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Highly Cooperative and Hysteretic Response of the Skeletal Muscle
Ryanodine Receptor to Changes in Proton Concentrations

Jianjie Ma and Jiying Zhao
Deparmnt of Physiolo and Biophysics, Case Western Res University School of Mediie, Clveland, Ohio 44106 USA

ABSTRACT Ryanodine receptors are key molecules in excitaton-contation coupling of skeletal muscle. They form the pore
of the caium release channel, which is regulated by Ca and ATP. Multipl proton titration sites are involved in controlig the
different open states of te channel, as in ted by the folowing: i) the channel had a biphasic response to changes in proton
concentrations around neutral pH; ii) the activities of the channel were inhibited by acidic pHs in a highly cooperative manner;
and iii) the channel exhibited pronounced hysteresis to changes in pH. Four distinct conductance states can be ikntfied in the
single ryanodine-acfivated calcium release channel. The distruon of the multiple conductance states depends on the level
of [Ca], ATP, and pH in the recording solution. The data are consistent with the multimeric structure of the skeletal muscle
ryanodine receptor.

INTRODUCTION

The dihydropyridine receptor of the transverse tubule (TIT)
membrane and the ryanodine receptor of the sarcoplasmic
reticulum (SR) membrane are the two major proteins in-
volved in excitation-contraction (E-C) coupling of skeletal
muscle (Fleischer and Inui, 1989; Numa et al., 1990; Rios
et al., 1992; McPherson and Campbell, 1993). The ryanodine
receptor is a single polypeptide of -560 kDa that normally
exists in a homotetrameric structure (Inui et al., 1987;
Imagawa et al., 1987; Lai et al., 1988), which contains two
functional domains: a C-terminal hydrophobic domain that
forms the conduction pore of the Ca release pathway, and a
large hydrophilic domain that spans the junctional gap be-
tween the IT and SR membranes (Takeshima et al., 1989,
Wagenknecht et al., 1989; Zorzato et al., 1990). The dihy-
dropyrdine receptors sense the electrical excitation signal
across the 1T membrane, thereby triggering the opening of
the Ca release channel that allows for contraction of the skel-
etal muscle (Rios et al., 1991). Although the ryanodine re-
ceptor has been purified and cloned, very little is known on
the structure of the calcium release channel, particularly the
number of the 560 kDa polypeptides that are involved, and
the interactions among these polypeptides, in forming the
functional channel.
The Ca release channel is a large nonselective pore with

many properties that resemble a ligand-gated channel (Smith
et al., 1985, 1988; Ma et al., 1988; Ma, 1993). The activity
of the channel reconstituted into lipid bilayers is controlled
by myoplasmic Ca concentration through activation and in-
activation mechanisms. Ca in the nanomolar to micromolar
concentration range activates the channel, whereas in the
micromolar to millimolar concentration range it inhibits the
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channel. Millimolar ATP in the myoplasmic solution en-
hances the channel activity without altering the Ca-
dependent regulation of the channel (Zhou et al., 1994).
The skeletal muscle Ca release channel is sensitive to

changes in proton concentrations. Slightly acidic pHs (pH
6-7) inhibit the channel activity (Ma et al., 1988; Rousseau
and Pinkos, 1990). The mechanism of inhlbition, however,
is not well understood. Studies carried out in this paper are
focused on the following three questions. First, are the effects
of pH reversible? Second, what are the cooperative interac-
tions among Ca, ATP, and pH on the Ca release channel?
Third, how does pH affect the multiple conductance states of
the channel?

MATERIALS AND METHODS
Heavy SR membranes were isolated from the rabbit skeletal muscle fol-
lowing the p ue of Meisse (1984). Briefly, vesicles coning the
Ca release channel were recovered from the 35-40% region of sucrose
gradients that contained membranes sedimenting at 2,600-35,000 x g. The
membrane vesiles were stored at -800C at a concentration of 3-5 mg
protein/mL Five diffent preparati were used in the present studies.

