1834 Biophysical Journal Volume 67 November 1994 1834—-1850
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ABSTRACT To define the roles of the a- and B-ryanodine receptor (RyR) (sarcoplasmic reticulum Ca?* release channel)
isoforms expressed in chicken skeletal muscles, we investigated the ion channel properties of these proteins in lipid bilayers.
a- and BRyRs embody Ca?* channels with similar conductances (792, 453, and 118 pS for K*, Cs*, and Ca?*) and selectivities
(Pco2+/P¢+ = 7.4), butthe two channels have different gating properties. «RyR channels switch between two gating modes, which
differ in the extent they are activated by Ca?* and ATP, and inactivated by Ca?*. Either mode can be assumed in a spontaneous
and stable manner. In a low activity mode, aRyR channels exhibit brief openings (7, = 0.14 ms) and are minimally activated
by Ca?* in the absence of ATP. In a high activity mode, openings are longer (7,,_, = 0.17, 0.51, and 1.27 ms), and the channels
are activated by Ca?* in the absence of ATP and are in general less sensitive to the inactivating effects of Ca?*. BRyR channel
openings are longer (7,,_, = 0.34, 1.56, and 3.31 ms) than those of aRyR channels in either mode. BRyR channels are activated
to a greater relative extent by Ca?* than ATP and are inactivated by millimotar Ca?* in the absence, but not the presence, of
ATP. Both a- and BRyR channels are activated by caffeine, inhibited by Mg?* and ruthenium red, inactivated by voltage
(cytoplasmic side positive), and modified to a long-lived substate by ryanodine, but only aRyR channels are activated by
perchlorate anions. The differences in gating and responses to channel modifiers may give the «- and BRyRs distinct roles in

muscle activation.

INTRODUCTION

As sarcoplasmic reticulum (SR) Ca®* release channels
(Campbell et al., 1987; Inui et al., 1987; Lai et al., 1988;
Smith et al., 1988), the ryanodine receptors (RyR) participate
in coupling cellular excitation to SR Ca®* release and con-
traction in striated muscles. Two mechanisms have been pro-
posed to activate RyR channels in skeletal muscle. One in-
volves either direct or indirect interactions between
dihydropyridine receptors and RyRs, whereas in the second
mechanism RyR channels are activated by Ca®* released
from the SR (for references, see Rios and Pizarro, 1988,
1991; Jacquemond et al., 1991). Once released, SR Ca?* may
also inactivate the RyR channel (Simon et al., 1991; Holling-
worth et al., 1992), and the net consequence of the activating
and inactivating effects of this cation is at present unclear
(Pape et al., 1993; Jong et al., 1993).
Excitation-contraction coupling is thought to be similar in
mammalian and nonmammalian vertebrate skeletal muscles.
Moreover, frog skeletal muscles are commonly used to study
this process. Two RyRs are co-expressed in a number of
avian, amphibian, and piscine fast twitch skeletal muscles
(Airey et al., 1990; Olivares et al., 1991; Lai et al., 1992;
Murayama and Ogawa, 1992; O’Brien et al., 1993), while
only a single receptor protein has been identified to date in
mammalian skeletal muscle (Campbell et al., 1987; Inui
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et al.,, 1987; Lai et al., 1988). This raises the question of
whether the properties of the two RyRs found in nonmam-
malian vertebrate muscles have been combined in the single
mammalian skeletal muscle RyR to provide the same func-
tional capabilities. For example, each of the nonmammalian
skeletal muscle RyR isoforms could be adapted to be acti-
vated by a different mechanism. Alternatively, an as yet un-
detected ryanodine receptor isoform may be expressed in
mammalian muscle. In this regard, Giannini et al. (1992)
presented evidence for the expression of the brain RyR iso-
form (RyR3) in mammalian skeletal muscle. A third possi-
bility is that there may be differences between the excitation-
contraction in mammalian and nonmammalian vertebrate
muscles.

Several observations indicate that the two ryanodine re-
ceptor isoforms (a« and f3) expressed in chicken skeletal
muscles are distinct proteins with different roles in both em-
bryonic and mature muscles. First, biochemically these iso-
forms differ in their molecular mass as judged from their
mobilities on SDS gels, in their susceptibility to proteolysis
by trypsin, and in the peptide maps generated by proteolytic
digestion (Airey et al., 1990, 1993c). Second, they differ
immunologically, because monoclonal antibodies recognize
unique as well as shared epitopes in each isoform (Airey
et al., 1993c). Third, they may be regulated differently, be-
cause they are phosphorylated by the Ca?*, calmodulin-
dependent and the cAMP-dependent protein kinases (8 >
o), and bind calmodulin (« > B) to different extents (Airey
etal., 1993c). Fourth, the a- and BRyRs differ as to the timing
of their initial expression in embryonic muscles. The aRyR
is found in peripheral muscles at ~day E6, whereas BRyR
cannot be detected until ~day E18 (Sutko et al., 1991;
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M. D. Baring, J. A. Airey, and J. L. Sutko, unpublished ob-
servations). Fifth, both RyRs are expressed in mature
muscles (Airey et al., 1990), indicating that although a single
isoform may be transiently sufficient in developing muscle,
two receptors are required for mature muscle function. Sixth,
the Crooked Neck Dwarf (cn) mutation in chickens is asso-
ciated with a failure to make normal aRyR. Although cul-
tured embryonic cn/cn skeletal muscle cells have normal lev-
els of a functional BRyR, they are dysgenic, fail to form
normal sarcomeres, and undergo a degenerative cell death
indicating a requirement for an aRyR-specific function for
normal muscle development (Airey et al., 1993a, b).
Although the preceding data indicate that the two chicken
skeletal muscle RyR isoforms are unique proteins, they do
not address directly their potential as SR Ca®* release chan-
nels. Therefore, we investigated the ion channel character-
istics of these proteins to gain insight into how each isoform
may contribute to muscle activation. Our results indicate that
although both isoforms embody ion channels with similar
conductance and selectivity properties, they differ in their
gating behaviors and responses to channel modifiers. These
results provide direct evidence that the o- and BRyR SR Ca?*
release channels have the potential to serve distinct roles in
excitation-contraction coupling in chicken skeletal muscles.

MATERIALS AND METHODS
Materials

Fertile White Leghorn eggs were purchased from Western Scientific (Rio
Linda, CA). Leupeptin, piperazine-N,N'-bis[2-ethanesulfonic acid]
(PIPES), tris[hydroxymethylJaminomethane (Tris), N-[2-hydroxyethyl]-
piperazine-N'-[2-ethanesulfonic acid] (HEPES), imidazole, phenylmethyl-
sulfonylfluoride (PMSF), 3-[(3-cholamidopropyl)-dimethylammonio]-1-
propanesulfonate (CHAPS), 1-a-phosphatidylcholine (PC, for ryanodine
receptor solubilization), agarose-linked goat anti-mouse immunoglobulin
(IgG, whole molecule) antibodies, polyethylenimine (PEI), ethylene
glycolbis(B-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA), N-hy-
droxyethylethylenediamine triacetic acid (HEDTA), triton X-100, adeno-
sine triphosphate (ATP, sodium salt), caffeine, and ruthenium red were
purchased from Sigma Chemical Co. (St. Louis, MO). Dithiothreitol (DTT)
was from Bochringer Mannheim Biochemicals (Indianapolis, IN). Alkaline
phosphatase-conjugated goat anti-mouse IgG was from Fisher (San Fran-
cisco, CA). Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) molecular weight standards were from Bio-Rad Laboratories
(Richmond, CA), and the L-a-PC, L-a-phosphatidylethanolamine (PE), and
L-a-phosphatidylserine (PS) used for the bilayer studies were from Avanti
Polar Lipids (Alabaster, AL).

The hybridoma, MF20, developed by Dr. D. Fischman (Cornell
University, Ithaca, NY) was obtained from the Developmental Studies Hy-
bridoma Bank maintained by the Department of Pharmacology and Mo-
lecular Sciences, The Johns Hopkins University School of Medicine
(Baltimore, MD) and the Department of Biology, University of lowa (Iowa
City, IA) under contract NO1-HD-2-3144 from the NICHD.

Membrane preparation and RyR purification

Microsomal membranes and membranes enriched in SR terminal cisternae
were prepared from chicken pectoral muscle as described previously (Airey
et al., 1990) and resuspended in 10 mM imidazole, 0.5 M sucrose. These
membranes were used for both bilayer experiments and for the preparation
of purified RyRs. Proteins were differentially extracted from these mem-
branes with 2% triton X-100 followed by solubilization of the RyRs with
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CHAPS (1.0%) in the presence of 0.5% PC (Airey et al., 1990). Solubilized
and nonsolubilized materials were separated by centrifugation at 100,000 X
g for 30 min. o- and BRyRs were purified by sedimentation through con-
tinuous 10-30% sucrose gradients containing 0.5% CHAPS, 0.25% PC, and
separated by selectively depleting one of the isoforms using isoform-specific
monoclonal antibodies (Mabs, 5D4 = anti-aRyR; 110E = anti-BRyR). In
some cases, the individual RyRs were purified further by sedimentation
through a second sucrose gradient. In control experiments to demonstrate
that the observed channel activity was associated with the RyR isoforms,
both RyRs were depleted using a third antibody (34C) that recognizes an
epitope common to both isoforms. Membrane and purified proteins were
quantitated using the method of Lowry et al. (1951), as modified by Peterson
(1977). Murayama and Ogawa (1992) found that the inclusion of DTT
stabilized the ion channel activity of the frog RyRs. Based on this obser-
vation, we included 5 mM DTT in our purified RyR preparations. We did
not investigate the effectiveness of this agent in detail, but it is our im-
pression that aRyR channel activity was more stable in the presence of DTT.

