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Ryanodine receptors (RyRs) are ion channels that mediate
the release of Ca2+ from the sarcoplasmic reticulum/endo-
plasmic reticulum, mutations of which are implicated in a
number of human diseases. The adjacent C-terminal domains
(CTDs) of cardiac RyR (RyR2) interact with each other to form
a ring-like tetrameric structure with the intersubunit interface
undergoing dynamic changes during channel gating. This
mobile CTD intersubunit interface harbors many disease-
associated mutations. However, the mechanisms of action of
these mutations and the role of CTD in channel function are
not well understood. Here, we assessed the impact of CTD
disease-associated mutations P4902S, P4902L, E4950K, and
G4955E on Ca2+− and caffeine-mediated activation of RyR2.
The G4955E mutation dramatically increased both the Ca2+-
independent basal activity and Ca2+-dependent activation of
[3H]ryanodine binding to RyR2. The P4902S and E4950K
mutations also increased Ca2+ activation but had no effect on
the basal activity of RyR2. All four disease mutations increased
caffeine-mediated activation of RyR2 and reduced the
threshold for activation and termination of spontaneous Ca2+

release. G4955D dramatically increased the basal activity of
RyR2, whereas G4955K mutation markedly suppressed channel
activity. Similarly, substitution of P4902 with a negatively
charged residue (P4902D), but not a positively charged residue
(P4902K), also dramatically increased the basal activity of
RyR2. These data suggest that electrostatic interactions are
involved in stabilizing the CTD intersubunit interface and that
the G4955E disease mutation disrupts this interface, and thus
the stability of the closed state. Our studies shed new insights
into the mechanisms of action of RyR2 CTD disease mutations.

The cardiac ryanodine receptor (RyR2) is an intracellular
Ca2+ release channel residing in the sarcoplasmic reticulum
(SR) membrane of cardiomyocytes. It plays an essential role in
excitation–contraction coupling by controlling the release of
Ca2+ from the SR into the cytoplasm (1–5). RyR2 is also
abundantly expressed in the brain and critically involved in
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learning and memory (6–9). Because of its important physio-
logical roles, mutations in RyR2 can cause cardiac arrhythmias,
cardiomyopathies, and neuronal disorders (4, 10–13).

RyR2 mutations are primarily associated with catechol-
aminergic polymorphic ventricular tachycardia (CPVT). CPVT
is characterized by emotional or physical stress–induced
ventricular arrhythmias and sudden death in structurally
normal hearts (11, 14–17). RyR2 mutations have also been
associated with cardiomyopathies as well as cardiac arrhyth-
mias (11, 16, 18–24). To date, more than 300 RyR2 missense/
nonsense mutations have been reported in the Human Gene
Mutation Database (http://www.hgmd.cf.ac.uk/ac/index.php).
Although RyR2 mutations are distributed over the entire pri-
mary sequence, most of them are clustered in four hot spots in
the linear sequence of RyR2: residues 44 to 466, 2246 to 2534,
3778 to 4201, and 4497 to 4959. Structurally, these four hot
spots are located at the N-terminal domain (NTD), helical
domain, central domain, and channel domain (10, 11, 25). The
NTD (residues 1–642) comprises three subdomains: NTD-A,
NTD-B, and NTD-C. We showed that NTD-A is important
for Ca2+ release termination, NTD-B is involved in channel
suppression, and NTD-C is critical for channel activation and
expression (26). Interestingly, the NTD harbors a number of
RyR2 mutations associated with cardiomyopathies (16, 21,
27–33). A common defect of NTD RyR2 mutations is a
reduced threshold for Ca2+ release termination and an
increased amplitude of fractional Ca2+ release (34). Notably,
most NTD disease mutations are located at the interfaces
between N-terminal subdomains or between NTD and other
RyR2 domains. These mutations may affect normal channel
gating by disrupting domain–domain interactions (35).

The central domain is important for channel activation by
Ca2+. It contains a high-affinity Ca2+-binding site (36–38). We
have shown that disease-associated RyR2 mutations in the
central domain enhanced the cytosolic Ca2+-dependent activa-
tion of RyR2, reduced the activation and termination thresholds
for spontaneous Ca2+ release in human embryonic kidney 293
(HEK293) cells, and reduced Mg2+ inhibition (39, 40).

The channel domain includes the transmembrane domain
and the C-terminal domain (CTD). The CTD (residues
4887–4968) is highly conserved among RyR isotypes from
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CTD intersubunit interface and closed-state stability
different species. The CTD at the end of the S6 inner pore
helix is clamped by the U-motif from the central domain to
stabilize the channel pore formed by four S6 inner pore helices
(one from each RyR2 protomer) (25). Structural analysis
showed that there is little or no relative motion among the U-
motif, CTD, and the cytoplasmic portion of the S6 inner pore
helix during channel opening and closing. This rigid connec-
tion is further stabilized by a zinc-binding motif within the
CTD (25). In addition to coupling the movement of the central
domain to the S6 inner pore helix, CTD is also involved in the
binding of three important RyR2 modulators: Ca2+, ATP, and
caffeine. Ca2+ binds to RyR2 at the interface between CTD and
central domain, whereas ATP binds at the interface between
CTD and the cytoplasmic portion of S6 inner pore helix.
Caffeine binds at the interface among CTD, U-motif, and S2S3
cytoplasmic loop (36–38).

There are many disease-associated RyR2 mutations
located in CTD (16, 41–51). Most of these mutations are
associated with CPVT and sudden death. Interestingly, in
addition to cardiac disorders, the CTD RyR2 G4955E mu-
tation is also associated with neuronal phenotypes,
including intellectual disability and seizure (45). 3D struc-
tural analysis reveals that many CTD mutations are located
at domain interfaces. For instance, the P4902S, P4902L,
E4950K, and G4955E mutations are located at the inter-
subunit interface between two adjacent CTDs. Interestingly,
adjacent CTDs interact extensively with each other only in
the closed but not in the open RyR2 channel. Thus, the 3D
location of these disease mutations suggests that they may
disrupt intersubunit CTD–CTD interactions and thus the
stability of the closed state of the channel. To test this
hypothesis, in the present study, we assessed the impact of
disease-associated mutations P4902S, P4902L, E4950K, and
G4955E on channel function. We found that all these four
disease mutations reduced the activation and termination
thresholds for store overload–induced spontaneous Ca2+

release (SOICR). Particularly, the G4955E mutation severely
destabilized the stability of the closed state and dramatically
increased the activation of the RyR2 channel by luminal
Ca2+, probably by altering the electrostatic interactions at
the CTD–CTD intersubunit interface. Our work provides
important new insights into the role of CTD in channel
function and the pathogenic mechanism of CTD disease
mutations.

