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ABSTRACT: Ryanodine receptor (RyR) mutations linked with some congenital skeletal and cardiac diseases
are localized to three easily definable regions: region 1 (N-terminal domain), region 2 (central domain),
and a rather broad region 3 containing the channel pore. As shown in our recent studies, the interdomain
interaction between regions 1 and 2 plays a critical role in channel regulation and pathogenesis. Here we
present evidence that within region 3 there is a similar channel regulation mechanism mediated by an
interdomain interaction. DP15, a peptide corresponding to RyR1 residues 4820-4841, produced significant
activation of [3H]ryanodine binding above threshold Ca2+ concentrations (g0.3 µM), but MH mutations
(L4823P or L4837V) made in DP15 almost completely abolished its channel activating function. To identify
the DP15 binding site(s) within RyR1, DP15 (labeled with a fluorescent probe Alexa Fluor 680 and a
photoaffinity cross-linker APG) was cross-linked to RyR1, and the site of cross-linking was identified by
gel analysis of fluorescently labeled proteolytic fragments with the aid of Western blotting with site-
specific antibodies. The shortest fluorescently labeled band was a 96 kDa fragment which was stained
with an antibody directed to the region of residues 4114-4142 of RyR1, indicating that the interaction
between the region of residues 4820-4841 adjacent to the channel pore and the 96 kDa segment containing
the region of residues 4114-4142 is involved in the mechanism of Ca2+-dependent channel regulation.
In further support of this concept, anti-DP15 antibody and cardiac counterpart of DP15 produced channel
activation similar to that of DP15.

Skeletal muscle-type e-c coupling1 is activated by the
voltage-mediated interaction of the dihydropyridine (DHP)
receptor with RyR1, while in cardiac muscle, the voltage-
sensing process is immediately followed by the opening of
the DHPR Ca2+ channel, causing flux of Ca2+ into the
cytoplasm, and activation of RyR2. However, little is known
about how the activation signal received by the cytoplasmic
domain of the RyR is transmitted to the Ca2+ channel. In
searching for critical domains involved in this intramolecular
signal transmission mechanism, we have paid particular
attention to the distribution of mutations linked with some
skeletal (MH and CCD) and cardiac (CPVT and ARVD2)

diseases. As widely recognized, they are localized to three
easily definable regions [region 1 (N-terminal domain),
region 2 (central domain), and a rather broad region 3
containing the channel pore], suggesting that these three
regions represent critical regulatory domains. According to
the model deduced from our recent studies (1-4), the
N-terminal and central domains make close contact at several
subdomains, forming a pair of interacting domains (desig-
nated as a “domain switch”). The conformational constraints
imparted by the “zipped” configuration of the two domains
stabilize and maintain the closed state of the Ca2+ channel.
Upon reception of the activation signal, these critical
interdomain contacts are weakened (domain unzipping),
leading to Ca2+ channel opening. Weakening of the inter-
domain interactions also is caused by mutation in either
domain or various agents that cause unzipping between the
N-terminal and central domains (e.g., domain peptides and
antibodies).

An increasing number of skeletal (MH and CCD) and
cardiac (CPVT) mutations has been reported in region 3.
George et al. reconstituted the agonist regulation of the
channel by coexpressing the transmembrane Ca2+ channel
pore domain and a panel of cytoplasmic domains of RyR2
in living cells and found that the region of residues 3722-
4610 of RyR2 (corresponding to residues 3760-4679 of
RyR1), designated as the interaction domain (I domain), may
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be involved in the interaction between the regulatory
cytoplasmic domain and the transmembrane channel domain
(5). This suggests that interdomain interactions within region
3 may play a critical role in channel regulation and
pathogenesis. Furthermore, the recent finding by Gilman et
al. that peptides matching the N-terminal and C-terminal
segments of region 3 bound with each other also suggests
an interdomain interaction within region 3 (6). We here
present evidence that the interaction between the region of
residues 4820-4841 (one of the cytoplasmic loops of the
transmembrane channel domain) and a 96 kDa segment
containing the region of residues 4114-4142 plays a key
role in the regulation of RyR1 channels and pathogenesis.

EXPERIMENTAL PROCEDURES

Materials. Reagents and chemicals were obtained from
Fisher, Invitrogen, or Sigma unless otherwise stated.

