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Abstract. Ca**-dependent inhibition of native and iso-
lated ryanodine receptor (RyR) calcium release channels
from sheep heart and rabbit skeletal muscle was inves-
tigated using the lipid bilayer technique. We found that
cytoplasmic Ca** inhibited cardiac RyRs with an average
K, = 15 mm, skeletal RyRs with K,, = 0.7 mm and with
Hill coefficients of 2 in both isoforms. This is consistent
with measurements of Ca®* release from the sarcoplas-
mic reticulum (SR) in skinned fibers and with [*H]-
ryanodine binding to SR vesicles, but is contrary to pre-
vious bilayer studies which were unable to demonstrate
Ca**-inhibition in cardiac RyRs (Chu, Fill, Stefani &
Entman (1993) J. Membrane Biol. 135, 49-59).
Ryanodine prevented Ca** from inhibiting either cardiac
or skeletal RyRs. Ca®*-inhibition in cardiac RyRs ap-
peared to be the most fragile characteristic of channel
function, being irreversibly disrupted by 500 mm Cs™, but
not by 500 mm K, in the cis bath or by solublization
with the detergent CHAPS. These treatments had no
effect on channel regulation by AMP-PNP, caffeine, ry-
anodine, ruthenium red, or Ca2*-activation. Ca**-inhibi-
tion in skeletal RyRs was retained in the presence of 500
mm Cs*. Our results provide an explanation for previous
findings in which cardiac RyRs in bilayers with 250 mm
Cs™ in the solutions fail to demonstrate Ca®*-inhibition,
while Ca®*-inhibition of Ca** release is observed in ves-
icle studies where K™ is the major cation. A comparison
of open and closed probability distributions from indi-
vidual RyRs suggested that the same gating mechanism
mediates Ca®-inhibition in skeletal RyRs and cardiac
RyRs, with different Ca®* affinities for inhibition. We
conclude that differences in the Ca**-inhibition in car-
diac and skeletal channels depends on their Ca** binding
properties.
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Introduction

Excitation-contraction (EC) coupling is the process in
muscle which links plasmalemma depolarization to cal-
cium release from the sarcoplasmic reticulum (SR). In
both cardiac and skeletal muscle a tissue specific dihy-
dropyridine (DHP) receptor (L-type calcium channel) is
the voltage sensor for EC coupling. In cardiac muscle,
the influx of Ca** through DHP receptors is believed to
trigger Ca®* release from the SR via ryanodine receptors
(RyRs)—the calcium release channels in the terminal
cisternae membrane (Nabauer et al., 1989). However, in
skeletal muscle DHP receptors are thought to be mechan-
ically coupled to RyRs as Ca®* influx through the DHP
receptors is not a prerequisite for muscle contraction
(Ashley, Mulligan & Lea, 1991).

The RyR channel is comprised of an unusually
large, ~2.3 MDa homotetrameric protein. In situ, the
skeletal RyR is thought to associate with other proteins
including the DHP receptor in the transverse-tubule
membrane and with triadin, FK-506 binding protein,
calsequestrin, calmodulin, aldolase and glyceraldehyde
3-phosphate dehydrogenase in the junctional gap and SR
membrane (Ikemoto et al., 1989; Jayaraman et al., 1992;
Brandt et al., 1990; Caswell et al., 1991; Menegazzi et
al., 1994; Marty et al., 1994). Though less is known
about proteins associated with cardiac RyRs, triadin has
been identified in cardiac muscle and FK-506 binding
protein and calmodulin-dependent protein kinase are co-
isolated with the RyR and may modulate its function
(Witcher et al., 1991; Peng et al., 1994; Timerman et al.,
1994).

Activation of the RyR from skeletal and cardiac
muscle, by micromolar cytoplasmic [Ca®*], has been
well established by studies of Ca®* induced Ca®" release
(CICR) from SR vesicles containing RyRs, and from



single channel recordings of the RyR in lipid bilayers
(Rousseau et al., 1986; Smith, Coronado & Meissner,
1986; Rousseau & Meissner, 1989; Chu et al., 1993).
Likewise, cytoplasmic [Ca®*] in the mm range has been
shown to inhibit the RyR from skeletal muscle. How-
ever, the results obtained for Ca”*-inhibition of the car-
diac RyR are conflicting. Measurements of Ca®* release
from SR vesicles (Chamberlain, Volpe & Fleischer,
1984; Chu et al., 1993) and skinned cardiac Purkinje
cells (Fabiato, 1985), as well as binding of [’H]-
ryanodine to SR vesicles (Chu et al., 1993; Fruen et al.,
1994) indicate that both cardiac and skeletal isoforms are
inhibited by cytoplasmic [Ca**] above 100 pM, but that
the cardiac RyR is at least 10-fold less sensitive to Ca**-
inhibition than its skeletal isoform. In marked contrast,
studies of single cardiac RyR channels in lipid bilayers
have been unable to demonstrate Ca**-inhibition of the
RyR at concentrations up to 1 mm (Rousseau & Meiss-
ner, 1989) and 10 mm (Chu et al., 1993).

This study investigates in depth the Ca®*-dependent
inhibition of RyRs from sheep heart and rabbit skeletal
muscle in lipid bilayers. The possible effects of the iso-
lation and reconstitution procedures on Ca**-inhibition
of cardiac RyRs in lipid bilayers are examined. Chan-
nels incorporated directly from SR vesicles are compared
with channels that are first solublized with detergent and
incorporated via proteoliposomes. We demonstrate a cy-
toplasmic Ca**-dependent inhibition of the cardiac RyR
over the range 1-40 mm and explore possible reasons
why it has not been reported before in lipid bilayers.

The possibility that similar Ca**-inhibition gating
mechanisms operate in both RyR isoforms was investi-
gated by measuring the probability distributions of RyR
channel open and closed durations. The conventional
way of testing for similar gating mechanisms is to see if
the same kinetic model can describe the gating properties
in both channel types. While specific theoretical models
are useful for making predictions and directing further
research, they are not absolutely necessary for establish-
ing similarity between gating mechanisms. This study
uses an alternative method to compare the gating kinetics
of different channels. This method is based on standard
statistical techniques and does not rely on any specific
gating model. The technigue determines whether the
gating kinetics of two channel types could, in principle,
be fitted by the same model. The advantage of this an-
alytical approach is that specific gating models need not
be found to explain the data. Furthermore, conclusions
based on this analysis are not encumbered by the as-
sumptions attached to specific models.

Materials and Methods

CHEMICALS AND SOLUTIONS

Lipids used for planar bilayers were obtained in chloroform from
Avantj Polar Lipids (Alabaster, Alabama) and were either stored under
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nitrogen or in a freezer at —15°C. Lipids were thawed and freshly
mixed for each experiment. The lipid mixture was dried under nitrogen
and redissolved in n-decane (Aldrich, 99%+) at a concentration of 50
mg/ml. Cesium salts were obtained from Aldrich. CaCl,, sucrose and
imidazole were obtained from BDH. Caffeine, KCl and NaCl were
obtained from Ajax. TES, CHAPS, EGTA, AMP-PNP, leupeptin, ben-
zamidine, pepstatin A, PMSF and ruthenium red were obtained from
Sigma. HEPES and ryanodine were obtained from Calbiochem. Un-
less otherwise stated, the bathing solutions contained (in mm): CsCl
(250 cis/50 trans), 0.1 or 1 CaCl,, 10 TES (adjusted to pH 7.4 with
CsOH). Ca**-buffered solutions used for perfusing the bath contained
(in mM): 250 CsCl, 10 TES and 2 BAPTA. The solutions were ad-
justed to pH 7.4 with CsOH, and to a range of pCa with CaCl,. Free
[Ca?"] was measured using an ion meter (Radiometer ION83). The
calibration of the ion meter was routinely checked by comparing its
estimates of free [Ca®] with theoretical estimates derived from the
algorithm used by the program COMICS (Perrin & Sayce, 1967) using
the standard reaction constants (Tsien, 1980). Addition of AMP-PNP,
caffeine, ryanodine, ruthenium red or increasing [Ca?*] to more than 1
mm, was done by adding stock solutions of these substances to the bath
while stirring vigorously. Altering [Cs*] or decreasing [Ca®"] to less
than 1 mm was achieved by perfusing the bath with at least four vol-
umes (6 ml) of Ca®>*-buffered solution (see above) which should pro-
duce, at least, a 95% exchange of solutions. Incomplete solution ex-
change is likely to incur the worst errors when estimating cis [Ca®*].
For example, replacing 95% of a 1 mm Ca®* solution with a 1 um Ca®*
buffer will give a final [Ca®*] of 1.5 pm.

