRobbie

and Banfield 1988; Reid and Smith I992a),as well as the inward Ca2* current across the

plasma membrane of the alga Nitellopsis (Shiina and Tazawa 1987). The DHPs

nifedipine and nitrendipine had no effect on the Ca2* influx into protoplasts from

Daucus carota nor inhibited the high affinity binding of phenylalkylamines (Graziana et

a/. 1988). Likewise, the DHP nifedipine had no effect on single channel activity nor

current amplitude of the Ca2* channel of the endoplasmic reticulum isolated from

tendrils of Bryonia dioica (Klüsener et al. 1995) nor on the calcium influx into plasma

membrane vesicles from Triticum aestivum (Huang et al. 1994) and Zea mays (}y'.archall

et sl. 1994). In contrast, nifedipine reduced the single channel open state probability of

the tonoplast voltage-gated channel (Gelli and Blumwald 1993; Allen and Sanders

l9g4b). The DHP BayK 8644 induced an agonist effect on this same channel (Gelli and

Blumwald 1993).

Differences in agonist and antagonist effects among DHPs have also been

reported in animal cells. The DHPs nifedipine and nitrendipine blocked the macroscopic

currents through Ca2* channels (Lee and Tsien 1983; Almers and McCleskel' 1984;

Bean 1984), by reducing the open state probability at the single channel level (Coronado

and Affolter 1986). Likewise nimodipine abolished the single channel currents observed

in the presence of BayK 8644 (Rosenberg et al. 1986). In c-ontrasf. 202-791 (Carbone

and Swandulla 1989) and BayK 8644 (Brown et al. 1984; Hess el a/. 1984. 1986;

Coronado and Affolter 1986; Rosenberg et al. 1936) increased Inacroscopíc Ca2*

currents and prolonged the single channel opening times. As in the rca channel these

agonist DHPs increased the number of channel opening times, although no changes in

single channel amplitude were observed.
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It has been suggested that plant plasma membranes are devoid of DHP receptors

(Graz;ana et al. 1988). Nevertheless, the present work showed that under specific

conditions (i.e. low extracellular C*'), wheat root membrane Ca2* channels are

sensitive to DHPs, whereas they are insensitive at higher extracellular Ca2*

concentrations. Variation among Ca2* channels, diverse cell membranes and plant

species may also be expected. For example, both agonist and antagonist effects for the

DHP nifedipine were observed between non-stimulated and stimulated Chara cells,

suggesting a differential drug effect on different Ca2* channel types in the plasma

membrane (Reid and Tester 1992). Similar diversity has been documented in animal

cells, where the same cell type may contain more than one type of Ca2* channel, and

their drug sensitivity varies substantially (Hosey andLazdtxtski 1988; Tsien et al. l99l;

I992a). The K¿ for the same type of DHP can also vary considerably among cell types:

from 5 pM in heart muscle (Lee and Tsien 1983) to 80 ¡rM in skeletal muscle (Almers

and McCleskey 1984).

However, the present study showed that comparisons between different reports

on channel sensitivity to DHPs should be treated cautiously, as the channel sensitivity

may vary with the ionic conditions of the experiment. The attenuating effect of

extracellul ar C** on the single channel current amplitude increase induced by the

DHP (+) 202-7gl suggests that Ca2* competes for the DHP binding site. External Ca2*

has been shown to have a similar antagonist effect on the magnitude of the inward

current blockade induced by DHPs in animal cells (Lee and Tsien 1983). This whole

cell observation was interpreted as Ca2* competition for the DHP binding site. resulting

in an increase in the population of unblocked channels. In the case of the rca channel,

DHPs binding to one of the Ca2* binding sites, involved in ion permeation (see Chapters

3 and 5), could result in changes to the rcq channel structure, altering the properties of

the conduction pathway. DHP-channel interactions could lead to a reduction in the

affinity of these Ca2* binding site(s), allowing Ca2* ions to permeate faster through the

pore, resulting in an increase in the unitary conductance. Further characterisation of the

effect of these DHPs under different sets of ionic conditions is still needed to quantifr

any possible changes in the channel selectivity to test the validity of this hypothesis.
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6.3.5 DPBPs: Pimozide

