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Ca2+ release from intracellular stores drives many cellular processes1,2. 
This release is generally mediated by two homologous classes of Ca2+ 
channels: RyRs and inositol 1,4,5-trisphosphate receptors (IP3Rs). 
Cytosolic Ca2+ activation of RyRs and IP3Rs is commonly termed 
Ca2+-induced Ca2+ release1–4. The possibility of release regulation by 
store (luminal) Ca2+ was first proposed to explain IP3R function5–8.  
Since then, it has become clear that luminal Ca2+ also  
critically controls the cardiac RyR (RyR2)9–17. In cardiac muscle 
cells, Ca2+ overload in the sarcoplasmic reticulum (SR) triggers  
spontaneous RyR2-mediated Ca2+ release3,18–22. This SOICR can result 
in Ca2+ waves and delayed afterdepolarizations, a major cause of VTs  
and sudden death14,23–27. Analogous mechanisms appear to oper-
ate in many other cell types in which spontaneous Ca2+ release 
has an important role in a variety of cellular processes2,6,7,28,29.  
Despite its physiological and pathological importance, the  
molecular mechanism underlying spontaneous Ca2+ release remains 
largely unknown.

A key feature of SOICR is that it occurs when store Ca2+ reaches a 
critical concentration at which RyR2 channels begin to open10,13,30,31,  
but how elevation of store (luminal) Ca2+ activates RyR2 is unclear.  

One proposed mechanism, the ‘feed-through’ hypothesis, suggests that 
luminal Ca2+ passes through an open RyR2 and acts on the cytosolic 
Ca2+ activation site of the same RyR2 channel through which it just 
passed12,32. However, an accumulating body of evidence indicates that 
luminal Ca2+ activation of a single RyR2 is mediated by a luminal Ca2+ 
sensor that is structurally distinct from the RyR’s cytosolic Ca2+ activa-
tion site 11,17,33–35. The molecular nature of the luminal Ca2+-sensing 
mechanism is poorly understood. It is commonly believed that cardiac 
calsequestrin (CASQ2), a SR luminal Ca2+-binding protein, serves as 
the key SR luminal Ca2+ sensor17,36. However, RyR2 in CASQ2-null 
cardiomyocytes still senses changes in SR luminal Ca2+ (ref. 37), indi-
cating that other luminal Ca2+-sensing mechanisms exist. Indeed, puri-
fied native or recombinant RyR can sense changes in luminal Ca2+ in 
the absence of CASQ2 (refs. 12,38,39). Thus, RyR2 is also regulated by 
a luminal Ca2+-sensing mechanism that does not require CASQ2.