Planar lipid bilayer experiments

RyR single-channel experiments were performed using the paradigms de-
veloped by Smith et al. (1985, 1986) and Rousseau et al. (1987). Mueller-
Rudin type bilayers were painted across a 200 sm hole in a polystyrene cup
using a 5:3:2 mixture of PE:PS:PC (50 mg/m! in decane). In studies utilizing
purified RyRs, a solution containing 210 mM KCl, 50 mM HEPES (pH 7.4),
1 mM EGTA, 1 mM HEDTA, and 10 uM free Ca?* was added to the cis
and trans chambers, 300~-600 mM KCl was added to the cis chamber to
create an ionic gradient across the bilayer, and 0.1-0.5 ug of receptor protein
was added to the cis chamber. After incorporation of a channel into the
bilayer, the cis chamber was perfused with 7-10 volumes of a solution
containing 210 mM KCl, 50 mM HEPES (pH 7.4), 1 mM EGTA, 1 mM
HEDTA, and 0.3 pM free Ca®* to prevent any further RyR incorporation
and to set the cis Ca* initially to a low level. NaCl was substituted for KC1
in experiments where the actions of perchlorate were investigated because
of the greater solubility of the sodium salt of this anion. For experiments
using SR terminal cisternac membranes, a solution containing 210 mM
CsPIPES (pH 7.4), 1 mM EGTA, and 10 uM free Ca?* was added to both
the cis and trans chambers, an ionic gradient was created across the bilayer
by the addition of 300 mM KClI to the cis chamber, and 5-15 ug of mem-
brane protein were added to the cis chamber. After vesicle fusion with the
bilayer, the cis chamber was perfused with 7-10 volumes of a solution
containing 210 mM CsPIPES (pH 7.4), 1 mM EGTA, and 0.3 uM free Ca?*.
Solutions were passed through 0.22 pm filters before use, and RyR channel
modifiers were added as described in Results for individual experiments. In
the present studies, the orientation of RyR channels in the bilayer was such
that the cytoplasmic domain of the receptor was on the cis side of the bilayer.
This was confirmed by assessing the abilities of Ca?* and ATP added to
either the cis or trans chambers to activate the channels.

In experiments where the effects of a complete range of free Ca%* levels
was investigated, a combination of EGTA (1 mM) and HEDTA (1 mM) was
used to provide control over a wide range of Ca®* concentrations, EGTA
(1 mM) alone was used when micromolar and submicromolar Ca?* con-
centrations were desired. Free Ca** levels obtained with the HEDTA/EGTA
system were calculated using the program Frion (from Dr. Noel Davies,
University of Leicester), whereas those obtained with the EGTA system
were defined using the program Iterate (from Dr. Robert Godt, Medical
College of Georgia). Free Ca?* levels were verified in control experiments
using a Ca®*-sensitive electrode (Radiometer, Cophenhagen, Denmark).

Single-channel currents were recorded using a bilayer/amplifier system
designed by R. A. P. Montgomery (University of London), stored unfiltered
on videotape, and then filtered using 8-pole low pass Bessel filter
(Frequency Devices, Haverhill, MA) at 3—5 kHz before digitization at 16
kHz. Voltages were applied to the cis side of the bilayer, whereas the trans
side was held at virtual ground. Channel openings associated with outward
currents (cytosol to SR lumen, or cis to trans) are downward deflections,
whereas those associated with inward currents (SR lumen to cytosol, or trans
to cis) are upward. Because of the wide range of the levels of activation
observed for the chicken RyR isoform channels in these studies, current
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records 6 min in length were utilized for analysis to ensure that accurate
estimates of channel parameters were obtained.

Digitization and analysis were accomplished using pClamp hardware and
software and IPROC software (Axon Instruments, Foster City, CA). Curve
fitting and graphical presentation were accomplished using Sigma Plot soft-
ware (v. 4.1, Corte Madera, CA). Openings were identified using a 50%
threshold. Amplitude histograms were obtained as all-points histograms
using a 0.5 pA bin size. Mean P, values were calculated for 6 min records
using the stationarity file generated by the IPROC software with P, values
determined every 100 or 128 ms intervals and averaged for 6 min records.
The relative permeabilities of Ca®* and K* (Pc,2+/Py+) were calculated from
the reversal potential obtained under the biionic conditions shown in Fig.
3 using Eq. 1 of Fatt and Ginsborg (1958). The concentrations of Ca®*
yielding half-maximal activation or inhibition of channel activity were de-
termined graphically.

Dwell-time histograms were fit using the nonlinear regression curve-
fitting routine in Sigma Plot, which is based on the Marquardt-Levenberg
algorithm. The goodness of a fit of curves generated by equations with
differing numbers of exponentials was evaluated using three criteria: (i) the
adequacy of the total fit of the curve to the histogram as judged by eye,
(ii) the norm and dependency values associated with the different fits that
are available from the Sigma Plot routine, and (iii) the failure of inclusion
of additional exponential terms to produce a meaningful change in the de-
rived time constants. The mean open and closed channel lifetimes reported
in Table 3 and shown in Fig. 7 were calculated using the time constant and
area% values derived from the dwell-time histograms. The probability den-
sity functions (pdfs) shown in Fig. 7 E have units of s™* and were calculated
by dividing the number of events in each bin of dwell-time histograms by
the total area under the curve fit to the dwell-time histogram (Colquhoun
and Sigworth, 1983). Mean channel lifetimes are reported to give insights
into the net changes in channel gating behavior under different activating
conditions, whereas the pdfs are provided to illustrate the shifts in the open
and closed event lifetimes under these conditions.

The shortest event that was fully resolved by our bilayer system was 100
us. Openings shorter than 150 us were not included in analyses of channel
lifetimes. Extrapolations of the exponential curves fit to the dwell-time
histograms of fully resolved events suggested that there were many openings
by aRyR channels in particular, but by BRyR channels as well, that were
shorter than the dead time of the bilayer system. This was especially true
in the absence of ATP. The presence of these events is also indicated by a
large number of truncated openings in the current records and amplitude
histograms (Fig. 2). Parameters derived from the dwell-time histograms
have not been corrected for missed events; they are intended to describe the
characteristics of the events that were fully resolved by our bilayer. It should
also be noted that not all of the channels analyzed exhibited each of the time
constants described in Tables 1 and 2. The means (=SEM) given for time
constants and the area-% values given for a particular channel type may
therefore be derived from different numbers of observations. The area-%
values indicate the proportion of the total number of openings or closings
represented by a particular time constant in only the channels that exhibited
that time constant. Therefore, in cases where not all of the channels analyzed
had each of the time constants, the sum of the area-% values for the time
constants observed for that channel type do not equal 100%. Data described
in the text are given as means * SEM.

RESULTS

The objectives of these studies were to determine whether the
RyR isoforms expressed in chicken skeletal muscles embody
ion channels and, if so, to define their basic properties. The
a- and BRyRs co-exist in the same muscle fibers; therefore,
to define the properties of each protein unambiguously it was
necessary to purify each isoform. This was accomplished
using isoform-specific Mabs to precipitate and remove one
of the isoforms leaving the other in solution. The latter RyR
was studied, thus eliminating the need for the harsh treat-
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ments required to recover proteins from antibody-antigen
complexes. A RyR preparation typical of those utilized in
some of our studies is shown in Fig. 1. In most preparations,
only RyR subunit polypeptides (arrowheads) and polypep-
tides that migrated just ahead of the subunit polypeptides
(shown by Western analysis to be derived from the RyR
subunits) were evident in SDS gels stained for protein with
Coomassie Brilliant Blue. The latter polypeptides derived
from the aRyR (Fig. 1, lane 2) and that derived from the
BRyR (Fig. 1, lane 3) had different mobilities. Occasionally
the myosin heavy chain (indicated by the filled circle in
Fig.1) and an approximately 66 kDa polypeptide derived
from the secondary antibody preparations (indicated by the
asterisk) were also present. In some of these preparations,
myosin was removed by including an anti-myosin Mab
(MF20) in the precipitation step and the antibody-related
peptide was deleted by sedimentation through a second su-
crose gradient. Removal of these non-RyR proteins did not
alter the channel activity observed. To demonstrate further
that the channel activities observed were attributable to -
and BRyRs, the Mab 34C, which recognizes both isoforms,
was used to deplete the o- and BRyRs (Fig. 1, lane 4). No
channel activity was observed in these preparations (data not
shown).