Results

Localization of disease-associated RyR2 CTD mutations at the
tetrameric intersubunit interface

The RyR2 CTD contains the last 82 amino acids (residues
4887–4968) and harbors multiple disease-associated muta-
tions, including P4902S, P4902L, E4950K, and G4955E. The
G4955E mutation was associated with severe atrial arrhyth-
mias, intellectual disability, and seizure (45), whereas P4902S,
P4902L, and E4950K were associated with CPVT and sudden
death (49–51). The RyR2 channel gate is formed by four S6
inner pore helices, one from each RyR2 protomer. Adjacent
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CTDs at the C-terminal end of each S6 inner pore helix
interact with each other and form a “ring-like” structure that
likely plays a role in stabilizing the channel pore (Fig. 1, A and
B) (25). Interestingly, these disease-associated RyR2 mutations
are located in the CTD tetrameric intersubunit interface
(Fig. 1, C and D). Furthermore, this CTD intersubunit interface
undergoes substantial conformational changes during channel
opening and closing (Fig. 1, E and F). In the closed state, there
is an extensive contact between two adjacent CTDs, in which a
region encompassing residue P4902 from one RyR2 subunit
interacts with a region encompassing residue G4955 from the
neighboring subunit. However, in the open state, there is little
contact between two adjacent CTDs. The P4902 residue is
moved away from G4955 but close to a region encompassing
residue E4950 from the neighboring subunit (Fig. 1, E and F).
These 3D structural analyses suggest that residues P4902,
E4950, and G4955 may be involved in CTD–CTD intersubunit
interactions in the closed state, and that mutations of these
residues may disrupt CTD intersubunit interface, thus altering
closed-state stability and channel gating. However, these hy-
potheses have yet to be tested. To understand the impact of
these disease-associated RyR2 CTD mutations on channel
function, we generated these mutations using site-directed
mutagenesis and expressed them in HEK293 cells. Western
blot analysis showed that the protein expression level of these
RyR2 mutants was compatible to that of the RyR2 WT (Fig. 1,
G and H). Note that there are no endogenous RyR2 proteins
and function detected in HEK293 cells (52, 53). Functional
characterization of each of these mutants was then performed
as described later.

Effect of disease-associated CTD mutations on [3H]ryanodine
binding to RyR2

[3H]ryanodine binding assay is a widely used method for
assessing the open probability of the RyR channel, because
ryanodine only binds to the open state of RyRs (54–57). Here,
we performed [3H]ryanodine binding assay to determine the
impact of CTD mutations on the basal activity and sensitivity
of RyR2 to activation by a wide range of Ca2+ concentrations.
As shown in Figure 2 and Fig. S1, the G4955E mutation
markedly increased the Ca2+-dependent activation of RyR2
with an EC50 of 0.08 μM, which is significantly lower than that
of the RyR2 WT (EC50 = 0.23 μM). Notably, a substantially
elevated level of [3H]ryanodine binding to the G4955E mutant
was detected in the near absence of Ca2+ (~0.1 nM), indicating
that the G4955E mutation dramatically increases the Ca2+-
independent basal activity of [3H]ryanodine binding to RyR2
(Fig. 2, B and D and Table 1). The P4902S and E4950K mu-
tations also significantly decreased the EC50 (0.19 μM for
P4902S and 0.19 μM for E4950K) of Ca2+-dependent activa-
tion of [3H]ryanodine but did not significantly affect the Ca2+-
independent basal activity of [3H]ryanodine binding, compared
with RyR2 WT (Fig. 2, A–D and Table 1). On the other hand,
the P4902L mutation did not significantly affect the EC50 or
the basal activity of [3H]ryanodine binding (Fig. 2, A, C, and D
and Table 1). Therefore, disease-associated CTD mutations,



Figure 1. C-terminal domain (CTD) intersubunit interface and locations of CTD disease mutations in the 3D structure of RyR2. A, side view of the
RyR2 tetramer. B, top view of the RyR2 tetramer. The CTD domain from each subunit is highlighted in red. C and D, the surface presentation of the CTD
domain in the closed (C) and open (D) states. Residue P4902 is colored in yellow, E4950 in cyan, and G4955 in green. E and F, transparent CTD surface and
ribbon presentation of two neighboring subunits in the closed (E) and open (F) states. Disease-associated CTD mutations are indicated in the same color
scheme as in panels C and D. All 3D structure images were generated from Protein Data Bank 5GO9 (closed state) and 5GOA (open state) using PyMOL. G
and H, HEK293 cells were transiently transfected with the RyR2 WT or disease-associated CTD mutant complementary DNAs. Immunoblotting of RyR2 WT
and mutants from the same amount of transfected cell lysates (G). Note that the RyR2 band with an expected molecular weight of 565 kDa is located inside
the separating gel. The expression levels of the WT and disease-associated mutants were normalized to that of GAPDH (one-way ANOVA with Dunnett’s
post hoc test, F = 0.8741, p = 0.5023) (H). Data shown are mean ± SD from four separate experiments. HEK293, human embryonic kidney 293 cells; NS, not
significant; RyR2, cardiac ryanodine receptor.

CTD intersubunit interface and closed-state stability
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Figure 2. Effects of disease-associated CTD mutations on [3H]ryanodine binding to RyR2. A and B, [3H]ryanodine binding to cell lysates prepared from
HEK293 cells transiently transfected with the RyR2 WT or disease-associated CTD mutant complementary DNAs was carried out at various Ca2+ concen-
trations (0.1 nM–0.1 mM). The amounts of [3H]ryanodine binding at various Ca2+ concentrations were normalized to the maximal binding (100%). C, EC50
values of Ca2+ activation (one-way ANOVA with Dunnett’s post hoc test, F = 50.5, p < 0.0001). D, basal activity (in the near absence of Ca2+, ~0.1 nM) of [3H]
ryanodine binding to RyR2 (one-way ANOVA with Dunnett’s post hoc test, F = 346.5, p < 0.0001). Data shown are mean ± SD from four to five separate
experiments. **p < 0.01 versus WT. CTD, C-terminal domain; HEK293, human embryonic kidney 293 cells; RyR2, cardiac ryanodine receptor.