In the present study we identified the helix bundle crossing region 
of RyR2 (its proposed gate) as an essential element of this non–CASQ2 
based store (luminal) Ca2+-sensing mechanism. We show that this store 
Ca2+-sensing gate controls the regulation of RyR2 by luminal Ca2+, the 
initiation of Ca2+ waves and, consequently, Ca2+-triggered VTs.
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The ryanodine receptor store-sensing gate controls  
Ca2+ waves and Ca2+-triggered arrhythmias
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Spontaneous Ca2+ release from intracellular stores is important for various physiological and pathological processes. In cardiac 
muscle cells, spontaneous store overload–induced Ca2+ release (SOICR) can result in Ca2+ waves, a major cause of ventricular 
tachyarrhythmias (VTs) and sudden death. The molecular mechanism underlying SOICR has been a mystery for decades. Here we 
show that a point mutation, E4872A, in the helix bundle crossing region (the proposed gate) of the cardiac ryanodine receptor 
(RyR2) completely abolishes luminal, but not cytosolic, Ca2+ activation of RyR2. The introduction of metal-binding histidines 
at this site converts RyR2 into a luminal Ni2+-gated channel. Mouse hearts harboring a heterozygous RyR2 mutation at this site 
(E4872Q) are resistant to SOICR and are completely protected against Ca2+-triggered VTs. These data show that the RyR2 gate 
directly senses luminal (store) Ca2+, explaining the regulation of RyR2 by luminal Ca2+, the initiation of Ca2+ waves and Ca2+-
triggered arrhythmias. This newly identified store-sensing gate structure is conserved in all RyR and inositol 1,4,5-trisphosphate 
receptor isoforms.
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RESULTS
Residue E4872 is essential for RyR2 luminal Ca2+ sensing 
A number of functional and structural studies40–44 have suggested 
that the C-terminal part of the predicted inner helix of the RyR (the 
helix bundle crossing region) constitutes the ion gate of the chan-
nel (Supplementary Fig. 1), analogous to the intracellular gates of 
potassium and sodium channels45–47. Notably, a number of negatively 
charged residues are clustered in or near the proposed ion gate of 
RyR2 (Supplementary Fig. 1). We assessed the functional importance 
of these negatively charged residues in Ca2+ regulation of RyR2 using 
site-directed mutagenesis and single channel recordings in planar 
lipid bilayers with K+ as the charge carrier at −20 mV (cytosolic). The 
E4872A mutation (but not D4875A, E4878A or E4882A mutation) 
completely abolished luminal Ca2+ activation of single RyR2 chan-
nels (Fig. 1 and Supplementary Fig. 2). Single wild-type (WT) RyR2 
channels were substantially activated by luminal Ca2+ in the presence 
of ATP and caffeine (Fig. 1a,e). The WT RyR2 channel can also be 
activated by luminal Ca2+ with16,39 or without16,33,39 caffeine being 
present. As ATP and caffeine each individually enhance RyR2 luminal 
Ca2+ activation33,39, we used ATP and caffeine together to maximize 
the Ca2+ sensitivity of RyR2 so that even a very small (or residual) lumi-
nal Ca2+ response of the mutant channels could be detected. In sharp 
contrast to single WT RyR2 channels, luminal Ca2+ (up to 40 mM) did 
not activate single E4872A mutant channels in the absence or presence 
of caffeine (Fig. 1b,e). The E4872A mutant channel was completely  
unresponsive to luminal Ca2+ even in the 
presence of tenfold higher cytosolic Ca2+  
(491 nM versus 45 nM) (Fig. 1c,e). Notably, 
introduction of a negative charge (G4871E) 
adjacent to E4872A (resulting in the double 
mutant G4871E E4872A) largely restored 
luminal Ca2+ activation of E4872A mutant 
channels (Fig. 1d,e). Similarly to the E4872A 
mutation, the isosteric mutation E4872Q 
abolished or markedly reduced the response 

of RyR2 to luminal Ca2+ activation (Supplementary Fig. 2). The 
removal of fixed negative charges in the internal pore might be 
expected to alter RyR2 permeation properties. However, the E4872A 
mutation did not affect single channel conductance in the presence 
(2.5 mM) or near absence (45 nM) of luminal Ca2+ (Fig. 1f). These 
results show that the negative charge at (or near) residue E4872 is 
essential for luminal Ca2+ activation of RyR2.