Planar bilayers were formed across an aperture of 200 pam diameter with
a mixture of phosphatidykthanolamine phosphatidylserine: cholesterol
(6: 6: 1); the lipids were dissolved in decane at a conentation of 40.mg
lipid/ml decane. The SR vesicles (1-3 p1) were added to the as sohli
The rding so n contamed symmetical 200 mM Cs-ghuonate. pH
was buffered with 10mM HEPES, and Ca was buffered with 1 mM EGTA.
The initial free [Ca] in the cis solion was 6 pMK the conntration can be
increased (or decreased) by adding cahibrated amoumt of CaCl2 (or EGTA).
The free [Ca] in the trans sohlton was always 6 pLM (measued with a Ca
sensifive electrode). Changes in pH were achieved by adding cahlbrated
amount of CsOH or Ha to both cis and trans solutions. To achieve equi-
ibrinum or pseudo-equlibrim open probability of the channel, the mea-
surements were always started 3-5 min after each change in pH. The ex-
periments were performed at room temperature (22-24°C).

Orientation of the channel in the lipid bilayer was always cis-
myoplasmic, trans-luminal SR, as determined by the sensifivity of the chan-
nel to cis Ca and ATP. Those channels with opposite orientation, which
accounts for less than 5% of the total experments, were not used in the
present sudy.

Single channel currents were measured with an Axopatch 200A ampli-
fier. A pulse protocol was used, that started from a hokling potential of 0
mV to different test voltages. The acquisition started 250 ms after the pulse,
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to avoid the capacitance tansient The records were filtered at a cutoff
fruency of 2 kHz, and digiized at a rate of 10 pointms. The analyses
of single channel data were perfonred with the pCLamp software. Bilayers
with multiple channels were excluded from the analysis.

RESULTS

Ca and ATP dependenc of the skeletal muscle
Ca rease channel

To measure the Ca release channel actity from the heavy
SR vesicles, the foliowing recording solution was used: 200
mM Cs-gluconate, 10mM HEPES-TRIS (pH 7.5), 6 p.M free
[Ca] (buffered with 1 mM EGTA). The use of Cs as the
current carrier allows for buffering of the free [Ca] to any
desired level. In addition, Cs eliminates the K channel ac-
tivities that are present in the SR membranes. The large anion
gluconate do not permeate through the Cl channel present in
the SR vesicles.
The reconstituted Ca release channel from rabbit skeletal

muscle had a linear conductance of 508 ± 26 pS in 200mM
symmetrical Cs (data not shown). The open probability
ranged from 0.008 ± 0.002 (mean ± SE) at 6 IAM [Ca] to
a maximum P,x = 0.584 + 0.042 at 100 pAM [Cali and 2
mM [ATP] (n = 42). Addition of 1 gM ryanodine resulted
in the characterisc s of reduced conductanc (255 ± 17
pS) and ieased mean open lifetime of the channel (Fig. 1 A
The channel had a bell-shaped dependence on myoplasmic

(cis) [Ca] (Fig. 1 B). Movements of Cs currents through the

A B

channel (from the luminal SR to the myoplasmic side at -50
mV test potential) had affinities for Ca activation and inac-
tivation of 20 and 300 KM respectively. Addifio of 1 mM
ATP to the myoplasmic solution increased the maximum
open probability of the channel (P., = 48%), without al-
tering the Ca-dependent activation and inactivation proper-
ties of the channel (Fig. 1 C).