CTD intersubunit interface and closed-state stability
G4955E, P4902S, and E4950K, but not P4902L, enhance Ca2+-
dependent activation and/or Ca2+-independent basal activity
of RyR2.
Effect of disease-associated CTD mutations on caffeine
activation of RyR2

We used the [3H]ryanodine binding assay to ascertain the
impact of disease-associated CTD mutations on RyR2
Table 1
Effects of mutations on [3H]ryanodine binding to RyR2

Mutation EC50 (μM) of Ca2+ activation Adjusted p value

A. Disease-associated mutations
RyR2 WT 0.23 ± 0.02
P4902S 0.19 ± 0.01 0.0042
P4902L 0.21 ± 0.02 0.0873
E4950K 0.19 ± 0.01 0.0039
G4955E 0.08 ± 0.00 <0.0001

EC50 ANOVA summary: F = 50.5, p < 0.0001; basal activity ANOVA summary: F
B. Other mutations
RyR2 WT 0.23 ± 0.02
P4902D 0.07 ± 0.01 <0.0001
P4902K 0.15 ± 0.02 0.0003
G4955D 0.08 ± 0.02 <0.0001
G4955K 0.47 ± 0.04 <0.0001
G4955L 0.31 ± 0.02 0.0002
D4956A 0.26 ± 0.03 0.3966

EC50 ANOVA summary: F = 142.7, p < 0.0001; basal activity ANOVA summary:

Data are presented as mean ± SD. The significance of differences in EC50 and basal activ
Dunnett’s multiple comparisons post hoc testing. A p < 0.05 was considered statistically
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activity in the context of solubilized RyR2 channels. To
assess the impact of CTD mutations on RyR2-mediated Ca2+

release in the cellular context, we measured caffeine-induced
Ca2+ release in HEK293 cells expressing RyR2 WT or mu-
tants (Fig. 3 and Table 2). It has previously been shown that
caffeine induces Ca2+ release from intracellular Ca2+ stores
by sensitizing the RyR2 channel to activation by cytosolic
and luminal Ca2+ (58, 59). Here, we performed caffeine-
induced Ca2+ release assays in HEK293 cells to assess the
Basal activity (pmol/mg) Adjusted p value n

3.8 × 10−3 ± 2.3 × 10−3 5
5.8 × 10−3 ± 1.7 × 10−3 0.5207 4
1.1 × 10−3 ± 6.2 × 10−4 0.1692 5
1.7 × 10−3 ± 8.9 × 10−4 0.3388 5
1.0 × 10−1 ± 1.0 × 10−2 0.001 4

= 346.5, p < 0.0001

3.8 × 10−3 ± 2.3 × 10−3 5
9.9 × 10−2 ± 2.5 × 10−2 0.0048 5
1.2 × 10−2 ± 1.2 × 10−2 0.6652 4
1.1 × 10−1 ± 1.8 × 10−2 0.0055 4
1.2 × 10−4 ± 2.4 × 10−4 0.0984 4
2.0 × 10−4 ± 4.0 × 10−4 0.1082 4
1.3 × 10−3 ± 1.5 × 10−3 0.3369 5

F = 71.9, p < 0.0001

ity between WT and mutants was evaluated by performing one-way ANOVA with
significant.



Figure 3. Effects of disease-associated CTD mutations on caffeine activation of RyR2. A, HEK293 cells were transiently transfected with RyR2 WT or
disease-associated CTD mutant complementary DNAs. The fluorescence intensity of the Fluo-3-loaded transfected cells was monitored continuously before
and after each caffeine addition. Note that the small drops in fluorescence signal immediately after additions of caffeine are due to dilution of the Fluo-3
fluorescent dye by the added caffeine solution. B, the relationships between caffeine-induced Ca2+ release and cumulative caffeine concentrations in
HEK293 cells transfected with RyR2 WT, P4902S, P4902L, E4950K, and G4955E. The amplitude of each caffeine peak was normalized to that of the maximum
peak for each experiment. C, the apparent EC50 values of caffeine-induced Ca2+ releases in HEK293 cells transfected with RyR2 WT or mutants (one-way
ANOVA with Dunnett’s post hoc test, F = 40.7, p< 0.0001). Data shown are mean ± SD from five separate experiments. **p< 0.01 versusWT. CTD, C-terminal
domain; HEK293, human embryonic kidney 293 cells; RyR2, cardiac ryanodine receptor.

CTD intersubunit interface and closed-state stability
impact of disease-associated CTD mutations on the sensi-
tivity of RyR2 to activation by cytosolic and luminal Ca2+.
The amplitude of caffeine-induced Ca2+ release in HEK293
cells transfected with RyR2 WT increased progressively with
each cumulative addition of caffeine (from 0.05 to 0.5 mM)
with an apparent EC50 of caffeine activation of ~0.20 mM
and then decreased with further cumulative additions of
caffeine (from 1.0 to 5 mM), likely because of the depletion
of intracellular Ca2+ stores by the prior additions of caffeine
(0.025–0.5 mM) (Fig. 3, A and B). All four CTD mutations,
P4902S, P4902L, E4950K, and G4955E, enhanced caffeine-
induced Ca2+ release in HEK293 cells, shifting the caffeine
response curve to the left (Fig. 3, A–C and Table 2).
Particularly, the impact of the G4955E mutation was most
robust, which is consistent with its effect on [3H]ryanodine
binding to RyR2. Interestingly, although the P4902L muta-
tion has no significant effect on Ca2+-dependent activation of
[3H]ryanodine binding, it markedly increased caffeine acti-
vation of RyR2-mediated Ca2+ release (Fig. 3). Thus, RyR2
mutations could differentially affect Ca2+ activation of [3H]
ryanodine binding to RyR2 and caffeine activation of RyR2-
mediated Ca2+ release.
J. Biol. Chem. (2021) 297(1) 100808 5



Table 2
Effects of mutations on caffeine activation of RyR2

Mutation Apparent EC50 (mM) Adjusted p value N

A. Disease-associated mutations
RyR2 WT 0.20 ± 0.03 5
P4902S 0.14 ± 0.02 0.001 5
P4902L 0.10 ± 0.01 <0.0001 5
E4950K 0.11 ± 0.01 <0.0001 5
G4955E 0.05 ± 0.01 <0.0001 5

ANOVA summary: F = 40.7, p < 0.0001
C. Other mutations
RyR2 WT 0.20 ± 0.03 5
P4902D 0.05 ± 0.01 <0.0001 5
P4902K 0.09 ± 0.01 <0.0001 5
G4955K 0.43 ± 0.09 <0.0001 4
G4955L 0.23 ± 0.05 0.0309 5
D4956A 0.38 ± 0.07 <0.0001 4

ANOVA summary: F = 149.7, p < 0.0001

Data are presented as mean ± SD. The significance of differences in caffeine activation
between WT and mutants was evaluated by performing one-way ANOVA with
Dunnett’s multiple comparisons post hoc testing. A p value < 0.05 was considered
statistically significant.