As described below, the ion channels that incorporated
into bilayers from a- and BRyR preparations exhibited dis-

FIGURE 1 SDS-polyacrylamide gel showing typical partially purified o
(lane 2) and BRyR (lane 3) preparations used for a majority of the experi-
ments described in this report. The SR membranes from which these proteins
were isolated (/ane 1) and a RyR receptor preparation depleted of both the
aand Bisoforms (lane 4) are also shown. The a- and BRyR subunit polypep-
tides are indicated by the arrowheads in lanes 1-3, the polypeptide at 200
kDa indicated by the circle in lane 2 is the heavy chain of myosin; the
approximately 66 kDa polypeptide indicated by the asterisk in Lane 2 was
derived from the antibody preparation used in the precipitation step. Elimi-
nation of either myosin or the antibody polypeptides by further purification
steps did not alter the RyR channel activity observed. The other minor bands
seen in Lanes 2 and 3 represent RyR breakdown products. No ion channel
activity was observed when both RyR isoforms were depleted (lane 4).
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tinctive gating behaviors. Channels with properties we at-
tribute to «RyRs were observed for 76 of 86 (88.4%) chan-
nels analyzed from aRyR preparations, whereas channels
typified as BRyR were obtained for 10 channels from the
aRyR preparation and for 64 of 64 (100%) channels analyzed
from BRyR preparations. It is our impression from a large
number of experiments that BRyR channels incorporate into
bilayers much more readily than aRyR channels. This may
explain why BRyR channels were occasionally obtained
from aRyR preparations even though contaminating BRyR
protein was not detectable on protein-stained SDS gels or by
Western analysis. Based on the relative purification of the
two isoforms achieved, the number of fusions analyzed, and
the frequency that each channel type was obtained from each
RyR preparation, we have assigned the characteristics ob-
served in the majority of the studies with each preparation as
being representative of that isoform. The clear cut and con-
sistent differences observed in the gating behaviors of each
channel type and the fact that the channel type identified as
the BRyR was seen in 100% of the BRyR preparations
strongly support this assignment. The results presented were
obtained using six separate a- and BRyR preparations.

Purified RyRs: conductance characteristics

The chicken a- and BRyR ion channels have similar single-
channel current amplitudes. As shown in Fig. 2, single cur-
rent amplitudes of 28.3 *+ 0.6 (n = 7) and 28.0 = 0.5 pA
(n = 7) were observed for a- and BRyR channels in sym-
metrical 210 mM KCl at a voltage of —40 mV. Well resolved
openings by either a- or BRyR channels to subconductance
states were rare and did not make a noticeable contribution
to the distribution of current amplitudes (Fig. 2). A signifi-
cant number of events that were too brief to be completely
resolved were present in records obtained for both channel
types, particularly the aRyR channel. These brief openings
are responsible for the events accumulated between 5 and 25
PA in Fig. 2.

Current-voltage relationships recorded in symmetrical
210 mM K* for a- and BRyR channels were linear and had
similar slope conductances of 771 * 11.2 pS (n = 5) and
795 * 16.4 pS (n = 3) when channels were activated by
contaminating (1-3 pM) cis Ca** (Fig. 3). A conductance of
453 pS was observed in symmetrical 210 mM CsPIPES, and
one of 118 pS was obtained for trans 55 mM CaCl, (meas-
ured over —10 to —110 mV) under biionic conditions with
125 mM Tris as the charge carrier on the cis side (data not
shown). Both channels were selective for divalent over
monovalent cations with P,z+/Py -+ ratio of 7.4 (Fig. 3). These
findings indicate that the - and BRyR channels have similar
conduction pathways.

Purified RyRs: open probabilities and
gating behavior

In 30 uM (cis) activating Ca**, BRyR channels had greater
open probabilities (P,) than aRyR channels. The mean P,
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FIGURE 2 Amplitude histograms showing the distributions of the single-
channel current amplitudes recorded for purified « (ay) (A) and 8 (B) RyR
channels. The current records utilized for this analysis were recorded at —40
mV (cis negative) in symmetrical 210 mM K* in the presence of either 50
(a) or 30 (B) uM cis Ca’*. Under these conditions, the & and B channels
had P, values of 0.58 and 0.67, respectively.

values defined for the « and 8 channels of 0.26 and 0.71 are
significantly different (p < 0.05). aRyR channels were ac-
tivated to a relatively greater extent by 5 mM ATP + 30 uM
Ca®* than were BRyR channels (Fig. 4 A). In addition, aRyR
channels exhibited a greater range of P, values (14-fold)
when activated by 30 uM (cis) Ca?* than did BRyR channels
(2.2-fold). As shown in Fig. 4, B and D, this variability is due
at least in part to the ability of aRyR channels to assume two
gating modes having different P, values.

The aRyR shown in Fig. 4, B and D switched spontane-
ously and reversibly between gating modes having relatively
low (0.20) and high (0.87) P, values. a channels exhibited
cither gating mode in a stable manner (e.g., for minutes at a
time) and in 15 of 20 experiments conducted in a way that
permitted the different modes to be distinguished, only a
single mode was observed. In the remaining five experi-
ments, « channels were observed to switch between modes.
Using the mean P, value shown in Fig. 4 A to separate chan-
nels into low and high activity modes, it can be appreciated
that we observed roughly comparable numbers of channels
in each gating mode. Because of their ability to switch be-
tween modes, aRyR channels are capable of quite different
behaviors and, as described below, the extent these channels
are activated by ATP and activated as well as inactivated by
Ca** is also dependent on the gating mode they assume. The
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FIGURE 3 Single-channel current-voltage relationships for purified o
(top) and BRyR (bottom) channels recorded in symmetrical 210 mM KCl
(O), or in 210 mM KCl (cis), and or in 210 mM CaCl, (trans) (®).

possibility of unpredictable changes in channel activity
added a degree of uncertainty to determinations of P,. To
minimize this potential complication, 6 min records during
which a constant activity pattern was observed were used for
most analyses. In cases where the mode status of the channel
was in question, differences in the relative responses to 30
puM Ca®* *+ 5 mM ATP were used to identify the gating mode
of the channel (e.g., compare Fig. 7, A and B).

As shown in Table 1 and Fig. 5, the majority of aRyR
channel openings were extremely brief and the increased P,
values observed for the high activity gating mode were as-
sociated with the appearance of longer channel openings. In
the low activity mode (a;, Fig. 5 A), extremely short-lived
events (1,, = 0.14, Table 1) accounted for 92% of the ob-
served openings. Moreover, all of the openings of 5 of the
11 channels in this group were described by this single time
constant (Table 1). In the high activity mode (e, Fig. 5 B),
a significant number of longer events described by time con-
stants of 7, = 0.51 ms and 7; = 1.27 ms accounted for 39
and 18% of the observed openings, respectively. The third
time constant (7,;) was only observed for a channels in the
high activity mode and may represent a conformation spe-
cific to this mode. All six channels in the ay, group exhibited
three open time constants (Table 1). In parallel with the in-
crease in open channel lifetimes, the predominant closed
times associated with the high activity state were shorter than
those observed for channels in the low activity mode (Table
2). As noted previously, a large number of aRyR channel
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openings were too brief to be completely resolved because
of the frequency response of the bilayer system. Given this
limitation, the 7, value obtained for this channel must be
considered an upper estimate.

The most numerous openings by BRyR channels were
longer than those observed for aRyR channels in either ac-
tivity mode (Fig. 5 C and Table 1). Time constants of 1.56
(7,,) and 3.31 (7,_;) ms were representative of 63 and 34% of
the observed openings, respectively. When a bin size of 0.05
ms was used for the dwell-time histograms, a significant
number of longer openings appeared in the last bin and were
excluded from the analysis. Using a bin size of 0.5 ms, the
longest time constant (,;) was found to be 3.96 ms (Fig. 5
D and Table 1), which is similar to the largest T obtained with
a0.05 ms bin size. BRyR channels also underwent transitions
between different levels of activation, but these were much
more rapid than those observed for the aRyR channel (Fig.
4, C and E). Thus, in contrast to the aRyR channel, which
is typified by short, spike-like openings, the predominant
BRyR channel openings are longer (Table 1 and Fig. 4, D and
E). The differences between the open time constants that
typified - and BRyR channels remained significant when
the two channel types had comparable P, values. Moreover,
the length of channel openings, particularly in low activating
Ca?*, could be used to identify each channel type (e.g., com-
pare the current records for a pCa of 5.5 in Fig. 6). As was
the case for aRyR channels, a number of BRyR openings
described by the shortest time constant (7,,) could not be
resolved with our bilayer system. Therefore, the value given
for this parameter is also an upper estimate.

The effects of channel modifiers

A number of agents have been found to alter the gating of
the mammalian skeletal muscle RyR channel. These include
Ca®* ions (Smith et al., 1985, 1986), adenine nucleotides
(Smith et al., 1985, 1986), caffeine (Rousseau et al., 1988;
Rousseau and Meissner, 1989), and perchlorate anions (Ma
et al., 1993), which generally increase, and Mg?* and ru-
thenium red (Smith et al., 1986), which decrease channel
activity. We therefore compared the ability of these agents
to modify the behavior of the chicken skeletal muscle «- and
BRyR ion channels. In the present studies, the effects of these
agents were assessed on the cis (cytoplasmic) side of the
bilayer.