We assessed the effect of the E4872A and E4872Q mutations on 
cytosolic Ca2+ activation of RyR2 in lipid bilayers (Fig. 2). Although 
totally unresponsive to luminal Ca2+, single E4872A or E4872Q mutant 
channels remained sensitive to cytosolic Ca2+ (Fig. 2a–c). However, 
compared to WT channels, the E4872A and E4872Q channels were 
less sensitive to activation by cytosolic Ca2+ (Fig. 2d) and had reduced 
mean open times (Fig. 2e) and increased half-maximum effective 
concentration (EC50) values (by approximately threefold) of Ca2+ acti-
vation of [3H]ryanodine binding (from 0.22 µM (WT) to 0.72 µM  
(E4872A) and 0.58 µM (E4872Q)) (Fig. 2f). This result indicates that 
the E4872A and E4872Q mutations also affect the cytosolic Ca2+ acti-
vation process. We have previously shown that the E3987 residue is 
critically involved in cytosolic Ca2+ activation of RyR2: mutation of 
this residue (E3987A) substantially diminishes cytosolic Ca2+ sensitiv-
ity and increases the EC50 of Ca2+ activation of [3H]ryanodine binding 
by ~270-fold48. However, unlike the E4872A and E4872Q mutants, 
single E3987A mutant channels remained sensitive to luminal Ca2+ 
activation, albeit at a reduced sensitivity (Supplementary Fig. 3).  
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Figure 1 The E4872A mutation abolishes 
luminal, but not cytosolic, Ca2+ activation of 
RyR2. (a–d) Single channel activities of WT 
RyR2 (a), E4872A mutant RyR2 (b,c) and 
double mutant G4871E E4872A RyR2 (d) in 
the presence of cytosolic (cyto) Ca2+ (45 or  
491 nM), luminal (lumen) Ca2+ (45 or 300 µM),  
ATP (2.5 mM) and caffeine (2.5 mM). The 
recording potentials were −20 mV. Zero-current 
baselines are indicated (short bars). Channel 
opening is indicated by downward spikes.  
Also shown are the open probability (Po), mean 
open time (To) and mean closed time (Tc).  
(e) Po–luminal Ca2+ relationships for single WT 
(white circles; n = 11), G4871E E4872A (white 
squares; n = 8) and E4872A (red triangles;  
n = 10) channels with cytosolic Ca2+ (45 nM), 
ATP and caffeine; single E4872A channels with 
cytosolic Ca2+ (491 nM), ATP and caffeine (black 
circles; n = 6); and single E4872A channels 
with cytosolic Ca2+ (45 nM) and ATP but no 
caffeine (blue diamonds; n = 6). The dashed 
line indicates the response of single WT RyR2 
channels to luminal Ca2+ in the absence of ATP 
and caffeine39. (f) Current-voltage relationships 
for single WT (n = 5) and E4872A mutant (n = 7) 
channels at 45 nM or 2.5 mM luminal Ca2+.  
The data shown are the mean ± s.e.m.
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Therefore, the complete lack of luminal Ca2+ response of the E4872A 
and E4872Q mutants is unlikely to be attributable to their slightly 
reduced cytosolic Ca2+ sensitivity, as luminal Ca2+ activation per-
sists even when there is little cytosolic Ca2+ sensitivity (as seen for 
the E3987A channel). Collectively our results demonstrate that the 
E4872A and E4872Q mutations uniquely and selectively abolish 
luminal Ca2+ sensing and that luminal and cytosolic Ca2+ activation  
processes are different but interactive.

Molecular mechanism of luminal Ca2+ sensing
To gain insight into how residue E4872 might be involved in 
luminal Ca2+ sensing, we constructed a model of the RyR2 pore 
(Supplementary Fig. 3) based on the crystal structure of the K+ 
channel KcsA42. This model is also very similar to the crystal struc-
ture of the NaK channel pore (Supplementary Fig. 4)49. Our model 
indicates that the E4872 residue lies inside the internal pore, suggest-
ing that luminal Ca2+ sensing may take place within the pore. If so, 
this sensing would require that luminal Ca2+ enters the internal pore 
when the RyR2 is in a closed conformation (Supplementary Fig. 3). 
Electrostatic calculations (Fig. 3) predict that the strong negative 
potential inside the internal pore, when the ion gate of the chan-
nel is closed, would be more than sufficient to draw luminal Ca2+ 
through the selectivity filter (i.e., the narrowest part of the channel; 

Supplementary Fig. 3) and into the internal pore. To experimen-
tally explore this possibility, we closed single WT RyR2 channels 
by reducing cytosolic Ca2+ (to 45 nM) in the presence of cytosolic 
Mg2+. After elevation of luminal Ca2+ to 2.5 mM, closed WT, but not 
E4872A, channels were activated (Fig. 3a,b). This finding indicates 
that luminal Ca2+ can indeed access the E4872-dependent activation 
mechanism when the RyR2 is closed. Activation of a closed WT RyR2 
by luminal Ca2+ persisted even when cytosolic Ca2+ was reduced to 
extremely low levels (0.33 nM or 0.046 nM) (Supplementary Fig. 5). 
This observation is consistent with the notion that luminal Ca2+ can 
control the opening of the RyR2 channel in the absence of cytosolic 
Ca2+ activation.