CTD intersubunit interface and closed-state stability
Disease-associated CTD mutations reduce both the activation
and termination thresholds for SOICR

We have previously shown that alteration in the threshold
for SOICR or spontaneous Ca2+ release is a common mecha-
nism for disease-associated RyR2 mutations (34, 60–62). To
assess whether disease-associated CTD mutations affect the
SOICR threshold, we monitored luminal Ca2+ dynamics using
FRET-based and endoplasmic reticulum (ER)–targeted Ca2+-
sensing protein D1ER. As shown in Figure 4 and Fig. S2,
HEK293 cells expressing RyR2 WT displayed spontaneous ER
Ca2+ oscillations upon elevating extracellular Ca2+ from 0 to
2 mM (to induce Ca2+ overload). We determined the SOICR
activation threshold (FSOICR) at which SOICR occurred and
the SOICR termination threshold (Ftermi) at which SOICR
terminated. All four mutations, P4902S, P4902L, E4950K, and
G4955E, decreased both the activation threshold (WT 92.0%,
P4902S 76.4%, P4902L 74.5%, E4950K 83.5%, and G4955E
72.2%) and the termination threshold (WT 58.0%, P4902S
46.0%, P4902L 45.9%, E4950K 48.2%, and G4955E 49.1%)
(Fig. 4, A–G). The fractional Ca2+ release (FSOICR − Ftermi) in
P4902S (30.5%), P4902L (28.5%), and G4955E (23.2%) but not
in E4950K (35.3%) mutant cells was also significantly reduced
compared with that of WT cells (34.0%) (Fig. 4H). There was
no significant difference in store capacity (Fmax − Fmin) be-
tween RyR2 WT and P4902S, P4902L, or E4950K mutant cells.
However, the G4955E mutant cells showed slightly reduced
store capacity compared with that of the WT (Fig. 4I). Thus,
these disease-associated CTD mutations affect SOICR by
reducing its activation and termination thresholds.

The G4955E mutation dramatically increases luminal Ca2+

activation of single RyR2 channels

Among the four disease-associated CTD mutations char-
acterized, G4955E is the most severe, displaying the highest
basal activity and the lowest EC50 for Ca2+ activation. To
further understand the mechanism of action of this mutation,
we performed single-channel recordings in planar lipid bi-
layers. Single RyR2 WT or G4955E mutant channels were
6 J. Biol. Chem. (2021) 297(1) 100808
incorporated into lipid bilayers. To study the response of the
channel to cytosolic Ca2+ activation, we kept the luminal Ca2+

concentration constant at 45 nM and increased the cytosolic
Ca2+ concentration stepwise from 45 nM to 3.5 μM. As shown
in Figure 5, A and C, single G4955E mutant channels were
activated by cytosolic Ca2+ at lower concentrations compared
with single RyR2 WT channels. As a result, the G4955E mu-
tation slightly shifted the cytosolic Ca2+ response curve of
RyR2 to the left, especially at low cytosolic Ca2+ concentra-
tions. To study the response of the channel to luminal Ca2+

activation, we kept the cytosolic Ca2+ concentration constant
at 45 nM and increased the luminal Ca2+ concentration
stepwise from 45 nM to 5.0 mM. As shown in Figure 5, B and
D, single RyR2 WT channels were hardly activated by luminal
Ca2+ under these recording conditions (i.e., in the absence of
ATP or caffeine). In sharp contrast, single G4955E mutant
channels were dramatically activated by luminal Ca2+ as low as
2.5 μM under the same conditions. Notably, single G4955E
mutant channels, but not RyR2 WT channels, exhibited
spontaneous opening events (8.29 events/s compared with
0 event/s in WT) even in the near absence of cytosolic and
luminal Ca2+ (45 nM), which is consistent with the markedly
increased basal activity of [3H]ryanodine binding in the near
absence of Ca2+ (Fig. 2, B and D). Therefore, these single-
channel analyses indicate that the G4955E mutation de-
stabilizes the closed state of the channel and dramatically in-
creases the activation of the RyR2 channel by luminal Ca2+.

Probing the role of electrostatic interactions at the CTD
intersubunit interface

The CTD is clamped by the U-motif from the central
domain to form a rigid structural unit that moves together
during channel opening and closing (25) (Fig. 6A). There are
multiple negatively and positively charged residues located at
the intersubunit interface between adjacent CTD/U-motif
units (Fig. 6B). These include E4182, K4183, K4887, E4950,
D4956, and K4960 from one CTD/U-motif unit and D4896,
D4899, H4903, and E4906 from the neighboring CTD/U-motif
unit (Fig. 6B). This distribution of charged residues suggests
that electrostatic interactions may be involved at the inter-
subunit interface. Interestingly, the disease-associated muta-
tion G4955E introduces a negative charge near a pocket of
negatively charged residues (E4182, D4899, and D4956),
whereas the disease-associated mutation E4950K introduces a
positive charge near the positively charged residues K4183 and
H4903 (Fig. 6B). Thus, these mutations may result in some
electrostatic repulsion that would destabilize the closed state
and increase channel activation. To further probe the actions
of CTD disease mutations, we substituted disease-associated
residues G4955 and P4902 with a negatively charged residue
aspartate (D) or a positively charged residue lysine (K),
respectively, to generate mutations, G4955D, G4955K,
P4902D, and P4902K (Fig. 6, C and D). We also substituted
residue G4955 with a hydrophobic residue leucine (i.e.,
G4955L). We also generated the D4956A mutation to assess
the role of this negatively charged residue (D4956) next to



Figure 4. Effect of disease-associated CTD mutations on SOICR activation and termination thresholds. Stable and inducible HEK293 cell lines
expressing RyR2 WT and mutants were transfected with the FRET-based ER luminal Ca2+-sensing protein D1ER 48 h before single-cell FRET imaging.
Expression of the RyR2 WT and mutants was induced 24 h before imaging. The cells were perfused with KRH buffer containing increasing levels of
extracellular Ca2+ (0–2 mM) to induce SOICR. This was followed by the addition of 2 mM tetracaine to inhibit SOICR and then 20 mM caffeine to deplete the
ER Ca2+ stores. Representative FRET recordings from RyR2 WT (A), P4920S (B), P4902L (C), E4950K (D), and G4955E (E) are shown. To minimize the influence
of cyan fluorescent protein/yellow fluorescent protein cross talk, relative FRET measurements were used to calculate the activation threshold (F) and
termination threshold (G) using the equations shown in A. FSOICR indicates the FRET level at which SOICR occurs, whereas Ftermi represents the FRET level at
which SOICR terminates. The fractional Ca2+ release (H) was calculated by subtracting the termination threshold from the activation threshold. The
maximum FRET signal Fmax is defined as the FRET level after tetracaine treatment. The minimum FRET signal Fmin is defined as the FRET level after caffeine
treatment. The store capacity (I) was calculated by subtracting Fmin from Fmax. Data shown are mean ± SD from six to seven separate experiments (WT, 89
cells; P4902S, 139 cells; P4902L, 128 cells; E4950K, 79 cells; and G4955E, 75 cells). **p < 0.01; *p < 0.05 versus WT. NS, not significant (one-way ANOVA with
Dunnett’s post hoc test, F = 38.3 and p < 0.0001 for the activation threshold (F); F = 17.9 and p < 0.0001 for the termination threshold (G); F = 29.4 and p <
0.0001 for the fractional Ca2+ release (H); F = 6.1 and p = 0.0011 for the store capacity (I)). CTD, C-terminal domain; ER, endoplasmic reticulum; HEK293,
human embryonic kidney 293 cells; KRH, Krebs–Ringer–Hepes; RyR2, cardiac ryanodine receptor; SOICR, store overload–induced spontaneous Ca2+ release.