Ca?* and ATP

The effects of cis calcium in the absence and presence of 5
mM ATP on the activity of a- and BRyR channels are shown
in Fig. 6, which presents single-channel records, and related
to P, in Fig. 7. As shown in these figures and in Fig. 4, in
the absence of other modifiers, the - and BRyRs are acti-
vated to different extents by Ca®* ions. The P, of aRyR
channels in the low activity mode was activated to only mod-
est levels (P, < 0.3) by 30-100 uM Ca?* and inhibited by
greater levels of this cation (Fig. 7 A). In contrast, the same
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FIGURE 4 The aRyR is activated to a lesser
extent by 30 uM (cis) Ca** than is the B isoform
(A). The mean values shown are significantly
different (p < 0.05). aRyR channels were dis-
tributed in two groups that exhibited low and
intermediate P, values. As shown in B and D,
this was in part because of the ability of aRyR
channels to switch between a low and high ac-
tivity gating mode in a spontaneous and revers-
ible manner. Note the transition from the low to
the high activity mode in the third trace in D.
The BRyR channel (C and E) also exhibited
fluctuations in P_, but these were much more
rapid. Purified RyR channel activities were re-
corded in symmetrical 210 mM KCl and 30 uM
cis Ca®* at a voltage of —40 mV (cis negative).
In the stationarity plots shown in B and C, P,
values were calculated every 256 ms. In D and
E, zero current is indicated by the hash marks
and openings are upward.

TABLE 1 Mean open channel lifetimes

Chicken Ryanodine Receptor Channels

Po

0.8

0.6

0.4

0.2

0.0

A.

Po

04

30uM €a**

T Pom0.20 —

1.0

08|

0.8 -

0.4 |-

02}

0.0

Pom=0.87

(+) ATP

mean=0,26

1839

0.8

0.8
Po
0.4

02| (3

" 2+
30uM Ca
0.0| po=0.65

60 120 180

SEC

240 300 360

60

120 180 240

SEC

300 380

_ WML
_ LAY
_ JUTOTT UL N
B A R T
___Jsom

25ms

Treatment/ T Area T, Area T3 Area
channel type P, (ms) (%) (ms) (%) (ms) (%)
30 uM Ca?*
0 [0.05 ms] 0.12+0.02(11) 0.14*001(11) 91.8+3.1 058 +0.06(6) 150=38 - -
oy, [0.05 ms] 0.59 + 0.07 (6) 0.17 = 0.01 (6) 430x173 0.51 = 0.05 (6) 38.7*36 1.27 £ 0.14 (6) 183 5.5
B [0.05 ms} 0.71 £ 0.07(7) 0.34 = 0.03 (6) 148 + 33 1.56 * 0.34 (7) 63.1+85 3.31 £0.97(5) 33870
B [0.5 ms] - 108+ 027(7) 544*121  396+076(7) 456 %121 - -
30 uM Ca** + ATP
a; [0.5 ms] 0.94 = 0.02 (2) 127 *0.34 (2) 575+25 523 +1.62(2) 424 +25 - -
ay [0.5 ms] 0.94 = 0.01 (3) 1.18 + 0.09 (3) 173+ 64 9.60 + 3.14 (3) 827+ 64 - -
B [0.5 ms] 098 +0.01(3) 052+026(3) 267+165 4205+1287(3) 733165 - -

Cumulative mean open channel time constants and values for the percent of the channels represented by a time constant obtained for the o, ay, and SRyR
channels activated by 30 uM cis Ca?* = 5 mM ATP. The bin size and the number of channels included in the analysis are shown in the square brackets
and parentheses, respectively. Values given are means = SEM. Purified RyR channel activities were recorded in symmetrical 210 mM KCI at a voltage

of ~40 mV (cis negative).

channels could be activated to much greater levels by 5 mM
ATP + 30 pM Ca**. In the high activity mode, RyR chan-
nels were activated more extensively by micromolar Ca**,
reaching a P, of 0.75 £ 0.01 (N = 3) in the presence of

30200 uM Ca’* (Fig. 7 B). Half-maximal activation was
achieved at a Ca®* concentration of 27.8 * 3.3 uM (N = 3).
In addition, a;; channels were inactivated by millimolar Ca’*
in the absence of ATP. Two ay channels shown by the open
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FIGURE 5 Dwell-time histograms constructed for a 10000 o 4000 T3=1.03 ms (18%)
resolved openings by aRyR channels in both the low g 9000 §
(A) and high (B) activity gating modes and by the BRyR D 8000 It 3000
(Cand D). A bin size of 0.05 ms was used in A-C. When 4000 2000
this bin size was used for the BRyR channel a significant 2000 1000
number of openings (~8000, C)) accumulated in the ° o
last bin and were excluded from the analysis. Therefore, o1 3 4 5 6 7 8 9 10 01 2 3 4 5 8 7 8 9 10
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this analysis was repeated using a 0.5 ms bin size to
estimate the time constant for long openings more ac-

curately (D). Purified RyR channel activities were re-
corded in symmetrical 210 mM KCl and 30 uM cis Ca?*
at a voltage of —40 mV (cis negative). Mean values for

wal] B

T1=0.23 ms (14%)
T2=1.20 ms (26%)
T3=4.97 ms (60%)

Ti=0.67 ms (32%)
T2=4.09 ms (68%)

time constants derived for open and closed lifetimes of ;g 1500
a- and BRyR channels and the percent of openings they 3
represent are presented in Tables 1 and 2. w
01 2 3 4 5 6 7 8 9 10 () s 10 15 20 25 30
msec msec
TABLE 2 Mean closed channel lifetimes
Treatment/ T Area T, Area T Area
channel type P, (ms) (%) (ms) (%) (ms) (%)
30 uM Ca**
@,[0.5 ms] 0.12 = 0.02 (11) 0.86 = 0.13(11) 46.0 = 6.3 425 +0.86 (11) 540 *63 - -
ay, [0.5 ms] 0.59 = 0.07 (6) 0.46 = 0.06 (6) 83.7x6.5 1.26 £ 0.17(5) 19.6 = 6.9 - -
B [0.5 ms] 0.71 £ 0.07 (7) 0.53 +0.05(7) 73.7*+95 1.51 = 0.25(6) 30795 - -
30 uM Ca?* + ATP
a; [0.5 ms] 0.94 + 0.02(2) 0.16 = 0.02 (2) 100+0 - - - -
ay, [0.5 ms] 0.94 £ 0.02 (3) 0.18 = 0.08 (3) 943+ 5.7 0.89 £ 0.00(1) 17.0 £ 0.0 - -
B [0.5 ms] 0.98 +0.01 (3) 025 £ 0.03(3) 947+ 1.8 0.85 £0.04 (3) 53+31 - -

Cumulative mean closed channel time constants and values for the percent of the channels represented by a time constant obtained for the o, a,;, and BRyR
channels activated by 30 uM cis Ca®* + 5 mM ATP. The bin size and the number of channels included in the analysis are shown in the square brackets
and parentheses, respectively. Values given are means = SEM. Purified RyR channel activities were recorded in symmetrical 210 mM KCl at a voltage

of =40 mV (cis negative).

and filled inverted triangles in Fig. 7 B showed a decline in
P, in the presence of micromolar Ca®*. This decline in the
activity of these two a;; channels was probably caused by a
switch from the high to the low (Ca®*-insensitive) activity
mode during the course of the experiment rather than by an
inhibition of channel activity by 30-300 uM Ca2*. The oc-
currence of this switch is supported by the observations that
channel activity was not increased by returning to lower Ca**
concentrations that previously had activated the channels. In
addition, both channels were activated by the subsequent
addition of 5 mM ATP in a manner similar to that observed
for the «; channels shown in Fig. 7 A.

In the presence of 5 mM ATP, aRyR channels were much
more active over a wide range of Ca’* levels than before
addition of the nucleotide (Fig. 7 D). This presumably rep-
resents the behavior of both o, and ay; channels, which can-
not be distinguished under these conditions. The extent of
channel activation by 30 uM Ca** before the addition of ATP
is indicated by the individual symbols in Fig. 7 D. In the
presence of ATP, maximal activation to a P, of 0.95 + 0.01
(N = 4) was observed in the presence of 30-200 uM Ca?*.

Moreover, aRyR channels were more active at lower Ca®*
concentrations in the presence than in the absence of nucle-
otide, with P values >0.5 being observed in submicromolar
Ca’* in two cases. The other channels shown were half-
maximally activated by 3.6 and 4.4 uM Ca?*. Increasing cis
Ca** to millimolar concentrations resulted in channel inac-
tivation. Half-maximal inhibition was observed at 2.12 *+
0.62 mM Ca** (N = 3). As shown in Fig. 7 D, aRyR channels
varied in their sensitivity to both the activating and inacti-
vating effects of Ca>* ions. The basis of this variability and
the possible involvement of unappreciated switching be-
tween the two gating modes is currently being assessed.
In the absence of ATP, BRyR channels were sensitive to
both activation and inhibition by Ca?* ions (Fig. 7 C). Half-
maximal and maximal activation of BRyR channels were
observed in 14.0 * 1.6 and 20-200 uM Ca®*, respectively
(N = 4). BRyR channels were activated to a greater relative
extent by Ca?* than by Ca?* + 5 mM ATP with maximal
activation increasing P, from 0.75 *= 0.05 (N = 4) in the
absence of ATP to ~1.0 (N = 3) in the presence of nucleotide
+ Ca®* >20 uM. Moreover, in the presence of ATP the
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FIGURE 6 Representative single-channel current traces recorded in the
presence of different cis (cytoplasmic) Ca®* levels in the absence and pres-
ence of 5 mM ATP from aRyR channels in both low (a;) and high (ay,)
gating modes and from a BRyR channel. Purified RyR channel activity was
recorded in symmetrical 210 mM KCl at a voltage of —40 mV (cis negative).
Note the differences in channel lifetimes between the a- and BRyR channels
and in the responses by all three channel behaviors to the activating and
inactivating effects of micromolar and millimolar cis Ca”*. These results are
summarized in Fig. 7. Zero current is indicated by the hash marks and
openings are upward.

activating effect of micromolar Ca?* was enhanced, with
half-maximal activation occurring at 1.8 = 0.3 uM Ca?*
(N = 3, Fig. 7 E). The inhibition of BRyR channel activity
by millimolar Ca?* (half-maximal inhibition at 1.36 + 0.43
mM Ca?*, N = 3) observed in the absence of ATP was no
longer evident in the presence of nucleotide. The extent of
activation of BRyR channels in the presence of Ca?* = ATP
was less variable than that observed for aRyR channels.
Thus, BRyR channels were activated half-maximally by
Ca®* concentrations that were ~2-fold lower than those re-
quired for a similar activation of oy channels, both in the
absence and presence of ATP. In the presence of ATP, the
concentration of Ca?* required for half-maximal activation
was decreased by a factor of 7 for both ay; and BRyR chan-
nels. The effects of both Ca®* and ATP on the activity of a-
and BRyR channels were fully reversible after perfusion of
the cis chamber.