Pimozide had an agonist effect on the rca chamel, slightly increasing the

number and duration of the channel openings. In contrast, DPBPs have been shown to

have antagonist effects in Ca2* channels from animal cells. Pimozide and other DPBPs

derivatives blocked T-type (En¡'eart et al. 1992,lgg3), N, P and L-type (Enyeart et al'

1992; Grantham et al. 1994, Sah and Bean lg94) as well as cGMP-activated Q\licol

1993) Ca2* channels. Such differences in drug effects suggest distinct channel structures

between animal and plant Ca2* channels'

6.4.6 Ruthenium Red

To my knowledge there are no reports on the effect of ruthenium red on single

Ca2* channel activity in plant cells. Nevertheless, the blockade of the rca channel by

ruthenium red is consistent with the reduction of voltage-dependent 
otc** uptake into

plasma membrane vesicles ftom Zea mays roots by ruthenium red (half-maximal

inhibition of 10-15 pM). The rca single channel blockade resembles that described in

Ca2* channels from animal cells, where 0.1 to 1 pM ruthenium red induced a flickery

blockade, decreasing the open state probability and the frequency of long opening

events in these channels (Smith et al. 1985; Ma 1993)' The iffeversible blockade

suggests a high afhnity binding site for ruthenium red in the rca channel' Sinilar

binding domains have already been identihed in the primary structure of animal Ca2*

channels (Chen and Maclennan 1994)'
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CHAPTER 7

GENERAL OVERVIEW OF THE STRUCTURE AND FUNCTION OF'TrlE TCA

CHANNEL

The main structural and functional features characterised for the rca channel are

summarised in this chapter (Figure 7.1). Ion channel reconstitution into artificial planar

lipid bilayers proved to be a powerful technique, allowing characterisation of small C**

currents. Single Ca2* channel currents were clearly resolve d at C** concentrations

lower than those used in any other channel known to date.

7.1 Location of the channel

One limitation of the ion channel reconstitution technique is that the plasma

membrane origin of the channel cannot be unequivocally demonstrated. Although the

recorded channel activity could have been due to contaminanting vesicles in the

membrane preparation (mainly endoplasmic reticulum ffid, to a lesser degtee,

tonoplast), the electrophysiological characteristics of the rca chanrLel are distinct from

those reported for channels from these two membranes. Additionally, incorporation of

endoplasmic reticulum-enriched membrane fractions from the same tissue used in this

present study did not reveal the presence of any type of Ca2*-permeable channels (C.

Niemietz, personal communication). Aqueous polymer two-phase partitioning permitted

isolation of plasma membrane vesicles of a defined sidedness (outside-out). Channels

incorporated from membrane fractions containing inside-out plasma membrane vesicles

showed reversed electrophysiological and pharmacological characteristics (e.g. voltage

dependence and sidedness of verapamil inhibition). The strong voltage dependence and

the range of membrane potentials at which the channel was active was also consistent

with a plasma membrane origin.

Taken together, the biochemical membrane markers and the electrophysiological

"fingerprints" of the rca channel strongly indicated that the channel characterised

throughout the present study was located in the plasma membrane of wheat roots.

7.2 Conductivity and selectivitY

The channel had a maximum Ca2* conductance of 30.5 pS with a K' for Ca2*

permeation of 100 ¡rM. In the absence of Ca2* it was able to carry monovalent cation
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F'igure 7.1 Schematic diagram of the proposed structure of the rca chanrtel. The

numbers correspond to the features described in the text.
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currents. At low concentrations (l mM), monovalent cations had a similar conductance

to that of most divalent catiorrs. At saturating concentrations (around 100 mM), the

conductance of monovalent cations became up to five times larger than that of divalent

cations, reaching a maximum conductance of 164 pS with a K. of 6 mM for K*

permeation. Divalent cations had a significantly higher affrnity constant than

monovalent cations, therefore ion interactions which take place within the pore are

likely to be specific.

The channel was highly selective for C** over Cl-. It was selective îor C**

over K* in all the physiologically realistic ionic conditions tested. Even with high

intracellular K* concentrations and a 103 to 104-fold C** gradient across the membrane

(extracellular to cytosolic), the permeability ratio 1P."2*/P*+) remained between 17 and

41. permeability ratios measured in I mM bi-ionic conditions reaffrrmed the generally

higher affinity of the channel for divalent cations over monovalent cations.

