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Sheep cardiac muscle sarcoplasmic reticulum ryanodine receptors have been isolated by density-gradient centrifugation 
following solubilisation with the zwitterionic detergent, CHAPS. The functional state of the receptor complex has been 
assessed by quantification of [3H]rym-iodine binding and by characterisation of single-channel conductance and gating 
properties following reconstitution into unilameHar proteo-liposomes and incorporation into planar phospholipid 
bilayers. A method of solubilisation is described which yields a receptor displaying high-affinity [3H]ryanodine binding 
(Kd 2.8 nM, Bma x 352 pmol /mg protein) and which functions as a cation-selective, ligand-regulated channel under 
voltage clamp conditions. Previous reports of channel activity of purified rabbit skeletal and canine cardiac muscle 
ryanodine receptors describe a range of sub- or variable-conductance events. In contrast, the sheep cardiac ryanodine 
receptor-channels isolated using the optimal conditions described in this report consistently display a single open state 
conductance with either Ca 2+ or K + as the charge carrying species. 

Introduction 

Contraction of muscle cells is initiated by an eleva- 
tion of the cytosolic Ca 2+ concentration. In striated 
muscle, the bulk of this Ca 2÷ is released from an 
internal membrane store, the sarcoplasmic reticulum 
(SR), in response to the depolarisation of the cell mem- 
brane or sarcolemma. The mechanisms linking excita- 
tion to Ca 2+ release are believed to be somewhat differ- 
ent in cardiac and skeletal muscle [1-4]. However, in 
both muscle types Ca 2+ release from the SR is media- 
ted by a specific membrane channel protein located in 
specialised junctional regions of the SR membrane net- 
work [5]. The properties of the Ca2÷-release channel 
have been investigated at a macroscopic level by follow- 
ing uni-directional 45Ca2+ efflux from isolated SR 
membrane vesicles [6-111 and at the single-channel 
level, under voltage clamp conditions, following the 
incorporation of isolated SR vesicles into planar phos- 
pholipid bilayc_s [12-18]. The Ca2+-release channels of 
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both cardiac and skeletal muscle display properties con- 
sistent with them playing a r61e in excitation-contrac- 
tion coupling. Channel open probability (P o) is in- 
creased by physiological and pharmacological activators 
of Ca 2+ release (Ca 2+ [12,13,18,19], ATP [12,13,17], 
anthraquinones [20-22] and caffeine and related com- 
pounds [15,23-25]). Whilst Po is reduced by substances 
known to inhibit Ca 2÷ release from the SR (Mg 2÷ 
[13,181, ruthenium red [12,17] and calmodulin [26]). SR 
Ca 2+ release [10,27] and single-channel properties 
[16,28] are also modified by the plant "alkaloid ryano- 
dine which disrupts excitation-contraction coupling in 
both forms of striated muscle [29,30]. Ryanodine binds 
specifically, and with high affinity, to a receptor in the 
junctional regions of the SR membrane network [27,31- 
35] and the availability of [3H]ryanodine has made 
possible the purification of the receptor proteins from 
both skeletal and cardiac muscle SR. The ryanodine 
receptor protein has been isolated from rabbit skeletal 
muscle SR by a number of groups using a range of 
solubilisation and separation techniques [32,36-40]. 
Similar procedures have also been employed for the 
isolation of the ryanodine receptor of canine cardiac 
muscle SR membranes [36,41,42]. 

Purification of the receptor proteins has permitted 
detailed structural [37,39,43-46] and biochemical [471 
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investigations of the proteins and it is now established 
that the high-affinity ryanodine-binding complex con- 
sists of a 30 S homotetramer and is equivalent to the 
feet structures which span the sarcolemmal-SR junction 
in intact muscle [37,44,46]. cDNAs encoding the rabbit 
[48-50] and human [50] forms of the skeletal l~nuscle SR 
ryanodine receptor have been cloned and sequenced, 
and functional expression of ryanodine-binding [48] and 
cation conductance [51] have been obtained in a ham- 
ster ovary cell line. Less information is available con- 
cerning the primary structure of the cardiac ryanodine 
receptor. However, it is clear that differences do exist 
between the receptor proteins found in the two forms of 
striated muscle. Although there is extensive sequence 
homology, the genes encoding the two forms are located 
on different chromosomes and expression is tissue 
specific [52]. Immunological investigations demonstrate 
no cross reactivity between monocional antibodies raised 
to the canine cardiac ryanodine receptor protein and 
skeletal SR membranes [53]. 

Despite the burgeoning structural details of the 
ryanodine receptor, only limited information is availa- 
ble concerning the functional aspects of the complex as 
a ligand-regulated ion channel. The studies that have 
been undertaken reveal considerable differences be- 
tween the conductance properties of the various puri- 
fied proteins. Three groups have demonstrated cation- 
selective, ligand-regulated channel activity following in- 
corporation of rabbit skeletal muscle ryanodine-binding 
proteins into planar phospholipid bilayers [38-40,54- 
57]. All three groups have reported the common occur- 
rence of sub- or variable-conductance states, with one 
group obtaining unit conductance values of between 4 
and > 120 pS [54]. Similar multiple-conductance levels 
have been reported for purified canine cardiac ryano- 
dine receptor proteins [45,58]. 

Isolation of the ryanodine receptor-channel from the 
SR membrane and hence from accompanying K + and 
CI- channel proteins, provides considerable advantages 
for the investigation of ion discrimination. Our initial 
attempts to apply the method devised by Lai et al. [41] 
for the purification of the canine cardiac receptor, to 
sheep cardiac SR proved unsuccessful; yielding poorly- 
selective, multiple-conductance level channels on recon- 
stitution. In this report we describe a minor modifica- 
tion of the CHAPS solubilisation and density-gradient 
centrifugation procedures described by Lai et al. [41] 
which, when applied to sheep cardiac SR membranes, 
yields high-affinity [3H]ryanodine binding proteins 
which function as ligand-regulated, cation-selective 
channels displaying a single open conductance level. We 
propose that this corresponds to the unit conductance 
of the receptor-channel complex and that previously 
reported multiple-conductance states reflect modifica- 
tion of the complex during solubilisation and recon- 
stitution. 