Although activation and inactivation of a (ay) and BRyR
channels by micromolar and millimolar Ca®*, respectively,
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resulted in comparable changes in P, different relative
changes occurred in the mean open and closed lifetimes of
each channel type. This can be appreciated from comparisons
of the gating behavior of the channels at three different levels
of activation: suboptimal activating Ca?* (10 uM), maxi-
mally activating Ca** (30 uM), and inhibiting Ca?* (1-3
mM). To permit more direct comparisons of the gating ex-
hibited by both channels under these different conditions,
dwell-time histograms were normalized by conversion to
probability density functions (Colquhoun and Sigworth,
1983) to adjust for differences in the total number of events
in each record (Fig. 8 A-D). The relationships observed be-
tween the mean open and closed channel lifetimes for both
the ay; and B channels in the three different states of acti-
vation are shown in Fig. 8 E and Table 3.

As shown, an increase in cis Ca?* from 10 to 30 uM
increased the P, of an a; channel from 0.13 to 0.87 and
involved an increase and decrease in mean open and closed
times, respectively, that were of similar magnitude. For com-
parison, a BRyR channel exhibiting a comparable increase in
P, (0.16 to 0.86) with a change in Ca®* from 10 to 100 uM,
but in this case there was a larger decrease in mean closed
time than increase in mean open time. Similar differences in
the relative changes in mean channel lifetimes were observed
when cis Ca>* was increased to levels (3 mM) that inhibited
both channel types. For example, the change in «;; channel
P, (0.87 to 0.11) again involved similar relative changes in
mean open and closed times. A comparable change in the 8
channel P, (0.86 to 0.14) resulted from a larger decrease in
mean open time than increase in mean closed time.

The net result of these changes was that a; channels ex-
hibited comparable P, values and gating behaviors at sub-
optimal activating (10 ©M) and inhibiting (1 mM) Ca?* (Fig.
8, A, C, and E; also compare the current traces recorded in
pCas of 5.5 vs. 2.5 in Fig. 6). In contrast, although SBRyR
channels also exhibited similar P, values at low micromolar
and millimolar Ca**, quite different channel gating behaviors
were observed under these different activating conditions.
The shift to predominantly short openings and closings in
inhibiting (3 mM) Ca?* caused BRyR channels to resemble
aRyR channels in their gating, much more than that of BRyR
channels in suboptimal activating Ca®* levels (Fig. 8, B, D,
and E; also again compare current traces recorded in pCas of
5.5 vs. 2.5 in Fig, 6).

Unlike the case for Ca?* alone, activation of a;RyR chan-
nels by 5 mM ATP + 30 uM Ca?* involved dramatic
changes in both channel open and closed times, but the in-
crease in open times was larger than the decrease in closed
times (16.3- vs. 2.9-fold) (Table 3). Similarly, for BRyR
channels activation by ATP resulted in a greater increase in
mean open times than decrease in mean closed times (13.0-
vs. 3.0-fold), which is the opposite of the relative changes
produced in open and closed channel lifetimes during acti-
vation by Ca?* (Table 3). The magnitudes of the changes in
channel lifetimes were such that a;RyR channels activated
to comparable P, values by Ca®* or by Ca?>* + ATP had



1842 Biophysical Journal Volume 67 November 1994

1.0

VAP
osl CXL v+ AP
0.6}
Po @ ATP
FIGURE 7 The responses of purified o o4 D* ATP
channels in both the low (o) (A and D) and 02}
high (e,) (B and D) activity gating modes, and Z i
BRyR gl)nmnels (C and E) to activation and 0.0 e’s:ﬂso‘.-slo ‘ss :‘g 2;"?1
inactivation by Ca* in the absence (A—C) and 58 c
presence (D and E) of S mM ATP. The in- B . pLa
dividual symbols shown in A and D indicate o
the P_ values obtained for the different chan- ’
nels in either the presence (A) or absence (D) 08} aH .__.
of added ATP. The individual symbols labeled
“+ATP” in A indicate the P, of the same chan- 08} ﬁ \ \
nel indicated by the connected symbols after Po oal \ °
the addition of 5 mM ATP. The individual )
symbols labeled “(—) ATP” in D indicate the 02} / , \ \v \
P, of the same channel indicated by the con- 4; ,’ v o\
nected symbols before the addition of 5 mM 00 {9—8 . Ny v-—9 . . . .
ATP. In B, two channels (¥, ¥) switched from €5 80 55 50 45 40 35 30 25 85 60 55 50 45 40 3.5 30 25
the high to the low activity mode at the peak C pCa pCa
of the Ca®>* response curve. Both of these *
channels could still be activated by ATP. Pu- 0
rified RyR channel activity was recorded in o8t
symmetrical 210 mM KCl at a voltage of —40
mV (cis negative). 0.6 9.'-\ Q:*.
Po \ \ \
0.4} gy \
o2t /é? o
on:!-—ﬂﬂ=.’

85 60 55 50 45 40 35 30 25
pCa

similar gating behaviors. In contrast, BRyR channels acti-
vated by Ca?* and by Ca?* + ATP had quite different gating
kinetics. This can be appreciated by comparing the current
traces for the channels shown in Fig. 6 recorded in a pCa of
4.5 in the absence with those recorded ina pCa of 5.5 + ATP
(conditions that produce comparable P, values, e.g., Fig. 7).
Effects similar to those noted above for ATP were also
obtained with AMP.

Caffeine

The activating effects of caffeine were tested in the presence
of 10 pM Ca®*, which is suboptimal for channel activation.
Caffeine at concentrations of 1-10 mM produced similar
increases in the activities of both a- and BRyR channels
(n = 3). For example, as shown in Fig. 9, 1 mM caffeine
increased the P, observed for a- and SRyR channels from
0.19 to 0.35 and 0.20 to 0.46, respectively.

Ruthenium red and Mg?*

These agents decrease the P, of mammalian RyR channels
(Smith et al., 1986); therefore, the chicken skeletal muscle
RyR channels were exposed to ATP + 10 uM Ca?* to permit
the effects of these agents to be tested at comparable levels
of channel activation. Each of these agents diminished the P,

of the a- and BRyR channels. Ruthenium red (1 uM, n =
2-3) essentially abolished all channel activity (Fig. 9). When
Ca’* was maintained at a constant level, the addition of 0.5
mM Mg?* exerted similar and marked inhibitory affects on
both a- and BRyR channels (r = 3). For example,-as shown
in Fig. 9, this level of Mg?* reduced the P, of an aRyR
channel from 0.69 to 0.02 and that of a representative BRyR
channel from 0.84 to 0.14.

Ryanodine

The hallmark for RyR channels is modification by micro-
molar levels of the plant alkaloid ryanodine to a conforma-
tion exhibiting a long-lived subconductance state (Rousseau
et al., 1987; Imagawa et al., 1987). Consistent with our pre-
vious identification of both proteins as RyR isoforms based
on [*H]ryanodine binding (Airey et al., 1990), both the a- and
BRyR channels (n = 5) were modified to subconductance
states with similar amplitudes (59% of full opening) by
0.1 uM ryanodine (Fig. 10).

Voltage

The activity of both the a- and BRyR channels was sensitive
to the voltage applied across the bilayer. Making the cis (cy-
toplasmic) side of the bilayer negative relative to the trans
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TABLE 3 Alteration of o, and BRyR mean channel lifetimes
by Ca** and ATP

Mean open lifetimes (ms)

ayRyR BRyR
Ca** (10 uM) 0.17 [0.12] 0.92 [0.16]
Ca’* (30 uM) 0.94 [0.87] 1.72 [0.86]
Ca’* (1-3 mM) 0.30 [0.11} 0.21 [0.14]
Ca’* (30 uM) 0.50 [0.59] 2.39 [0.71]
Ca** (30 uM) + ATP (5 mM) 8.14 [0.94] 30.96 {0.98]

Mean closed lifetimes (ms)

Ca®* (10 M) 1.03 7.48
Ca®* (30 uM) 0.38 0.70
Ca®* (1-3 mM) 2.40 295
Ca* (30 M) 0.63 0.85
Ca®* (30 pM) + ATP (5 mM) 0.22 0.28

Mean open and closed lifetimes for the a and BRyR channel currents re-
corded in suboptimal activating Ca** (10 uM), maximally activating Ca**
(30-100 uM) and inhibiting Ca* (3 mM) and in maximally activating Ca*
in the absence and presence of S mM ATP. The P, values observed under
each condition are shown in the square brackets. The upper three values in
each column are from a single channel, whereas the lower two values rep-
resent mean values taken from Tables 1 and 2.