pH regulation of the native Ca klase channel

To study the pH regulation of the Ca release channel, we
started with a condition that gave the maximum open prob-
ability of the channel (100 p.M Ca and 2 mM ATP, see
Fig. 1 C). The channel had a complicated response to
changes in proton concentrations (Fig. 2). Starting from pH
7.5, we consistently saw an increase in channel open prob-
ability in either acidic or alkaline directions. Two clear peaks
can be identified at pH 7.2 and 8.5 (Fig. 2 C, open circles).
Further decrease ofpH from 7.2 to 5.6 resulted in a mono-
tonic decrease in channel activity. Half maximal inhlbi-
tion of the channel occurred at pK = 6.5, with a Hill
coefficient of nH= 3-
Open time histogram analysis revealed two different gat-

ing states associated with the Ca release channel recorded in
100 pM Ca and 2 mM ATP (Fig. 3). At a test potential of
-50 mV, the two open states had mean lifetimes of ap-
proximately ol = 0.40 ms and T = 2.8 ms. The relative
occurrence of T02 (yo/yol+y) varies with pH in the so-
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FIGURE 1 Regulation by Ca and Al? of the rabbit skeletal muscle Ca release channeL (A) Selected single channel currents at -50 mV. The currents
were measured with 200 mM "symmetricalx Cs-gluconate, 10 mM HEPES-TRIS (pH 7-5). Records were taken f one complete ei mt (Bilayer
#92D30). The starting [Ca] in the cis sohlion was 6 JLM (top traces) which was inoeased to 100 p1M after addfition of 2 mM ATP (tris salt) to the cs
solution (mid& traces) Four minutes after addg LM ryanodine to both uio dt aaceistic changes fir high state with fat
open-close transitions to ow da state with slow open-dose transitin were observed (bottom tras) Marks at the right of each trace acespond
to the baselie cmuent Channel open probabilty as a function of myoplasmic Ca in the absence of Al? (B) and in the presence of 1 mM ATP (C)
B contained data from four experiments. C ontained data from two experiments.
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lution; YO21yOi+yo2 was 0.23 and 0.10 at pH 7.5 and 63,
respectively (Fig. 3 A).
The effects of pH on the native Ca release channel ex-

hibited a pronounced hysteresis (Fig. 2 B). To recover the
channel that was closed at pH 5.6, more alkaline pH was
required. The channels started reopening only at pH = 6.8,
with maximal recovery at pH 8-9. The recovered channel
seemed to have lost the proton rgulatory sites manifested by
the minimum at pH 7.5, because no clear minimum was
found in the alkaline recovery curve (Fig. 2 C, filled
squares). Significant differences can be seen in the dis-
tribution ofthe open lifetimes. AtpH 7.2, the recovered chan-
nel had To1 = 0.28 is and TO = 2.5 ms with a ratio of
yO21yOj+yo2= 0.17; the occurrence ofTo2was morefrequent
than that of the channel before the treatment of low pH (com-
paring the control channel atpH 63 with the recovered chan-
nel at pH 7.1, which had similar open probabilities). At pH
8.1, the mean open lifetimes of the recovered channel re-
mained unchanged (o = 0.50 ms and Tr = 2.9 ns); how-
ever, the relative occurrence of the longer open state (Tx2)
increased significantly. The ratio ofYo2/Yoi+Yo was 0.42 at
pH 8.1.

TIhe observed hysteresis of the Ca release channel did not
seem to depend on the presence of ATP in the myoplasmic
solution. Fig. 4 shows the pH titration experiments that were
carried out at 20 ;±M Ca and 0 mM ATP. The average open
probability of the channel under this condition was 0.025 +

0.007 (n = 7) at pH 7.6, it became essentially zero at pH 5.4.
It is clear that recovery of the channel requires more alkaline