Experimental Procedures 

Materials. [3H]Ryanodine was purchased from New 
England Nuclear Ltd. Unlabelled ryanodine was 
purchased from Progressive Agri Systems, U.S.A. Phos- 
phatidylethanolamine was purchased from Avanti Polar 
Lipids, U.S.A. Phosphatidylcholine (commercial grade) 
was purchased from Sigma Ltd. Aqueous counting scin- 
tillant was purchased from Amersham International. All 
other chemicals were of AnalaR or best available grade 
from Aldrich Ltd, BDH Ltd., or Sigma Ltd. 

Preparation of junctional~heavy sarcoplasmic reticu- 
lure membrane vesicles (HSR). Sheep hearts were ob- 
tained from a local abattoir and transported to the 
laboratory in ice-cold cardioplegic solution [59]. HSR 
membrane vesicles were isolated from septal and left 
ventricular free wall tissue as previously described [24]. 
A mixed membrane fraction obtained following homo- 
genisation and differential centrifugation was further 
fractionated by discontinuous sucrose density centrif- 
ugation. HSR membrane vesicles were collected from 
the 30/407o (w/v) interface, suspended in 0.4 M KCI 
and sedimented by centrifugation at 36000 rpm 
(100 000 × gay) for 60 min in a Sorvall A641 rotor. The 
resulting pellet was resuspended in a solution contain- 
ing 0.4 M sucrose, 5 mM N-2-hydroxyethylpiperazine- 
N'-2-ethanesulphonic acid (Hepes) titrated to pH 7.2 
with tris(hydroxymethyl)methylamine (Tris), snap 
frozen in liquid nitrogen and stored at -80°C. Protein 
concentrations were determined using assays described 
by either Markwell et al. [60] or a Coomassie brilliant 
blue binding assay (Bio-Rad, Herts., U.K.) with bovine 
serum albumin as standard. 

[3H]Ryanodine binding. [3HlRyanodine binding to 
solubihsed HSR membranes and isolated receptor was 
performed using a modification of the method for 
[3H]ryanodine binding to intact HSR vesicles described 
by Holmberg and Williams [35]. Solubilised HSR mem- 
brane vesicles or isolated receptors were incubated with 
various concentrations of [3H]ryanodine, in a solution 
containing 1 M KCI, 100 #M CaC12, 5 /~M phenyl- 
methylsulpho.lyl fluoride (PMSF), 25 mM piperazine- 
N,N'-bis(2-ethanesulphonic acid) (Pipes)-KOH (pH 
7.4), in 1 ml total volume. After 60 min incubation at 
37°C the medium was diluted with 5 ml ice-cold in- 
cubation solution and filtered through Whatman GF-B 
filters which had been pre-soaked in 57o polyethylimine 
and washed with 3 x 5 ml ice-cold deionised H20. The 
tube was then rinsed with a further 2 x 5 ml of ice-cold 
incubation solution and its contents passed through the 
filter. Following transfer to scintillation vials, 10 ml of 
scintillant was added to the filters which were allowed 
to stand overnight before counting. Non-specific bind- 
ing was determined by carrying out binding assays in 
the presence of excess unlabelled ryanodine (2.5 #M). 
All incubations were performed in triplicate. Specific 



binding to the isolated receptor was characterised in the 
presence of between 0.5 and 20 nM 3[H]ryanodine. 
Values of K d and Bma~ were obtained using a non-lin- 
ear regression fitting procedure (Enzfitter, Biosoft, 
Cambridge, U.K.). 

Solubilisation of the ryanodine receptor. The method 
of solubilisation of the sheep cardiac muscle HSR 
ryanodine receptor, described in this report, is based 
upon the method described by Lai et al. [41] for the 
purification of the canine cardiac muscle ryanodine 
receptor. We undertook a series of experiments desig- 
ned to produce optimal conditions for solubilisation of 
the sheep cardiac ryanodine receptor with the zwit- 
terionic detergeat 3-[(3-cholamidopropyl)dimethylam- 
monio]-l-propane sulphonate (CHAPS); that is, maxi- 
mal solubilisation of the receptor with maximal reten- 
tion of binding activity. Frozen HSR membrane vesicles 
were stored at -80°C  overnight before suspension in 
buffer A (1 M NaCI, 0.1 mM ethyleneglycol bis(fl- 
aminoethyl ether)tetraacetic acid (EGTA), 0.15 mM 
CaCI 2, 25 mM Pipes-NaOH (pH 7.4)) at a final con- 
centration of between 0.3 and 1.5 mg protein/ml. 
Solubilisation was initiated by the addition of various 
volumes of a stock solution containing 10% CHAPS and 
50 mg/ml L-a-phosphatidylcholine (PC) to give final 
CHAPS concentrations of between 0.5% and 2.0%. The 
vesicles were then incubated on ice for 1 hour; at the 
end of this period unsolubilised material was sedi- 
mented by centrifugation for 45 rnin at 36000 rpm 
(100000 × gay) in a Sorvall T-875 rotor. [3H]Ryanodine 
binding to aliquots of the solubilised material was de- 
termined as described above at a concentration of 5 
nM. 

Separation of the ryanodine receptor. The sheep cardiac 
HSR ryanodine binding protein was separated from 
other solubilised membrane components by sedimenta- 
tion on continuous sucrose density gradients, essentially 
as described by Lai and colleagues [41]. Solubilised 
material was placed at the top of a 5-25% (w/v) linear 
sucrose gradient in buffer A supplemented with 0.5% 
CHAPS and 2.5 mg/ml PC, formed above a 40% sucrose 
cushion. Material was sedimented overnight at 28000 
rpm (100000 x ga,,) in a Sorvall AH-629 rotor. Gradient 
fractions were collected in 2-ml. volumes drawn from 
the base of the tube. Fractions containing the receptor 
were identified by comparison with an identical gradi- 
ent which contained material incubated in the presence 
of 5 nM [3H]ryanodine during the solubilisation period. 
Peak fractions (100 pl aliquots) were subjected to SDS- 
polyacrylamide gel electrophoresis on 5-12% gels prior 
to silver staining. 