To determine whether E4872 and/or nearby residues in the helix 
bundle crossing region (where the inner helices cross each other) 
interact directly with luminal cations, we used site-directed muta-
genesis to manipulate the local cation binding properties of this 
region. To this end, we generated double histidine RyR2 mutants to 
create local Ni2+ binding sites in this region. We found that one of 
the mutants, G4871H E4872H, was sensitive to luminal Ni2+. Unlike 
WT RyR2s, which are insensitive to luminal Ni2+ (Fig. 3c), closed 
G4871H E4872H channels were activated by luminal Ni2+ (14 nM) 
(Fig. 3d). Thus, luminal Ni2+ was able to access and interact with the 
inserted Ni2+ binding site and activate the closed mutant channel. 
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Figure 2 Effects of E4872A and E4872Q on cytosolic Ca2+ activation of single RyR2 channels. (a–c) Single channel activities of WT RyR2 (a), E4872A 
mutant RyR2 (b) and E4872Q mutant RyR2 (c) recorded in symmetrical recording solutions containing 250 mM KCl and 25 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) (pH 7.4) in the presence of 191 nM or 100 µM cytosolic Ca2+ and 45 nM luminal Ca2+. The recording 
potentials were −20 mV. Zero-current baselines are indicated (short bars). Channel opening is indicated by downward spikes (d) Po–cytosolic Ca2+ 
relationships for single WT (n = 5), G4871E E4872A (n = 4), E4872Q (n = 6) and E4872A (n = 8) channels with 45 nM luminal Ca2+. (e) Comparison 
of the mean open time of single WT (n = 11), E4872A (n = 5) and E4872Q (n = 8) channels at 191 nM and the mean open time of single WT  
(n = 6), E4872A (n = 7) and E4872Q (n = 4) channels at 100 µM cytosolic Ca2+ (Student’s t test; *P < 0.05, **P < 0.01 compared to WT).  
(f) Ca2+-dependent [3H]ryanodine binding to WT (n = 3), E4872A (n = 7) and E4872Q (n = 4) channels. The dashed line represents the binding curve 
for the cytosolic Ca2+ sensor mutant E3987A (EC50 = 59 µM). The EC50 values are 0.22 ± 0.02 µM for WT, 0.72 ± 0.10 µM for E4872A and  
0.58 ± 0.12 for E4872Q. The data shown are the mean ± s.e.m.
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Further, luminal Ni2+ activated closed G4871H E4872H channels 
even in the presence of extremely low cytosolic Ca2+ (0.32 nM or  
0.046 nM; Supplementary Fig. 5). These results are consistent with 
the view that cation binding at or near E4872 in the helix bundle 
crossing region can control the RyR2 gate in the absence of cytosolic 
Ca2+ activation. If the Ni2+ ion can access and bind to this site (when 
the RyR2 is closed), then the smaller-mass Ca2+ ion could very well do 
the same. In other words, the E4872-dependent luminal Ca2+-sensing 
mechanism may involve a direct interaction of the cation with nega-
tive charges in the helix bundle crossing region.

Our model of the RyR2 pore also suggests that the positively 
charged residue R4874 on one subunit of the RyR2 tetramer likely 
interacts with either or both of the negatively charged residues D4868 
and E4872 on the neighboring subunit (Supplementary Fig. 3). To 
experimentally test this possibility, we reversed the charge polarity 
of these individual residues by generating channels with the sin-
gle mutations D4868R, E4872R, R4874D or R4874E. Each of these  
single mutations markedly reduced or abolished RyR2 function  
(Fig. 3e and Supplementary Fig. 5). We also generated double 
mutants in which we changed the positively charged residue to a 
negatively charged residue and the potentially interacting negatively 
charged partner to a positively charged residue (D4868R R4874D 
and E4872R R4874E). Notably, the D4868R R4874D double mutation 
largely and the E4872R R4874E mutation partially restored caffeine 
responsiveness (Fig. 3e and Supplementary Fig. 5). The observa-
tion that the E4872R R4874E mutation only partially restores caf-
feine responsiveness may be related to the involvement of the E4872 
residue in both electrostatic interactions and luminal Ca2+ sensing. To 
determine whether the electrostatic interaction between D4868 and 
E4872 is intrasubunit or intersubunit, we coexpressed channels with 