IsoLATION OF SR VESICLES

Cardiac SR vesicles were prepared according to Sitsapesan et al.
(1991). Unless otherwise stated, buffers contained the protease inhib-
itors: leupeptin (1 pum), pepstatin A (1 pum), benzamidine (1 mm) and
PMSF (0.7 mM). Sheep hearts were excised from anaesthetised ewes
(5% pentobartitone (IV) followed by oxygen/halothane) and rinsed in
ice cold homogenising buffer (20 mm imidazole, 300 mm sucrose; pH
7.4 with HCI). Ventricular material was stripped of fat and connective
tissue, minced and homogenized in a Waring blender, in fresh buffer (4
% 15 sec bursts at high speed, within 15 min of excision). The ho-
mogenate was centrifuged at 11,000 g for 20 min. The supernatant was
then centrifuged at 110,000 g for 120 min. The crude vesicle pellet was
resuspended in homogenizing buffer containing 10 um leupeptin and 2
mM DTT, snap frozen and stored in either liquid nitrogen or at —70°C.
Some vesicle preparations were fractionated by loading the crude ves-
icles onto a discontinuous sucrose density gradient consisting of 45%,
38%, 34%, 32%, and 28% sucrose layers w/w (in mm) in 400 KCI, 0.5
MgCl,, 0.5 CaCl, and 0.5 EGTA, 20 imidazole at pH 7.4 and centri-
fuged for 16 hr at 100,000 g in a Beckman SW28 rotor. Vesicles were
collected from the 38%-45% interface, diluted 3-fold in the 400 mm
KCl buffer without sucrose (see above), pelleted at 125,000 g for one
hr, resuspended in homogenising buffer with 2 mm DTT (at 10 to 20
mg/ml protein), snap frozen and stored in liquid nitrogen.

SR vesicles from skeletal muscle were prepared according to Chu
et al. (1988) using frozen cubes of either back or leg muscle from New
Zealand rabbits. Protein concentration was determined by Lowry assay
and vesicles were run on SDS-PAGE.

IsoLaTiON AND RECONSTITUTION OF CARDIAC RYRS

The method was based on previous reports (Lai et al., 1988; Lindsay &
Williams, 1991). Crude SR vesicles (2 mg protein per ml) were resus-
pended in 25 mM imidazole (pH 7.2) containing L-a-phospha-
tidylcholine (type XI or XVI, Sigma), (2.5 mg/ml), CHAPS at either
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0.5 or 1% (w/v), 1 M NaCl, 0.1 mm EGTA, 0.15 mm CaCl,, 2 mm DTT.
The mixture was homogenized using a glass Dounce homogenizer and
incubated on ice for one hr. The insoluble material was removed by
centrifugation at 100,000 g for 45 min before loading the supernatant
onto a 5-25% linear sucrose gradient in the above buffer. This was
allowed to sediment for 16 hr at 100,000 g in a SW28 rotor. Two ml
fractions were then collected from the bottom of the centrifuge tubes
and aliquots of each fraction were subjected to SDS-PAGE and silver
staining in order to identify the fraction containing the high molecular
weight protein characteristic of the RyR.

Reconstitution of RyRs into proteoliposomes was achieved by
dialyzing fractions containing the RyR against a buffer containing (in
mm): 100 NaCl, 0.1 EGTA, 0.15 CaCl,, 25 imidazole, pH 7.2. Dialysis
was carried out at 4°C overnight with at least three, 1-1 changes of
buffer with stirring. Sucrose was added to the proteoliposomes to a
final concentration of 200 mM before snap freezing in liquid nitrogen
and storing at —=70°C.

ArTIFICIAL LD BiLAYERS AND SR VEsIcLE Fusion

Bilayers were formed from a mixture of PE, PS and PC (5:3:2, by
weight) in n-decane (Mueller et al., 1962). The bilayer chamber was a
1.5 m! delrin cup which separated two bathing solutions, called cis and
trans. Bilayers were formed across an aperture of 150 to 200 um in the
wal] of the cup. Thinning of the lipid film to a bilayer was monitored
visually with 20x magnification and electrically, using measurements
of bilayer capacitance. Incorporation of jon channels was achieved as
described by Miller & Racker (1976) as follows. SR vesicles were
added to a final concentration of 1-10 pug/ml and the bath was stirred
vigorously until channel activity indicated vesicle fusion with the bi-
layer. The side of the bilayer to which the vesicles were added is
defined as the cis side. Conditions that we found promoted vesicle
fussion were (i) a relatively high osmotic potential in the cis bath, (ii)
mM cis [Ca®*] and (iii) vigorous stirring of the cis bath. The cytoplas-
mic side of the SR membrane, when fused with the bilayer, faced the
cis bath (Miller & Racker, 1976). Stirring of the cis and trans cham-
bers was done using magnetic stirrers constructed in house. Perfusion
of cis and trans chambers was done with a back-to-back syringe system
configured such that bath perfusion and waste withdrawal could be
maintained at equal rates. Experiments were catried out at tempera-
tures between 21 and 24°C.

RECORDING AND ANALYSIS OF SINGLE CHANNEL DATA

Electrical connection with the bath was made using silver chloride
coated silver wire immersed in an agar salt-bridge (containing 50 to
250 mm CsCl). Voltage was controlled and current recorded with an
Axopatch 200A amplifier (Axon Instruments). Electrical potentials are
given with respect to the frans chamber as ground and positive current
is directed from the cis to trans bath. During the experiments, the
bilayer current and potential were recorded at a bandwidth of 5 or 10
kHz on videotape using pulse code modulation (Model 200; A.R. Vet-
ter).

The current signals were replayed and digitized with a TL-1
DMA interface (Tecmar) prior to analysis. For measurements of uni-
tary current, I, and open probability, P,, the current signal was passed
through a 1 kHz, low pass, 8-pole Bessel filter and sampled at 2 kHz.
Unitary current was determined from the separation of the peaks in the
amplitude distributions which correspond to the open and closed
events. P, was calculated from the time-average current within bursts
divided by the unitary current. Bursts are defined as periods of gating
activity terminated by closed level durations in excess of 1 sec. This
burst threshold was decided on the basis of the closed time frequency

distributions which showed that for cytoplasmic [Ca**] > 1 uM nearly
all the closed durations were associated with exponential decay con-
stants shorter than 0.1 sec. Unitary current and time-averaged currents
were measured using an in-house program (Channe! 2, developed by
Professor P.W. Gage and Mr. M. Smith).

The gating kinetics were quantified by the probability distribu-
tions of open and closed durations obtained from single-channel re-
cordings with stationary kinetics. Gating kinetics were considered to
be stationary if values of P, determined from I-sec segments of bursts
(defined above) varied by less than 20%. Open and closed durations
were extracted from current records using the Hidden Markov Model
(HMM, the details of this program are given by Chung et al., 1990).
HMM, as implemented here, determines the most likely channel gating
sequence, assuming that the data are composed of a two-level Markov
signal, embedded in white, Gaussian noise. For HMM analysis, the
current signal was replayed at a bandwidth of 5 kHz and digitized at
sither 10 kHz or 50 kHz. The 10 kHz sampling rate is the bare min-
imum (the Nyquist frequency) and a more accurate rendition of the
signal can be achieved with the higher sampling rate. However, Chung
et al. (1990) point out that over-sampling data introduces short-term
memory into the signal which violates the assumption of white noise.
This blurs the distinction between the Markov signal and the noise and
so results in a higher probability of errors in the calculated signal
sequence. As yet no systematic study of this problem has been pub-
lished. Therefore, in order to see how our results depended on the
sampling rate we analyzed several single channel recordings which had
been digitized at both low and high rates.