Reconstitution of receptor into liposomes. For single- 
channel conduction and gating studies, the solubilised 
receptor was reconstituted into unilamellar liposomes 
by dialysis overnight with 4 volumes of buffer A con- 
taining 0.5% CHAPS and 2.5 mg/ml  PC, against 1 litre 
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of 0.1 M NaCI, 0.1 mM EGTA, 0.15 mM CaCI2, 25 
mM Pipes-NaOH (pH 7.4) witq four changes of solu- 
tion. At the end of dialysis, an equal volume of 0.4 M 
sucrose was added to the vesicles before snap fi'eezing 
in liquid nitrogen and storage at -S0°C. The experi- 
ments reported here were carried out using proteo-lipo- 
somes derived from six solubilisations taken from five 
HSR membrane preparations. 

Planar lipid bilayer methods. Planar lipid bilayers 
were formed from suspensions of phosphatidylethanol- 
amine (PE) in decane (35 mg/ml). Bilayers were painted 
across a 200 pm diameter hole in a polystyrene parti- 
tion separating two fluid filled compartments, referred 
to as the cis chamber (volume 0.5 ml) and the trans 
chamber (1.0 ml). The trans chamber was held at virtual 
ground and the cis chamber could be clamped at vari- 
ous holding potentials relative to ground. Current flow 
through the bilayer was measured using an operational 
amplifier as a current-voltage converter as described by 
Miller [61]. During bilayer formation both the cis and 
trans chambers contained 210 mM KCI, 20 mM Hepes- 
KOH (pH 7.4). An osmotic gradient was established by 
the addition of 100 gl of 3 M KCI to the cis chamber. 
Proteo-liposomes were added to the cis chamber and 
stirred, whereupon a second aliquot of 3 M KC1 was 
added to the cis chamber to induce fusion of vesicles 
with the bilayer. On incorporation of a channel(s) fur- 
ther incorporation was prevented by perfusion of the cis 
chamber with 210 mM KCI, 20 mM Hepes-KOH (pH 
7.4). For experiments in which C a  2+ was used as the 
permeant ion, purified receptors were incorporated as 
described above, before perfusion of the trans chamber 
with a solution containing 250 mM glutamic acid titrated 
to pH 7.4 with C a O H  2 (free Ca  2+, 63 mM) and the cis 
chamber with a solution containing 250 mM Hepes, 125 
mM Tris (pH 7.4) which contained a free Ca 2+ con- 

cent ra t ion  of 10 pM. Native sheep HSR Ca 2+ channel 
activity was monitored in these solutions following the 
incorporation of HSR vesicles as described previously 
[18,62]. Free C a  2+ concentrations of all solutions were 
determined using a Ca 2+ selective electrode (Orion 93- 
20). All experiments were performed at room tempera- 
ture (23 _+ 1°C). 

Single-channel data acquisition and analysis. Single- 
channel current fluctuations were displayed on an 
oscilloscope and stored on either FM or video recording 
tape. For analysis, data were replayed, low pass-filtered 
using an 8-pole Bessel filter (Frequency Devices 902) at 
1.0-4.0 kHz and digitised at 2.0-8.0 kHz using either 
an AT-based system (Intracel, Cambridge, U.K.) or a 
PDP 11/73 based system (Indec, Sunnyvale, CA, 
U.S.A.). Single-channel current ampldtudes were ob- 
tained from digitised data. Open probabilities (P0) and 
open and dosed lifetimes were determined by 50% 
amplitude threshold analysis. Lifetimes accumulated 
over 3-rain periods, under steady-state conditions, were 
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stored in sequential files and displayed in non-cumula- 
tive histograms. Individual lifetimes were fitted to prob- 
ability density functions using the method of maximum 
likelihood [63]. With C a  2+ as  the permeant ion, events 
with durations < 1 ms were not fully resolved and were 
therefore excluded from the fitting procedure. A missed 
events correction was employed [63] and a likelihood 
ratio test was used to compare fits to multiple exponen- 
tials [64]. 

Results 

Receptor purification 
Influence of CHAPS and protein concentrations on 

[3H]ryanodine binding and receptor solubilisation. All 
previous reports on the purification of the ryanodine 
receptor from cardiac muscle have used canine heart  as 
starting material [36,41,42,45]. Consequently, we carried 
out a preliminary investigation aimed at determining 
the optimal conditions for [3H]ryanodine binding and 
solubilisation of the receptor from sheep cardiac muscle. 
Specific [3H]ryanodine binding, following incubation 
with CHAPS, was influenced by the concentration of 
membrane protein incubated with the detergent (data  
not shown). By using a final protein concentration of 
1.5 mg/ml ,  we observed [aH]ryanodine binding levels 
of approx. 90% of control values determined in the 
absence of added CHAPS, at de tergent / l ip id  con- 
centrations ranging from (70CHAPS/rag PC per ml) 
0.5%/2.5 mg per ml to 2.07o/10 mg per ml (Fig. 1)  The 
degree of receptor solubilisation was determined at 
CHAPS concentrations ranging from 0.5 to 2.070 with a 
final protein concentration of 1.5 mg /ml .  Following 
incubation with CHAPS, unsolubilised membrane c o m -  
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Fig. 1. Influence of CHAPS on 3[H]ryanodine binding to HSR. 
Binding is expressed as % of control values obtained with intact HSR 
in the absence of CHAPS. e, Binding to HSR in the presence of 
increasing concentrations of CHAPS. o, Binding to solubilised frac- 
tion of HSR following incubation with increasing concentrations of 
CHAPS. Experimental details are given in Methods. Points are means 

of nine experiments :t: S.E. 
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• Fig. 2. (A) Solubilisation profile of S[H]ryanodine binding protein on 
a continuous 5-25% sucrose density gradient following centrifugation 
at 100000x gay for 16 h. A single peak was obtained at approx. 22% 
sucrose. Unbound 3[H]ryanodine remained at the top of the gradient 
(fractions 12-15). (B) Silver stained SDS-polyacrylamide gel of a 
3[H]ryanodine binding fraction. A major component with an esti- 
mated molecular mass of approx. 350000 daltons is indicated. Posi- 

tions of molecular mass markers are shown to the left of the gel. 



ponents were sedimented by centrifugation and 
[3H]ryanodine binding to the soluble fraction was de- 
termined as described in Methods. The data presented 
in Fig. 1 demonstrate that essentially complete solubili- 
sation of the receptor was achieved in the presence of 
0.5% CHAPS. Based on the data presented in Fig. 1, we 
used a protein concentration of 1.5 mg/ml and a 
CHAPS concentration of 0.5% for all subsequent solu- 
bilisation and purification procedures. 

