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Functional properties of the ryanodine receptor
type 3 (RyR3) Ca?* release channel

Alois Sonnleitner, Antonio Conti’, apparently more complex. Three genes coding for RyRs
Federica Bertocchini', Hansgeorg Schindler have been identified, including the so-called skeletal and
and Vincenzo Sorrentino'23 cardiac isoforms, RyR1 and RyR2, and the more recently
identified RyR3 (Meissner, 1994; Sorrentino, 1995; Sutko
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Depolarization of the plasma membrane triggersCa

| df dianh | hich ! release from the sarcoplasmic reticulum through the RyRs,

icles prepared from diaphragm muscle, which contains and the resulting increase in €aconcentration activates

both RyR1 and RyRS'lsoforms, (evealed the Presence  csntraction of the myofibrillar apparatus (Riessal., 1992;
of two functionally distinct ryanodine receptor calcium Schneider, 1994)

release channels. In addition to channels with proper-
ties typical of RyR1 channels, a second population of
ryanodine-sensitive channels with properties distinct
from those of RyR1 channels was observed. The novel
channels displayed close-to-zero open-probability at
nanomolar Ca’* concentrations in the presence of
1 mM ATP, but were shifted to the open conformation
by increasing C&* to micromolar levels and were not
inhibited at higher Ca2* concentrations. These novel
channels were sensitive to the stimulatory effects of
cyclic adenosine 5diphosphoribose (cADPR). Detec-
tion of this second population of RyR channels in lipid
bilayers was always associated with the presence of
the RyR3 isoform in muscle preparations used for
single-channel measurements and was abrogated by
the knockout of the RyR3 gene in mice. Based on the
above, we associated the novel population of channels
with the RyR3 isoform of Ca?* release channels. The
functional properties of the RyR3 channels are in

Single-channel analysis of sarcoplasmic reticulum ves-

The presence of RyRs has also been documented in
non-contractile cells (Berridge, 1993; Sorrentino, 1995).
Obviously, knowledge of the regulatory properties of the
three RyR isoforms is essential in order to understand the
mechanisms through which the single RyR isoforms are
activated both in excitable and in non-excitable cells.
RyR channel activity is activated by several compounds
including C&* at micromolar concentrations, ATP, adenine
nucleotides, caffeine, halothane, ryanodine at nanomolar
concentrations, sulfhydryl reagents and cyclic adenosine
diphosphoribose (cADPR). RyR channel activity is
blocked by M@*", Ca&" at millimolar concentrations,
ryanodine at micromolar concentrations and by ruthenium
red (Fleischer and Inui, 1989; Coronadd al, 1994;
Meissner, 1994). The FK506-binding protein (FKBP12)
has also been shown to regulate RyR channel properties
(Brillanteset al., 1994). An interesting potential candidate
for an intracellular regulator/modulator agent that can
agreement with a potential qualitative contribution of activate Ca" release through RyRs is CADPR, a ubiquitous
this channel to C&* release in skeletal muscle and in  Metabolite of nicotinamide adenine dinucleotide (NAD
other tissues. (Galioneet al., 1_991; Lee, 1993; Galione and Summerhill,
Keywords Ce2*-release channels/€asignalling/cyclic 1995). The ability of cCADPR to activate €a release

adenosine 5diphosphoribose/ryanodine receptor type 3 through RyRs is well established, especially in sea urchin
(Galioneet al,, 1991; Galione, 1992; Lee, 1993). However,

its ability to activate mammalian RyRs and its mechanisms
of action are highly debated (Lee, 1997). cADPR has
been shown to stimulate €a release through RyR2
Two families of intracellular C& release channels are channels, but not RyR1 channels (8#aos et al., 1993).
known (Berridge, 1993): one is sensitive to the second RyR1 activation by cADPR has also been reported by
messenger inositol trisphosphate (Igsénd is referredto  Williams and co-workers, who have also proposed that
as the InsRPreceptor family (Furuichit al,, 1994; Kasai cADPR may work through the ATP-binding site of RyRs
and Petersen, 1994); the other is characterized by channel§Sitsapesaret al, 1994, 1995; Sitsapesan and Williams,
named ryanodine receptors (RyRs) since they are able t01995b).

bind the plant alkaloid ryanodine (Inuét al, 1987; Of the three RyRs known, the third isoform, RyR3, is
Meissner, 1994; Sorrentino, 1995). Larelease through  the least well characterized (Sorrentino, 1995). The RyR3
InsP; receptors is a ubiquitous mechanism for regulation isoform, initially identified on the basis of its inducibility
of intracellular C&" levels (Berridge, 1993). At least three by transforming growth factgs-in an epithelial cell line
different InsR receptors are known and all are activated (Giannini et al, 1992), has been shown to be widely
to release C&H upon InsR binding (Furuichi et al., expressed in mammalian and chicken tissues (Giannini
1994). Regulation of RyR channels is less understood andet al, 1995; Ottini et al, 1996), but it has not
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Properties of RyR3 Ca2™* release channels

been associated with a specific physiological function activated by C& at nanomolar concentration in the