Frequency distributions of open and closed durations were pre-
sented using variable bin widths with equal separation on a log scale as
described by Sigworth & Sine (1987). This data representation pro-
vided a uniform statistical weighing of the data across the entire range
of durations and the exponential components within these distributions
could be easily discerned as peaks in the data (e.g., see Fig. 11).

ABBREVIATIONS

AMP-PNP 5-adenylylimododiphosphate

ATP adenosine-5'triphosphate

BAPTA 1,2-bis(2-aminophenoxy)ethane-NNN'N’-tetraacetic
acid

CHAPS 3-[(3-cholamidopropyl) dimethylammonio]-2-hydroxy-
1-propanesulfonate

DTT dithiothreitol

EGTA [ethylene bis (oxyethylenenotrilo)] tetraacetic acid

PC palmitoyl-oleoyl-phosphatidylcholine

PE palmitoyl-oleoyl-phosphatidylethanolamine

PS palmitoyl-oleoyl-phosphatidylserine

PMSF phenylmethylsulfonyfluoride

SDS-PAGE  sodium dodecyl sulfate-polyacrylamide gel electropho-
resis

TES N-tri{Hydroxymethyl] methyl-2-aminoethanesulfonic
acid

Results

Fusion oF SR VESICLES WITH Lipip BILAYERS

Artificial planar bilayers were stable for several hours
and had capacitances in the range 200-300 pF and con-
ductances of less than 10 pS. The electrical noise on the
bilayer current was 5 pA (RMS) at a bandwidth of 5 kHz
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Fig. 1. Short representative segments of current recordings from single RyRs in planar lipid bilayers showing the effects of cytoplasmic [Ca*] and
ryanodine on channel gating with 250 mm/50 mm CsCl (cis/trans). The bilayer potential is +40 mV (trans or lumen side at ground) and channel
openings are shown as upward current transitions from the baseline (broken line). (A4) RyR channel from cardiac muscle. (B) RyR from skeletal
muscle. (C) RyR channel from cardiac muscle in the presence of 30 UM ryanodine in the cis (cytoplasmic) bath. Ca**-activation in both channel
types is similar, but Ca**-inhibition occurs at much lower concentrations in RyR from skeletal muscle than from cardiac muscle. Ryanodine reduces
channe! conductance and causes the channel to remain open over the entire experimental range of cis [Ca®*]. pCa for each trace is shown at the

extreme left.

and its power spectral density was proportional to fre-
quency over the range 1-5 kHz.

The rate of fusion of cardiac SR vesicles with lipid
bilayers depended on the composition of the solution in
the cis bath. In the presence of the standard 250 mwm
CsCl solution, vesicle fusion occurred with an 80% prob-
ability within 10 min of their addition to the cis chamber
(n=133). Several types of channels were observed from
cardiac SR vesicles under these conditions. Incorpora-
tions of C1™ channels, similar to those reported by Rous-
seau (1989) were most frequently observed (85% of fu-
sions) and RyRs were observed in 27% of fusions. In-
corporation of RyR channels without CI” channels
occurred in only 14% of cases. These statistics showed
no significant variation between different vesicle prepa-
rations. In one instance, a channel with mitochondrial
VDAC properties was incorporated. VDAC channels
were more frequently seen when proteins had been sol-
ublized with the detergent, CHAPS, before incorporation
into lipid bilayers. When the cis bath contained 500 mm
CsCl the vesicle fusion rate was double that in 250 mm
CsCl (n = 35), and the proportion of fusions which in-
troduced RyRs into the bilayer was much larger. RyRs
were observed in 80% of fusions and CI” channels were
seen in 20% of vesicle fusions in 500 mm CsCl. We
found that bilayer stability was noticeably reduced after
incorporation of SR vesicles and that potential differ-
ences (V) larger than £80 mV were likely to rupture the
bilayer. Only 15% of bilayers lasted for more than 10

min after RyRs were first recorded. However, incorpo-
ration of proteoliposomes did not destabilize the lipid
bilayers.

CHARACTERIZING THE RYANODINE RECEPTOR CALCIUM
REeLEASE CHANNEL IN LipID BILAYERS

The RyR calcium channels from skeletal and cardiac
muscle could be unambiguously identified by their well-
known ion permeation and ligand binding properties as
follows. Ryanodine (30 pm in the cis bath) ‘‘locked’’ the
channels into an open state, with a reduced conductance.
The gating kinetics of the ryanodine-affected channel
were also much slower and were insensitive to channel
modulators (Fig. 1C). The channels were activated by
um cytoplasmic (cis) Ca*" (Fig. 14 and B) and mm con-
centrations of caffeine and AMP-PNP, a nonhydrolyz-
able analogue of ATP (data not shown). The channels
were inhibited by 1 mm cis Mg?* in the presence of 10
um Ca®* and by ruthenium red (15 um) (data not shown).
The modulation of the cardiac RyRs by these compounds
was the same as that found by others (Rousseau et al,,
1986; Rousseau, Smith & Meissner, 1987; Sitsapesan &
Williams, 1990; Ashley & Williams, 1990).

The conductance of the cardiac RyR in symmetric
250 mm CsCl was 525 £ 10 pS, which is close to the 517
pS interpolated from the [Cs*]-dependence of RyR con-
ductance reported by Tinker, Lindsay & Williams
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Fig. 2. Current-voltage characteristics of cardiac RyR channels in:
(O)—symmetric solutions containing 250 mm CsCl and free-[Ca®*]
less than 100 pum (conductance at 0 mV = 525 pS); (M)—cis 250 mM
CsCl + 1 mm CaCl,, trans 50 mM CsCl + 1 mM CaCl, (reversal
potential = —23 + 4 mV); (A)-cis 250 mm CsCl + 40 mm CaCl,, trans
50 CsCl + 1 mM CaCl, (reversal potential = —43 £ 6 mV). The solid
lines are third order, polynomial fits to the data used to calculate the
reversal potentials.

(1992). With Cs" as the main current carrier the RyR
channe!l conductance and current reversal potentials were
sensitive to mm [Ca®'] in both the cis (Fig. 2) and trans
(data not shown) chambers. The relative permeability of
Ca”* with respect to Cs*(P,/Pc,) derived from the cur-
rent reversal potentials was found to lie in the range 13
to 30. This approximate result is similar to the value of
11 from earlier, more precise studies of ion permeability
(P, /Pes 15 calculated from the product of the RyR per-
meability ratios: P, /Py from Lindsay & Williams
(1991) and Pg/P., from Lindsay, Manning & Williams
(1991)).

GENERAL OBSERVATIONS OF RYR CHANNEL GATING;
VOLTAGE AND [Ca?*]-DEPENDENCE

The gating kinetics of cardiac RyRs were found to differ
between individual channels. While most channels
(>95%) incorporated from SR vesicles exhibited station-
ary gating properties, some channels underwent abrupt
changes in gating behavior, or mode switching, several
times per minute (e.g., see Fig. 3 A and B). Similar mode
switching behavior in RyRs from skeletal and cardiac
muscle has been shown in other studies (eg., Smith et al.,
1986; Ashley & Williams, 1990; Chu et al., 1993; Zahr-
adnikova & Palade, 1993). The properties of cardiac
RyRs were measured from 7 crude vesicle preparations

11

and from one preparation which had been further frac-
tionated on a sucrose gradient (see Materials and Meth-
ods). There was no correlation between RyR kinetics
and the vesicle preparations. We also found that remov-
ing PS from the bilayer forming lipid mixture had no
effect on Ca®*-dependent gating of RyRs.