7.3 Structure of the permeation pathway

The movement of ions through the channel pore can be described as a series of

jumps between binding sites (energy minima or "'wells") and across barriers (energy

maxima or "peaks"). The relationship between conductivity (permeability ratios) and

affinity (selectivity ratios) was opposite for divalent and monovalent cations. This

relationship could not be described by a "selectivity filter" (i.e. a peak in the energy

prohle due to a critical narrowing of the pore), suggesting that ion selectivþ could not

take place by ion rejection alone. Instead, the selectivity of the channel for divalent over

monovalent cations could be attributed to diflerential ion affinity at one or more binding

sites (i.e. energy wells), such that ions with higher affinities moved more slowly as they

interacted more strongly with the binding sites.

Further characterisation of the affinity of the putative binding sites was done by

inorganic ion blockade experiments. Blockade of monovalent cation inward currents

(Nu.) by extracellular C** revealed a relatively high affinity (K¿(0) of 0.9 mM Ca2*)

binding site for Ca2* locate d 35 % down the electric field from the extracellular face of

the channel (feature I in Figur e 7 .l). Blockade of Ca2* inward currents by divalent

(Nit*) and trivalent (La3*, Gd3* and Al3*) cations showed the existence of a second

binding site (or adjacent sites separated by insignificant energy barriers) near the
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extracellul ar face of the channel, located at about 3-Il % down the electric field from

the extracellular face of the channel (feature 2 in Figure 7.1). The K¿(0) for Ca2*

blockade of monovalent (lr{a*) cation currents was in the same order of magnitude as

Ni2* blockade of divalent ç*\ cation currents and the K' for Ca2* permeation. This

similarity suggested that use of different experimental approaches described binding

sites with similar affrnities. Binding of permeable divalent cations (Ni'*) to the site

closer to the extracellular side of the channel (the "second" binding site) indicated that

this site was involved in the divalent cation permeation process. Nevertheless, although

both binding sites contributed to the permeation process, the contribution of the

"second" binding site to ion selectivity may have been minor, since the binding of C**

in the channel pore (measured by Cf* blockade of monovalent cation currents) was

predominantly at the "ftrst" site located further along the permeation pathway.

The presence of at least two binding sites suggested double or multiple

occupancy of the pore as required to explain the combination of high afhnity with high

rates of transport. The proposed multi-ion single hle pore structure was reaffirmed by

the presence of the anomalous mole fraction effect, as well as the changes in

permeability ratios upon varying ionic conditions.

Differences between K¿(0) values for di- and trivalent cation blockade of

divalent currents, and divalent cation blockade of monovalent cation currents, indicated

that ions with different valence had distinct afhnities for the intra-pore binding site(s).

There seemed to be no sharp distinction between "blocking" and "permeant" ions, but

only a difference in their affinity, and thus in the rates at which ions permeate the pore'

"Blocking" ions lodge and move more slowly along the permeation pathway. Potent

blockers such as trivalent cations have extremely high afflrnities for the site(s), and

consequently would permeate at rates too slow to be measured. Due to its relativell'high

affinity for the binding site(s), Ca2* could act as a "blocker". The small, if significant,

differences between the K, for permeation and the K¿ for blockad eby C** suggest that

the ion-ion interactions (i.e. repulsion) could contribute to the rapid movement (i'e.

measurable conductance) of Ca2*, which would otherwise bind relatively strongly

within the pore. The channel also conducted divalent cations with very high energies of

hydration (".g. Mgt*); therefbre ion dehydration was unlikely to be a major determinant

for ion peimeation. As monovalent cations had low affinities for the binding sites. They
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were able to permeate at fast rates and would be ineffective as "blocking" ions. Fast

rates of permeation can be achieved, provided that the binding sites are not occupied by

an ion with higher affinitY.