(Takeshimaet al.,

1996). Recent reports have, however,

presence of 1 mM ATP; (i) a shift to high open-probability

started to shed some light on the regulatory properties of was observed when €& concentrations were increased

this isoform (Chenet al.,

1997; Murayama and Ogawa,

to the micromolar range; (iii) RyR3 channels were not

1997). It has been shown recently that RyR3 is widely inactivated at C& concentrations up to 1 mM; and (iv)
expressed in murine skeletal muscles during the post-natalunder the condition used, RyR3 channels were activated
phase of muscle development, while in adult animals its by cADPR while RyR1 channels were not.

expression is restricted mainly to the diaphragm and the
soleus muscles (Congt al.,

1997; Tarroniet al.,

1996; Bertocchiniet al.,
1997). Knockout of the RyR3 gene

Results

has been shown to impair skeletal muscle contractility in Two distinct populations of RyR channels in
neonatal mice, supporting a possible physiological role of sarcoplasmic reticulum from bovine diaphragm
this isoform in optimizing the contractile response in muscle

neonatal skeletal muscles (Bertocchehil., 1997). These

The recent identification of the RyR3 isoform in diaphragm

results suggest that RyR3 may contribute to the amplifica- muscles of mammals prompted us to measure the single-
tion component proposed in skeletal muscle excitation— channel conductance and the properties of channels incorp-

contraction coupling.

orated into planar lipid bilayers using sarcoplasmic reticu-

Based on the evidence that, among mammalian skeletallum vesicles prepared from bovine diaphragm. For
muscles, diaphragm expresses the highest levels of RyR3comparison, microsomal vesicles prepared from muscles
we performed single-channel experiments with bovine of the neck and abdomen of adult bovines were fused to
diaphragm muscle preparations as a source of vesiclesplanar lipid bilayers. Following the oriented incorporation
containing both RyR1 and RyR3. Abdominal and other of the channel, its cytosoliccis) side was exposed to
skeletal muscles were used as a source of vesicles conmillimolar concentrations of ATP while C& was titrated
taining only RyR1. Vesicles prepared from the diaphragm from nanomolar to millimolar concentrations.

muscle of normal and RyR3 knockout mice were used as

ATP at millimolar concentrations can activate 2Ca

a further control. The results obtained indicate that: (i) at release through RyR1 channels prepared from skeletal
variance with RyR1 channels, RyR3 channels were not muscles at nanomolar €a concentrations (Sitsapesan
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Fig. 1. (A) Single-channel open probability at millimolar ATP and

20 nM free C&". The open probability for 36 and eight experiments
with channels from microsomes of bovine diaphragm and abdomen,
respectively, fused to planar lipid bilayers are plott€t buffer was
0.5-2 mM ATP, 1 mM dibromo-BAPTA<10 uM residual C&*

(giving a free C&" concentration<20 nM), 250 mM HEPES/110 mM
Tris, pH 7.4;trans buffer was 50 mM Ca(OH)250 mM HEPES,

pH 7.4; holding potentiaF 0 mV. The experiments for different

muscle preparations are separated by a vertical line. Filled symbols
represent experiments where an additional ‘Cétration was carried

out. For the experiments represented by the open symbols, the
membrane broke before additional conditions could be tested.
Triangles, experiments showing a bell-shaped response; circles,
experiments with a sigmoidal €& response to increasing Ea(see

also legend to Figure 2A). The open probability for each condition
was determined from at least 2 min of continuous recordings in

1024 ms bins, based on a 50% criterion. The symbols with error bars
show the meant SD of the open probability of the RyR1 and RyR3
type channels for the diaphragm muscle on the left and the RyR1
channel from the abdominal muscle on the righ) Ca*

dependence. Single-channel open probability as a function of free
Ca" concentration. Holding potential, 0 mV; buffer conditioms

buffer, 0.5-2 mM ATP, 1 mM dibromo-BAPTA, 10, 39, 290, 451, 676,
813, 1076 and 207AM CaCl, to adjust the free G to 20 nM,