Preparation of SR Vesicles.SR vesicles were prepared
from rabbit back paraspinous and hind leg skeletal muscle
(Pel-Freez Biologicals) using differential centrifugation (7).
Microsomes from the final centrifugation were homogenized
in 0.3 M sucrose, 0.15 M KCl, proteolytic enzyme inhibitors
(0.1 mM phenylmethanesulfonyl fluoride, 1µg/mL leupeptin,
and 2µg/mL soybean trypsin inhibitor), and 20 mM MES
(pH 6.8) to a final concentration of 15-30 mg/mL, frozen
immediately in liquid N2, and stored at-80 °C.

Domain Peptides Synthesis.The peptides were synthesized
on an Applied Biosystems model 431A synthesizer, purified
by reversed-phase high-pressure liquid chromatography, and
evaluated by mass spectroscopy. Domain peptides based on
sections of region 3 of rabbit RyR1 are as follows: DP15
(residues 4820-4841), DP17 (residues 4114-4142), DP19
(residues 4726-4754), and DP18 (residues 4223-4259).
DPc15 corresponds to residues 4752-4773 of rabbit RyR2.
DP15mut (L4823P) and DP15mut (L4837V) contain the
L4824P and L4838V mutations of human RyR1, respectively
(8-11), and DPc15mut (H4764P) contains the H4762P
mutation of human RyR2 (12). DP17mut (R4137S) contains
the R4136S mutation of human RyR1 (13).

[ 3H]Ryanodine Binding Assay.SR vesicles (0.5 mg/mL)
were incubated in a solution containing 10 nM [3H]ryanodine
(50-100 Ci/mmol, Perkin-Elmer Life Sciences), 0.15 M
KCl, 2 mM DTT, 20 mM MOPS (pH 7.2), and various
concentrations of free Ca2+ at 37°C for 2 h, in the absence
or presence of domain peptides in a final volume of 0.1 mL.
For DP17 and antibody experiments, 2 mM DTT was omitted
from solutions. The incubation for antibody experiments was
performed at 22°C overnight. The concentration of free Ca2+

was adjusted with BAPTA/calcium buffers; the free Ca2+

concentration was calculated from the concentration of
BAPTA (Molecular Probes) added and the total amount of
calcium in the solution (added CaCl2). Samples were filtered
onto glass fiber filters (Whatman GF/B) and washed three
times with 2.5 mL (in each washing step) of distilled water.
The filters were then placed in scintillation vials containing
4 mL of Ecoscint A scintillation mixture and counted in a
Beckman LS 3801 counter. The extent of specific binding
was calculated as the difference between the binding in the
absence (total binding) and presence (nonspecific binding)
of 20µM nonradioactive ryanodine. The assays were carried
out in duplicate, and each datum point was obtained by
averaging the duplicates (three to nine experiments).

Alexa Fluor 680 Labeling of the DP15 Binding Region.
Fluorescent labeling of DP15 was performed by using the
protocol of Alexa Fluor conjugation (Molecular Probes). The
Alexa Fluor 680-DP15 conjugate was formed by incubating
0.25 mM DP15 with 0.25 mM Alexa Fluor 680 carboxylic
acid, succinimidyl ester in 20 mM HEPES (pH 7.5) at
22 °C for 1 h in thedark.p-Azidophenyl glyoxal monohy-
drate (APG) (Pierce), an arginine-specific cross-linker bear-
ing a photoreactive group, was added to a final concentration
of 0.5 mM and the mixture incubated at 22°C for 1 h in the
dark. The reaction was stopped with 20 mM lysine and
arginine. The conjugate was purified with spin columns of
Sephadex G-15 to remove the free reactants. The Alexa Fluor
680-DP15-APG conjugate (final concentration of 5µM)
was mixed with 2 mg/mL SR in 0.15 M KCl and 20 mM
MOPS (pH 7.2) containing 1 mM BAPTA and 1.01 mM
CaCl2 (10 µM free Ca2+) in the dark and photolyzed with
UV light in a Pyrex tube for 1 min. The mixture was
centrifuged at 14000g for 5 min, and the pellet was
resuspended with 0.15 M NaCl and 20 mM MOPS (pH7.2)
after being washed with buffer. For calpain digestion, the
samples were incubated with 0.02 unit/µL calpain II (Cal-
biochem) and 3 mM CaCl2 for 15 min at 22°C, and the
reaction was stopped with 3 mM BAPTA. After calpain
digestion, various concentrations of trypsin [SR:trypsin
(w:w) ratios of 40000:1, 16000:1, 8000:1, 4000:1, and 1000:
1] were added and the mixtures incubated at 22°C for 20
min, and the reaction was stopped with 1 mg/mL trypsin
inhibitor. The sample was centrifuged at 14000g for 5 min
to remove the solution and mixed with the SDS sample
buffer. SDS-PAGE was performed as described by Laemmli
(14). The fluorescence image of the gel was obtained with
an Odyssey infrared image scanner (LI-COR).