each of two single mutations (D4868R and R4874D or E4872R and 
R4874E) to produce heterotetrameric RyR2s containing both types 
of mutant subunits. Coexpression of the pairs of mutant channels 
restored caffeine responsiveness (Supplementary Fig. 5), indicating 
that the electrostatic interactions are between residues on neighboring 
subunits (i.e., intersubunit interactions), as predicted by our model 
(Supplementary Fig. 3). These data also demonstrate that local elec-
trostatic interactions exist within the helix bundle crossing region 
(the putative RyR2 gate). By virtue of their electrostatic interactions, 
residues D4868 and R4874 may have a vital role in stabilizing the 
helix bundle crossing region and thus the operation of the RyR2 
gate. Residue E4872, which is essential for luminal Ca2+ sensing, is 
also involved in these electrostatic interactions. Therefore, we pro-
pose that the RyR2 helix bundle crossing region encompasses a store 
Ca2+-sensing gate, as it contains structural elements that are critical 
for both luminal Ca2+ sensing and channel gating. Notably, residues 
D4868, E4872 and R4874 are conserved in all RyR and IP3R isoforms 
(Supplementary Fig. 6), implying that this store-sensing gate struc-
ture may be a common feature of Ca2+ release channels.

Residue E4872 is a critical determinant of Ca2+ waves
In the next series of experiments, we assessed the role of this RyR2 
store-sensing gate in store overload-induced Ca2+ oscillations or 
Ca2+ waves (i.e., SOICR). Unlike HEK293 cells expressing the WT 
channel, HEK293 cells expressing the E4872A or E4872Q mutant 
channel displayed little or no SOICR (Fig. 4a–c). In HL-1 mouse  
cardiac cells, expression of either the E4872A or E4872Q mutant channel,  
but not the WT channel, essentially abolished SOICR (Fig. 4d  
and Supplementary Fig. 6). Because the GFP-tagged E4872A and 
E4872Q mutants were overexpressed in HL-1 cells, most, if not all, 
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Figure 3 Mechanism of activation of RyR2 by 
luminal Ca2+. (a,b) Responses of single WT (a) 
and E4872A mutant (b) channels to  
luminal Ca2+ (2.5 mM) in the presence  
of 45 nM cytosolic Ca2+, 3.0 mM ATP and  
1.5 mM Mg2+ (1.6 mM free ATP and 0.11 mM 
free Mg2+). The open event frequency of WT 
channels increased from 0.02 ± 0.01 to  
22 ± 9.0 (mean ± s.e.m.) events per s (n = 5),  
whereas the open frequency (0.00 events per s)  
of the E4872A channels did not change  
(n = 6). (c,d) Responses of single WT (c) and 
G4871H E4872H (d) channels to luminal Ni2+ 
(14 nM) in the presence of 45 nM cytosolic 
Ca2+ and 600 µM luminal Ca2+. The open event 
frequency of the G4871H E4872H channels 
increased from 0.03 ± 0.01 to 36 ± 20 events s−1  
(n = 7), whereas the open frequency of the WT 
channels did not increase (from 0.40 ± 0.07  
to 0.34 ± 0.06 events per s) (n = 5).  
(e) Relative caffeine sensitivities of the 
indicated single or double mutant channels. 
The relative caffeine sensitivity for WT and 
each mutant (mut) channel is defined as the 
ratio Kcaff(mut)/Kcaff(WT), where Kcaff is the 
cumulative caffeine concentration that produces 
50% of the maximal caffeine-induced Ca2+ 
release. The data shown are the mean ±  
s.e.m. (n = 3). (f) Electrostatic potential 
isosurface (positive in blue and negative in red) 
of the RyR2 channel pore model (left) and the 
electrostatic potential mapped onto a cross-
section of the pore (right). SF, selectivity filter.
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endogenous WT RyR2 subunits would form heteromeric channels 
with GFP-tagged mutant subunits. Thus, the E4872A and E4872Q 
mutant channels probably exert their negative effect on SOICR in the 
presence of endogenous WT RyR2 through formation of WT-mutant 
heteromeric channels. Thus, the E4872 residue that is essential for 
luminal Ca2+ activation of RyR2 is also critical for SOICR.