The non-linearity observed for IA/ relationships obtained in several ionic

conditions may be explained by structural asymmetries across the channel. The

asymmetrical distribution of the energy profile across the channel (i.e. differences in

affrnity between the binding sites) may have accounted for non-linearity. Structural

differences such as a distinct degree of insulation could also contribute to the

asymmetry (see feature 8 in Figure 7.1 where the channel is postulated to extend further

into the bulk solution at the cytosolic face than at the extracellular face)'

7.4 Function of the channel

The sharp voltage dependence observed for the rca chanÍLel suggested that it

could remain largely closed under resting physiological conditions in the intact cell,

only opening upon membrane depolarisation more positive than about -130 mV. Given

the channel selectivity for Ca2* over K*, channel opening could allow the channel to

catalyse a large Ca2* influx against a monovalent cation gradient (mainly K*).

Continued membrane depolarisation to values more positive than about -20 mV (a

value which would depend mainly on the intracellular K* concentration) would result in

K* efflux, and therefore act as a feedback mechanism to reduce further depolarisation.

Since neither cytosolic factors or channel inactivation regulated the channel (at least not

in bilayers), voltage gating (feature 3 in Figtue 7.1), rather than ligand-gated processes'

appeared to be the primary regulatory mechanism. Thus, an outward current via

outwardly recti$ing K* channels (Ketchum et al. 1989) and/or an H* efflux pump (Blatt

et al. 1990) would be necessary to induce membrane repolarisation, and consequently

closure of the rcq channel. Intracellular ATP could have an allosteric effect on the

channel regulation (feature 4 in Figure 7.1), although it was not essential for initiation of

channel activity.

The rca channel, therefore, has the potential to allow fast cytosolic C**

increases in a regulated manner by responding to changes in the plasma membrane

potential. In addition to its possible role in cellular signalling, the channel may represent

90



a major pathway the uptake of Ca2* (and potentially other divalent cations) into the

roots of higher plants'

7.5 Remarks on the structure and function of plant and animal Ca2* channels

Structural and functional differences among higher plant C** channels may be

anticipated, particularly since several Ca2* channels with distinct gating and selectivity

coexist in higher plant cell membranes. Nevertheless, voltage-gated channels seem to

share very similar characteristics, such as transport rates (i.e' conductances) and Ca2*

selectivity. Although accurate comparisons of the Ca2* selectivity reported for plant

channels could not be made, as some of these selectivity parameters (e.g. permeability

ratios) vary with experimental ionic conditions, it has been well established that plant

Ca2* channels have a significantly smaller Ca2* selectivity than that described for

animal cell L-type Ca2* channels. A multi-ion pore structure has already been proposed

for the tonoplast Ca2* charurel (Johannes and Sanders 1995a). The present study

reaffirms the possibility of a multi-ion pore structure for a higher plant cell Ca2*

channel, by showing the existence of multiple intra-pore binding along the pore

(features 1,2, and, perhaps, 7 in Figure 7.1). Although plant ca2* channels have a

moderate Ca2* affrnity (as judged from blocking experiments) and selectivity for Ca2*

ove. 11+, their selectivity mechanism may resemble the multi-ion pore structure

proposed for L-type channels. In these, the high affrnity binding sites are in close

^2+'proxlmlry or ua rons might even share the same ligand within one apparent single site

within the pore structure (yang et al. 1993} Subtle differences, such as dissimilarities in

the amino acid sequences of specific regions [e.g. the region SS2 containing the binding

site responsible for ion selectivity (Mikala et al. 1993; Yang et al. 1993)], could account

for the distinct selectivity of plant and animal cell Ca2* channels.

pharmacological studies have provided consistent evidence for the binding of

phenylalkylamines and DHPs to plant ca2* channels (feature 5 in Figure 7.1). The

present study also suggests additional binding sites for benzothiazipines and DPBPs

(feature 6 in Figure 7.1). The analogy in the antagonist and agonist responses of plant

Ca2* channels to several of these organic compounds which modulate animal cell Ca2*

channel activity emphasises the close structural similarity between plant and animal

Ca2* channels.
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The electrophysiological dat¿ obtained throughout this study forms the basis for

a model to describe ion conduction, based on the Eyring rate theury. The model derived

may reveal new structural and functional features for the rca channel, as well as

differences among Ca2* channels from various organisms. A combination of biophysical

data with molecular techniques in the future will allow an understanding of the function

and structure of plant Ca2* channels, as well as of the origin of their molecular diversity.
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