Antibody Preparation and Western Blotting.The rabbit
antisera against DP15 and DP17 were raised by Bio-
Synthesis. Antibodies for CaMBP, DP15, and DP17 were
purified with domain peptide-bound affinity columns (Pierce),
and concentrations were determined as described previously
(4). A Western blot was performed using the protocol of
the ECL Western Blotting System (Amersham Biosciences).
Antidomain peptide antibodies (anti-CaMBP, 1:10000; and
anti-DP17, 1:1000) were used for the primary antibody, and
horseradish peroxidase-conjugated anti-rabbit IgG antibody
(1:50000) (Pierce) was used for the secondary antibody.

Statistical Analysis.Results are expressed as means( the
standard error of the mean. The significance of the mean
values was shown as theP value calculated with Student’s
t tests.

RESULTS

Domain Peptide DP15 ActiVates RyR1 at High Ca2+

Concentrations.We tested four domain peptides based on
subdomains of region 3 of RyR1 containing mutable
residues: DP17 (residues 4114-4142), DP18 (residues
4223-4259), DP19 (residues 4726-4754), and DP15 (resi-
dues 4820-4841). Three of the four (DP17, DP19, and
DP15) produced appreciable activation on RyR1 channels
as determined with a ryanodine binding assay (data not
shown for DP19). DP15, which matches the region of
residues 4820-4841, the cytoplasmic loop between TM6 and
TM7 (15, 16; also see Figure 8), produced the most
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pronounced effect. At 10µM Ca2+, DP15 activated [3H]-
ryanodine binding with an EC50 of ∼30 µM, and at
maximally activating concentrations (100-200 µM), the
extent of activation was∼2.8 times that of the control
(Figure 1A). According to our hypothesis (see model a in
Figure 8), this suggests that DP15 interfered with the
interdomain interaction between the 4820-4841 region (L6-7,
Figure 8) and its putative mating domain and activated the
RyR channel. Importantly, a point mutation in DP15
mimicking the L4837V MH mutation (10, 11) completely
abolished the channel activating function of DP15 of [3H]-
ryanodine binding activity, although at higher concentrations
(>100 µM), DP15mut began to exhibit slight activation.
Similarly, another MH mutation, L4823P (8, 9), almost
completely abolished the channel activation function of DP15
over a range of low peptide concentrations (e50 µM), but
in this case, higher concentrations of the peptide produced
significant activation (Figure 1A). The loss of the activation
effect of DP15 caused by the mutation implies the loss of
the ability to interfere with the stabilizing interdomain
interaction. This suggests that the L4823P or L4837V
mutation in the in vivo 4820-4841 region destabilizes the
physiological interdomain interaction, leading to the abnor-
mal channel activation seen in MH RyR1. At 0.1µM Ca2+,
DP15 exhibited rather complex concentration-dependent
effects on [3H]ryanodine binding activity (Figure 1B). In a
lower concentration range (10-50 µM), DP15 produced
small but significant inhibition, and at concentrations higher
than 100µM, it produced activation. The L4837V MH
mutation introduced into DP15 abolished both inhibitory and
activation effects, although at the highest concentrations that
were tested (200 and 300µM) DP15mut produced a small
activation.

In the experiment shown in Figure 2, we carried out [3H]-
ryanodine binding assays at various Ca2+ concentrations, in
the presence or absence of 100µM DP15. As shown, DP15
has dual Ca2+ concentration-dependent effects. Namely, the
peptide inhibits RyR1 at subthreshold Ca2+ concentrations
(e0.2-0.3 µM) and activates at above-threshold Ca2+

concentrations (g0.3 µM). Interestingly, the dual Ca2+

concentration dependence of channel inhibition and activation
by DP15 is the complete opposite of the Ca2+ concentration

dependence pattern of CaM regulation of RyR1, i.e., channel
activation by CaM at low Ca2+ concentrations and inhibition
at high Ca2+ concentrations (17-19).