Purification of the ryanodine receptor by sucrose den- 
sity-gradient centrifugation 

The sheep cardiac mu tie ryanodine receptor was 
separated from other soluoilised HSR membrane com- 
ponents by sedimentation on continuous sucrose den- 
sity-gradients as described by Lai et al. for the canine 
cardiac muscle receptor [41]. Sedimentation of 
[3H]ryanodine-labelled solubilised membrane fractions 
produced a single peak at approx. 22% sucrose (Fig. 
2A), yielding approx. 20 pg protein from an original 3 
mg HSR protein. Polyacrylamide gel electrophoresis 
profiles of the peak fractions are shown in Fig. 2B. 
Fractions contain a major protein component ,~vith an 
apparent molecular weight of approx. 350000. 

Functional assessment 
[3H]Ryanodine binding to the purified receptor. 

[3H]Ryanodine binding to the unlabelled purified re- 
ceptor fraction was investigated at ryanodine concentra- 
tions ranging from 1 to 20 nM (Fig. 3). A Scatchard 
plot of the data (inset to Fig. 3) provides a K a of 2.8 
nM and a Bma x of 352 pmol/mg protein. Comparison 
of these values to those determined in an earlier study 
for binding of [3H]ryanodine to native sheep cardiac 
muscle HSR vesicles (Ka 1.4 nM, B ~  9.7 pmol/mg 
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Fig. 3. Specific binding of 3[Hlryanodine to the isolated sheep cardiac 
HSR receptor. The data were obtained using binding to 0.6-1 pg of 
receptor protein taken from four different solubilisation and isolation 
procedures. The inset shows a Scatchard plot of the data. In both 
plots the solid lines are drawn with a K d of 2.8 nM and Bma~ of 352 
pmol /mg protein. These values were obtained from non-linear regres- 

sion analysis of the data (see Methods for details). 
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permeant ion (details of the solutions are given in the text). Traces i 
and ii show a continuous recording at a holding potential of 0 mV. 
The open level of the channel is indicated by a dotted line. (B) 
Single-channel current-voltage relationship for an isolated sheep 
cardiac HSR receptor-channel with Ca 2+ as the permeant ion. The 
slope conductance obtained from the plot is 90.4 pS and the reversal 

potential is 40.4 mV. 

protein) [35] suggests that the binding activity of the 
receptor is well preserved during solubilisation and that 
the receptor is significantly enriched following sucrose 
density gradient centrifugation. 

Channel conductance and gating. The purified ryano- 
dine receptor proteins of skeletal and canine cardiac 
muscle HSR have been shown to function as cation- 
selective channels following their reconstitution into 
planar phospholipid bilayers [39,40,55,56]. Similarly, the 
purified sheep cardiac muscle HSR ryanodine receptor 
displays characteristic conductance and gating proper- 
ties consistent with its rrle as the pathway for Ca 2+ 
release from the SR membrane network during excita- 
tion-contraction coupling. Fig. 4 shows typical single- 
channel current fluctuations of the purified sheep 
cardiac muscle ryanodine receptor incorporated into a 
PE planar bilayer following reconstitution into PC lipo- 
somes. In tiffs experiment Ca 2+ is the permeant ion 
from the traus side of the bilayer and the channel is 
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Fig. 5. Saturation of single-channel conductance with increasing free 
Ca 2+ concentration, Slope conductance was monitored at t r a n s  free 
Ca 2+ concentrations ranging from 6.3 to 206.3 raM. The data were 
fitted to a Michaelis-Menten scheme using non-linear regression 
(Enzfitter). The solid line is drawn with values obtained from this 
analysis: maximal conductance (80.3 pS) with half-maximal conduc- 

tance achieved at a free Ca 2+ concentration of 4.11 raM. 

activated by 10/~M Ca 2+ at the cis side of the mem- 
brane (details of ionic conditions are given in Methods); 
the holding potential is 0 inV. The conditions used in 
this experiment are identical to those which we have 
used previously to investigate conduction and gating 
behaviour of the native sheep cardiac SR calcium-re- 
lease channel [18,24,25,62]. An inspection of the single- 

channel current-voltage relationship of the channel 
shown in Fig. 4A provides information on the slope 
conductance of the channel and the relative permeabil- 
ity of the channel to Ca 2 + and the only other permeant 
ion in the system; Tris +. The slope conductance ob- 
tained from the plot in Fig. 4B is 90.4 pS and the 
reversal potential is 40.4 mV which corresponds to a 
Ca2+/Tris + permeability ratio [12] of 15.3. Both these 
values are in good agreement with those obtained by us 
for the native sheep cardiac SR cae+-release channel 
[24,25]. 

Single-channel conductance of the purified sheep 
cardiac SR Ca2+-release channel saturates as the free 
Ca 2+ concentration on the t rans  side of the membrane 
is increased (Fig. 5, each point is the mean + S.D. 
n > 5). In these experiments, single-channel slope con- 
ductance was determined with 10 #M Ca 2+, 250 mM 
Hepes, 125 mM Tris (pH 7.4) on the cis  side of the 
membrane and 300 mM mannitol, 10 mM Hepes titrated 
with CaOH 2 to give a pH of 7.4, plus various amounts 
of CaCI 2 to give free Ca 2+ concentrations of between 
6.3 and 206.3 mM on the t rans  side of the membrane. 
The line drawn through the points in Fig. 5 is a 
Michaelis-Menten saturation curve fitted by non-linear 
regression, with a maximal conductance of 80.3 pS and 
a half-maximal conductance achieved at a free Ca 2+ 
concentration of 4.11 mM. 

The purified rabbit skeletal and canine cardiac muscle 
ryanodine receptors have been shown to function as 

A 

OPEN 

_,o.v  |iiiiiiil;iiii,ill;iiil;iiii!  

-30  mv 
] . . . . .  ~ . . . . . . . .  , ~ -  ~ - ~ . . . .  • - - ~ i ' , , " -  . . . .  

" 7  
IJJ 
re" 

, I L ~ I  ~ i l  i l l l l  . . . .  ' "  

' ' F I  ir 'I --~-r-~ ('r -[I-" 30 mv .I..I ....... ........... [ ..... ] !  ...... r 

60 ! A 

40 

20 

0 

-20 

-40 

i .... 0 0  . . . . . .  