100 nM, 1, 2, 5, 10 and 10@M, and 1 mM respectively, 250 mM
HEPES/110 mM Tris, pH 7.4rans buffer, 50 mM Ca(OHY250 mM
HEPES, pH 7.4. Titrations are for independent channels from low to
high C&" concentrations®: mean single channel open probability
from three independent experiments with bovine diaphragm muscle
microsomes, representing typical behaviour for the close-to-zero open-
probability population from (A)A: average open probability of three
single-channel experiments with bovine diaphragm microsomes and
three with bovine abdominal muscle microsomes, typical of the non-
zero open probability population in (A). Open probabilities for each
condition were determined from at least 2 min of consecutive channel
trace. C) RyR3 expression in diaphragm muscle but not in abdominal
muscles. Microsomal proteins were prepared from bovine diaphragm
(lanes 1-3) and abdominal muscles (lanes 4-6). Aliquots of 3, 50 and
30 pg of protein were loaded for RyR1 (lanes 1 and 4), RyR2 (lanes 2
and 5) and RyR3 (lanes 3 and 6) detection, respectively. Gel
electrophoresis and Western blot analysis were performed as described
in Materials and methods.
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and Williams, 1995a; Sonnleitnest al, 1997). Under activated by 1 mM ATP at20 nM free C&", a response
these conditions, in diaphragm microsomes (Figure 1A, we assigned to RyR3. When €awas increased up to
left), two populations of C& channels were detected. 2 uM, the channel was almost completely open and did
One group of channels (24 out of 36, indicated by not close at free Ga concentrations as high as 1 mM.
triangles), which are active under these conditions, match The right panel gives the typical response of a RyR1
p, values found in most skeletal muscles (e.g. Figure 1A, channel, which is characterized initially by its ability to
right panel). In contrast, the novel group of channels be activated by ATP at low free &a concentrations
observed in diaphragm microsomes (12 out of 36 channels<<20 nM. This initial activity increases as €arises to
analysed) displayep, values (circles in Figure 1A) which 10 pM and then decreases with increasing free?'Ca
are significantly lower, scattering between 0.001 and 0.036 Characteristic of RyRs is their response to ryanodine, a
(i.e. channels that are only a little sensitive, if not plant alkaloid, and to ruthenium red (Coronadb al.,
completely insensitive, to activation at nanomolaCa  1994; Meissner, 1994). As shown in Figure 2B, both
concentrations in the presence of micromolar ATP concen- RyR1 and RyR3 channels from diaphragm muscle were
trations). blocked by 10uM ryanodine (top traces) at 4t 5 and
The difference between the two groups of channels 51 = 5 pS conductance, respectively. The RyR1 and RyR3
observed in diaphragm was confirmed further by experi- channels were completely blocked by ruthenium red
ments in the presence of increasing?Caoncentration (bottom traces). RyRs can also be identified by their
(Figure 1B). Starting fronp, values found at the lowest conductivity, as shown in Figure 2C: RyR3 showed a
C&" concentration (see conditions for Figure 1A), the single-channel conductance of 1658 pS, comparable
ATP gated channels (Figure 1B, triangles) showed a bell- with the observed RyR1 single-channel conductance of
shaped C# response, as expected for RyR1 channels 96 = 11 pS.
(see Ma and Zhao, 1994 for @M Ca* trans + 1 mM
ATP; Copelloet al, 1997 for 50 mM C&" trans). The RyR3 channels respond to cADPR
second class of channels, not gated by ATP (Figure 1B, Reports describing responsiveness to cADPR for RyR1
circles) showed gating by €awith a steep characteristic and RyR2 have been published over the last years
Hill coefficient (2.7% 0.7) and an E€, = 3.2 = 0.4 uM. (MésZaos et al, 1993; Sitsapesaet al, 1994, 1995;
Activation at higher C& concentrations distinguishes the Sitsapesan and Williams, 1995a,b). We tested whether
novel class of channels observed in diaphragm microsomescADPR would affect RyR3 channel open probability.
from the so-called ‘low activity’ RyR1 channels. Low Figure 3 shows a typical response of a RyR3 channel to
activity RyR1 channels are not activated by ATP and are 1 pyM cADPR. RyR3 channels were identified by their
also poorly responsive to increasing concentrations of low activity in the presence of ATP at nanomolar concen-
Ca" (Copelloet al, 1997). Another clear characteristic trations of C&". These channels, however, were activated
of the novel channels found in diaphragm was their lower at much lower levels of G4 in the presence of cCADPR.
sensitivity to inactivation at high G& concentrations (i.e.  cADPR sensitivity was observed in six out of 10 experi-
the decrease ip, values is shifted at least one order of ments with RyR3 channels in the presence of 0.GM
magnitude to higher Ga concentrations compared with cADPR. No difference was observed between these two
RyR1 channels). concentrations of cADPR. In the presence of CADPR, the
Western blot analysis of microsomes prepared from average Eg was 0.38+ 0.2 uM, which is a shift to
bovine diaphragm and abdominal muscles yields a clearlower levels compared with the absence of cADPR
correlation between the occurrence of two RyR channel (EC5g = 3.2 = 0.2 uM; dashed line: Hillfit to circles in
populations and the presence of RyR isoforms. In fact, Figure 1B). The average Hill coefficiem{ = 2.3 = 0.5)
while the presence of the RyR1 isoform was observed in was not altered significantly compared with the Hill
both abdominal and diaphragm microsomes (Figure 1C, coefficient for experiments under identical conditions but
lanes 1 and 4), the RyR3 isoform was detected only in in the absence of cCADPR§ = 2.7 = 0.7; experiments
diaphragm muscle (Figure 1C, lane 3) but not in abdominal with sigmoidal C&" response from Figure 1B). For the
muscle (Figure 1C, lane 6), while the cardiac isoform, six observed cADPR-sensitive RyR3 channels, the average
RyR2, was found not to be expressed in either muscle p, increased from 0.02- 0.02 to 0.41=* 0.15 upon
preparation (Figure 1C, lanes 2 and 5). This evidence addition of CADPR.
further suggests that the second type of channels observed The subsequent addition of the antagonist 8-Br-cADPR
in diaphragm muscle microsomes are contributed by the reduced the open probability to control levels in both
RyR3 isoform. Characteristic for the RyR3 channels are: RyR3 channels that had been activated by cADPR (not
(i) the lack of activation by ATP; (ii) the steep activation shown). RyR1 channels were not found to respond to
by C&*; and (iii) the low inactivation at high Ga. Results cADPR in five out of five cases in single-channel experi-
recently reported (Cheet al, 1997) using transfected ments and in seven out of seven cases in multichannel
cells expressing recombinant RyR3 channels repoft Ca experiments. No effect of a subsequent addition of 8-Br-
sensitivity for the recombinant RyR3 channels essentially cCADPR was observed in all three single-channel experi-