(luminal) side resulted in continuous channel activity. In con-
trast, making the cis (cytoplasmic) side of the bilayer positive
led to the appearance of a long-lived closed state (Fig. 11).

After such closings, a change back to a negative polarity
(noted by the asterisk in Fig. 11) was generally required to
reinitiate channel openings. Although these effects have not
yet been studied in detail, the inhibitory effect of positive
voltages was seen within seconds of switching to voltages
=+40 mV. This effect depended in an inverse manner on
both the magnitude of the imposed voltage and time (e.g., the
larger the applied voltage, the shorter the time required for
channel inactivation).

Perchlorate

The results of recent studies suggest that perchlorate anions
affect the SR Ca?* release activation process in skeletal
muscle cells involving interactions between the dihydropy-
ridine receptors and RyR (for references, see Gallant et al.,
1993; Gonzalez and Rios, 1993; Ma et al., 1993;). Consistent
with this possibility, E-C coupling in mammalian cardiac and
crayfish skeletal muscles, which utilizes a Ca’*-induced
Ca®* release mechanism to activate SR Ca®* release, was not
affected by perchlorate (Ma et al., 1993; Gyorke and Palade,
1992). Moreover, perchlorate anions appear to activate the
RyR channel directly through actions at an inorganic phos-
phate binding site (Fruen et al., 1994a, b).



1844
CHANNEL MODIFIERS
o B
Po = 0.89 Po=0.84
ORI Contol TN
L T T
Po=0.02 Po=0.14
= oo eesbbadontek Mg2+ N1 TN TN W O N A
RO TS T NSO Twe Vil B "T DO 1T
Po=071 Po=0.65
THYPUNIT™YY  Contol sy e
JSUTTIATI L ST i
Po=0.00 Po=0.01
- - Ruth.Red - e
Po=0.19 Po=0.20
AL b GO _ L taa s
IR PIRY Ty o LA
P0=0.35 Po=0.46
UMM cofteine . ru ik,
|
25 ms

FIGURE 9 The effects of the RyR channel inhibitors, Mg?* (0.5 mM, top
panels) and ruthenium red (1 uM, middle panels), and the channel activator,
caffeine (1 mM, bottom panels), on a (left panels) and BRyR (right panels)
channel activity. The P_ values obtained for each condition are shown above
the corresponding pair of current traces. Purified RyR channel activities
were recorded in symmetrical 210 mM KCl at a voltage of —40 mV (cis
negative). Channels were activated by 10 uM Ca’* + 5 mM ATP in the
Mg?* and ruthenium red studies and by 10 uM Ca®" in the caffeine ex-
periments. Zero current is indicated by the hash marks and openings are
upward. The vertical calibration bar represents 30 pA for all traces except
those showing the responses of BRyR channels to caffeine. In the latter case,
the calibration bar indicates 50 pA, as a lower gain was used to plot the
currents from two B channels present in this bilayer.

We used protocols developed by Ma et al. (1993) to assess
whether perchlorate affected either of the chicken skeletal
muscle RyRs. In these studies, the probability of channel
opening was decreased before exposure to perchlorate by
adding either 5 mM MgCl, to block the channel (n = 3) or
EGTA to decrease the concentration of activating Ca®* in the
cis chamber to submicromolar levels (n = 6-8). As shown
in the left panels of Fig. 12, perchlorate anions (20 mM)
increased the activity of the RyR channel in a manner simi-
lar to that observed for the rabbit skeletal muscle RyR (Ma
et al., 1993). In contrast, perchlorate anions (2040 mM) did
not produce similar increases in the activity of BRyR chan-
nels (Fig. 12, right panels). Comparable results were ob-
tained using EGTA to decrease channel activity (data not
shown).

Microsomal membranes: ryanodine-sensitive
channel activities

The purification of integral membrane proteins involves the
possibility that the functional properties of the protein may
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FIGURE 10 Modification of purified a (left) and B (right) RyR channels
by 0.1 uM ryanodine to a long-lived subconductance state. The modification
indicated by the arrowheads occurs in the third trace in each panel. Currents
were recorded in symmetrical 210 mM KCl at a voltage of —40 mV (cis
negative). 10 uM Ca?* and 5 mM ATP were added to the cis (cytoplasmic)
chamber to activate the channels. Ryanodine (0.1 uM) was subsequently
added to the cis chamber. Zero current is indicated by the hash marks and
openings are upward. For both « and B channels, the amplitude of the
substate current was 59% of that observed for the full open state recorded
before the addition of ryanodine.
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FIGURE 11 Inactivation of purified « (left) and BRyR (right) channels
by the imposition of positive voltages (cis or cytoplasmic side positive). The
voltage was changed from —40 to +40 mV just before the start of the first
current trace. Shortly before the seventh current trace, indicated by the
asterisk, the voltage was changed back to —40 mV to demonstrate reacti-
vation of the channel. The records shown are consecutive. The current traces
shown were recorded in symmetrical 210 mM KCl at a voltage of +40 mV
(cis positive). 3 uM Ca®>* and 5 mM ATP were present in the cis chamber.
Zero current is indicated by the hash marks.

be altered. This can be caused by either the procedures uti-
lized to extract the protein from membranes or a failure to
establish conditions that reproduce those in native mem-
branes when assaying protein activity. The chicken skeletal
muscle a- and SRyRs differ in their biophysical properties.
For example, the a- and BRyRs differ in the ease with which
they incorporate into bilayers. It is more difficult to fuse the
aRyR, with relatively longer periods of stirring being re-
quired, whereas BRyRs fuse more readily, and frequently
multiple BRyR channels are incorporated. In addition, [°H]-
ryanodine binding by each isoform is altered differently by
changes in the concentrations of CHAPS and PC (data not
shown). Such behavior suggested that the ion channel prop-
erties of these proteins could be influenced differentially by
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FIGURE 12 Perchlorate activates purified a, but not 8, RyR channels.
Stationarity plots (P, values calculated every 256 ms) are shown in the top
left panel for a and top right panel BRyR channels. Corresponding current
traces recorded in symmetrical 210 mM NaCl at a voltage of —40 mV (cis
negative) are shown in the left () and right (8) panels. 30 uM Ca®* was
added to both the cis and trans chambers. After 4-6 min of recording under
control conditions, S mM Mg** was added to both cis and trans chambers
to inhibit channel activity. After an additional 3—-5 min of recording, 20 mM
Na perchlorate was added to both the cis and frans chambers. Note that
perchlorate activates the «, but not the 8, RyR channel. Zero current is
indicated by the hash marks and openings are upward.

the protein purification and/or assay systems used. To in-
vestigate this possibility, we assessed whether ryanodine-
sensitive channels with properties similar to those found for
purified «- and BRyRs were observed after fusion of native
SR membranes with the bilayer.

RyR channels with conductance and gating characteristics
similar to those of the purified receptor proteins were ob-
tained after incorporation of SR membranes (Fig. 13). Chan-
nels like those observed with purified aRyRs, exhibiting
very short, spike-like openings were found. These channels
also mimicked aRyR channels in their relative sensitivities
to activation by Ca?* in the presence and absence of ATP and
the observation of both the low and high activity gating
modes. A second channel type that had longer openings and
a greater sensitivity to activation by Ca?* than by ATP, simi-
lar to the purified BRyR, was also observed (Fig. 13). The
difference in the current amplitudes obtained for purified and
SR membrane-derived RyR channels is due to the use of K*
and Cs*, respectively, as the charge carrier. The Cs* con-
ductances of purified and membrane-derived channels were
identical.
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FIGURE 13 RyR channels having properties similar to those observed for
the purified « (top left) and B (bottom left) RyR channels are observed after
fusion of native SR membranes with bilayers (right panels). Purified RyR
channel activities were recorded in symmetrical 210 mM KCl and 30 uM
cis Ca?* at a voltage of —40 mV (cis negative). RyR channels derived from
native SR membranes were recorded in symmetrical 210 mM CsCl. Note
the amplitude of the currents recorded in CsCl is less than that of ones
recorded in KCI. The respective P, values for each preparation are given
above each set of current traces. Zero current is indicated by the hash marks
and openings are upward.

DISCUSSION

The results of the present studies lead to two general con-
clusions. First, both the a- and the BRyR isoforms in chicken
skeletal muscle fibers embody ryanodine-sensitive Ca?*
channels having similar conductance characteristics. Second,
the chicken skeletal muscle receptor isoforms differ in their
gating behaviors, in the extent and manner in which they
respond to activation and inactivation by Ca?* and activation
by ATP and in a number of physical properties.