CTD intersubunit interface and closed-state stability
residue G4955 in channel function. Western blot analysis
showed that the protein expression level of each of these
mutants was compatible to that of the RyR2 WT (Fig. 6, C and
D).

We next determined the impact of each of these mutations
on Ca2+-dependent [3H]ryanodine binding. As shown in
Figure 7 and Fig. S1, [3H]ryanodine binding to RyR2 WT was
activated by ~100 nM Ca2+ and was fully activated by 1 to
2 μM Ca2+ with an EC50 of 0.23 μM. Very little [3H]ryanodine
binding to RyR2 WT was detected in the near absence of Ca2+

(~0.1 nM), indicating that there was little or no Ca2+-inde-
pendent basal activity of RyR2 WT (Fig. 7A). However,
J. Biol. Chem. (2021) 297(1) 100808 7



Figure 5. The G4955E mutation markedly increases the channel sensitivity to luminal Ca2+ activation. Recombinant RyR2 WT and G4955E mutant
channels were partially purified from cell lysate prepared from HEK293 cells transiently transfected with the RyR2 WT or G4955E mutant complementary
DNA. Single-channel activities were recorded in a symmetrical recording solution containing 250 mM KCl and 25 mM Hepes (pH 7.4). Representative current
traces of single RyR2 WT (A) and G4955E (B) channels in the presence of different cytosolic Ca2+ concentrations and 45 nM luminal Ca2+ (panels a and b) and
in the presence of 45 nM cytosolic Ca2+ and different luminal Ca2+ concentrations (panels c and d). The open probability of RyR2 WT or G4955E channels
activated by various fixed cytosolic Ca2+ (C) or fixed luminal Ca2+ concentrations (D). The frequency of open events of single RyR2 WT or G4955E mutant
channels in the presence of 45 nM cytosolic and 45 nM luminal Ca2+ concentration (E). Data shown are mean ± SD from seven RyR2 WT and seven G4955E
single channels. **p < 0.01 versus WT. HEK293, human embryonic kidney 293 cells; RyR2, cardiac ryanodine receptor.

CTD intersubunit interface and closed-state stability
substitution of G4955 with a negatively charged residue (i.e.,
G4955D) markedly increased the Ca2+-independent basal ac-
tivity and Ca2+-dependent activation of RyR2 (Fig. 7, B, E, and
F). These effects of the G4955D mutation on [3H]ryanodine
binding are similar to those of the disease mutation G4955E. In
contrast, the G4955K and G4955L mutations suppressed the
Ca2+-dependent activation of [3H]ryanodine binding and
diminished Ca2+-independent basal activity (Fig. 7, B, C, E, and
F). Similarly, the P4902D mutation, but not the P4902K mu-
tation, markedly increased the Ca2+-independent basal activity
8 J. Biol. Chem. (2021) 297(1) 100808
and Ca2+-dependent activation of RyR2 (Fig. 7, A, E, and F).
Furthermore, the D4956A mutation had no significant effect
on either the basal activity or Ca2+ activation of [3H]ryanodine
binding to RyR2 (Fig. 7, D–F).

We also determined the impact of each of these CTD mu-
tations on caffeine-induced Ca2+ release in HEK293 cells. As
shown in Figure 8, G4955K and G4955L mutations suppressed
caffeine activation, shifting the caffeine response curve to the
right (Fig. 8, A, C, and D). On the other hand, both the P4902D
and P4902K mutations enhanced caffeine activation, shifting



Figure 6. Mutational analyses of the CTD intersubunit interface. A, 3D structure of the U-motif, S6 helix, CTD, and its neighboring U-motif and CTD. B,
disease-affected residues (P4902, E4950, and G4955 in green) and negatively and positively charged residues at the CTD intersubunit interface. C, HEK293
cells were transiently transfected with the RyR2 WT or CTD mutant complementary DNAs. Immunoblotting of RyR2 WT and mutants from the same amount
of transfected cell lysates. Note that the RyR2 band with an expected molecular weight of 565 kDa is located inside the separating gel. D, the expression
levels of the WT and mutants were normalized to that of GAPDH (one-way ANOVA with Dunnett’s post hoc test, F = 0.2461, p = 0.9556). Data shown are
mean ± SD from four independent experiments. CTD, C-terminal domain; HEK293, human embryonic kidney 293 cells; NS, not significant; RyR2, cardiac
ryanodine receptor.
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the caffeine response curve to the left (Fig. 8, A, B, and D).
Although D4956A mutation had no significant effect on the
Ca2+ activation or basal activity of [3H]ryanodine binding to
RyR2 (Fig. 7, D–F), it markedly suppressed caffeine activation,
shifting the caffeine response curve to the right (Fig. 8, A, C,
and D). Note that the amplitudes of caffeine-induced Ca2+

release in HEK293 cells expressing the G4955D mutation were
too small to accurately estimate its EC50 of caffeine activation.
These data suggest that electrical charges at the CTD inter-
subunit interface are an important determinant of closed-state
stability.

Discussion

The RyR2 channel gate is formed by four S6 inner pore
helices. The CTD, which is located at the C-terminal end of S6,
controls the movement of S6 and thus the opening and closing
of the channel gate. The CTD also acts as a joint connecting
the central domain to the channel gate by interacting with the
U-motif in the central domain, thus allowing the transmission
of conformational changes in the central domain to the
channel gate (25, 37). Therefore, the CTD is believed to play a
critical role in channel gating. Consistent with this view, the
CTD is a mutation hot spot, containing 14 known disease-
associated mutations. However, the molecular mechanisms
underlying the actions of these CTD disease mutations are not
well understood.
Previous studies have shown that CPVT-causing RyR2
mutations increase the basal activity and sensitivity to cytosolic
and/or luminal activation of the RyR2 channel (11). This RyR2
hyperactivity is believed to cause CPVT by increasing the
propensity for spontaneous Ca2+ release (Ca2+ waves) during
SR Ca2+ overload as a result of emotional and physical stress.
These Ca2+ waves can in turn provoke delayed after-
depolarizations and triggered activities, leading to CPVT. In
the present study, we assessed the impact of four disease-
associated CTD mutations (P4902S, P4902L, E4950K, and
G4955E). We found that all these four mutations reduced the
activation threshold for SOICR (i.e., the SOICR activation
threshold). We also found that these mutations increased the
sensitivity of RyR2 to caffeine activation. We have previously
shown that caffeine induces Ca2+ release in HEK293 cells by
reducing the threshold for SOICR activation (59). Thus, both
the D1ER luminal Ca2+ imaging analysis and caffeine-induced
Ca2+ release assay revealed that these four disease-associated
CTD mutations reduced the threshold for SOICR activation.
By reducing the SOICR activation threshold, these mutations
would decrease the level of the attainable store Ca2+ content
and increase the propensity for spontaneous Ca2+ release
during store Ca2+ overload. Thus, as with other CPVT RyR2
mutations, these four CTD mutations may increase the sus-
ceptibility to CPVT by enhancing the propensity for sponta-
neous Ca2+ release, delayed afterdepolarizations, and triggered
J. Biol. Chem. (2021) 297(1) 100808 9