The cytoplasmic TM6-TM7 loop (L6-7) of the cardiac
RyR2 channel domain has a similar primary structure (cf.
Table 1). This suggests that a similar mechanism operates
also in cardiac channel regulation. We examined the effect
of the cardiac counterpart of DP15, DPc15 (Table 1), on the

FIGURE 1: Concentration dependence of DP15 and DP15mut on binding of [3H]ryanodine to RyR1. (A) Rabbit skeletal SR (0.5 mg/mL)
was incubated with 10 nM [3H]ryanodine in a solution of 0.15 M KCl, 20 mM MOPS (pH 7.2), 2 mM DTT, and various concentrations
of DP15 (b), DP15mut (L4823P) (0), and DP15mut (L4837V) (O) at 10µM Ca2+. n ) 4-9 for DP15, andn ) 3-4 for DP15mut. (B)
Similar experiments were performed at 0.1µM Ca2+. n ) 3-6 for DP15, andn ) 3-6 for DP15mut.

FIGURE 2: Ca2+ concentration dependence of binding of [3H]-
ryanodine to RyR1 in the absence and presence of DP15. [3H]-
Ryanodine binding assays were performed in the absence (control)
or presence of 100µM DP15 at various Ca2+ concentrations. At
low Ca2+ concentrations (∼0.3 µM), DP15 inhibited binding of
[3H]ryanodine to RyR1, while at higher Ca2+ concentrations (0.5-
10 µM), DP15 activated. Beyond 10µM Ca2+, DP15 activity was
reduced.n ) 4-9 for control and 100µM DP15.

Table 1: Domain Peptides Used in This Study
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[3H]ryanodine binding activity of RyR1 at 10µM Ca2+

(Figure 3A) and 0.1µM Ca2+ (Figure 3B). As shown, DPc15
produced significant activation of RyR1 at both 0.1 and
10 µM Ca2+. Importantly, the H4764P CPVT mutation (13)
in DPc15 resulted in a considerable attenuation of the
activating function that would have been present in wild-
type DPc15, although the extent of inhibition was signifi-
cantly smaller than those for the skeletal muscle-type
mutations introduced into DP15.

Fluorescence Labeling of the DP15 Binding Domain.
Figure 4 depicts the results of our attempt to identify the
region of the RyR1 to which DP15 binding takes place. We
carried out photoaffinity cross-linking of fluorescently labeled
DP15 to RyR1. DP15 was labeled with a fluorescent probe
Alexa Fluor 680 and a photoaffinity cross-linking agent APG
(see Experimental Procedures), and after incubation of the
Alexa Fluor 680-DP15-APG conjugate at 10µM Ca2+ for
1 min in the dark, the mixture of the peptide complex with
the SR was photolyzed. The photoaffinity labeled SR was
subjected to gel analysis. As shown,∼35% of the total
fluorescence intensity incorporated into the SR proteins was
associated with the RyR band. Since the content of RyR is
∼4.3% of the total SR proteins (as determined by densito-
metry of the Coomassie blue-stained bands), almost exclusive
fluorescent labeling has taken place in the RyR moiety of
the SR in terms of specific incorporation of a fluorescent
marker. Digestion with calpain II and increasing concentra-
tions of trypsin produced various extents of cleavage of the
RyR polypeptide chain, and we identified the regions of RyR
from which the fluorescent fragments originate using poly-
clonal antibodies directed to the 3614-3643 (anti-CaMBP
Ab) and 4114-4142 (anti-DP17 Ab) regions. As summarized
in Figure 4B, the fluorescent label was localized first in a
400 kDa calpain fragment; after extensive digestion (4000:
1), it was localized in a 120 kDa tryptic fragment which
was stained with both antibodies. Upon further digestion
(1000:1), the fluorescence intensity was primarily in a
96 kDa fragment which was stained with anti-DP17 Ab, but
not with anti-CaMBP Ab. These results indicate that binding
of DP15 to the 96 kDa region of RyR1 containing the 4114-
4142 region took place (D96k, Figure 8).