A
pH 7.57

pH 5.54

pH 6.48

pH 7.68
20 pA

20 ms

~~~i~ -rr~

pHs. The dose responses of the alkaline recovery (filled
circles) and acidic titration was separated by approximately
1 pH unit (Fig. 4 B).
We also did similar experiments at lower Ca concentration

in the presence ofATP (6 p.M Ca, 2 mM ATP). At 6 F.M Ca
and 2 mM ATP, the average open probability of the channel
was 0.057 + 0.010 (n = 8) at pH 7.6. The acidic titration of
the channel under this condition had a pK of 63. Recovery
of the channel at alkaline pHs was tested in three experi-
ments, in which meaningful channel activity was only ob-
served at pH 6.8 or higher. Thus, it appears that the pH-
dependent hysteresis of the Ca release channel do not
dependent on the myoplasmic concentration of Ca.

Hysteesi deof the
rya nodieactiae dc nel
Ryanodine is a plant alkaloid that produces irreversible con-
tacture in skeletal muscle by acting specifically on the Ca
release channel (Jendon and Fairhurst, 1969; Rousseau et al.,
1987). The binding of ryanodine resulted in a reduction of
the single channel conducance by -50% (firom 508 + 26 to
255 + 17 pS) (Fig. 1A).

Tlhe open conductance state of the ryanodine activated
channel lost its essential Ca dependence of activation. In the
presence of 1 p.M ryanodine, the channel remained fully
open at 50 nM [Ca] (myoplasmic) (Fig. 5 A), unlike the
native channel (in the absence of ryanodine), which was
completely closed at [Ca]i < 100 nM (Fig. 1 B). Moreover,

B
10.0

%- 7.5

4-,-
-

c 5.0
-00

C 2.5
ci)
0

0.0
5 6 7 8

pH
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(Bilayer #93629) The test voltage was -50 mV. The cis-myoplasnic sohltion cotined 20 pLM free [Cat 0 mM ATP. (B) Channel open prb lt versus
pH. lTe acidic titraio (0) contained average over seven experiments, and the alkaline recovery (3) contained average over three compktee iment
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FIGURE 5 pH dependenc of the ryanodine-activated Ca release channeL Upon successfl incorporation of a single Ca release channelm the lipid bilayer,
1 plM ryanodine was added to both solutions. be ryanodine acivated channel had a characterstic long open lifetime, with a domiant state
of 225 + 17 pS (200mM Cs current carrier) All records were taken at a test potential of -50 mV. (A) Acidic itation of the ryanodine activated channeL
Upper trace at pH 7.5 were measured at a free [Ca] of 6 .MM All subsequent records were taken after addiion of 1 mM EGTA to the cis sohlion, which
reduced the free [Ca] to 50 nM The m s at each adjacent pH were separated by 5 min to allw for establishment of steady-state effect (Bilayer
#93610). (B) Full recovery of the ryanodine activated channeL Single chanel currents were taken from the same experimnt as A. The records
were representative of three out of seven complete experiments at 50 nM [Ca], and two out of seven experiments at 2 mM ATP, 6 psM Ca. (C) Partial
recovery of the ryanodine activated channeL The records were taken from a separate expeiment at 20 JLM free [Ca] (Bilayer #92D18). They rpresent
11 out of 11 experiments performed at 6-20 pM Ca, tree out of seven expermnts performed at 50 nM Ca, and five out of seven experiment at 2 mM
ATP, 6 #.M Ca

pH regulation of the ryanodine activated channel was shifted
in the acidic direction, and the response became much steeper
(Fig. 5). Reduction ofpH from 7.5 to 5.5 had nearly no effect
on the open probability of the channel. Complete and sudden
dosure of the channel occurred within a narrow window of
pH, ranging from pH 4.8 to 5.2 depending on the concen-
tration of Ca and ATP in the myoplasmic solution (Fig. 6).
The large SDs in the dose response curves (Fig. 6) were
caused by the instability of the channel near the critical point
of channel break down.
The ryanodine-activated channel also exhibited hysteretic

response to changes in pH (Fig. 6). With only Ca present in
the myoplasmic solution, complete inhlbition of the channel
ocurred at pH = 5.16 ± 0.10 (Fig. 6A) and 534 ± 0.10
(Fig. 6 B) at 50 nM [Cali and 6 t&M [Ca]i, respectively. The
addition of ATP shifted the titration curve towards a more
acidic direction (pH = 4.86 ± 0.11, Fig. 6 C). To recover
the channel, significantly higher pHs were always required.