similar to those of Figure 1B. ments with RyR1 channels.
Comparison of the properties of RyR1 and RyR3 RyR3 channel characteristics are absent in RyR3
channels in bovine diaphragm muscle knockout mice diaphragm

Figure 2A compares typical channel traces for RyR3 and The previous data indicated that the presence of the novel
RyR1. The left panel gives channel traces for a single- population of RyR channels, with functional properties
channel experiment, where the channel initially was not distinct from RyR1 channels, appeared to reflect the
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Fig. 2. (A) The left panel (RyR3 type) shows typical channel traces from a single-channel experiment with bovine diaphragm microsomes for
channels with a sigmoidal €& response in Figure 1B. The right panel (RyR1 type) shows typical single-channel traces for channels with a bell-
shaped C& response. Channel openings are shown as downward deflections for the indicated concentrations &f fidel@ag potential=

0 mV. The baseline is indicated by the dashed line and the arrow. The channel traces were filtered at 300 Hz. For buffer conditions see legend to
Figure 1B. B) Ryanodine and ruthenium red response of RyR1 and RyR3 channels. The upper traces in the left and right panel give the response of
a RyR3 and RyR1 type channel to i ryanodine at subactivating conditiorSis buffer: 250 mM HEPES, 110 mM Tris pH 7.4, 0.5 mM ATP,

1 mM dibromo-BAPTA, 39 or 2079M Ca(OH)/HEPES for RyR3 and RyR1, respectivelyansbuffer: 250 mM HEPES/50 mM Ca(OkpH 7.4.
Holding potential= 0 mV. Openings are shown as downward deflections from the closed channel level indicated by the arrow and dashed line.
Subconductance levels were 515% and 41+ 5% of the full conductance under comparable conditions for RyR3 and RyR1, respectively. Bottom
traces: channel activity after addition of 1.8M ruthenium red. €) Conductivity. The left and right panel give the mean single channel current
amplitude as a function of the holding potential for RyR3 and RyR1, respectively. Dotted line: linear fit giving 8055 (RyR3) and 96- 9 pS

(RyR1). Data points are the means of three and four independent experiments for RyR3 and RyR1, respectively; error bars show the standard
deviation. Buffer conditionscis buffer, 250 mM HEPES, 110 mM Tris, pH 7.4, 0.5 mM ATP, 1 mM dibromo-BAPTA, 2076 apd/0

Ca(OHY/HEPES (free C&": 1 mM and<20 nM) for RyR3 and RyR1, respectivelirans buffer, 250 mM HEPES/50 mM Ca(Obf)pH 7.4.

presence of the RyR3 isoform in the different muscle knockout mice for the RyR3 gene (Bertocchiei al.,

preparations that were analysed. To establish further a1997). Therefore, microsomes were prepared from the
link between this population of channels and the RyR3 diaphragm of normal and RyR3 knockout mice. Under
isoform of the C&" release channel, we took advantage conditions similar to those of Figure 1A, in microsomes
of the development in our laboratory of a strain of prepared from diaphragm muscle of wild-type mice, two
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Fig. 3. cADPR effects on a RyR3 channel. Buffer conditions
buffer, 1uM cADPR, 1 mM ATP, 1 mM dibromo-BAPTA, 39, 290,
451, 676, 813, 1076 and 20781 CaCl, to adjust the free G4 to
100 nM, 1, 2, 5, 10 and 10@M, and 1 mM, respectively, 250 mM
HEPES/110 mM Tris pH 7.4trans buffer, 50 mM Ca(OHY250 mM
HEPES, pH 7.4. Holding potentiat 0 mV. The channel from bovine
diaphragm muscle, displaying close to zg@xoin the presence of

1 mM ATP but absence of & (<20 nM), therefore identified as
RyR3, was activated by &4 in the presence of iM cADPR. The
error bars give the standard deviation of the open probability in
2048 ms bins ba 2 min recording for each condition. Dashed line:
Hillfit to the data with sigmoidal C& response from Figure 1B.