Figure 7. Effects of CTD mutations on [3H]ryanodine binding to RyR2. [3H]ryanodine binding to cell lysate prepared from HEK293 cells transiently
transfected with the RyR2 WT or CTD mutant complementary DNAs was carried out at various Ca2+ concentrations (0.1 nM–0.1 mM). The amounts of [3H]
ryanodine binding at various Ca2+ concentrations were normalized to the maximal binding (100%). [3H]ryanodine binding to RyR2 WT, P4902D, P4902K (A),
to RyR2 WT, G4955D, G4955K (B), to RyR2 WT, G4955L (C), or to RyR2 WT and D4956A (D). EC50 values of Ca

2+ activation (one-way ANOVA with Dunnett’s
post hoc test, F = 142.7, p < 0.0001) (E) and basal activity (in the near absence of Ca2+, ~0.1 nM) (F) of [3H]ryanodine binding to RyR2 (one-way ANOVA with
Dunnett’s post hoc test, F = 71.9, p < 0.0001). Data shown are mean ± SD from four to five separate experiments. **p < 0.01 versus WT. CTD, C-terminal
domain; HEK293, human embryonic kidney 293 cells; RyR2, cardiac ryanodine receptor.
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activities under conditions of SR Ca2+ overload (e.g., during
emotional and physical stress).

Notably, among the four disease-associated CTD mutations
we have characterized, the G4955E mutation displays the
highest basal activity and sensitivity to activation by Ca2+ and
caffeine. Consistent with its severe impact on RyR2 channel
function, the G4955E mutation was associated with severe
atrial arrhythmias and neurological disorders such as seizure
and intellectual disability in addition to CPVT (45). Thus, our
data demonstrate a critical role of CTD in channel stability and
gating and the pathogenesis of cardiac and neurological
disorders.

3D structural analysis reveals that, among the 14 known
disease-associated RyR2 CTD mutations, namely N4895D (51),
P4902L (50), P4902S (49), G4904D (43), F4905L (46), L4919S
(47), G4935R (16), Q4936K (44), S4938F (41), Y4939F (42),
E4950K (51), G4955E (45), R4959Q (50), and Y4962C (48),
many are located at the interfaces between CTD and other
domains. For instance, the L4919S mutation is located at the
interface between CTD and U-motif. G4935R, Q4936K,
S4938F, and Y4939F are at the interface among CTD, the
Ca2+-binding site, and the U-motif. The Y4962C mutation is at
the interface between CTD and the central domain. Notably, in
the tetrameric RyR2 structure, the CTD of one RyR2 subunit
interacts with the CTD of the neighboring subunit, forming
the CTD–CTD intersubunit interface (25). Interestingly, the
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P4902S, P4902L, E4950K, and G4955E mutations are located
at this CTD tetrameric intersubunit interface. Hence, domain–
domain interfaces are a common target of disease-associated
RyR2 CTD mutations, as with disease mutations located in
other RyR2 domains (63).

The role of the CTD intersubunit interface in channel
function is unclear but is probably involved in stabilizing
the closed state of the channel. In line with this view, we
found that mutating residue G4955 to a negatively charged
residue aspartic acid (D) or glutamic acid (E) markedly
enhanced the basal channel activity. In contrast, mutating
this G4955 residue to a positively charged residue lysine (K)
suppressed channel activity. Similarly, substituting P4902
with a negatively charged residue aspartic acid (D), but not
with a positively charged residue lysine (K), also dramati-
cally increased the basal channel activity. These results
suggest that electrostatic interactions are involved in the
CTD–CTD intersubunit interactions that are important for
stabilizing the closed state of the channel. Thus, mutations
that impair CTD–CTD intersubunit interactions would
destabilize the closed state, leading to spontaneous channel
openings as detected in single-channel recordings in the
near absence of Ca2+.

Most of the disease-associated RyR2 CTD mutations are
associated with CPVT and sudden cardiac death. Interest-
ingly, in addition to cardiac phenotypes, the CTD G4955E



Figure 8. Effects of CTD mutations on caffeine activation of RyR2. A, HEK293 cells were transiently transfected with RyR2 WT or mutant complementary
DNAs. The fluorescence intensity of the Fluo-3-loaded transfected cells was monitored continuously before and after each caffeine addition. The re-
lationships between caffeine-induced Ca2+ release and cumulative caffeine concentrations in HEK293 cells transfected with RyR2 WT, P4902D, or P4902K (B),
with RyR2 WT, G4955K, G4955L, or G4956A (C). D, the apparent EC50 values of caffeine-induced Ca2+ releases in HEK293 cells transfected with RyR2 WT or
mutants (one-way ANOVA with Dunnett’s post hoc test, F = 149.7, p < 0.0001). Note that the data for RyR2 WT shown here are the same as those shown for
Figure 3 as the caffeine response of all mutants shown in these figures was characterized together. Data shown are mean ± SD from four to five separate
experiments. **p < 0.01; *p < 0.05 versus WT. CTD, C-terminal domain; HEK293, human embryonic kidney 293 cells; RyR2, cardiac cardiac ryanodine
receptor.
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mutation is also associated with neuronal phenotypes,
including delayed development, intellectual disability,
attention deficit, hyperactivity, and seizure (45). Similarly,
previous studies have also linked RyR2 mutations to intel-
lectual disability (13) and seizures (64–66). However, the
mechanism by which RyR2 mutations cause neuronal phe-
notypes is not completely understood. In addition to the
heart, RyR2 is also abundantly expressed in the brain,
especially in the hippocampus and cortex. Since RyR2-
mediated Ca2+ release plays a crucial role in regulating
membrane excitability and basal activity of different cells
(9, 67–70), altered RyR2 function may affect neuronal
excitability. Consistent with this view, we have recently
shown that suppressing the activity of RyR2 by reducing the
open time of the channel prevented neuronal hyperexcit-
ability and hyperactivity of hippocampal CA1 pyramidal
neurons in a mouse model (5xFAD) of Alzheimer’s disease
(9). Thus, it is possible that increased RyR2 activity may
enhance neuronal excitability. The markedly augmented
channel activity of the G4955E mutation may cause intel-
lectual disability, attention deficit, hyperactivity, and seizure
by altering neuronal excitability. Further studies will be
needed to directly determine the effect of G4955E on
neuronal function.
Study limitations