We next explored the importance of the RyR2 store-sensing gate in 
the context of adult cardiomyocytes and intact hearts by generating 
a knock-in mouse strain that harbors the RyR2 E4872Q mutation 
(Supplementary Fig. 6). We chose the isosteric E4872Q mutation 
because it is a slightly more conservative amino acid substitution 
than is E4872A and would thus be likely to produce a less-severe 
phenotype, as suggested by our single-channel studies (Fig. 2d and 
Supplementary Fig. 2). Heterozygous E4872Q mutant embryos 
survived, and heterozygous E4872Q adult mice had no gross struc-
tural or functional abnormalities detectable by echocardiography 
(Supplementary Table 1). However, homozygous E4872Q mutation 
was embryonically lethal, with most embryos dying between embry-
onic days 10.5 and 11.5 (Supplementary Fig. 6), indicating that 
E4872-based RyR2 luminal Ca2+ regulation is important for normal 
embryonic development.

Cardiomyocytes isolated from heterozygous E4872Q mice had a 
reduced propensity for SOICR compared to WT cells (Fig. 4e and 
Supplementary Fig. 7). We also determined the SOICR propensity in 
the ventricles of intact WT and mutant hearts ex vivo using line-scan 
confocal imaging. Elevation of extracellular Ca2+ (to 2–10 mM) or 
application of isoproterenol increased the frequency of spontaneous 
Ca2+ waves in intact WT hearts (Fig. 4f,h). However, the same experi-
mental maneuvers resulted in very few or no Ca2+ waves in intact 
heterozygous E4872Q hearts (Fig. 4g,h). Thus, the E4872-dependent 

luminal Ca2+-sensing mechanism determines the likelihood of SOICR 
in HEK293 cells, HL-1 cardiac cells, freshly isolated cardiomyocytes 
and intact hearts.

Impact of E4872Q on excitation-contraction coupling
To determine whether the E4872Q mutation affects normal car-
diac excitation-contraction (EC) coupling, we examined depo-
larization- and caffeine-induced intracellular Ca2+ transients.  
We found no statistically significant differences in the amplitude of 
 depolarization-induced Ca2+ transients (Fig. 5a–f), resting cytosolic 
Ca2+ concentration or SR Ca2+ content (Fig. 5c) between WT and 
E4872Q cardiomyocytes when 1.8 mM extracellular Ca2+ was present. 
However, SR Ca2+ content was significantly greater in E4872Q hetero-
zygous cardiomyocytes than in WT control cells when bathed at 5 mM 
extracellular Ca2+ (to overload the SR) (Supplementary Fig. 7). This 
is probably because as the Ca2+ load increased, leak through E4872Q 
subunit-containing RyR2s was suppressed compared to that through 
WT RyR2, resulting in a higher SR Ca2+ load. Thus, the E4872Q 
mutation in a heterozygous state suppresses SOICR and increases 
SR Ca2+ content under conditions of SR Ca2+ overload, but does not  
markedly affect SR Ca2+ content under nonoverload conditions.

The L-type Ca2+ channel current in E4872Q cardiomyocytes was 
significantly increased compared to that in WT cells (Fig. 5g), result-
ing in a reduced EC coupling gain (Fig. 5h). Furthermore, the time to 
the peak of the Ca2+ transient was significantly increased in E4872Q 
compared to WT cardiomyocytes, whereas late decay times (T75 (time 
from peak to 75% decay in the Ca2+ transient) and T90 (but not T50) 
were significantly shorter (Fig. 5i and Supplementary Fig. 7).