populations of channels occurred (Figure 4A, left). The
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Fig. 4. (A) Single-channel open probability at millimolar ATP and
20 nM free C&". The open probability for 16 and 11 experiments
with channels from microsomes of normal and RyR3 knockout mice,
respectively, fused to planar bilayers is plott€is buffer, 0.5-1 mM
ATP, 1 mM dibromo-BAPTA,<10 pM residual C&* (<20 nM free

two populations of channels observed in murine diaphragm Ca™), 250 mM HEPES/110 mM Tris, pH 7.4sans buffer, 50 mM

showed two different G4 responses, comparable with

Ca(OH)/250 mM HEPES, pH 7.4. Holding potentiad 0 mV. The

those observed in bovine diaphragm (Figure 1B). Circles open probability was determined from at least 2 min of continuous

in Figure 4A (left) denote six out of a total of 16 channels
analysed which were not activated by ATP at low’Ca
concentrations, but presented a sigmoidat‘Casponse
when exposed to increasing €aconcentrations. In Figure
4A (left), triangles denote channels which were activated
by millimolar ATP concentration and that displayed a
bell-shaped CH response, i.e. were inactivated at higher
C&* concentrations.

recordings in 1024 ms bins, based on a 50% criterion. The symbols
with error bars show the meah SD of the open probability of the

RyR1 and RyR3 type channels for the diaphragm muscle of normal
mice on the left and of the RyR1 channel for the knockout mouse on
the right. 8) RyRs in diaphragm muscles from normal and RyR3
knockout mice. Microsomal proteins were prepared from diaphragm
muscle of adult normal (lanes 1-3) and of RyR3 knockout mice

(lanes 4-6). Aliquots of 3, 50 and 3@y of protein were loaded for

RyR1 (lanes 1 and 4), RyR2 (lanes 2 and 5) and RyR3 (lanes 3 and 6)
detection, respectively. Gel electrophoresis and Western blot analysis

In contrast, in microsomes prepared from the diaphragm were performed, as described in Materials and methods.

of RyR3 knockout mice, only one population of channels,
with typical RyR1 properties, was observed (Figure 4A,
right). All 11 channels from diaphragm of RyR3 knockout
mice were gated by ATP at nanomolar’Caoncentrations
with p, values between 0.11 and 0.99 resulting in a
meanz= SD of 0.44+ 0.32 (Figure 4A, right), which is
comparable with thep, of 0.52 + 0.25 observed for
bovine abdominal muscle in Figure 1A.

Biochemical analysis of the RyR isoforms present in
the microsomal fraction of diaphragm from normal and
RyR3 knockout mice is shown in Figure 4B. The RyR1

the single-channel properties of the native mammalian
RyR3 channels using sarcoplasmic reticulum vesicles
prepared from bovine and murine diaphragm muscle. In
addition to the expected RyR1 channels usually observed
in skeletal muscles, a second population of RyR channels
was detected in a sizeable fraction of total fusion events
with sarcoplasmic reticulum fractions from diaphragm. At
variance with the RyR1 channels which are characterized
by the ability to be activated by ATP at nanomolar’Ca

isoform is present in both mouse strains (Figure 4B, lanes concentrations in the presence of millimokans Ca?*

1 and 4) while the RyR3 isoform was detected only in
the preparation from normal mice (Figure 4B, lane 3). As

concentrations  (Sitsapesan and Williams, 1995a;
Sonnleitneret al., 1997), the novel population of channels

expected, the RyR2 isoform was not detected in either of observed in diaphragm vesicles could not be activated
the two preparations (Figure 4B, lanes 2 and 5). Thus we under these conditions. However, when®Can the cis
conclude that the channels which depends on micromolarchamber was increased to micromolar concentrations, the

C&* concentrations for their activation are embodied by
the RyR3 isoform.

Discussion

Taking advantage of the differential distribution of RyR3
in mammalian skeletal muscles (Coatial., 1996; Tarroni

et al,, 1997) and of the development of a RyR3 knockout
strain of mice (Bertocchirgt al., 1997), we have analysed
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single-channel open probability increased to almost unity.
On this evidence, the novel class of channels observed in
diaphragm microsomes differs from the so-called ‘low
activity’ RyR1s that do not respond to increasing concen-
trations of C&" (Copello et al, 1997). Given that the
second class of ryanodine receptors observed in diaphragm
muscle was associated with the expression of the RyR3
protein and that it was not observed in diaphragm muscles
of RyR3 knockout mice, we conclude that the second



channel population is contributed by the RyR3 isoform of
C&* release channel.
The relatively high frequency with which the RyR3

Properties of RyR3 Ca2™* release channels

channels to C& activation. According to Williams and
co-workers, ATP would compete with cADPR in activating
RyR2 channels (Sitsapesat al, 1994). In our case,

channels have been detected in single-channel analysis irhowever, only cADPR (and not ATP) activated %Ca

our studies appears to contrast with the relatively low

release through RyR3 channels. It should be noted that

abundance of the RyR3 isoform with respect to the RyR1 cytosolic proteins have been proposed to be necessary for

isoform in skeletal muscles (Cordt al., 1996; Murayama

cADPR to activate RyR channel activity. Among these

and Ogawa, 1997). Although we have no explanation factors, calmodulin has been shown to be essential for

for this phenomenon, it is noteworthy that it strikingly
resembles what was reported for the chick@iRyR3
channels that were found to be incorporated into lipid
bilayers much more readily tham/RyR1 channels
(Percivalet al., 1994).