60 mV ........ - t00 -80  -60 -40 -20 0 20 40 60 80 
100 ms OPEN HOLDING POTENTIAL (mY) 

40 pA J 

Fig. 6. (A) Current fluctuations of a single isolated sheep cardiac HSR receptor-channel in symmetrical 210 mM K + at a range of holding 
potentials. (B) Single-channel current-voltage relationships for a single isolated receptor-channel in symmetric (210 mM, &) and asymmetric (840 

mM cis, 210 mM trans, z~) KCI. Slope conductance and reversal potential values are given in the text. 



variable-conductance channels when monovalent cat- 
ions are used as the permeant species [39,40,45,55]. Fig. 
6A shows typical single-channel current fluctuations of 
a purified sheep cardiac HSR ryanodine receptor at a 
range of holding potentials with 210 mM K + (200 mM 
KC1, 10 mM Hepes, 10 mM KOH, pH 7.4) on both 
sides of the bilayer. Under these, and all other condi- 
tions examined, the sheep cardiac receptor-channel con- 
sistently displays a single open-conductance state. Open 
events not attaining the full open level in this illustra- 
tion represent brief events, the amplitudes of which are 
attenuated by the bandwidth limitations of the record- 
ing equipment. The single-channel current-voltage rela- 
tionship for this channel is shown in Fig. 6B, together 
with a current-voltage relationship obtained with a 4:1 
KCI gradient imposed across the bilayer (cis: 840 mM, 
trans: 210 mM). In both cases a linear relationship is 
observed, with a slope conductance of 730 pS in the 
symmetric solutions and 800 pS with the asymmetric 
solutions. The reversal potential of 39 mV seen with a 
4:1 KCI gradient is indistinguishable from that predic- 
ted from the Nernst equation for an ideally K ÷ selec- 
tive system under these conditions, indicating that the 
channel is totally impermeant to CI-. 

The relative permeability of the purified sheep cardiac 
HSR ryanodine receptor-channel to monovalent and 
divalent cations can be assessed by monitoring conduc- 
tance with K ÷ as the permeant ion on the cis side of 
the membrane and Ca 2+ as the permeant ion on the 
trans side of the membrane. The single-channel 
current-voltage plot shown in Fig. 7 was obtained with 
210 mM K ÷ (200 mM KCI, 20 mM Hepes, 10 mM 
KOH, pH 7.4) cis and 210 mM Ca 2÷ (200 mM CaCI 2, 
40 mM Hepes, 10 mM CaOH 2, pH 7.4) trans. Under 
these conditions, a reversal potential of +40 mV is 
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aO 
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.,..,.-,-- 

-20 
. . . .  , 

-t25 -t00 -75 -50 -25 0 2 7 IO0 125 
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Fig. 7. Single-channel current-voltage relationship for single isolated 
receptor-channels with 210 mM K + cis and 210 mM Ca 2+ trans. 

Points represent mean values+S.D, for six experiments. Currents 
fluctuations reversed at 40 mV yielding a Ca2+/K + permeability 

ratio of 7.4 (see text for details). 
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obtained, yielding a Ca2+/K + permeability ratio of 7.4 
[12,131. 

A number of physiological and pharmacological 
agents have been shown to influence the permeability of 
isolated skeletal and cardiac muscle HSR membrane 
vesicles to Ca 2÷ [7-11,19,27]. Consistent with these 
observations, the open probabilities of Ca2+-release 
channels of HSR of both species of muscle are similarly 
regulated, and recent reports suggest that the modula- 
tory effects of a range of these compounds are pre- 
served in the purified ryanodine receptor proteins of 
skeletal [39,40,54,55] and canine cardiac muscle 
[42,45,58]. 

Our earlier studies of the gating behaviour of the 
native sheep cardiac HSR membrane Ca2+-release 
channel have established that, with Ca 2÷ as the per- 
meant ion, channel opening occurs as bursts of very 
brief events [18,24,25]. Analysis of open and closed 
lifetime durations suggests that for the native channel at 
room temperature, best fits to open lifetimes are ob- 
tained with two exponential components, with more 
than 9070 of events occurring to the shorter distribution; 
whilst best fits to closed lifetimes require three exponen- 
tial components [18,24,25]. An example of lifetime anal- 
ysis of a typical native sheep cardiac HSR Ca2+-release 
channel is presented in Fig. 8. Lifetimes are displayed 
as non-cumulative histograms together with probability 
density functions (p_dfs) obtained from maximum likeli- 
hood fitting to the individual lifetimes. Details of the 
pdfs are given in the figure legend. Similar lifetime 
analysis of a typical purified sheep cardiac HSR 
ryanodine receptor-channel, under identical conditions, 
is also shown in Fig. 8. A comparison of the channel 
traces and lifetime analyses indicates that a virtually 
identical pattern of channel gating has been retained 
following solubilisation, purification and reconstitution 
of the ryanodine receptor-channel. 

Modulation of channel open probability by physio- 
logical and pharmacological agents is preserved follow- 
ing solubilisation, purification and reconstitution of the 
sheep cardiac muscle HSR ryanodine receptor-channel. 
Channel open probability is elevated by increasing con- 
centrations of Ca 2+ added to the cis face of the bilayer 
(Fig. 9). In this example, with K ÷ as the permeant ion, 
Po was markedly increased by raising the activating 
Ca 2÷ from 10 (Po = 0.04) to 110/tM (Po = 0.14). Ad- 
dition of 1.3 mM ATP (producing a final free Ca 2÷ 
concentration of 10/~M and a final free ATP concentra- 
tion of 1 mM) further increases Po (0.20) (Fig. 9). Mg 2÷ 
(Fig. 10) and ruthenium red (Fig. 11) decrease Po of 
native HSR Ca2÷-release channels [12,13,17,18] and, 
when added to the cis chamber, these agents decrease 
Po of the purified sheep cardiac HSR ryanodine recep- 
tor-channel. 

The plant alkaloid ryanodine is a specific marker for 
the Ca2+-release channel of the HSR. When added in 
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inV. (B) Non-cumulative 5fetime histograms together with probability density functions (solid lines) obtained by the method of maximum 
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Fig. 9. Modulation of purified receptor-channel gating by Ca 2 + and 
ATP. Traces were obtained at a holding potential of 40 mV with 
symmetric 210 mM K +. (A) Channel activated by 10/~M Ca 2+ cis, 

Po = 0.04. (B) Channel activated by 110 gM Ca 2+ cis, Po = 0.14. (C) 
Channel activated by 10 #M Ca 2+ +1 mM ATP cis (see text for 

details), Po = 0.20. 