While the exact reasons for the faster late decay times in E4872Q 
cardiomyocytes are unclear, they may be due in part to enhanced 
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Figure 4 Effect of E4872 mutations on 
SOICR. (a,b) Cytosolic Ca2+ dynamics in 
HEK293 cells expressing WT RyR2 (a) or 
either E4872Q or E4872A mutant RyR2 (b), 
perfused with increasing levels of extracellular 
Ca2+ (overloading the Ca2+ store and triggering 
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of cells in each group), E4872Q RyR2 (674) 
or E4872A RyR2 (337) that displayed Ca2+ 
oscillations (n = 4). (d) The percentage of HL-1 
cells transfected with GFP-tagged WT RyR2  
(25 cells), GFP-tagged E4872Q RyR2  
(33 cells) or GFP-tagged E4872A RyR2  
(65 cells) that displayed Ca2+ oscillations  
(n = 6). (e) The percentage of isolated 
ventricular myocytes from WT (445 cells)  
(n = 14 mice) or heterozygous E4872Q mice 
(506 cells) (n = 15 mice) that displayed SOICR. 
(f,g) In situ line-scan confocal imaging of Ca2+ 
transients in intact hearts from WT (f) and 
heterozygous E4872Q (g) mice perfused with  
5 or 8 mM extracellular Ca2+. Arrowheads 
indicate the occurrence of spontaneous 
Ca2+ waves. Short bars on the left indicate 
cell boundaries. (h) Ca2+ wave frequency in 
ventricular myocytes in intact hearts from WT  
(n = 4) or heterozygous E4872Q mutant  
(n = 3) mice at the indicated extracellular Ca2+ 
concentrations (2–10 mM) with or without 0.1 µM  
isoproterenol (Iso). The data shown are the 
mean ± s.e.m. from 40–100 images (Student’s  
t test; *P < 0.05, **P < 0.01 compared to WT).
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Na+-Ca2+ exchanger activity (Supplementary 
Fig. 7). In contrast, the rate of decay of  
caffeine-induced Ca2+ transients in WT 
RyR2 and E4872Q heterozygous mutant 
cardiomyocytes was not significantly dif-
ferent (Supplementary Fig. 8). The shorter 
open time and reduced Ca2+ sensitivity 
of the E4872Q mutant channel would be 
expected to decrease the rate of SR Ca2+ 
release and caffeine-induced SR Ca2+ 
store depletion and thus slow the decay of  
caffeine-induced Ca2+ transients. Conversely, 
enhanced Na+-Ca2+ exchanger activity 
in E4872Q heterozygous cardiomyocytes 
would speed up the decay of caffeine-induced 
Ca2+ transients. These opposite effects may 
account for the unchanged decay time of  
caffeine-induced Ca2+ transients.

Overall, our results indicate that the E4872Q mutation desensitizes 
RyR2 to normal Ca2+-induced Ca2+ release. This desensitization may 
be related to the shorter open times and decreased cytosolic Ca2+ 
sensitivity of E4872Q mutant channels (Fig. 2d–f). In turn, this desen-
sitization would promote a compensatory increase in systolic Ca2+ 
influx (Fig. 5g) and diastolic Ca2+ extrusion (Supplementary Fig. 7) 
that helps normalize the amplitude of Ca2+ transients.

E4872Q completely protects against stress-induced VTs
We previously showed that the RyR2 R4496C mutation associated 
with catecholaminergic polymorphic ventricular tachycardia (CPVT) 
in humans enhances SOICR14. In RyR2 R4496C knock-in mice, CPVT 
was readily induced by the administration of caffeine and epinephrine 
(Fig. 6a)50. To determine whether the E4872Q mutation is able to pre-
vent CPVT, we generated a compound mutant mouse strain (R4496C 
E4872Q) in which one RyR2 allele harbors the R4496C mutation and 
the other the E4872Q mutation. R4496C E4872Q mice were com-
pletely resistant to CPVT induction (Fig. 6b–d).