The activity of cardiac RyRs commonly ceased after
a period when the V,, was stepped to positive values.
This period varied between channels, from several sec-
onds to minutes. Channels could be reactivated by neg-
ative voltage pulses lasting several seconds. This volt-
age-dependent ‘‘inactivation’” was also present in chan-
nels modified by ryanodine (Fig. 3D)." In contrast to the
inactivation, the voltage-dependence of channel open
probability within bursts, P, (see Materials and Meth-
ods) was such that the channel was more open at positive
bilayer potentials (Fig. 4). Similar voltage-dependencies
have been reported elsewhere for inactivation (Rousseau
et al., 1986) and P, within bursts (Rousseau & Meissner,
1989). Frequency histograms of P, at 10 um and 1 mm
cytoplasmic [Ca**] both reveal a broad distribution (Fig.
5), which reflected the wide variability of the channel
gating properties.

Histograms of cardiac RyR channel current ampli-
tudes (Fig. 6A) show that, for a variety of gating modes,
gating consists mainly of transitions between two con-
ducting states, namely fully open and closed. On occa-
sion, the channel would switch into a ‘‘substate mode”’
for several seconds in which gating was dominated by
current transitions between what appeared to be many,
poorly resolved subconductance states (Fig. 6B). Sub-
state modes constituted less than 5% of the channel ac-
tivity and these sections of data were not included in any
detailed analysis of channel gating.

The gating patterns of RyRs from both skeletal
and cardiac muscle were examined over a wide range
of cytosolic (cis) [Ca**]. The dependence of the mean
P, within bursts on cis [Ca®*] is shown in Fig. 7A.
Examples of single channel recordings from which these
data was derived are shown in Fig. 1 (see above). Acti-
vation of RyRs by [Ca?"] occurred in the range 0.1 pm
to 10 um.  Ca®"-activation was observed in all channels
and exhibited characteristics similar to those observed
in other bilayer studies (see below). The [Ca']-
dependence of P, within bursts followed the same trend
as the mean current from whole recordings. How-
ever, the latter results showed additional variation aris-
ing from the inclusion of a relatively few long closed
periods.

Channe] activation and inhibition were characterized
by fitting the Ca®*-dependence of P, with the dose re-
sponse function given by Eq.1

" These results have been confirmed in a recent study by Ma (1995).
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Fig. 3. Segments of current recordings from cardiac RyR channels
incorporated into planar lipid bilayers from SR vesicles. The records
show several nonstationary aspects of RyR gating kinetics. The bilayer
potential is +40 mV and channel openings are shown as upward current
transitions from the baseline (broken line). The 10 pA scale bar applies
to records A-C. (A) shows two RyR channels in the same bilayer with
different gating kinetics. The activity of one gives way to the other at
approximately halfway through the segment (arrow). The later super-
position of both channel signals (nof shown) indicated that two separate
channels generated this current (B) shows a transient change (between
the arrows) in the gating pattern of an individual RyR in which P,
changes from about 0.6 to about 0.95 (C) shows another transient
change in the gating mode in which the channel conductance enters a
*‘substate’” mode — indicated between the arrows (D) shows how the
activity of 7 RyRs decays after a step change in voltage from ~40 mV
to +40 mV. The channels are relatively active at —40 mV. Though
voltage-dependent inactivation occurs in native RyRs, ryanodine (30
M) modified RyRs are shown in D because their slower gating kinetics
allows this inactivation process to be clearly seen.

1
P=P (|——————
e <1 + (KA/[Ca2+])HA)

1
8 (1 _<1 ¥ (K,/[Ca2*1>”'> )

where P,, is the open probability of the fully activated
channel, K, and K; are the binding affinities of the acti-
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Fig. 4. The voltage-dependence of cardiac RyR open probability, P,,
at various [Ca®*] in the cis bath. Bilayers were bathed in 250 mm/50
mM CsCl (cis/trans) (see Materials and Methods)
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Fig. 5. Frequency distributions of cardiac RyR open probabilities ob-
tained from 45 measurements of channels in 29 bilayers bathed in 250
mm/50 mm CsCl (cis/trans), also containing either cis 10 uM or 1 mm
Ca®* at a bilayer PD of +40 mV. The large spread in P, is indicative of
large variations in the gating kinetics of different channels under iden-
tical experimental conditions.

vation and inhibition respectively and H, and H, are the
Hill coefficients of activation and inhibition respectively.
The Hill coefficients represent the number of Ca** which
bind cooperatively to produce either channel activation
or inhibition. The activation characteristics of cardiac
and skeletal RyRs are similar and are also in agreement
with the mean Ca**-activation characteristics reported in
other studies. For the cardiac RyR channel P,, = 0.55,
K,=1umand Hy =1 (Chuet al., 1993, K, =1 um and
H, = 1.1; Rousseau & Meissner, 1989, K, = 0.7 um and
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Fig. 6. Histograms of channel amplitudes compiled from single-
channel recordings. (A) Frequency distribution of event amplitudes
which only include events long enough to be accurately determined
(>2.5 msec). These were compiled from the data shown in Fig. 3 as
follows: (line)-first segment of Fig. 3A before the arrow. (@) second
segment of Fig. 34 after the arrow (B) the RyR substate mode shown
in Fig. 3C between the arrows.

H, = 1.3). Likewise, for skeletal RyR channels, P, =
05, Ky=1lumand H,=1.2 (Chuetal., 1993, K, =1 um
and H, = 1.2). However, recent measurements of Ca”*-
activation in individual RyRs from sheep heart, produced
Hill coefficients ranging from 2 to 4 (Sitsapesan &
Williams, 1994). Sitsapesan & Williams (1994) be-
lieved that their relatively high Hill coefficients resulted
from an improvement in the signal-to-noise ratio of their
single channel recordings over earlier studies which used
Ca®" as the permeant ion. However, our lower estimates
of Hill coefficient are also obtained from high resolution
channel recordings. It is more likely then, given the vari-
ations in the Ca®" -activation characteristics of RyRs,
that the lower Hill coefficients observed here and by
others (see above) may be due to the averaging of the
results from several channels with varying Ca®" sensi-
tivities (see below).
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Fig. 7. The dependence of channel open probability, P, on cytosolic
(cis) [Ca**], in solutions containing 250 mm/50 mm CsCl (cis/trans),
for; (A) RyRs from sheep heart (M, mean of = 32 RyRs) and rabbit
skeletal muscle (O), mean of 33 RyRs). The lines show the solutions to
Eq. 1 for the following parameter values: (continuous line) P,, = 0.55,
H,=1K,=1pm™m H,=1.7, K, = 15 mm. (broken line) P,, = 0.5, H,
=1,K,=1pm, H;=1.5, K, =700 um. (B) several individual RyR. The
lines show solutions to Eq. 1 for H; = 2. The values for K; associated
with the data from cardiac muscle are:- ((J)- 7 mm; (O)- 3 mM; (A)-
1.5 mwm; and skeletal muscle are:- (@)- 3 mm; (W)- 0.16 mm. These data
illustrate the size of the variations that can occur between the Ca*'-
inhibition properties of different channels.

Cardiac RyRs solublized with CHAPS were acti-
vated at similar Ca®" concentrations as the native chan-
nels. Though they had the same, main-state Cs* conduc-
tance as native RyRs, they had longer substate levels at
~25 and ~75% of their maximum conductance. Also,
mode switching behavior was more frequently observed
in solublized RyR channels (30% of channels).

InuBITION OF CARDIAC AND SKELETAL RYRS BY
cts Calcium

Both cardiac and skeletal RyRs were inhibited by mm
concentrations of cis Ca®*. Calcium-dependent inhibi-
tion of skeletal RyRs from SR vesicles occurred in all
instances (n = 7) when cis [Ca®'] was increased above
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Fig. 8. The frequency distribution of Ca**-binding affinity for inhibi-
tion, K, of the cardiac RyR. K;s were derived from a fit of Eq. 1 to the
Ca**-dependence of P,. Fits were obtained for data from 14 RyRs with
cis [Cs*] of either 250 or 500 mM.