/~M concentrations to native cardiac and skeletal HSR 
channels incorporated into planar phospholipid bi- 
layers, ryanodine characteristically modifies both con- 
duction and gating properties, "locking' the channel into 
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Fig. 10. Reduced channel opening in the presence of Mg 2+. (A) Single 
purified receptor-channel in symmetric 210 mM K + at 40 inV. 
Channel opening was activated by a combination of 10/tM Ca 2+ and 
1 mM ATP cis. (B) The same channel following the addition of 1 mM 

MgCi2 to the solution in the cis chamber. 
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Fig. 11. Reduced channel opening in the presence of ruthenium red. 
(A) Receptor-channel current fluctuations from a bilayer containing 
at least two channels with symmetric 210 mM K + at 40 inV. Chan- 
nels were activated with 110/,M Ca 2+ cis. The numbers to the fight 
of the trace indicate the number of receptor-channels in the open 
state. (B) Addition of 1 / tM ruthenium red to the solution on the cis 

side of the membrane immediately abolishes channel opening. 

a permanently open, reduced conductance state 
[16,18,28,35]. A similar pattern is observed following the 
addition of ryanodine to the cis solutions bathing puri- 
fied, reconstituted, sheep cardiac HSR Ca2+-release 
channels (Fig. 12). This diagram shows conduction and 
gating modification with both Ca 2÷ and K ÷ as the 
charge carrying species. In both cases, following a varia- 
ble period in the presence of ryanodine (A: 5 #M, B: 1 
/~M) the channel enters a characteristic reduced conduc- 
tance state. As with the native channel, when Ca 2÷ is 
used as the permeant ion the modification invariably 
occurs from the fully open state of the channel. With 
K + as the permeant ion, it is common to observe the 
ryanodine modification occurring from the closed state. 
Following the interaction of ryanodine with its receptor, 
the channel remains in the reduced-conductance open 
state with only occasional, brief events, occurring to the 
normal non-conducting current level. Addition of 
ruthenium red to the solution in the cis chamber bath- 
ing a ryanodine-modified channel induces closing or 
blocking events to either the normal non-conducting 
level or variable low conductance levels. The frequency 
and duration of these events increases with increasing 
ruthenium red concentration (Fig. 12). 

Discussion 

Our initial attempts to purify functional sheep cardiac 
SR Ca2+-release channels by duplicating the method 
developed by Lai et al. [41] for the purification of rabbit 
skeletal and canine cardiac muscle SR ryanodine recep- 
tors proved unsuccessful. This procedure yielded varia- 
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Fig. 12. Modification of purified receptor-channel gating and conduc- 
tance by ryanodine with Ca 2÷ or K ÷ as the permeant ion. (A) Bilayer 
containing at least two purified receptor-channels activated by 110 
laM Ca 2+ cis and with Ca 2+ as the permeant ion (see Methods for 
details of solutions). Holding potential was 0 mV. The zero-current 
level is indicated by the dashed line. (B) Current fluctuations for a 
bilayer containing a single receptor-channel in symmetric 210 mM 
K + held at 40 mV. in this case, channel opening is indicated by a 
downward deflection and the open level is indicated by a dotted line. 
In both cases trace (i) represents activity prior ,,o ryanodine induced 
modification. Examples of characteristic ryanodine modification are 
shown in trace (ii) following the addition of ryanodine to the solutions 
in the cis chambers. C (i) Single purified receptor-channel in symmet- 
ric 800 mM K + at a holding potential of 40 mV following modifica- 
tion by 1/~M ryanodine. Traces (ii), (iii) and (iv) are examples of the 
effects of the addition of a total of 2, 4 and 6/~M ruthenium red to 
the solution on the cis side of the bilayer. The dashed line represents 

the normal zero-current level. 

ble [3H]ryanodine binding and, on reconstitution, a 
range of poorly selective channels displaying multiple 
conductance states (data not shown). We therefore in- 
vestigated modifications of the methods of Lai et al. in 
an attempt to find a method suitable for the purifica- 
tion of functional Ca2+-release channels from sheep 
cardiac SR. Our aim was to define conditions which 
involved minimal exposure of the receptor-channel to 
detergent, whilst allowing for significant solubilisation 
of the receptor. A further modification was to carry out 
solubilisation on ice rather than at room temperature. 
[3H]Ryanodine binding was used as the primary assess- 
ment of the functional state of the receptor. However, it 
is clear that high levels of ligand binding following 
isolation do not always reflect functional integrity of 
channel proteins. An example of this phenomenon is 
provided by the nicotinic acetylcholine receptor-channel 
of Torpedo californica electroplax, which was initially 

isolated as an a-bungarotoxin binding protein but did 
not function as a ligand-regulated ion channel following 
reconstitution into proteo-liposomes. Function was at- 
tained by modification of the solubilisation and recon- 
stitution protocol [65]. Indeed, evidence is available to 
suggest that solubilisation of the skeletal muscle HSR 
ryanodine receptor can be achieved under conditions 
which produce significant [3H]ryanodine binding but 
abnormal channel function. Such a situation was re- 
ported by Imagawa et al. following solubilisation of 
HSR with digitonin [38]. For the HSR ryanodine recep- 
tor-channel, functional assessment should ia:clude, in 
addition to [3H]ryanodine binding, preservation of cat- 
ion conductance and selectivity, together with regu- 
lation of gating by a range of physiological and phar- 
macological agents. This has been achieved, to a greater 
or lesser extent with the receptor-channels of rabbit 
skeletal and canine cardiac muscle. In all cases, follow- 
ing solubilisation with CHAPS, purified preparations 
have been produced which act as ligand-regulated ca- 
tion channels. The major area of diversity between 
reports concerns the unit conductance of the purified 
functional receptor-channel. Hymel et al. have noted 
conductance levels ranging from 4 to greater than 120 
pS following the reconstitution of rabbit skeletal [54] 
and canine cardiac [58] ryanodine receptor-channels. Of 
the two groups to carry out reasonably detailed ex- 
aminations of receptor-channel conductance and selec- 
tivity, one report a range of different unit conductances; 
for example Ma et al. describe channel events of either 
800, 400 or 200 pS in 250 mM K + solutions (approx. 
80% of events were of the 400 pS form) for the rabbit 
skeletal receptor [56]. Whilst Meissner and colleagues 
describe channels from rabbit skeletal receptors with 
maximal conductance of 600 pS in 500 mM Na +, dis- 
playing sub-conductance states at 450, 300 and 150 pS 
and a second population of receptor-channels with a 