It is interesting that not all of the recovered channels had the
same property as the original channel before the treatment of
low pH. Most frequently, a partial recovery of channels with
lower conductance states was observed (Fig. 5 C). This oc-
curred in 11 out of 11 complete experiments at 6 ZtM [Ca]j.
The recovery of full conductance channel (225 pS) was
only observed at low Ca (50 nM, Fig. 5 B) (3 out of 7 com-
plete experiments). The addition of 2 mM ATP brought to
some full recovery of channel activity at 6 F.M Ca (2 out of
7 experiments) (Fig. 6 C). In other times, the recovered

channel had low open probability, which is almost indistin-
iguishable from the native channel. The partial recovery of
channel activity is unlikely to be caused by dissociation of
ryanodine from the channel because it was routinely ob-
served at 50 nM Ca: three out of seven experiments; in ad-
dition, three other bilayers showed full recovery.

These seemingly complicated results suggest the follow-
ing possibilities: a) high proton concentrations altered the
interactions within the ryanodine receptor complex, which
led to the appearance of partial channel openings; b) there
were cooperative interactions among Ca, ATP, and pH in
regulating the ryanodine receptor complex. Micromolar [Ca]
might favor the disassembly, whereas millimolar [ATP]
might contnbute to the formation of the intact channel
complex.

Multiple conductance states of the
ryanodin-activated channel

The analysis of the multiple conductance states of the single
Ca release channel provided additional insights into the regu-
lation of the Ca release channel by Ca, ATP, and pH. Sub-
conductance levels were frequently observed as transition
states in the native channel (Ma et al., 1988; Liu et al., 1989;
Ma, 1993) (data not shown) and could be clearly seen in the
ryanodine activated channel. At least four sub-conductance
states could be identified, which appeared to be approxi-
mately equally spaced (Fig. 7). In the range from pH 7.5 to
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6.0, the channel had a doinant conductance of 225 PS,
although infrequent transitions among the lower conductanc
levels could be observed. From the mean variance analysis
of the amplitude histogram (Patlak, 1993), five distinct peaks
can be identified (C, 01, 02, 03, and 04) (Fig. 7 C). Al-
though the two lower levels (01 and 02) seemed to corre-
spond to 1/4 and 1/2 of the full conductance level (04), the
location of03 is significantly higher than 3/4 ofthe full level.

Near the critical point of channel dlosure (pH 5.5-5.0),
fr-equent conversions among sub-conductance states were de-
tected. In the absence of ATP, the conversions were fast
(Fig. 7 A). ATP seems to stabilin the lower conductance
levels (3/4 and 1/2) of the channel, as shown in Fig. 7 B. The
intermediate conductance states were usually unstable with
noisy open currents. Close exainaio of the sub-
conductance states revealed some unsulal slow conversions
within the adjacent conductance levels (Fig. 8). These tran-
sitions took as long as several milliseconds, unlike the nor-
mal fast opening and dlosing transitions. The slow type of
transitions were present fr-om hihto low conductance level
(04--*03, for example), as well as from low to hihcon-
ductance level (02---03, for example). Note that the last
tasition into the dlosed state ofthe channel was not as sharp

as the normal closing events (Fig. 8 e).
The observation of mutpeconductance states in a single

Ca release channel suggests the presence of multiple quasi-
stable configurations in the ryanodine receptor.

DISCUSSION
In the present study, we showed that the skeletal muscle
ryanodine receptor had an hysteretic response to changes in
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FIGURE 8 Slow trasitons within the statodcaxues of the ry-

anodine activated channeL The selected trame were reprsenatveof the

many slow freq tee.(a) Transitiom 04-*-03 -*0
(b) 03-+.04. (c) 02-+04. (d) 01-.C. 'Jie bottom trace riepresePnts. the last

trniin(e) into the dlosed state of the channeL The records were digitafly

filtered at kHz. Test pulse was -50 mV.

proton concentrations. The complicated dose response of
channel open probability as function of pH suggests that