100 um in the presence of 250 mm Cs™ (see Figs. 1 and
7). The RyR from cardiac SR vesicles was, on average,
20-fold less sensitive to cis [Ca®*]; generally showing
inhibition when cis [Ca®] exceeded 1 mm (17 out of 21
observations; Figs. 1 and 7). The Ca**-inhibition pro-
cess was characterized by measurements of P, within
bursts and in a later section from probability distributions
of channel open and closed durations.

Fitting the mean values of P, shown in Fig. 7A with
Eq. 1 gave values of K;=0.7 and 15 mm and H;=1.5 and
1.7, for skeletal and cardiac RyRs respectively. The val-
ues obtained for the skeletal RyRs were consistent with
those found previously in bilayer studies (Chu et al.,
1993, K, =400 um and H, = 1.2). The Ca*" sensitivity of
cardiac RyR inhibition was similar to the Ca**-inhibition
of [*H]-ryanodine binding to cardiac SR (K, = 5-10 mm,
Pessah, Waterhouse & Casida, 1985; Chu et al., 1993;
Fruen et al., 1994), but was lower than that for CICR
from SR vesicles (K; = 10 pm—1 mm, Chamberlain et al.,
1984; Zimanyi & Pessah, 1991; Chu et al., 1993). Ca**-
inhibition of channel gating has not been reported in
previous bilayer studies.

The Ca**-dependence of P, for individual channels
(Fig. 7B) revealed kinetics for Ca?*-inhibition which dif-
fered from those determined for the mean values of P,
(Fig. 7A). The Hill coefficients determined from 4 indi-
vidual cardiac and 3 individual skeletal RyRs were found
to be 2, which is higher than the values of 1.7 (cardiac
RyRs) and 1.5 (skeletal RyRs) obtained from the mean
data. This difference is a consequence of the large vari-
ation in the Ca®"-sensitivities for channel inhibition be-
tween bilayers. The variation is illustrated in Fig. 8
where 60% of measurements of K; for the cardiac RyRs

D.R. Laver et al.: Ca®* Inhibits Ryanodine Receptor in Cardiac Muscle

varied between 5 and 20 mm (n = 20). Consequently,
averaging the data from several recordings tends to
smear out the Ca®*-dependence and reduce the apparent
Hill coefficient. Skeletal RyRs also showed consider-
able variation in K,. There was no correlation between
K; and different SR vesicle preparations.

Tue ErrecT oF RYR SoLuBLizaTion USING THE
DererGeENT CHAPS on Ca*-INHIBITION

Ca**-dependent inhibition of cardiac RyRs was not ob-
served in four out of six channels after CHAPS solu-
blization, and reconstitution in proteoliposomes. These
channels retained their normal response to AMP-PNP,
ryanodine, and activation by Ca**. An abbreviated iso-
lation protocol in which the separation of RyRs on a
sucrose gradient was omitted, also yielded channels that
were insensitive to Ca”*-inhibition. The Ca®*-depen-
dence of P, measured from solublized RyRs are com-
pared with that for native RyRs in Fig. 9A.

TrE Errects oF HicH cis [Cs™] on Cat-INHIBITION

Fusion of SR vesicles with lipid bilayers in the presence
of 500 mm CsCl in the cis bath also introduced RyRs
which lacked Ca**-inhibition. These channels retained
their normal response to other ligands, namely caffeine,
AMP-PNP, ryanodine, ruthenium red and activation by
Ca?*. The Ca**-dependence of P, of cardiac and skeletal
RyRs in the presence of 500 mm and 250 mm CsCl are
compared in Fig. 9. Eighty percent of channels showed
Ca®"-inhibition when incorporated into the bilayer with
250 mm cis CsCl, compared with only 10% of channels
incorporated with 500 mm cis CsCl (Figs. 8 and 9A).
The presence of 500 mm K* in the bath did not affect
Ca**-inhibition, nor did fractionating cardiac SR vesicles
in the presence of 400 mm K* (see Materials and Meth-
ods). Thus it appears that Cs* is more effective than K*
and CI” at disrupting Ca**-inhibition in cardiac RyRs.
In skeletal RyRs there was no significant difference in
their Ca®*-inhibition in either 250 mum cis [Cs™] (n = 4) or
500 mM cis [Cs*] (n = 8, see Fig. 9B).

We conducted two types of experiments in which cis
[Cs*] was altered after fusion of RyRs with the bilayer.
In the first type of experiment, vesicles were incorpo-
rated in 500 mm Cs* and then the [Cs"™] was lowered to
250 mm. Ca®* inhibition was not restored within 5 min
of reducing the cis [Cs*} (n = 4), showing that the effect
of high [Cs*] on Ca®-inhibition was irreversible. Sec-
ondly, RyRs were incorporated in the presence of 250
mM Cs* and 1 mm Ca*, the cis [Cs*] was increased by
perfusing with 500 mm CsCl and then CaCl, added to 20
mM to inhibit the channel. Channel activity (i.e., P, n =
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Fig. 9. The fragility of the Ca**-inhibition in the cardiac RyR. These
data show that Ca**-inhibition can be disrupted by either using CHAPS
(1%) to solublize the protein or by exposing RyRs in bilayers to 500
mM Cs*. The Ca®*-dependence of P, for; (A) cardiac RyRs incorpo-
rated into bilayers from:- (@)- SR vesicles in the presence of 250
mM/50 mM Cs* (cis/trans); (/)-SR vesicles in the presence of 500
mm/50 mM CsCl (cis/trans); (+)- SR vesicles in the presence of ryan-
odine (30 uM cis); (I)- liposomes containing RyR solublized using
CHAPS in the presence of 250 mm/50 mm CsCl. (cis/trans) (B) skeletal
RyRs in either 250 mM cis [CsCl] (M) or 500 mM cis [CsC1] (CD).

3) increased gradually over several minutes, indicating a
gradual loss of Ca**-inhibition (Fig. 10).

RyaNoDINE REMoVES Ca?"-DEPENDENT INHIBITION

Ryanodine (30 um cis) radically altered the gating and
conductance properties of RyRs from skeletal and car-
diac muscle (Fig. 1C, above). Ryanodine modification
of RyRs was carried out under conditions where P, was
relatively high because it is generally recognized that
ryanodine only binds to open channels. The [Ca**]-
dependence of channel opening was then measured by
perfusing the cis bath with ryanodine-free, Ca**-buffered
solutions. As found by others (e.g., Rousseau, Smith &
Meissner, 1987), the ryanodine effect was irreversible
and gating kinetics of the ryanodine modified channel
were insensitive to Ca’"-dependent activation. In addi-
tion, we found that ryanodine removed Ca®*-dependent
inhibition. Thus P, for ryanodine-modified channels,
was independent of cis [Ca?*] over the range 1 nM to 40
mM (see Fig. 9A). This is consistent with the effects of
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Fig. 10. The time course of the open probability of a cardiac RyR after
exposure to 500 mm Cs*. The channel was incorporated with the bi-
layer in the presence of 250 mM/50 mm Cs* (cis/trans). The cis bath
was replaced by perfusion with a solution containing 500 mm CsClI,
immediately followed by the addition of 20 mm CaCl, (time = 0). P,
then decreased due to Ca?*-dependent irhibition of the channel. The
subsequent rise in P, presumably indicates a gradual removal of chan-
nel inhibition.

ryanodine on CICR from skeletal muscle SR vesicles in
high cytoplasmic [Ca®"] (Meissner, 1986).