maximum conductance of 300 pS, displaying sub-con- 
ductance levels at 225, 150 and 75 pS. The most fre- 
quently observed sub-conductance states were those 
which occurred to 50% of the maximal conductance 
[55]. The same group report similar sub-conductances 
with receptors isolated from canine cardiac muscle [45]. 
These authors have also noted that channels displaying 
multiple conductance states do not usually retain their 
properties of regulation by physiological and pharmaco- 
logical agents [39]. 

Receptor solubilisation and isolation. The sheep cardiac 
SR ryanodine receptor can be essentially completely 
solubilised by as little as 0.5% CHAPS in the presence 
of 2.5 mg/ml PC. The receptor, solubilised under these 
conditions, retains a high affinity for ryanodine and is 
significantly enriched in comparison with the native 
HSR membrane. SDS-polyacrylamide gel electrophore- 
sis confirms this observation; the [3H]ryanodine bind- 
ing peak obtained following sucrose density gradient 



centrifugation displays a major band at approximately 
350 kDa. These findings are in good agreement with 
previous reports that the ryanodine receptor of both 
rabbit skeletal and canine cardiac HSR membranes 
consists of a 30 S homotetramer comprising monomers 
with molecular mass of approximately 400 kDa. 

Reconstitution of the sheep cardiac ryanodine recep- 
tor into unilamellar liposomes by dialysis and subse- 
quent incorporation of these liposomes into planar 
phospholipid bilayers, demonstrates that the isolated 
receptor functions as a ligand-operated, cation-selective 
channel, sharing a range of properties with both the 
native sheep HSR Ca2+-release channel [18,24,25,62] 
and the purified ryanodine receptor-channels of rabbit 
skeletal and canine cardiac muscle [39,40,42,45,54,55,58]. 

Conduction. Measurement of ion conduction through 
the native HSR CaE+-release channel requires the use of 
very specific ionic conditions [12]. The channel is 
activated by a suitable ligand from the cytosolic side of 
the membrane and provided with a permeant ion at the 
luminal face of the channel. Current flow must be 
monitored in the absence of small monovalent cations 
and anions which have high conductance through 
monovalent cation [66,67] and anion [17,68] channels of 
the HSR membrane, which are incorporated into the 
planar bilayer along with the Ca2+-release channel. 
Using these conditions, the native CaE+-release chan- 
nels from both muscle types have been shown to display 
selectivity for cations ocer anions, a relatively high 
degree of selectivity for divalent cations over large 
monovalent cations such as Tris +, and a high divalent 
cation conductance [12,13,19,24,25]. When investigated 
under the same ionic conditions, the purified sheep 
cardiac HSR ryanodine receptor displays selecti'~ty and 
conductance properties identical to those of the native 
channel. Single-channel conductance saturates as the 
calcium concentration in the trans chamber is increased. 
The data can be fitted to a simple Michaelis-Menten 
scheme which would be consistent with single-ion chan- 
nel behaviour [69], however, it does not conclusively 
exclude multi-ion occupancy of the conduction path- 
way. It is highly probable that the maximal conductance 
determined in these experiments is an underestimate of 
the true value and almost certainly reflects inhibition of 
Ca 2 + conductance by mannitol (used in the solutions to 
maintain osmotic pressure). Indeed, higher Ca 2÷ con- 
ductance was observed in the experiments shown in 
Figs. 4 and 7. The putative conductance block observed 
in the presence of mannitol requires further investiga- 
tion. 

The isolation of the ryanodine receptor from the 
HSR membrane, and hence its separation from the SR 
monovalent cation and anion channels, permits a more 
detailed examination of the mechanisms involved in ion 
conduction and selectivity. As has been reported by 
others for the rabbit skeletal [39,40,55,56] and canine 
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cardiac [45] ryanodine receptor-channels, the isolated 
sheep cardiac channel displays high single channel con- 
ductance and ideal selectivity for cations over anions 
when monovalent cations are used as the charge carry- 
ing species. The major difference between the data 
presented in this communication and that reported pre- 
viously concerns the conductance level of the purified 
functional unit of the ryanodine receptor-channel. All 
other reports stress the common occurrence of either 
deviations from full conductance to sub-conductance 
states [39,45,54,55,58], or the occurrence of ehanne!s 
with different conductance levels [55,56]. Sub-conduc- 
tance or reduced-conductance states were seen very 
rarely in the experiments reported here. We estimate 
that of the channels observed during this study (> 500), 
with a wide range of ionic conditions and at various 
holding potentials, under 5% showed any form of re- 
duced conductance; the remainder displayed a single 
open-conductance level comparable to the maximum 
open levels reported by Meissner and his co-workers 
[39,45,55] and the largest conductance species, reported 
for a minority of channels, by Coronado's group [40,56]. 

What then is the conductance of the functional unit 
of the HSR ryanodine receptor-channel? A large body 
of ultrastructural [37,39,43-46] evidence suggests that 
both the native, in situ, channel and the purified 30 S 
ryanodine receptor are homotetramers, and it has been 
proposed that the various sub- and reduced-conduc- 
tance levels seen with purified preparations of the re- 
ceptor-channel reflect the sub-unit composition of the 
30 S oligomer [40]. The variable conductance states 
described in earlier reports may result from modifica- 
tions occurring during solubilisation and purification of 
the receptor-channel complex [55]. In support of this 
contention is the finding that fully functional native 
HSR Ca2+-release channels do not display obvious 
sub-conductance states when Ca 2 + is used as the charge 
carrying species; whilst purified receptor-channels which 
show a range of conductance levels with monovalent 
cations as the permeant species also show multiple 
conductance levels with Ca 2+ [40,55]. High-affinity 
[3H]ryanodine binding occurs with a stoichiometry of 
one binding site per homotetramer and there is evidence 
indicating that ryanodine binding to the 30 S complex 
may be influenced by co-operative interactions of the 
four 400 kDa sub-units [47]. The demonstration of 
variable conductance states following reconstitution of 
purified receptor-channels raises the possibility that the 
unit conductance of the functional receptor-channel may 
depend upon the co-ordinated gating of several conduc- 
tance pathways (possibly one or two for each 400 kDa 
sub-unit) [55]. Loss of co-ordinated behaviour as the 
result of minor modifications occurring during solubili- 
sation and reconstitution may give rise to the ap- 
pearance of sub- or reduced-conductance levels. The 
'milder' solubilisation conditions reported here may lead 
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to enhanced preservation of the functional unit and 
hence the very low frequency of sub- or reduced-con- 
ductance states. 