Properties of RyR3 channels

cADPR-induced C# release in sea urchin egg micro-
somes (Leeet al,, 1994). cADPR has been reported to
bind to the FK506-binding proteins (FKBP12.6) and it
has been proposed that this interaction is important in order
to activate C&" release in pancreatic islet microsomes
(Noguchiet al, 1997). Therefore, when comparing data
from different laboratories, one should consider the pos-

The conductance properties observed for the two channelsibility that either vesicles or purified RyR preparations

populations present in diaphragm muscle were similar,

may differ in their relative content of accessory proteins.

since the RyR3 channel exhibited a conductance of In this respect, it is noteworthy that Chem al. (1997),

105 + 8 pS (with 50 mM C&" as the charge carrier)
comparable with that observed with RyR1 channels
(96 £ 9 pS). The first differences between RyR1 and

working with recombinant RyR3 channels expressed in

HEK?293 cells, did not find a stimulating effect of 10/
cADPR in the presence of tM calmodulin at 88 nM

RyR3 channels derive from their response to activating and 50uM free C&". While all other characteristics found

concentrations of G4 in the presence of ATP. At constant
concentrations of ATP (millimolar range), RyR1 channels

by Chenet al (1997). agree well with our data, we
currently have no explanation for the observed difference

can be activated by a resting concentration off'Ca  with respect to cADPR sensitivity of RyR3 channels in
(i.e. in the nanomolar range), while it appears that RyR3 the two laboratories. The actual mechanisms of action of

channels require cytosolic [€4]; in the micromolar range

cADPR might be more complex, and obviously a more

in order to be activated. The second difference appearscomplete characterization of the effects of CADPR and of

when C&* is increased to millimolar levels, which inactiv-
ates RyR1 but leaves RyR3 active. A third difference

other agonists and antagonists of RyRs on RyR3 channels
is required to allow a more detailed comparative analysis

between the two channels appeared when sensitivity toof the channels embodied by the three isoforms.

C&* activation was tested in the presence of cADPR.
CADPR initially has been identified on the basis of its
ability to cause release of €afrom sea urchin eggs
through ryanodine-sensitive channels (Galioet al.,
1991). Work with mammalian cells has shown that cADPR
can cause Ca release from cardiac and brain microsomes
(which contain mainly the RyR2 isoform) and that it can
increase the open probability of RyR2 but not that of
RyR1 channels incorporated in planar lipid bilayers
(MésZaos et al.,, 1993). Furthermore, Williams and co-

Comparison with non-mammalian RyRs

The observed properties of RyR3 channels found in
mammalian diaphragm muscle can be compared with data
reported for thex andp isoforms of C&" release channels

of non-mammalian skeletal muscles, which in frogs and
chickens correspond to the RyR1 and RyR3 isoforms of
mammals (Oyamadat al, 1994; Marzialiet al, 1996;
Ottini et al.,, 1996). Single-channel data @RyR3 from
chicken indicated a higher sensitivity @RyR3 than

workers have found that the RyR1 channels also are a/RyR1 to activation by Cd (Percivalet al.,, 1994). This

sensitive to CADPR (Sitsapesat al., 1995). This group

contrasts with the data we obtained with both bovine and

has also provided evidence that cCADPR may work through murine RyR3 channels, which are not active at nanomolar

the ATP-binding site of RyRs (Sitsapesah al., 1994,
1995).

In our experiments, JuM cADPR, at 100 nM free
extravesicular Cd and 1 mM ATP, significantly enhanced
the C&*" activity of the novel channel type specifically

C&" and require C& concentrations in the micromolar
range in order to be activated. The high threshold for
C&™ activation of RyR3 observed in this study is in good
agreement with studies performed with skeletal muscles
of knockout mice for either the RyR1 or the RyR3

detected in diaphragm vesicles, resulting in an ~1 log gene. Activation of a calcium-induced calcium release

lower threshold for C& activation of the RyR3 channels

mechanism in skeletal muscles of RyR1 knockout mice

in the presence of cADPR. No effect was observed on (containing only RyR3) seems to require higher?Ca
RyR1 channels under identical buffer conditions, although concentrations compared with those required for activation

it should be noted that our conditions differ from those
of Sitsapesaret al. (1994) and Sitsapesan and Williams
(1995hb). Whether the different experimental conditions

of contraction in wild-type muscles (containing both RyR1
and RyR3) and RyR3 knockout mice (containing only the
RyR1 isoform) (Takeshimat al., 1994, 1995). Therefore,

used can account for the observed lack of cCADPR effect in bothin vitro andin vivo conditions there is agreement
on RyR1 channels in our experiments is being investigated. in observing that mammalian RyR3 channels have a lower
cADPR levels have been shown to vary between 20 and sensitivity to C&" than do RyR1 channels. Mammalian
600 nM among cells and tissues, including skeletal musclesRyR1 and RyR3 channels display similar conductances