Anti-DP15 Antibody and DP17 (a peptide corresponding
to the 4114-4142 region) Also ActiVate RyR1.The finding
that DP15 binds to the 4114-4142 region suggests that there
is an interdomain interaction between L6-7 (the cytoplasmic
loop adjacent to the channel pore) and D96k [the 96 kDa
region containing CaM-like/Ca2+ regulatory domain (19)],
as schematically illustrated in Figure 8. The fact that DP15
activates the RyR1 channel in a Ca2+-dependent manner
(Figures 1 and 2) suggests that at near or above-threshold
Ca2+ concentrations the binding of DP15 to the D96k in
competition with the in vivo interaction of L6-7 with D96k

interferes with the L6-7-D96k interdomain interaction and
unzips these interacting domains to activate the channel (cf.
scheme a of Figure 8). If the observed activation is due to
interference with a domain-domain interaction rather than
a direct effect of peptide binding, then we would expect that
an antibody directed to DP15 should produce activation
effects comparable with that produced by DP15. As shown
in Figure 5, anti-DP15 Ab (200µg/mL) produced a signifi-
cant activation of [3H]ryanodine binding activity at both
0.1 and 10µM Ca2+. Preimmune sera did not show any
significant activation at the same concentration (data not
shown). The results suggest that the antibody directed to the
M6-M7 loop (L6-7) interfered with the postulated D96k-
L6-7 interaction, resulting in channel activation.

Figure 6 shows the concentration-dependent effect of
another domain peptide, DP17 (matching the 4114-4142
region of region 3 of RyR1), on [3H]ryanodine binding
activity at 10µM Ca2+ (A) and 0.1µM Ca2+ (B). At 10 µM
Ca2+, DP17 activated [3H]ryanodine binding activity, yielding
a concentration-dependent pattern similar to that of DP15
and DPc15, although the extent of activation was much
smaller compared to those of the DP15 peptides. An MH
mutation (R4137S) introduced into DP17 produced an∼50%
reduction of the activating function of wild-type DP17. At
0.1 µM Ca2+, DP17 produced no appreciable effect on the
[3H]ryanodine binding activity over the range of peptide
concentrations that were tested. Figure 7 shows the Ca2+

concentration dependence of [3H]ryanodine binding activity
in the absence (control) and presence of 100µM DP17. The
data show that the activation of DP17 occurs with no

FIGURE 3: Concentration dependence of DPc15 and DPc15mut on binding of [3H]ryanodine to RyR1. (A) Rabbit skeletal SR (0.5 mg/mL)
was incubated with 10 nM [3H]ryanodine in a solution of 0.15 M KCl, 20 mM MOPS (pH 7.2), 2 mM DTT, and various concentrations
of DPc15 (b) and DPc15mut (H4764P) (O) at 10µM Ca2+. n ) 3-9 for DPc15, andn ) 3 for DPc15mut. (B) Similar experiments were
performed at 0.1µM Ca2+. n ) 3-9 for DPc15, andn ) 3 for DPc15mut.
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appreciable change in the overall Ca2+ concentration depen-
dence pattern. The results suggest that DP17, which repre-
sents a part of D96k (the partner domain of L6-7), also
interferes with the D96k-L6-7 interaction, again causing
channel activation.

DISCUSSION

A considerable number of mutations and deletions linked
with MH and CCD have been reported in region 3 encom-
passing residues 3916-4973 of RyR1 (20, 21). Region 3
includes the majority of the I domain (residues 3760-4679
of RyR1 corresponding to residues 3722-4610 of RyR2),
which seems to be critical for the interaction between the
cytoplasmic regulatory domain of RyR1 and the transmem-
brane channel domain (5). Also included in region 3 is a
segment (residues 4064-4210) that resembles the structure
of CaM (CaM-like domain, CaMLD). According to recent
work by Hamilton and her colleagues (19), an expressed
peptide corresponding to this segment shows several CaM-
like properties. Importantly, CaMLD contains EF-hand-like
sequences that are probably involved in Ca2+-dependent
regulation (22, 23).