Despite apparent differences in the unit conductance, 
the sheep cardiac HSR ryanodine receptor-channel de- 
scribed here has a Ca2+/K + permeability ratio similar 
to that reported for the lower conductance rabbit skeletal 
receptor-channel [40]; suggesting analogies in the mech- 
anisms governing ion discrimination. 

Gating. Our previous investigations of the gating 
mechanisms of the native sheep cardiac HSR Ca2+-re - 
lease channel have revealed that with Ca 2+ as the sole 
activating ligand and Ca2+as the charge carrying ion, 
gating is characterised by bursts of brief opening events. 
Maximum likelihood fitting to individual lifetimes re- 
quires at least two exponential components for the open 
tim~s, with the vast majority (>  90~) occurring to the 
shorter distribution, with a time constant only slightly 
in excess of the minimum fully resolvable duration. 
Three exponentials are required for maximum likeli- 
hood fits to the closed times. This basic pattern of 
gating is extremely well pre3erved following solubilisa- 
tion, isolation and reconstitution of the receptor-chan- 
nel. 

The improved resolution produced by the use of K + 
as the charge carrying species reveals a basic Ca 2+- 
activated gating pattern not dissimilar to that observed 
with the native channel or the purified receptor-channel 
with Ca 2+ as the permeant ion. Channel gating is 
characterised by a series of very brief opening events. A 
similar pattern of very brief opening events is apparent 
for the maximum conductance level (800 pS) reported 
for the rabbit skeletal muscle ryanodine receptor-chan- 
nel [56]. 

The sheep cardiac receptor-channel also responds to 
physiological and pharmacological agents in a manner 
consistent with the preservation of the integrity of a 
range of sites of ligand interaction. Increasing free Ca 2 + 
concentrations on ~he cis side of the bilayer increase P0; 
the mechanisms involved in this activation have not yet 
been fully characterised, but preliminary observations 
appear to be consistent with our demonstration for the 
native channel, that Ca2+-activated increases in P0 re- 
sult from an increased frequency of channel opening 
[18]. The purified receptor-channel is further activated 
by ATP added to the cis chamber and P0 is reduced by 
Mg 2+ and ruthenium red, again from the cis side of the 
bilayer. 

Conductance and gating of the isolated receptor- 
channel are characteristically modified by ryanodine 
with either K + or Ca 2+ as the permeant ion. In our 
experience, when ryanodine interacts with the native 
cardiac channel, the modification of gating invariably 
occurs from an open channel conformation 
[17,18,24,25,35]. The demonstration of an apparent in- 
teraction of ryanodine with closed states of the isolated 

receptor-channel in K ÷ solutions is in agreement with 
previous observations [39,45,55] and may reflect im- 
proved resolution under these conditions; that is, reso- 
lution of ryanodine interaction 'during' an opening 
event. Earlier evidence provided by [3H]ryanodine bind- 
ing and single-channel studies with native sheep cardiac 
HSR membrane vesicles has been interpreted as sug- 
gesting that the ryanodine binding site is considerably 
more accessible in open- than in dosed-channel confor- 
mations [32,35]. 

The concentration-dependent closing, or blocking, 
events induced by the addition of ruthenium red to 
ryanodine-modified channels is similar to that reported 
by Ma  et al. [56] for the lower conductance rabbit 
skeletal muscle receptor-channel. The reduced open 
probabilities seen here are consistent with previous re- 
ports of ruthenium red-induced reductions in ryano- 
dine-activated Ca 2+ current through native-recon- 
stituted skeletal SR Ca2+-re!ease channels [16] and the 
recent demonstration of the inhibition of ryanodine-in- 
duced Ca 2+ efflux from the SR network of digitonin- 
permeabilised cardiac myocytes by ruthenium red [70]. 
The complex nature of the interaction of ruthenium red 
with the ryanodine-modified channel deserves fuller in- 
vestigation; of particular interest is the possibility that 
the low conductance states induced by ruthenium red 
correspond to different conductance pathways of the 
receptor-channd complex. 

Orientation of the receptor following reconstitution. A 
range of activating and inhibitory agents interact with 
the purified sheep cardiac HSR ryanodine receptor- 
channel when added to the cis chamber. It is well 
established that these agents interact with sites on the 
cytosolic face of the native channel protein [12,13,17-19] 
and therefore it is implied that the receptor-channels 
investigated here have been reconstituted into unilamel- 
lar vesicles, and hence incorporated into planar phos- 
pholipid bilayers, with a fixed orientation. Although we 
have seen occasional channels in reverse orientation, we 
believe that the vast majority do reconstitute with a 
fixed orientation so that the outside of the proteo-lipo- 
somes and hence the cis face of the bilayer, is equiv- 
alent to the cytosolic face of the native HSR membrane. 
We observed the same preferred orientation following 
solubilisation of rabbit skeletal muscle SR vesicles with 
cholate and reconstitution of K + channel proteins into 
liposomes for patch clamp studies [71]. 

In conclusion, we have described modifications of 
previously reported methods for the isolation of ryano- 
dine receptor-channels. The modifications were desig- 
ned to subject the sheep cardiac HSR ryanodine recep- 
tor-channel oligomer to the minimum detergent ex- 
posure required for solubilisation. This procedure yields 
[3H]ryanodine binding proteins which function as 
ligand-operated receptor-channels. Unlike previously 
reported preparations, the vast majority of these chan- 



nels display a single open state conductance level which 
we believe represents the unit conductance of the func- 
tional receptor-channel complex. 
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