In our caffeine-induced Ca2+ release assay, we transiently
transfected HEK293 cells with RyR2 WT and mutant com-
plementary DNAs (cDNAs). We then harvested the trans-
fected HEK293 cells and loaded the cells with fluorescent Ca2+

indicator Fluo-3 AM for measuring intracellular Ca2+ levels
before and after additions of different concentrations of
caffeine. We found that the levels of the Fluo-3 fluorescence
signals in RyR2 WT or mutant transfected cells varied sub-
stantially from experiments to experiments even with the same
batch of HEK293 cells or cDNAs, probably because of differ-
ences in the transfection efficiency, expression level, numbers
of vital cells after harvesting, level of Fluo-3 Ca2+ dye loading
to the cells, and so on. Because of these variabilities, we cannot
compare the absolute values of the Fluo-3 fluorescence signals
in RyR2 WT and mutant expressing HEK293 cells. As such,
our caffeine-induced Ca2+ release assay was not designed to
compare the absolute amplitudes of caffeine-induced Ca2+
J. Biol. Chem. (2021) 297(1) 100808 11
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release between RyR2 WT and mutants. Instead, we used this
assay to assess the impact of disease-associated RyR2 muta-
tions on the sensitivity (EC50) of caffeine-induced Ca2+ release,
which is highly consistent from experiments to experiments.
We have used this caffeine-induced Ca2+ release assay to
characterize a large number of disease-associated RyR2 mu-
tations and revealed that altered sensitivity to caffeine activa-
tion is a common defect of disease-associated RyR2 mutations
(13, 40, 71, 72).

In summary, our present study shows that disease-
associated RyR2 mutations located at the CTD tetrameric
subunit interface increased basal channel activity and Ca2+/
caffeine activation of RyR2. Electrostatic interactions are
importantly involved in stabilizing the CTD tetrameric subunit
interfaces. Disease mutations may disrupt these intersubunit
interfaces and destabilize the closed state of the channel. Our
work provides important new insights into the role of CTD in
channel gating and stability and the pathogenic mechanism of
CTD disease mutations.

Experimental procedures

Materials

[3H]ryanodine was purchased from PerkinElmer. Ryanodine
was purchased from Abcam. Caffeine was obtained from Sigma.

Generation of RyR2 mutations

The RyR2 CTD mutations, P4902D, P4902K, P4902S,
P4902L, G4955D, G4955E, G4955K, G4955L, and D4956A,
were generated by the overlap extension method using PCR
(73, 74). Briefly, the NruI–NotI (in the vector) fragment con-
taining the mutation was obtained by overlapping PCR and
used to replace the corresponding WT fragment in the full-
length mouse RyR2 cDNA in pcDNA5. All mutations were
confirmed by DNA sequencing.

Generation of stable and inducible cell lines expressing RyR2
WT and mutants

Stable and inducible HEK293 cell lines expressing RyR2 WT
and mutants were generated using the Flp-In T-REx Core Kit
from Invitrogen. Briefly, Flp-In T-REx HEK293 cells were
cotransfected with the inducible expression vector pcDNA5/
Flp Recombination Target/TO containing the WT or mutant
RyR2 cDNA and the pOG44 vector encoding the Flp recom-
binase in 1:5 ratios using the Ca2+ phosphate precipitation
method. The transfected cells were washed with PBS 24 h after
transfection, followed by a change into fresh medium for 24 h.
The cells were then washed again with PBS, harvested, and
plated onto new dishes. After the cells had attached, the
growth medium was replaced with a selection medium con-
taining 200 μg/ml hygromycin (Invitrogen). The selection
medium was changed every 3 to 4 days until the desired
number of cells was grown. The hygromycin-resistant cells
were pooled, aliquoted, and stored at −80 �C. These positive
cells are believed to be isogenic because the integration of
RyR2 cDNA is mediated by the Flp recombinase at a single Flp
Recombination Target site.
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Preparation of HEK293 cell lysates

HEK293 cells were transfected with RyR2 WT or CTD
mutant cDNAs using the calcium phosphate precipitation
method as described previously (74, 75). Twenty-four hours
after transfection, the cells were harvested and resuspended in
the lysis buffer containing 25 mM Tris, 50 mMHepes (pH 7.4),
137 mM NaCl, 1% CHAPS, 0.5% egg phosphatidylcholine,
2.5 mM DTT, and a protease inhibitor mix (1 mM benzami-
dine, 2 μg/ml leupeptin, 2 μg/ml pepstatin A, 2 μg/ml apro-
tinin, and 0.5 mM PMSF) on ice for 60 min. Cell lysates were
obtained after removing insolubilized materials by
centrifugation.

[3H]Ryanodine-binding assay

Equilibrium [3H]ryanodine binding to cell lysates was per-
formed as described previously (74, 75) with some modifica-
tions. Cell lysates were incubated with 5 nM [3H]ryanodine at
37 �C for 2 h in 300 μl of a binding solution containing
500 mM KCl, 25 mM Tris, and 50 mM Hepes (pH 7.4). Free
[Ca2+] was adjusted by EGTA and CaCl2 solutions using the
computer program of Fabiato and Fabiato (76). Free [Mg2+]
was adjusted by EGTA and MgCl2 solutions according to the
Maxchelator program. At the completion of incubation, sam-
ples were diluted with 5 ml of ice-cold washing buffer con-
taining 25 mM Tris (pH 8.0) and 250 mM KCl and filtered
through Whatman GF/B filters presoaked with 1% poly-
ethylenimine. Filters were washed immediately with 2 × 5 ml
of the same buffer. The amount of [3H]ryanodine retained in
filters was determined by liquid scintillation counting. Spe-
cifically bound [3H]ryanodine was calculated by subtracting
nonspecific binding that was determined in the presence of
50 μM-unlabeled ryanodine. All binding assays were per-
formed in duplicate. [3H]ryanodine-binding data were fitted
with the Hill equation using the Prism 8 (GraphPad Software),
from which EC50 values for Ca

2+ activation were calculated.