(Lee, 1993; Galione and Sommerhill, 1995). Therefore,

(in the range of 100 pS with 50 mM &a as charge

since both cADPR and ATP are present in skeletal muscles,carrier) (Coronadet al., 1994; Meissner, 1994; Sitsapesan

this combination could shift the sensitivity of the RyR3

et al, 1995). These values are similar to those reported
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for a/RyR1 andB/RyR3 in chicken (Percivadt al., 1994; for additional work in order to understand the regulatory/
Sutko and Airey, 1996), while in fish different conductance modulatory role of this compound in the regulation of
values for the two isoforms have been observed (O'Brien C&" release from RyRs. A role for cADPR in the
et al,, 1995). Both chicken and fifffRyR3 and mamma-  regulation of cardiac contraction under physiological con-
lian RyR3 display a lower sensitivity to €ainactivation, ditions has been demonstrated (Rakasial, 1996). An

up to the millimolar range, in the presence of ATP (Percival effect of cADPR in isolated membrane fractions from
et al, 1994; O'Brienet al,, 1995; Sutko and Airey, 1996). skeletal muscle has also been reported (Yamaguchi and
Sensitivity to CADPR has not been reported for RyRs of Kasai, 1997). Sensitivity of the RyR3 isoform to cCADPR

non-mammalian vertebrates. suggests that this compound may activate and/or modulate
C&™* release through RyR channels in skeletal muscles as
RyR3 properties and the role of the two Ca?* well as in the many other cell types that express these
release channels in vertebrate skeletal muscle channels. Several other factors, including the effect of the
excitation-coupling FKBP12 protein in optimal gating and regulation of the

The finding that mammalian RyR3 channels possess func-RyR3 isoform as well as the effect of alternative splicing
tional properties distinctive from those of RyR1 and, to and of phosphorylative events, remain to be analysed in
a certain extent, also from those of RyR2 channels, order to attain a better understanding of the molecular
demonstrates that the three isoforms of the RyR family mechanisms underlying the contribution of the RyR3
embody channels which differ in their sensitivity to channels to Ca release.

agonists such as €5 ATP and cADPR. This evidence

confirms the expectations that differences in the regulatory .

properties of the individual isoforms are the basis for the Materials and methods

existence of three RyR genes and eventually of splicing Microsomal vesicle preparation

variants of the different gene products. The contribution Skeletal muscles isolated from either bovine or mouse tissues were used
of different channels in a single cell may be important to prepare the microsomal fractions. Bovine skeletal muscles were

. . - obtained from a local slaugtherhouse. Knockout mice were obtained as
to allow a more precise regulation of cellular function described elsewhere (Bertocchiti al,, 1997). Briefly, chimeric males

(Berridge, 1993; Clapham, 1995)- Although use of more carrying a mutated RyR3 allele were bred to C57BL/6 females. Hetero-
Ca* release channel isoforms is common to several cell zygous mice were bred to obtain homozygous mice. Mice were genotyped
types, vertebrate skeletal muscles have long provided aby Southern blotting and the absence of the RyR3 protein was verified by

useful model for Studying the regulation of a cellular Western_blot._ The tissues were cleaned‘car_efulllyfr_om any contaminating
connective tissue and quickly frozen in liquid nitrogen. Microsomes

! . : 2
function, e.g. muscle contraction, by intracellular’Ca  yere prepared as previously described (Ceettial, 1996). Tissue
concentration. In non-mammalian vertebrates, such assamples were homogenized in ice-cold buffer A [320 mM sucrose,

frogs and birds, thex/RyR1 isoform is present only in 5 mM Na-HEPES pH 7.4 and 0.1 mM phenylmethylsulfony! fluoride

extra-fast muscles. in contrast to the use of Mle (PMSF)] using a Dounce homogenizer. Homogenates were centrifuged
: . . . at 70009 for 5 min at 4°C. The supernatant obtained was centrifuged

andp/RyR3 _In most body muscles (O B”eﬂ, al, 1993; at 100 000y for 1 h at 4°C. The microsomes were resuspended in buffer

SUtko_ and A"'?y, 1996). In mammals, Rle is the predom- A and stored at —80°C. Protein concentration of the microsomal fraction

inant isoform in skeletal muscles (Meissner, 1994). How- was quantified using the Bradford protein assay kit (Bio-Rad).

ever, RyR3 is widely expressed during the neonatal phase

. ini Bilayer measurements
g{ gfvigog)?r?e\?\}h:lr; :2d§gltj|t8krreulggle? :Jtsg:gps)lagsego%c:rlgl The bilayer apparatus was described previously (Schindler, 1989). Planar

g ! . . < bilayers were formed from a mixture of PE:PS:PC (phosphatidylethanola-
restricted pattern of expression and is found mainly in mineL-a-phosphatidylserine:1,2 diphytanastrglycero-3-phosphocho-
diaphragm and soleus muscles (Gianndti al., 1992, line, all from Avanti Polar Lipids, AL) in the ratio 5:4:1 across a 38
1995; Contiet al,, 1996; Tarroniet al., 1997). Knockout hole in a 6 um thick Teflon sheet, which separated two chambers
of the RVR3 gene has shown that lack of I):Z R3 channels containing 250 mM HEPES/53 mM Ca(OJf)H 7.4,trans and 250 mM