PrROBABILITY DISTRIBUTIONS OF OPEN AND CLOSED
DURATIONS DURING Ca? " -INHIBITION

Probability distributions of event durations were pro-
duced by normalizing their frequency histograms. At
sub-inhibiting cis [Ca®*], the probability distributions of
cardiac RyR closed (Fig. 114) and open durations (Fig.
11C) were each well described by the sum of three ex-
ponentials, as reported by previous investigators (Ashley
& Williams, 1990; Chu et al., 1993). We found signif-
icant variation in the probability distributions obtained
from one RyR to another, reflecting the variations ob-
served in their gating patterns (e.g., Fig. 34, above).
However, Ca®*-inhibited cardiac RyRs all had similar
gating kinetics regardless of their Ca”"-sensitivity.
Ca**-inhibition produced shorter open durations (Fig.
11D) and longer closed durations (Fig. 11B). In general,
when two RyRs with different Ca®*-sensitivities had
similar gating patterns at subinhibiting [Ca®*] then, at the
same degree of Ca**-inhibition (i.e., % reduction in P,),
their gating patterns were also similar. This is shown in
Fig. 11 where the probability distributions of open and
closed times for two cardiac RyRs with high and low
Ca**-sensitivity are compared. By a fortuitous choice of
cis [Ca®*], both channels had the same values of P, at
subinhibiting (Fig. 114 & C) and inhibiting [Ca**] (Fig.
11B & D). The probability distributions for both chan-
nels are nearly identical. Fig. 11E & F show the proba-
bility distributions obtained from the same records as in
Fig. 114 & C except that the data in Fig. 11E & F was
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Fig. 11. The square root of the probability of open and closed events of a specific duration verses their duration derived from normalized frequency
histograms. The frequency histograms were compiled from data sampled at either 10 kHz (A-D) or 50 kHz (E,F). Graphs A-D compare the
probability distributions of closed (4,B) and open (C,D) durations for two cardiac RyRs with very different sensitivities to inhibition by Ca®*. One
channel shows a binding affinity for Ca®*-inhibition, K; = 7 mm (Q) and for the other K; = 2 mm (@). These are shown (4,C) at sub-inhibiting
cis [Ca®'], (@-1 mM and (O-5 mm) and (B,D) cis [Ca**1 which produced significant inhibition (@-10 mm and (O-40 mm). Graphs E and F show
the probability distributions obtained from the same records used for Graphs A and C except that the data were sampled at 50 kHz. The shortest
detectable events (dead time) is ~100 usec. Digitizing the data at higher rates seems to increase the probability of detecting events shorter than ~200
usec. Frequency distributions of open and closed times were determined using signal analysis program HMM (Chung et al., 1990). The data are
presented using the log-bin scaling of frequency distributions devised by Sigworth & Sine (1987). In addition, each data set is normalized by the
total number of events in the record to allow a direct comparison of data points. The resulting probability distributions can be adequately fitted by
the sum of at least three exponential components (lines). This scaling shows the exponential components as peaks located at ordinates equal to the
time constant of the exponential. The gating of both channels is affected in exactly the same way by increasing cis [Ca®*].

sampled at five times the rate (50 kHz). The increased
sampling rate appears to improve the detectability of the
shortest events as seen by a slight increase in their prob-
ability. Though, more importantly, the kinetics of the

two channels are indistinguishable regardless of the data
sampling rate.

There was a surprisingly tight relationship between
the gating (i.e., the distribution of open and closed times)
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Fig. 12. The effect of Ca**-inhibition on the gating of several RyRs. The square root of the probability of open and closed events with three specific
durations is plotted against the mean open probability for each RyR. The probabilities were derived from data digitized at 10 kHz. The probabilities
for closed (A-C) and open events (D-F) are taken from three histogram bins representing short (4,D), medium (B,E) and long (C,F) durations in
the histograms of 8 cardiac ({0) and 4 skeletal RyRs (@) at various degrees of Ca*-inhibition (i.e., P,). Data with low P, are from RyRs which
are inhibited by high cis [Ca?*]. The reasons for comparing gating kinetics by their associated value of P, rather than experimental cis [Ca®*] are
given in the text. The solid lines show the quadratic fits to the data used for adjusting nearby data points with small differences in P, (see Analysis
of probability distributions of event durations). The probabilities of the three event durations in all the cardiac and skeletal RyRs appear to follow
the same trends. This was the case for all 30 data bins in both open and closed histograms. The crosses (+) show duration-probabilities for cardiac
RyRs at activating (i.e., uM) cis [Ca®*]. The different trends for Ca*"-activation and Ca®*-inhibition suggest that different gating patterns are

associated with Ca**-activation and inhibition.

and the degree of channel inhibition (indicated by P,) at
mm [Ca®*], when individual cardiac RyRs were com-
pared and when cardiac and skeletal RyRs were com-
pared. This is shown in Fig. 12, where the relative oc-
currence of events of specified duration (the square root
of their probability) is plotted against P,. At subinhibit-
ing cis [Ca®*] when P, was high, closures were domi-
nated by brief events (0.2 msec) and openings were
evenly distributed over the three time intervals consid-
ered (0.2, 2 and 10 msec). In contrast, in Ca>*-inhibited
channels, long closures (around 2 and 10 msec) became
more frequent and openings were dominated by the brief
events (0.2 msec). It is clear that the probabilities of
specific open and closed durations from each of the car-
diac and skeletal RyRs follow very similar trends. This
trend is very different from that followed by cardiac
RyRs in the activating range of pum [Ca®*] (crosses, Fig.
12). The data in Fig. 12 show that the changes in gating
patterns associated with Ca®*-inhibition are the same in
cardiac and skeletal RyRs and differ from the changes in
gating patterns associated with Ca®*-activation.

ANALYSIS OF PROBABILITY DISTRIBUTIONS OF
EveNT DURATIONS

The RyR gating pattern is described by the probability
distributions of open and closed durations. Hence we
compared the gating mechanisms of skeletal and cardiac
RyRs with different Ca**-sensitivities by comparing
their probability distributions.

For a given cis [Ca”*], the gating kinetics of cardiac
RyRs with different Ca**-sensitivities differ, partly as a
result of variations in the degree of Ca®*-binding to the
channels’ inhibition site (or sites). In order to dissociate
the effects of different Ca®*-binding affinities from the
effects of different gating mechanisms, RyRs with sim-
ilar P, were compared. For example, if channels with a
tenfold difference in Ca®*-sensitivity are compared then
the gating of one channel at, for instance, 1 mm Ca®"
would be compared with that for the other at 10 mm Ca*.
Such a comparison is made in Fig. 11.

Comparing gating kinetics based on their associated
P, can only apply to a very limited data set because,
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Table. Correlation coefficients from paired combinations of experiments on cardiac and skeletal RyRs

Cc2 C3 C4 Cs C6 Cc7 C8 S1 S2 S3 S4 Exp #, K; (mM), n
0.987 0.961 0.957 0.969 0.924 0.969 0.784 0.963 0.974 0.898 0.953 Cl1, 1, 3
0.916 0.955 0.938 0.91 0.982 0.889 0.989 0.982 0.892 0.929 C2, 1, 1
0.969 0.965 0.939 0.954 0.879 0.976 0.959 0.908 0.988 C3, 5, 4
0.962 0.962 0.983 0.876 0.982 0.976 0.932 0.961 C4, 7, 6
0.912 0.985 0.833 0.966 0.958 0.881 0.912 Cs, 15, 3
0.921 0.915 0.886 0.937 0.979 0.941 ce, 22, 1
0.895 0.991 0.955 0.892 0.926 C7, - 1
0.904 0.919 0.849 0.838 C8, - 1
0.987 0914 0.934 S1 -, 5
0.911 0.935 S2 - 4
0.919 S3 - 1
S4 -, 1

Shown here are correlation coefficients indicating the similarity in the duration-probability distributions obtained from 8 experiments on cardiac
RyRs with different [Ca®*] binding affinities (K, mM; experiments C1-C8) and 4 experiments on skeletal RyRs (S1-S4). Each experiment produced
anumber (n) of open and closed duration distributions over a range of cis[Ca**]. Each Table entry compares the results from the experiments named
in the column and row headings. The top left quadrant of the Table compares experimental results from different cardiac RyRs and the top right
quadrant compares all the cardiac and skeletal RyRs. Correlation coefficients in excess of 0.95 indicate close similarity. For example, the data in

Fig. 11 produce a correlation coefficient of 0.972.

unlike cis [Ca®*] which is known, P, obtained from each
experiment is a variable property of the channel. This
problem was overcome by adjusting the probability dis-
tributions for small differences in their P, value as fol-
lows:

The probability distributions of open and closed du-
rations (e.g., Fig. 11) are represented by the terms
pi(t,P,) and pi(z, P,;) respectively where ¢, is the event
duration associated with the ith sampling bin of the open
and closed probability distributions from the jth record.
The channel open probability, P, associated with each
probability distribution open and closed times is calcu-
lated using Eq. 2

2 P,

Pa' =
’ 2 P+ 2 P

The dependence of the probability distributions of
closed times on P, was established by fitting a set of
quadratic functions, Q,(P,), by least-squares, to the data
sets —{p;(,P,;)} (three such data sets are shown in Fig.
12). Using these functions, the probabilities of specific
closed durations from a RyR with an open probability of
P, can be adjusted for a new P, namely P, according
to Eq. 3.