multiple proton titration sites could be involved in control-
ling the open conformation of the Ca release channel. The
open state of the channel under the four different conditions:
before and after treatment of low pH in the absence of
ryanodine, and before and after tretment of low pH in the
presence of ryanodine, had different responses to changes in
pH-L This indicated that the afnities of the proton titration
sites might be governed by the conformation state of the
ryanodine receptor complex.
The early work of Meissner and Henderson (1987) dem-

onstrated direct effects of protons on the rapid release of Ca
from the SR vesicle. Previous studies with the pH regulation
of the Ca release channel were focused mainly on the re-
sponse to acidic titration. Using the purified ryanodine re-
ceptor, Ma et at (1988) showed that the channels were sen-
sitive to proton inhi-bition with a pK value of 7.2. Rousseau
and Pinkos (1990) showed that the native Ca release channel
had a pK of ~-7.2, with Ca as the current carrier. Our data
with the native channel differed sinficantly from the pu-
rifie ryanodine receptor in that pH finhibition of the native

chanel ccuredat more acidic pHs (pK = 6.5, Fig. 2 C).
It is interesting, however, that the alkaline recovery curve of
the native channel (Figs. 2 C and 4 B) compared well with
the acidic titration of the purified ryanodine receptor (Ma
et al., 1988). It is possi'ble that some modulatory proteins
interact with the ryanodine receptor, which could account for
the difference. Proteins on the junctional SRm brn, such
as triadin (Caswell et al., 1991), calsequestrin (Ikemoto et al.,
1989), and FK506 binding protein (Jayaraman et al., 1992),
might all play such a role. At present, we do not know to what
extent the interaction of these putative regulatory protein
with the ryanodine receptor could account for the observed
pH-dependent hysteresis of the native Ca release channel.
At least part of the pH-dependent hystereis of the skeletal

muscle Ca release channel is an intrinsic property of the
ryanodine receptor protein, because a simila phenomenon
has been observed previously with the immunoaffinity-
purified ryanodine receptor (Ma et al., 1990). The hihy
cooperative action ofpH on the ryanodine-activated channel
indicated drastic changes in the channel structure at low pH.
The difeenebetween the native channel (without binding
toryandn) and the ryanodine activated channel is rather

srkingz. After treatment with low pH, the native channel
always recovered fully at alkaline pHs, whereas the ryano-
dine activated channel was more likely to recover partialy.
These results could be accounted for by a more rigid structure
of the channel in the presence of ryanodine (Caroll et al.,
1991; Pessah and Zimanyi, 1991).
The actions of Ca, ATP, and pH on the skeletal muscle Ca

release channel have different mechanisms. Myoplasmic Ca
is the essential regulator of channel activity. The affiitie Of
Ca activation and inactivation of the channel do not depend
on the presence of ATP. The binding of ATP can shift the
equiib-'rhium be-tweten the- last transition stepn that leads to the
open state of the channel. The action of pH on the channel
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cannot be as specific as that of Ca and ATP, because it in-
volves multiple titation sites. However, the correlation be-
tween low pH and sub-conductance states of the channel
suggests that protons provide a disint ating force for dis-
sociatin of the ryanodine receptor complex.
The identified four disct sub-conductance states

in the ryanodine-activated channel are consistent with the
tetrameric stucture of the ryaine receptor conmpex
(Wagnknecht et al., 1989). It is interesting that the four
sub-conductance levels of the channel do not always space
equally. T might iicate cooperative inte among
the 560 kDa din cepto monomers within the chan-
nel complex (Lai et aL, 1991; Buck et aL, 1992). Under-
tanding the hysteresis tht chaaerizes regulatio of the
single calium release channel should provide important
dues about the strcure and funcio of the ryanodine re-
ceptor in excitation-contrtion coupling of skeletal musde.
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