Both of the chicken skeletal muscle RyR isoforms form
high conductance Ca®* channels and in this regard, they are
similar to the two RyR isoforms co-expressed in frog skeletal
muscles (Murayama and Ogawa, 1992; Bull and Marengo,
1993). The conductances and relative permeabilities of
mono- and divalent cations are similar for the chicken «- and
BRyR isoforms. The conductance properties observed for
these proteins in the present studies are generally similar to
those reported for the mammalian RyR isoforms (Williams,
1992), indicating that the functional attributes of the con-
duction pore in this protein have been conserved between
these species. The conductance of both the a- and SRyR
channels was greater for K* than for Cs™. In this regard, the
chicken skeletal muscle receptors resemble the RyR ex-
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pressed in sheep heart, which has the same conductance order
for these cations (Lindsay et al., 1991), but differ from the
rabbit skeletal muscle RyR, which has a conductance order
of Cs* > K* (Smith et al., 1988). A P,:+/Py+ ratio of 7.4 was
observed for both the a- and BRyR channels, which is iden-
tical to the value observed for the sheep cardiac RyR (Lind-
say and Williams, 1991) and comparable to that (6.6) re-
ported for the rabbit skeletal muscle receptor (Smith et al.,
1988).

Although the a- and BRyR channels have similar con-
ductance characteristics, they have marked differences in
their gating properties and their relative responses to Ca?*
and ATP.

aRyR

aRyR channels are characterized by having short, spike-like
openings at all levels of activation. The P, values observed
for different aRyR channels in 30 uM (cis or cytoplasmic)
Ca’* varied over a 14-fold range. This extensive variability
is caused, at least partially, by the ability of these channels
to assume two gating modes. aRyR channels can reside in
either mode in a relatively stable fashion, e.g., for minutes
at a time, and they can switch between gating activities in a
reversible manner. Channels in the two gating modes differ
in the extent that they can be activated by Ca?* and ATP. For
example, in the low activity mode, aRyR channels have low
P, values and are minimally responsive to the activating ef-
fects of Ca®* in the absence of ATP, whereas channels in the
high activity mode have greater P, values in response to
activation by Ca**. The switch from the low to the high
activity mode involves the appearance of a new open state
characterized by a longer time constant (Table 1). This sug-
gests that the switch results from the opening of a new path-
way to a longer-lived open state and a consequent destabi-
lization of a closed state or states.

Ion channel activity is regulated by stabilization of the
channel protein in conformations having specific gating
properties. It is likely that channel proteins can spontane-
ously assume these same conformations in the absence of
channel modifiers, albeit less stably. Thus, the ability of the
aRyR channel to exhibit two quite different gating modes
suggests that regulation of this channel has dramatic effects
on its activity as a Ca** release channel in situ, influencing
both activation and inactivation. Meissner et al. (1989) have
shown that limited proteolysis causes activation of the mam-
malian skeletal muscle RyR channel. The observation that
aRyR channels can switch between the two gating modes in
a reversible manner demonstrates that although an irrevers-
ible change, such as proteolysis, or other forms of protein
degradation, e.g., unfolding, could stabilize one of the con-
formations, it is not required for switching. Reversible pro-
cesses, such as protein phosphorylation (Witcher et al., 1991;
Takasago et al., 1991; Wang and Best, 1992; Yoshida et al.,
1992; Herrmann-Frank and Varsanyi, 1993) or the binding
of a modulating ligand, could also stabilize the protein in one
of the gating modes. An example of the latter could be the
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FKS506 binding protein, a peptidyl-prolyl cis-trans isomerase,
which has been found recently to influence the activity of the
mammalian skeletal muscle RyR isoform (Jayaraman et al.,
1992; Timerman et al., 1993). We are currently investigating
the influences of these as well as of other types of channel
protein modifications. The alterations in the activity of L-
and N-type Ca®* channels produced by dihydropyridines and
norepinephrine, respectively, have been shown to result from
stabilization of conformations of these proteins having dif-
ferent gating modes (Hess et al., 1984; Nowycky et al., 1985;
Delcour and Tsien 1993).

The variability in the aRyR channel responses to both the
activating and inactivating effects of Ca?* observed in the
presence of ATP (Fig. 7 D) suggest that more than one type
of modification is involved. It is possible that the variable
responses to the inactivating effects of high concentrations
of Ca®* were caused in part by a switch from the high to low
gating mode during the course of the experiment. Because
channels in both modes have similar P, values in the presence
of micromolar Ca?* + ATP, a switch between the modes
would not have been detectable under these conditions. It
will be important to establish the basis of this variability in
activation and inactivation states to understand the in situ role
of this jon channel in skeletal muscle E-C coupling.

BRyR

The most numerous SRyR channel openings are significantly
longer than those observed for aRyR channels, and the iden-
tity of these channels can be established on this basis in low
levels of activating Ca?* (e.g., compare the current traces
recorded in a pCa of 5.5 shown in Fig. 6). The P, values
recorded for BRyR channels in 30 pM cis Ca** were also
variable, but over a narrower range (2.25-fold) than was ob-
served for aRyR channels. In comparison with those of
aRyR channels, the responses of the BRyR channels to Ca?*
+ ATP were more reproducible from experiment to experi-
ment. Single SRyR channels exhibited spontaneous varia-
tions in activity. The transitions between these different ac-
tivity levels were very rapid and similar to those reported for
a number of channel types. Millimolar concentrations of
Ca’* inhibited BRyR channel activity, but only in the ab-
sence of ATP.

«a vs. BRyR

The different nature of the - and BRyR channels is indicated
by the activation of 8 channels by lower Ca®* concentrations
than those required to activate a channels, and by the manner
in which these channels responded to activation and inhi-
bition by Ca** and to activation by ATP. Activation of aRyR
channels by Ca** involved relatively similar changes in mean
open and closed times. Inhibition of aRyR channel activity
by high Ca?* levels resulted from the reversal of these
changes. The relative magnitudes of the changes in both open
and closed times are such that «RyR channels maintain their
short, spike-like opening pattern at all levels of activation and
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in both Ca®* and Ca®* and ATP (cf. Fig. 6). The aRyR chan-
nel had more very short (unresolved) openings in the pres-
ence of suboptimal Ca®* than in inhibiting Ca?*. In contrast,
activation of BRyR channels by Ca>* involved a greater de-
crease in mean closed time than increase in mean open time.
Inhibition of BRyR channels by millimolar Ca?* involved
greater changes in mean open time than in mean closed time.
As can be appreciated from the current traces shown in Fig. 6,
the relative magnitudes of these changes cause BRyR chan-
nels to have quite different gating behaviors in the presence
of different cis Ca** concentrations. For example, in milli-
molar Ca>*, BRyRs resemble aRyR channels.

In contrast to the differences in the changes produced in
the gating of the a and B channels by Ca?*, the behavior of
both channel types was altered in a similar manner during
activation by ATP (Table 3). This involved marked increases
in open channel lifetimes accompanied by more modest de-
creases in closed times. Thus, although similar P, values are
attained, the gating behaviors of the a- and BRyR channels
differ depending on whether they are activated by Ca®* or
ATP. In the case of BRyR channels, Ca>* appears to desta-
bilize a closed state, whereas ATP stabilizes an open state.
Whether such differences in channel behavior at the single-
channel level are important to the contributions made to the
SR Ca** release transient by each channel type remains to be
determined. The importance of the effects of adenine nucle-
otides on the activity of both the a- and BRyR channels in
situ is not understood. If either the levels of nucleotide in the
vicinity of the RyR channels or the influences exerted by the
nucleotides on the channels vary under physiological con-
ditions, the activity of both RyR channels could be altered
dramatically. The differences between a- and BRyR channel
open durations were even more marked in the absence of
ATP, where o channels exhibited a larger number of open-
ings that were too brief to be resolved with the bilayer sys-
tem. Although the physiological significance of such very
short openings remains to be determined, it may be specu-
lated that they are more efficient at providing Ca?* for ac-
tivation of adjacent channels than for increasing Ca?* in the
vicinity of the myofibrils. Clarification of the importance of
the regulatory influences of adenine nucleotides may require
the expression of mutant RyRs in which nucleotide binding
has been abolished in an otherwise normal muscle cell back-
ground. As recently shown by Sanchez and Vergara (1994),
analysis of the effects of ATP released from caged ATP on
SR Ca®* release may also provide insights into this issue.

Although two RyR isoforms are also co-expressed in skel-
etal muscles in frogs and fish, systematic investigations of
the ion channel properties of the receptor isoforms in these
species have not been reported. There have been several re-
ports concerning the ion channel properties of the RyRs ex-
pressed in frog skeletal muscles (Suarez-Isla et al., 1991;
Murayama and Ogawa, 1992; Bull and Marengo, 1993).
Murayama and Ogawa (1992) have shown that each of the
frog RyR isoforms embodies an ion channel that is activated
by both Ca** and ATP and inhibited by ruthenium red. Bull
and Marengo (1993) observed channels exhibiting different
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sensitivities to activation by Ca* after fusion of frog skeletal
muscle SR membranes with bilayers. One channel type was
activated half-maximally by ~10 uM Ca®*, maximally ac-
tivated (P, ~0.6) by ~30 uM Ca**, and inhibited by Ca®*
concentrations =100 M. The second channel type was ac-
tivated to half-maximal levels by ~1 uM Ca?*, reached a
maximal P, of ~1.0 in ~30 uM Ca**, and was not inhibited
by Ca** concentrations up to 1 mM. The difference in the
Ca** concentrations required for activation of these channels
is similar to that observed for the chicken a- and BRyR re-
ceptors in the present studies. Given the variability we have
observed in the activation of the chicken a- and BRyR iso-
form channels, the ability of ATP to change the sensitivity
of both of the chicken channel types to the activating and
inactivating effects of Ca®*, and the fact that the results of
Bull and Marengo were obtained with intact SR membranes
containing both RyR isoforms, it is difficult to compare their
data with those we have obtained with purified RyRs in a
more specific manner.