2

pg(ti’Pos) =p;(ti’Paj) - Qi(Poj) + Qi(Pos) (3)

The same method is used to adjust open duration
probability distributions for differences in P,

The measure of similarity between the gating kinet-
ics of pairs of RyRs is the correlation coefficient which
is given by Eq. 4.

I« - -
- 2 (Pe= P~ S
k=1
C= )

0,0,

where P, is the set of data comprising the probabilities of
open and closed durations from several recordings of one
RyR with different P,, (i.e., various cis [Ca**]). S, is the
corresponding data set from another RyR which has been
adjusted to match the P, values of P,. P, S, 6, and G, are
the means and standard deviations of the data sets P, and
Se

Comparison of Cardiac RyRs

The correlation coefficient for all the data shown in Fig.
11A-D was 0.972 (1.00 is a perfect match). Correlation
coefficients obtained from 28 paired combinations of ex-
periments on cardiac RyRs are given in the Table.
Nearly half the paired experiments had correlation coef-
ficients in excess of 0.96. Low correlation coefficients
appeared to arise from variations in channel gating that
were not associated with Ca®*-inhibition. Finally, we
found that pairs of RyRs with similar gating kinetics at
sub-inhibiting cis [Ca®*] also had similar gating kinetics
at higher cis [Ca®*]

COMPARISON OF SKELETAL AND CARDIAC RYRs

Probability distributions of open and closed durations
from cardiac and skeletal RyRs were also compared ac-
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cording to their associated values of P,. Probability dis-
tributions of event durations from 4 skeletal RyRs are
compared with those from 8 cardiac RyRs in Fig. 12.
The correlation coefficients listed in the Table show that
a significant fraction of pairwise comparisons between
these channel types have correlation coefficients in ex-
cess of 0.96.

The nonparametric analysis used here could not be
used to derive a quantitative probability that the gating
mechanism in two channel types were the same. If the
channel gating is considered to be a Markov process, it is
clearly unlikely that different gating mechanisms would
give the same [Ca®*]-dependent gating pattern. A
Markov gating mechanism would require at least 10
‘‘parameters,”” corresponding to the number of parame-
ters needed to describe the probability distributions (5 for
open time distributions and 5 for closed time distribu-
tions®). Identical gating patterns, over a range of cis
[Ca?*], would indicate the detailed equivalence of 10
parameters. Such a coincidence arising from two phys-
ically distinct gating mechanisms is unlikely. This argu-
ment is supported by the observation that the gating pat-
terns of RyR at activating (UM cis [Ca®*] and inhibiting
[Ca*"] differ (Fig. 12). The probability distributions
from four RyRs in activating [Ca®*] correlated poorly
with RyRs at inhibiting [Ca®*] (correlation coefficients
ranged from —0.2 to 0.8). The different gating patterns
reflect the distinct gating mechanisms which are believed
to operate for Ca®*-activation and Ca**-inhibition.

Discussion

The major finding of this work was that cardiac RyRs do
exhibit Ca**-inhibition after incorporation into lipid bi-
layers. Ca®"-regulation of cardiac RyRs was similar to
that reported for SR vesicles and their sensitivity to Ca>*
was, on average, 20 times lower than that for skeletal
RyRs. Furthermore, the results resolve the previously
inconsistent observation that Ca** inhibits CICR from
SR vesicles, but not RyR channels in bilayers (Chu et al.,
1993). The RyRs that we studied were functionally nor-
mal since a variety of ligands produced typical changes
in voltage-dependent ion permeation and gating kinetics
(see Results).

VARIABLE GATING KINETICS OF RYR CHANNELS

A notable feature of the RyR kinetics was their variabil-
ity which produced a large scatter in our data. However,
the relatively modest standard errors (e.g., Fig. 7A) are
similar in magnitude to those reported elsewhere (e.g.,

2 The three exponentials which describe the open and closed frequency
distributions require six parameters. However, normalizing the data to
produce probability distributions reduced the number of independent
parameters to five.
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Chu et al., 1993; Shomer et al., 1993). Large variations
in gating kinetics are not without precedent. Zahradnik-
ova & Palade (1993) document both bursting and ran-
dom gating modes for cardiac RyRs. Sitsapesan and
Williams (1994) found that the Ca®*-activation charac-
teristics of sheep cardiac RyR exhibited twofold varia-
tions in Hill coefficient and fourfold variations Ca?*-
sensitivity. Patch clamp and bilayer studies of Ca®*-
activation of maxi-K channels (Moczydlowski &
Latorre, 1983; Moczydlowski et al., 1985; Laver &
Walker, 1991) show 10-fold variations between channels
in the [Ca®*] at half activation.

The cause of the variations within each vesicle prep-
aration is not clear. Some possibilities are that (i) there
are several RyR isoforms in sheep ventricle, as in avian
(Airey et al., 1990) and amphibian skeletal muscle (Mu-
rayama & Ogawa, 1992); (ii) RyRs are partially de-
graded by endogenous calpain II (Rardon et al., 1990);
(iii) RyR proteins have different oxidation or phosphor-
ylation states (Witcher et al., 1991); Herrmann-Frank &
Varsanyi, 1993); (iv) regulatory proteins, e.g., calmodu-
lin, FK-506 binding protein etc., may be removed from
some RyRs (see below); (v) technical artefacts are intro-
duced into the experiment. For example, altered channel
gating may arise from solvent microlenses or lipid phase
separations in the bilayer (White & Thompson, 1973;
Fettiplace et al., 1975). Variations in [PS] in the bilayer
can modulate the Ca**-sensitivity of maxi-K channels at
low ionic strength (Moczydlowski et al., 1985). However,
we found that removal of PS from the lipid did not affect
Ca**-inhibition of RyRs in high ionic strength conditions.

Dissociation of FK-506 binding protein by FK506
has been shown to reduce the inhibitory effect of Ca** on
the open probability skeletal RyRs (Ahern et al., 1994).
It is unlikely that FK-506 binding protein is responsible
for the variation in Ca**-inhibition observed in this study
because variations in the Ca®*-dependent gating of both
skeletal and cardiac RyRs are very different to that in-
duced by the FK-506 binding protein. Dissociation of
the FK-506 binding protein from the skeletal RyR in-
creases P, of RyRs by stabilizing a conductance substate,
akin to the effect of ryanodine. Variations in Ca**-
dependence of P, seem to arise from variations in Ca®*-
binding affinity and do not involve substates.

Ca?"-INHIBITION OF THE CARDIAC RYR IN LiPD BILAYERS:
Wuy Hasn’t It BEEN DETECTED BEFORE?

The absence of Ca®*-inhibition from RyRs in other bi-
layer studies was not due to the range of [Ca®*] tested.
Although we use unphysiologically (ludicrously) high
cytosolic [Ca®*] (up to 40 mm), 40% of cardiac RyRs
showed inhibition with less than 10 mm Ca®"; concen-
trations used previously (Chu et al., 1993). Similarly,
the different results are unlikely to depend on the use of
canine or sheep hearts. There are no species differences
in Ca®*-inhibition between skeletal RyRs in mammals
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(Chu et al., 1993), and no reported species differences in
the cardiac isoform. The Ca?**-inhibition of sheep car-
diac RyRs was very like that for CICR from canine SR
(Chu et al., 1993). Finally, Chu et al., (1993) demon-
strated that differences between bilayer and vesicles
studies need not arise from procedural differences in dif-
ferent laboratories.