One of the important findings in this study is the fact that
DP15 binds with a 96 kDa segment containing the CaMLD
region, as shown by photoaffinity cross-linking of a fluo-
rescent DP15 and Western blot of the fluorescence-labeled
tryptic fragment with a site-specific antibody directed to the
4114-4142 region. This suggests that there is an interaction
between the TM6-TM7 loop (L6-7, Figure 8) and the 96
kDa region containing CaMLD (D96k, Figure 8). DP15 was
found to produce significant activation of [3H]ryanodine
binding at above-threshold Ca2+ concentrations (g0.3µM),
although it produced rather complex effects at a low Ca2+

FIGURE 4: Site-specific fluorescence labeling of the DP15 binding domain of RyR1. (A) Fluorogram and Western blot with anti-DP17
antibody (anti-DP17 Ab) and anti-CaMBP antibody (anti-CaMBP Ab). The Alexa Fluor 680-DP15-APG conjugate produced a specific
labeling of RyR1 in SR. The Alexa 680 labeling with DP15 is localized in a 96 kDa fragment of RyR after calpain and trypsin digestion,
which was detected with anti-DP17 antibody (anti-DP17 Ab) but not with anti-CaMBP antibody (anti-CaMBP Ab). (B) Digestion map of
RyR1 with calpain and trypsin. The map was modified from the figure of Chen et al. (29). Calpain-sensitive and protease-sensitive regions
(29, 30) are identified with a black inverted triangle and a gray box, respectively. The Alexa 680 labeling with DP15 was detected in the
following fragments: 400, 330, 250, 240, 160, 145, 120, 110, and 96 kDa. The 110 and 96 kDa fragments (black boxes) were stained with
anti-DP17 antibody, not with anti-CaMBP antibody. The data show that the DP15 binding domain is in the 96 kDa fragment that includes
the DP17 region.

FIGURE 5: Anti-DP15 antibody enhances binding of [3H]ryanodine
to RyR1. Rabbit skeletal SR (0.5 mg/mL) was incubated with 10
nM [3H]ryanodine in a solution of 0.15 M KCl and 20 mM MOPS
(pH 7.2) at two different Ca2+ concentrations (0.1 and 10µM) in
the absence (RyR1) and presence of 200µg/mL anti-DP15 antibody.
The solution was incubated at 22°C overnight. Three asterisks
indicate aP of <0.0001 and two asterisks aP of <0.01 vs RyR1.
n ) 3-7.
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concentration (0.1µM). An antibody directed to DP15
produced significant activation of [3H]ryanodine binding
activity at both low and high Ca2+ concentrations. Further-
more, the cardiac counterpart of DP15, i.e., DPc15, produced
significant activation of [3H]ryanodine binding at both low
and high Ca2+ concentrations. According to our domain
peptide probe hypothesis, these results suggest that the
binding of DP15 or DPc15 with CaMLD containing the
96 kDa region (D96k, Figure 8, scheme a) or the binding of
the anti-DP15 antibody with the cytoplasmic TM6-TM7
loop (L6-7, Figure 8, scheme b) interfered with the interdo-
main interaction between D96k and L6-7, resulting in “domain
unzipping” and channel activation. This is basically the same
mechanism as that previously described for channel activa-
tion induced by the interference of the interdomain interaction
between region 1 and region 2 by the domain switch-directed
peptides, such as DP4 (1-4). However, there is one unique
feature characteristic of DP15. That is, under specific
conditions (lower concentrations of the peptide, at subthresh-
old Ca2+ concentrations), DP15 produced weak but signifi-
cant inhibition (Figures 1 and 2). Higher concentrations of

DP15 produce activation even at 0.1µM Ca2+ (cf.
Figure 1), and according to our preliminary data, with an
increase in the concentration of KCl in the assay solution

FIGURE 6: Concentration dependence of DP17 and DP17mut on binding of [3H]ryanodine to RyR1. (A) Rabbit skeletal SR (0.5 mg/mL)
was incubated with 10 nM [3H]ryanodine in a solution of 0.15 M KCl, 20 mM MOPS (pH 7.2), and various concentrations of DP17 (b)
and DP17mut (R4137S) (O) at 10 µM Ca2+. n ) 3-6 for DP17, andn ) 3 for DP17mut. (B) Similar experiments were performed at
0.1 µM Ca2+. n ) 3-6 for DP17, andn ) 3 for DP17mut.

FIGURE 7: Ca2+ concentration dependence of binding of [3H]-
ryanodine to RyR1 in the absence and presence of DP17. [3H]-
Ryanodine binding assays were performed in the absence (control)
or presence of 100µM DP17 at various Ca2+ concentrations.n )
3-6 for control and 100µM DP17.