Western blotting

The RyR2 WT and mutant proteins collected from trans-
fected HEK293 cells were subjected to SDS-PAGE (5% gel)
(77) and transferred onto nitrocellulose membranes at 100 V
for 2 h at 4 �C in the presence of 0.01% SDS (78). The nitro-
cellulose membranes containing the transferred proteins were
blocked for 60 min with 5% nonfat milk. The blocked mem-
brane was incubated with anti-RyR2 antibody (Alomone Labs;
ARR-002, 1:2000 dilution) and then incubated with secondary
antimouse IgG (heavy and light) antibodies conjugated to
horseradish peroxidase (1:20,000 dilution). After washing for
10 min three times, the bound antibodies were detected using
an enhanced chemiluminescence kit from Thermo. The in-
tensity of each band was determined from its intensity profile
obtained by ImageQuant LAS 4000 (GE Healthcare/Life Sci-
ences). Note that we always use nonsaturated gel images for
determining the band intensities for all our immunoblots. We
loaded the same amount of RyR2 WT and mutant proteins
onto one gel and normalized the intensity of each band to that
of GAPDH.
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Caffeine-induced Ca2+ release in HEK293 cells

The free cytosolic Ca2+ concentration in transfected
HEK293 cells was measured using the fluorescence Ca2+ in-
dicator dye Fluo-3 AM (Molecular Probes). HEK293 cells
grown on 100-mm tissue culture dishes for 18 to 20 h after
subculture were transfected with RyR2 WT or mutant cDNAs.
Cells grown for 18 to 20 h after transfection were washed four
times with PBS and incubated in Krebs–Ringer–Hepes (KRH),
125 mM NaCl, 5 mM KCl, 1.2 mM KH2PO4, 6 mM glucose,
1.2 mMMgCl2, 2 mM CaCl2, 25 mM Hepes, and pH 7.4 buffer
without MgCl2 and CaCl2 at room temperature for 40 min and
at 37 �C for 40 min. After being detached from culture dishes
by pipetting, cells were collected by centrifugation at 1000 rpm
for 2 min in a Beckman TH-4 rotor. Cell pellets were loaded
with 5 μM Fluo-3 AM in high-glucose Dulbecco’s modified
Eagle medium at room temperature for 30 min, followed by
washing with KRH buffer plus 2 mM CaCl2 and 1.2 mM
MgCl2 (KRH+ buffer) three times and resuspended in 150 μl
KRH+ buffer plus 0.1 mg/ml bovine serum albumin and
250 μM sulfinpyrazone. The Fluo-3 AM-loaded cells were
added to 2 ml (final volume) KRH+ buffer in a cuvette. The
fluorescence intensity of Fluo-3 AM at 530 nm was measured
before and after repeated cumulative additions of various
concentrations of caffeine (0.025–5 mM) in an SLM-Aminco
series 2 luminescence spectrometer with 480 nm excitation
at 25 �C (SLM Instruments). The peak levels of each caffeine-
induced Ca2+ release was determined and normalized to the
highest level (100%) of caffeine-induced Ca2+ release for each
experiment. The normalized data of the ascending part of the
caffeine dose response curve were fitted with the Hill equation
to calculate the apparent EC50 value of caffeine activation for
each construct using the curve-fitting module of Prism 8
(GraphPad Software).

Single-cell luminal Ca2+ imaging

Luminal Ca2+ concentrations in HEK293 cells expressing
RyR2 WT or the CTD mutants were measured using single-
cell Ca2+ imaging and the FRET-based ER luminal Ca2+-sen-
sitive chameleon protein D1ER as described previously (62,
79). The cells were grown to 95% confluence in a 75-cm2

flask,
passaged with PBS, and plated in 100-mm–diameter tissue
culture dishes at ~10% confluence 18 to 20 h before trans-
fection with D1ER cDNA using the Ca2+ phosphate precipi-
tation method. After transfection for 24 h, the growth medium
was changed to an induction medium containing 1 μg/ml
tetracycline. In intact cell studies, after induction for ~22 h, the
cells were perfused continuously with KRH buffer containing
various concentrations of CaCl2 (0, 1, and 2 mM) for inducing
SOICR and tetracaine (2 mM) for estimating the store capacity
or caffeine (20 mM) for estimating the minimum store
amplitude by depleting the ER Ca2+ stores at room tempera-
ture (23 �C). Images were captured with Compix Simple PCI 6
software every 2 s using an inverted microscope (Nikon
TE2000-S) equipped with an S-Fluor ×20/0.75 objective. The
filters used for D1ER imaging were λexcitation of 436 ± 20 nm
for cyan fluorescent protein and λexcitation of 500 ± 20 nm for
YFP and λemission of 465 ± 30 nm for cyan fluorescent pro-
tein and λemission of 535 ± 30 nm for YFP with a dichroic
mirror (500 nm). The amount of FRET was determined from
the ratio of the light emission at 535 and 465 nm.

Single-channel recordings

Recombinant RyR2 WT and G4955E mutant channels were
purified from cell lysate prepared from HEK293 cells tran-
siently transfected with the RyR2 WT or mutant cDNAs by
sucrose density gradient centrifugation as described previously
(74). Heart phosphatidylethanolamine (50%) and brain phos-
phatidylserine (50%) (Avanti Polar Lipids), dissolved in chlo-
roform, were combined and dried under nitrogen gas and
resuspended in 30 μl of n-decane at a concentration of 12 mg
lipid per ml. Bilayers were formed across a 250 μm hole in a
Delrin partition separating two chambers. The trans chamber
(800 μl) was connected to the head stage input of an Axopatch
200A amplifier (Axon Instruments). The cis chamber (1.2 ml)
was held at virtual ground. A symmetrical solution containing
250 mM KCl and 25 mM Hepes, pH 7.4 was used for all re-
cordings, unless indicated otherwise. A 4-μl aliquot (~1 μg
protein) of the sucrose density gradient–purified recombinant
RyR2 WT or mutant channels was added to the cis chamber.
Spontaneous channel activity was always tested for sensitivity
to EGTA and Ca2+. The chamber to which the addition of
EGTA inhibited the activity of the incorporated channel pre-
sumably corresponds to the cytosolic side of the Ca2+ release
channel. The direction of single-channel currents was always
measured from the luminal to the cytosolic side of the channel,
unless mentioned otherwise. Recordings were filtered at
2500 Hz. Data analyses were carried out using the pclamp 8.1
software package (Axon Instruments). Free Ca2+ concentra-
tions were calculated using the computer program of Fabiato
and Fabiato.

Statistical analysis

All data shown are means ± SD as indicated. One-way
ANOVA followed by Dunnett’s multiple comparisons test or
Mann–Whitney test (two-tailed) was performed using
GraphPad Prism, version 8, to assess the difference between
mean values. A p value <0.05 was considered statistically
significant.
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All data are contained within the article.
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