YRS ¢ Oown Yy 'S HEPES/110 mM Tris pH 7.4cis. Bilayers had specific membrane
results in a marked reduction in neonatal muscle contractil- capacitances of 0.5-04&F/cr?. For fusion, 750 mM CsCl and 2 mM
ity, which contrasts with the apparent low level of abund- Ca(OH)/250 mM HEPES were added to tloés buffer. Fusion events
ance of this isoform (Bertocchirgt al., 1997). How the occurred within 5 min after addition of 1-fil (1-5 ug protein) of
different properties observed at the single-channel level microsomes and were monitored by chloride channels, also contained in
b RVR1 d,R R3 ch IS | in th | ' the membrane. After up to five fusion events, which typically led to
etween RyR1 and RyR3 channels integrate in the regula-j,comoration of 1-2 activatable RyR channels, ttie chamber was
tion of skeletal muscle contraction is not known. Strong perfused with 250 mM HEPES/110 mM Tris pH 7.4 at 4 ml/min for
evidence has been obtained in favour of a central role 3 min. C&" currents were amplified and low pass filtered at 300 or

; . ; . ; Research, CA) at low noise setting. Data was stored on a computer
(TakeShlmaet al, 1994, Flelget al, 1996; Nakaiet al, (Pentium, 133 MHz) using an analog digital interface (TL-1-40, Axon

1996). It is possible that the RyR3 channels may be |nstruments, CA). Open probabilities were determined from at least
activated by the rising Ga concentration provided by 1 min of consecutive traces in 1024 ms bins based on a 50% criterion
the initial opening of the RyR1. The lower sensitivity of using PCLAMP 6.0.3 (Axon Instruments, CA). ,
RyR3 channels to inactivation at high Taconcentration In all experiments, CH4 concentrations were adjusted to free?Ca
. d concentrations of 20 and 100 nM, 1, 2, 5, 10 and 400 and 1 mM

may be r_elevant to mam_tam a SUStame&tml_ease after using 1 mM dibromo-BAPTA (Fluka, Switzerland) and addition of O,
deactivation of RyR1 (Riost al., 1992; Schneider, 1994). 39, 290, 450, 676, 813, 1076 and 20T6l CaCk, to the cis buffer as
These properties may comply with RyR3 contributing an calculated fromKy = 3X10°/M (Harrison and Bers, 1987, assuming an
amplification component for Ga release from the skeletal 'gz'g zsgeggg;] 01‘;3;%;“"\\/'A)Av)a’;%“;ss:r:g%Vg:hcfggéeckt_me I{()?Of"?cfj‘ed

: - - . : . , Orion, , . -Br- , kindly provi
sarcoplasrmc reticulum (RICH a!" 1992; Schneider, 1994; by A.Galione (Oxford University, UK), were added at the indicated
Bertocchiniet al,, 1997). The evidence that RyR3 channels concentrations to theis side. If channel activity was not observed in

are also sensitive to the activating effects of CADPR calls the presence of 1@M Ca* and >0.5 mM ATP after fusion, the
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membrane was considered not to contain a RyR channel and the

experiment was cancelled.

Western blot analysis

Microsomal proteins were separated by SDS—PAGE, as described (Conti
et al, 1996). Proteins were then transferred to a nitrocellulose membrane

(Schleicher & Schuell) by blotting gels for 5 h at 350 mA at 4°C in a
transfer buffer containing 192 mM glycine, 25 mM Tris, 0.01% SDS
and 10% methanol. Filters were incubated 3oh in ablocking buffer

containing 150 mM NacCl, 50 mM Tris—HCI pH 7.4, 0.2% Tween-20,
5% no-fat milk. Primary antibodies (diluted 1:3000) were incubated with

Properties of RyR3 Ca2™* release channels

chelators BAPTA and dibromo-BAPTAiochim. Biophys. Acte25,
133-143.

Inui,M., Saito,A. and Fleischer,S. (1987) Purification of the ryanodine
receptor and identity with feet structures of junctional terminal
cisternae of SR from fast skeletal musclgé. Biol. Chem. 262
1740-1747.

Kasai,H. and Petersen,O.H. (1994) Spatial dynamics of second
messengers: FFand cAMP as long-range and associative messengers.
Trends Neurosci.l7, 95-101.

Lee,H.C. (1993) Potentiation of calcium- and caffeine-induced calcium
release by cyclic ADP-riboséd. Biol. Chem.268 293-299.

membranes overnight at room temperature. Polyclonal rabbit antisera Lee,H.C. (1997) Mechanisms of calcium signaling by cyclic ADP-ribose

able to distinguish the three RyRs were developed against purified GST

fusion proteins corresponding to the region of low homology situated

between the transmembrane domains 4 and 5 (divergent region 1, or

D1) of the RyR1, RyR2 and RyR3 proteins, as previously described
(Gianniniet al, 1995). These antibodies have been shown not to cross-
react with each other (Tarroreét al, 1997). Antigen detection was
performed using the alkaline phosphatase detection method.
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