FIGURE 8: Schematic model of the interdomain interaction in region
3 of RyR1. The schematic model of region 3 on RyR1 (residues
3916-5037) was based on the topology of the transmembrane by
Du et al. (15, 16). According to Du’s model, there are eight
transmembrane (TM) segments. The MH/CCD mutation sites were
based on published data (8-11, 13, 31-43). The MH (red circles)
or MH/CCD (orange circles) mutation sites are located in the
cytoplasmic region or channel pore region (between TM7 and
TM8), while CCD (yellow circles) mutation sites are mainly
localized in the helices of transmembrane regions. The interdomain
hypothesis we tested in this study is summarized in the table at the
bottom. In the nonactivated state, the 96 kDa domain (D96k) and
the TM6-TM7 loop (L6-7) are tightly bound with each other
(zipped, D96k-L6-7), stabilizing the closed state of the channel. In
reaction a, DP15 binds with its mating domain (D96k), in competition
with L6-7, causing partial domain unzipping (D96k-DP15/ /L6-7)
and channel activation, mimicking the effect produced by the
mutation in L6-7. In reaction b, antibody directed to L6-7 (anti-
DP15 Ab) also causes domain unzipping and channel activation
by interfering with the D96k-L6-7 interaction.

Interdomain Interactions in the Ryanodine Receptor Biochemistry, Vol. 46, No. 14, 20074277



from 0.15 to 1.0 M, DP15 (100µM) exhibited significant
activation (130% control) even at 0.1µM Ca2+ (data not
shown). We propose that DP15 probes two events: (a)
interference of the channel-stabilizing interdomain inter-
action that leads to channel activation and (b) binding of
DP15 to the putative “inhibitory site(s)” within D96k that
leads to channel inhibition. Under the conditions that favor
channel activation such as higher concentrations of Ca2+ and
KCl, the effect of DP15 on event (a) is manifested predomi-
nantly.

These data which show that anti-DP15 antibody, which
binds with L6-7 but not with D96k, produced activation at
both low and high Ca2+ concentrations are consistent with
the view that interference of the interdomain interaction,
rather than the peptide binding a specific activation site(s),
is the underlying mechanism for channel activation. In further
support of this view, another domain peptide, DP17, corre-
sponding to a portion of D96k also produced channel
activation.

Figure 8 illustrates our tentative topographical arrangement
of the CaMLD-containing 96 kDa region relative to the
transmembrane helices (cf. refs15 and16). When we plot
the reported MH mutations (red circle) and CCD mutations
(yellow circle) in the map, it reveals an interesting feature
in the distribution of the two types of mutations. As seen,
most (if not all) of the MH mutations producing a relatively
mild phenotype (24) are localized in the cytoplasmic area,
while most CCD mutations producing more severe pheno-
types (25, 26) are located at the luminal side of the SR
membrane, particularly in the putative channel pore region
(27). It is worth noting that some of the MH mutations in
region 3, as tested in a homologous expression system,
exhibit a phenotype similar to those in regions 1 and 2 (28).
As shown in the study presented here, single mutations made
in DP15, mimicking the L4823P or L4837V MH mutations,
produced a severe impact on the channel activating function
of wild-type DP15. This suggests that MH mutation in the
TM6-TM7 loop (L6-7) weakened the domain-domain
interaction and produced hyperactivation effects on the
channel (a common phenotype of MH mutations), again the
same mechanism previously described for the effect of
mutations in regions 1 and 2 (1-4). Similarly, MH mutation
in the D96k domain, such as R4137S introduced into DP17,
weakens the interdomain interaction, leading to channel
activation. Interestingly, cardiac-type DP15, i.e., DPc15, led
to a significant activation of RyR1, and a CPVT (12)
mutation introduced into DPc15 produced a severe impact
on the activating function of the peptide, as shown in this
study. Thus, it may not be unreasonable to assume that the
TM6-TM7 loop (L6-7) is involved in a domain-domain
interaction and channel regulation also in RyR2.

In conclusion, application of a peptide probe matching the
cytoplasmic TM6-TM7 loop (residues 4820-4841) to
region 3 of RyR1 (DP15) has revealed an interdomain
interaction between the TM6-TM7 loop and the 96 kDa
segment containing CaM-like domain (but not including the
CaM-binding domain). Significant activation of RyR1 chan-
nels by either DP15 or an antibody directed to this peptide
(i.e., TM6-TM7 loop) suggests that tighter domain-domain
interaction stabilizes the closed state of the channel, and
weakened interaction (unzipping) activates the channel. MH
or CPVT mutation occurring in the loop, and perhaps

mutation in the 96 kDa domain as well, weakens the
domain-domain interaction and destabilizes the channel.
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