The results of the present studies offer some suggestions
concerning the possible roles of each of the chicken skeletal
muscle RyR isoforms in E-C coupling in situ. As noted in the
Introduction, two mechanisms have been proposed to acti-
vate the release of SR Ca®* in skeletal muscles. The first
involves interactions between dihydropyridine receptor and
RyRs, whereas a Ca>*-induced Ca®* release mechanism un-
derlies the second. Although the first mechanism generally
is accepted in principal, it is unclear whether the intermo-
lecular interactions involved occur directly between the two
receptors or whether intermediary proteins are required
(Caswell and Brandt, 1989). The extent to which Ca?*-
induced Ca** release occurs in vertebrate skeletal muscle
fibers is somewhat more controversial, and differing results
have been obtained in different laboratories (e.g., Rios and
Pizarro, 1988; Jacquemond et al., 1991; Jong et al., 1993).
Recently, an additional complexity has been reported by Es-
cobar et al. (1994), who found kinetic differences in the Ca®*
release transients recorded near the z- and m-lines within a
single sarcomere in frog fast twitch skeletal muscle fibers.
These results suggest that either spatially or mechanistically
distinct processes are involved in activating SR Ca?* release
in these muscles.

If both mechanisms are utilized to activate SR Ca®* release
in situ, then an obvious possibility is that each of the two RyR
isoforms in nonmammalian vertebrate skeletal muscles can
be specialized to subserve one of the mechanisms. In this
case, one isoform would be adapted for interactions with the
dihydropyridine receptor, whereas the other would be more
sensitive to activation by Ca?*. The first isoform would share
features with the RyR isoform expressed in mammalian skel-
etal muscles. In cardiac muscle, only a Ca?*-induced Ca?*
release mechanism appears to activate SR Ca®* release.
Thus, if we make the assumption that the Ca?*-induced Ca?*
release mechanisms are similar in skeletal and cardiac
muscles, then the second chicken skeletal muscle RyR might
be anticipated to have properties in common with the mam-
malian cardiac RyR isoform. Therefore, it is of interest to
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compare the properties of the chicken skeletal muscle a- and
BRyR receptors with those reported for the mammalian skel-
etal and cardiac muscle RyR isoforms.

The chicken a- and SBRyRs do have a number of properties
in common with the mammalian skeletal and cardiac muscle
isoforms, respectively. The o- and mammalian skeletal
muscle RyR isoforms both have relatively short openings and
(at least under some conditions for the aRyR) both are rela-
tively inactive in the presence of Ca?* alone and are activated
to relatively greater extents by adenine nucleotides than by
Ca?* (Smith et al., 1988). The chicken $ and the mammalian
cardiac muscle (Anderson et al., 1989; Rousseau et al., 1986)
RyRs have similar properties in that both channels have
longer openings, are activated at lower Ca?* concentrations
than the aRyR and the mammalian skeletal RyR channels,
respectively, and both are activated to a greater relative ex-
tent by Ca>* than by ATP. In addition, activation of both the
B and the mammalian cardiac RyRs by Ca®* occurs via an
increase in the frequency of opening with relatively little
effect on the duration of open events.

Although the preceding similarities provide circumstantial
evidence for common physiological roles of the aRyR/
mammalian skeletal muscle and BRyR/mammalian cardiac
RyR pairs, the finding that perchlorate anions activate the a-,
but not the B-, RyR isoform has more direct implications. As
noted above, work from several laboratories has demon-
strated the ability of perchlorate to enhance E-C coupling in
skeletal muscle. This effect has been proposed to be specific
for E-C coupling processes involving dihydropyridine
receptor-RyR interactions (Rios et al, 1993). Consistent with
this notion, perchlorate does not effect E-C coupling in mam-
malian cardiac (Ma et al., 1993) or barnacle muscle fibers
(Gyorke and Palade, 1992), both of which utilize only the
Ca®*-induced Ca®* release mechanism to activate SR Ca®*
release. In addition, perchlorate ions increased the activity of
mammalian skeletal muscle RyR channels reconstituted in
planar lipid bilayers, and this effect has been proposed to
underlie the actions of the ions on muscle E-C coupling (Ma
et al., 1993). Recently, perchlorate has been shown to act at
the same site utilized by inorganic phosphate to influence the
activity of the mammalian skeletal muscle RyR channel
(Fruen et al., 1994a, b). Consistent with the lack of effect of
perchlorate on E-C coupling in cardiac muscle, inorganic
phosphate does not alter the behavior of the mammalian car-
diac RyR (Fruen et al., 1994), suggesting that the cardiac
receptor lacks the site affected by phosphate and perchlorate.
The activation of -, but not 8-, RyR channels by perchlorate
suggests that the aRyR can be positioned to interact with the
dihydropyridine receptor. If this is the case, it would be pre-
dicted that perchlorate anions would enhance E-C coupling
when the aRyR is expressed, e.g., in both embryonic and
neonatal chick skeletal muscles (Sutko et al., 1991), but not
when this isoform is absent, e.g., in Crooked Neck Dwarf (cn)
mutant muscle cells (Airey et al., 1993a, b). We are currently
working to test this prediction and to establish the effects of
inorganic phosphate on the a- and SRyR channels.
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The ability of positive potentials on the cis (cytoplasmic)
side of the bilayer to inactivate both the a- and BRyR chan-
nels suggests an additional way in which the activity of these
channels could be regulated in situ. The release of Ca* is not
thought to cause a sustained electrical potential change
across the SR membrane because of the presence of both
chloride and potassium compensating currents (Meissner,
1988; Abramcheck and Best, 1989). The RyR channel in-
activation observed at positive voltages was dependent on
both voltage and time in an inverse manner. The greater the
magnitude of the applied voltage, the shorter the interval
before inactivation was observed (A. L. Percival, J. A. Airey,
and J. L. Sutko, unpublished observations). With both chan-
nel isoforms, this activation involved the appearance of a
very long-lived closed state, and in many cases the sign of
the applied voltage had to be reversed before the channel
would again open.

A voltage (and time)-dependent RyR inactivation could
serve to regulate channel activity in a manner sensitive both
to the quantity of Ca?* released and the reestablishment of
a normal level of Ca®* (or of a compensating ionic charge)
within the SR lumen. This could permit the release of a re-
producible quantity of Ca®* sufficient to activate fully, but
not overload, the fiber in response to each excitation. The
extent that the inactivation of SR Ca®* release by Ca®* in-
volves or interacts with an associated Ca2* diffusion poten-
tial remains to be determined. This aspect may be addres-
sable by comparing the effects of voltage under conditions
that result in the presence and absence of Ca’*-dependent
inhibition (e.g., on BRyR channels in millimolar cis Ca?* *
ATP, see Fig. 6, C and E). Fill et al. (1989) reported a
voltage-dependent gating of the mammalian skeletal muscle
RyR channel. This involved channel inactivation at negative
voltages that was observed at a pH of 7.2, but not at 7.4.
Because of its dependence on pH and voltages of the opposite
polarity, this appears to be a different phenomenon from that
observed in our studies.

Channel activities identical to those observed for purified
a- and BRyRs were found after fusion of native SR mem-
branes with the bilayer. This was important because after
purification the two isoforms have different physical prop-
erties, as indicated by the differences in the ease with which
they could be incorporated into bilayers and in the effects of
changes in detergent-lipid levels on [*H]ryanodine binding.
These results raised the possibility that some of the differ-
ences observed in the ion channel properties of the two iso-
forms could be attributed to varying responses to the solu-
bilization and purification procedures. This does not appear
to be the case, because similar differences in gating and in
relative responses to activation by Ca?* and ATP were ob-
served when both purified proteins and native membranes
were studied.

Recent evidence from several laboratories (Oyamada
et al., 1994; V. Sorrentino, personal communication; J. A.
Airey, unpublished observations) suggests that the BRyR
expressed in frog and chicken skeletal muscles is most
homologous to the mammalian RyR3 isoform. Therefore,
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investigations of the former protein may provide insights
into the functional properties of the latter isoform,
which was cloned and sequenced from mammalian brain
(Hakamata et al., 1992).

In conclusion, the a- and BRyR isoforms co-expressed in
chicken skeletal muscles contain ryanodine-sensitive, Ca%*
release channels with similar conductance and selectivity
characteristics. Previous studies have demonstrated the po-
tential for differential regulation of the a- and BRyR chan-
nels, because these two proteins differ in the extents to which
they are phosphorylated by Ca®*-calmodulin-dependent and
cAMP-dependent protein kinases and to which they bind
calmodulin (Airey et al., 1993c). The present results dem-
onstrate directly that the channels associated with each iso-
form differ in their gating properties and in their sensitivities
to channel modifiers. Because of such differences, these pro-
teins may have distinct roles in E-C coupling in chicken
skeletal muscle. The differential expression of the isoforms
in embryonic muscle (Sutko et al., 1991), the sustained ex-
pression of both isoforms in mature muscle (Airey et al.,
1990), and the failure to develop normal E-C coupling in
cn/cn muscle in the absence of normal aRyR protein (Airey
et al., 1993a, b) suggest that the activity of each isoform is
essential for the normal development of embryonic muscle
and for mature muscle function.
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