The ready disruption of Ca®*-inhibition by high
[Cs™ (with retention of other ligand responses), provides
an explanation for previous differences between SR ves-
icles and RyRs in bilayers. The composition of the bath-
ing solution could account for the different Ca**-
inhibition properties. CICR was measured with 100 mwm
K* (which does not remove Ca*'-inhibition of cardiac
RyRs), whereas bilayer studies were performed with 250
mm Cs* (Chu et al., 1993) and high [Cs"] does remove
Ca’*-inhibition. Although Ca®*-inhibition was retained
in our sheep cardiac RyRs in 250 mm Cs*, RyRs from
canine hearts may be more sensitive to [Cs*]. Ca*"-
inhibition was more robust in skeletal RyRs than in car-
diac RyRs. Therefore the different solutions used in
CICR and bilayer studies might not affect Ca®*-
inhibition in the skeletal RyR.

CaZ™-INHIBITION IN CARDIAC RYRs: Tug Ca®*-
BINDING MECHANISM

The effect of ligands on channel activity is usually con-
sidered in two parts: (i) ligand binding, together with the
transmission of this event to the channels’ ion-gate and
(ii) the modification of channel gating induced by the
bound ligand. Clues to the nature of the Ca**-binding
mechanism underlying Ca**-inhibition come from the
voltage-dependence of P, the variability in K, and the
effects of CHAPS and Cs* on inhibition.

The voltage-dependence of P, (Fig. 4) suggests that
the Ca®*-binding site is not close enough to the bilayer to
sense the electric field across the membrane. Negative
bilayer potentials would reduce the inhibiting effect of
cations in the cis bath if the cation binding site could
sense the electric field (Woodhull, 1973). Therefore the
voltage-dependence of the Ca**-inhibited channel cannot
be attributed to voltage-dependent binding of Ca*.

The Ca®*-inhibition mechanism was disrupted by
500 mM cis Cs* and must, therefore, be exposed to the
cytosolic solution. The permanent loss of Ca®*-
inhibition with CHAPS and 500 mm cis Cs™ indicates an
irreversible change in the protein, at either the Ca**-
binding site or the link between Ca?*-binding and chan-
nel gating. CHAPS has less effect on RyR function than
another detergent, digitonin which disrupts a wide range
of RyR-ligand interactions (Imagawa et al., 1987). Al-
though high ionic strength buffers are used to dissociate
weakly bound membrane proteins, the specificity of
Ca**—inhibition for high [Cs'] implies that ionic
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strength is not the only factor involved. Cs* is a chao-
tropic ion which can destabilize protein structure by al-
tering protein-water interactions (Collins & Washa-
baugh, 1985). Ca*"-inhibition may be disrupted because
of a Cs™induced dissociation of a cofactor or a confor-
mational change in the RyR. However, the possibility
that a portion of the RyR, cleaved off during isolation, is
released from the RyR by CHAPS or 500 mm Cs™ treat-
ments cannot be ruled out. Proteolysis of RyRs with
calpain can alter Ca®*-inhibition, while leaving other reg-
ulation mechanisms intact (Rardon et al.,, 1990). It is
unlikely that endogenous proteases, released by 500 mm
Cs", degraded the RyR, since the protein was either ex-
posed to high [Cs*] on addition of vesicles to the bath, or
after fusion with the bilayer. Therefore, the RyRs would
be only briefly subjected to proteolysis, and the concen-
tration of enzymes released by Cs™ would be very low,
since the initial protein concentration in the bath was
only 10 pg/ml.

The distribution of Ca2+—sensitivities, and the grad-
ual loss of Ca**-inhibition in high [Cs*], are inconsistent
with Ca**-sensitivity being regulated by a single cofac-
tor. The frequency distribution of Ca**-sensitivities is
unimodal, not the bimodal distribution expected for two
channel populations (RyR either bound or unbound to a
cofactor). In addition, there was a gradual rise in chan-
nel activity with removal of Ca**-inhibition in 500 mm
Cs", not the abrupt change expected from the rapid dis-
sociation of a cofactor. A multiplicity of cofactors
would not be surprising since the RyR is a homotet-
rameric protein which could readily bind four cofactor
molecules (one per protein subunit).

Compar1soN oF Ca®*-BINDING MECHANISMS IN SKELETAL
AND CarpIAC RYRs

The Ca®*-binding properties in cardiac and skeletal RyRs
differ in several ways. There was an order of magnitude
difference in Ca®'-binding affinities. Ca®*-inhibition in
skeletal RyRs was more stable than in cardiac RyRs
since 500 mm Cs* affected only the cardiac RyR. How-
ever, Ca”*-inhibition had the same Hill coefficient (H =
2), suggesting that similar reaction schemes could de-
scribe Ca®*-binding in both channel types. The molecu-
lar basis for the differences in Ca**-inhibition in cardiac
and skeletal RyRs is yet to be determined. Chu et al.
(1993) suggests that Ca**-inhibition in skeletal muscle
may be associated with an integral part of the RyR pro-
tein, whereas Ca**-inhibition in cardiac muscle may de-
pend on a more labile inhibition mechanism, possibly
involving a peripherally bound protein.

Ca®"-muBITION IN CARDIAC AND SKELETAL RYRs: THE
Ca®"-GATING MECHANISM

We considered the possibility that the wide range in Ca**
sensitivity of Ca**-inhibition was associated with differ-
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ences in gating mechanisms. The signature of a channel
gating mechanism is the gating pattern it generates which
was represented by probability distributions of open and
closed durations (Fig. 11). Activation of RyRs by ATP,
caffeine and um Ca®*, and inhibition by high [Ca®*], have
distinct effects on channel gating (Fig. 12 and Smith,
Coronado & Meissner, 1986; Sitsapesan & Williams,
1990).

The analysis of probability distributions of open and
closed durations show that one kinetic model could de-
scribe Ca®*-inhibition in cardiac RyRs with high and low
Ca™*-sensitivity and Ca**-inhibition in cardiac and skel-
etal RyRs. The most likely interpretation of this finding
is that the same gating mechanisms operate in these
channels. The 20-fold difference in the [Ca2']-
dependence of inhibition in cardiac and skeletal RyRs
must be due to different Ca**-binding mechanisms. This
conclusion is consistent with the known RyR sequences.
The putative membrane spanning regions of cardiac and
skeletal RyR, which presumably includes the peptide se-
quences responsible for channel gating, have a high de-
gree of identity (Otsu et al., 1990). However, the amino
acid sequences which contain putative Ca**-binding sites
(residues 4253 to 4499 in the skeletal RyR; Chen et al.,
1992) show little identity between the two channel types
(Otsu et al., 1990).

Conclusion

Contrary to previous studies, cardiac RyRs in lipid bi-
layers exhibited Ca**-inhibition. The Ca®*-sensitivity of
inhibition varied between channels, but on average, was
20-fold less in cardiac RyRs than in skeletal RyRs. The
Ca**-sensitivity of channel inhibition was consistent
with [*H]-ryanodine binding to SR vesicles. Ca®*-
inhibition was the most fragile property of cardiac RyR,
being the only channel property to be disrupted by 500
mm cis-Cs™ and solublization with CHAPS. It is likely
that Ca**-inhibition may not have been observed previ-
ously in bilayers because the bathing solutions contained
Cs*. Ca”*-inhibition in skeletal RyRs was more robust
than in cardiac RyR and was unaffected by 500 mm Cs™.

The open and closed probability distributions from
different RyRs suggested that the same gating mecha-
nism mediates Ca**-inhibition in both cardiac and skel-
etal RyRs and cardiac RyRs with different Ca*'-
sensitivities. Differences in Ca**-inhibition between
these channel types depends on differences in their Ca**-
binding properties.
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