To assess the expression of WT and E4872Q RyR2 in E4872Q hetero-
zygous hearts, we performed reverse transcription (RT)-PCR, direct 
DNA sequencing analysis and immunoblotting analysis. We isolated 
heart mRNA and amplified a fragment of the RyR2 mRNA containing 
the E4872Q mutation using RT-PCR. We subcloned this fragment into 
the pBluescript plasmid and isolated 103 clones. Direct DNA sequenc-
ing of these clones revealed that 59 of the 103 clones (57.3%) corres-
ponded to E4872Q mutant RyR2 and 44 of the 103 clones (42.7%) 
to WT RyR2. We carried out similar studies with R4496C E4872Q 
compound heterozygous mutant hearts. Direct DNA sequencing 
analysis revealed that 52 of the 105 clones (49.5%) corresponded to 
the R4496C mutant allele and 53 of the 105 clones (50.5%) to the 
E4872Q mutant allele. We also determined total RyR2 protein levels 
in WT and E4872Q heterozygous mutant hearts by immunoblotting. 
Consistent with the mRNA study, we found that the RyR2 protein 
levels in WT and E4872Q heterozygous mutant hearts were not sig-
nificantly different (Supplementary Fig. 8). We also assessed the 
expression levels of SERCA2a (also known as ATP2A2), CASQ2, tria-
din and junctin in WT and E4872Q heterozygous hearts, and found 
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Figure 5 Effect of the E4872Q RyR2  
mutation on EC coupling. (a,b) Line-scan 
confocal imaging of field-stimulated (stim.)  
and caffeine-induced Ca2+ transients in  
isolated WT (a) and heterozygous E4872Q (b) 
ventricular myocytes loaded with Rhod-2 AM. 
(c) Field-stimulated Ca2+ transient amplitudes, 
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The data shown are the mean ± s.e.m.  
(d,e) Simultaneous recordings of depolarization 
(0 mV)-induced Ca2+ transients and L-type Ca2+ 
current (ICa,L) in isolated WT (d) and E4872Q 
(e) myocytes (holding potential, −80 mV). 
(f–i) Depolarization-induced Ca2+ transient 
amplitude (f), ICa,L current density (g), EC 
coupling gain (h) and the kinetics of the Ca2+ 
transient (at 0 mV) (i) in WT and heterozygous 
E4872Q ventricular myocytes (Tpeak, time to 
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respectively). Depolarization was from −40 to 
50 mV. The data shown are the mean ± s.e.m. 
from 14 WT and 17 E4872Q cells (Student’s  
t test; *P < 0.05, **P < 0.01 compared to WT).
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no significant differences in their expression levels (Supplementary 
Fig. 8). Thus, the phenotypes we observed in the E4872Q hetero-
zygous and R4496C E4872Q compound heterozygous mutant hearts 
are unlikely to be due to altered expression of RyR2 and its associ-
ated proteins (CASQ2, triadin and junctin). Because VTs in RyR2 
R4496C mutant mice are caused by triggered activities induced by 
spontaneous Ca2+ waves27,50–52, it seems reasonable to propose that 
the E4872Q mutation prevents VTs by suppressing the occurrence of 
spontaneous Ca2+ waves.

DISCUSSION
Spontaneous Ca2+ release during SOICR has long been observed in 
cardiac cells3,18–22. This SOICR occurs as a result of RyR2 opening 
when store Ca2+ content exceeds a threshold level10,13,30,31, but the 
molecular mechanism responsible for this has been a longstanding 
mystery. Here we demonstrate that the helix bundle crossing region 
of RyR2 (its proposed gate) encompasses an essential component of 
the store (luminal) Ca2+-sensing mechanism that controls SOICR and 
thus Ca2+-triggered VTs. This store Ca2+-sensing gate also governs 
normal luminal Ca2+ regulation of RyR2 and EC coupling gain. Thus, 
this store Ca2+-sensing mechanism has an important role in both 
normal physiology and disease.

Our results demonstrate that the E4872 residue located in the 
helix bundle crossing region is essential for luminal Ca2+ activa-
tion of RyR2. However, it is unlikely that E4872 is the only residue 
involved in the luminal Ca2+-sensing mechanism, as Ca2+ binding 
often involves ion coordination with multiple oxygen donors that 
form a Ca2+-binding pocket. Identification and characterization 
of all the residues involved in the formation of the luminal Ca2+- 
binding pocket will be a daunting task, but our discovery that E4872 
is an essential element is an important first step toward understanding 
the underlying mechanism.

Besides its essential role in luminal Ca2+ sensing, the E4872 
residue is also part of a network of intersubunit salt bridges within 
the RyR2 helix bundle crossing region, the proposed gate of RyR2.  
We propose that when luminal Ca2+ associates with E4872, inter-
subunit electrostatic interactions between residues D4868, E4872 and 
R4874 are disrupted, thereby increasing the likelihood that the chan-
nel transitions from the closed to the open state. Additional studies 
will be required to verify this working model of how luminal Ca2+ 
controls RyR2 gating.

The E4872Q mutation completely abolishes luminal Ca2+ activation 
of RyR2 despite the presence of luminal-to-cytosolic Ca2+ flux and 
cytosolic Ca2+ activation, albeit with a reduced sensitivity. Conversely, 
the E3987A mutant channel, which exhibits a markedly diminished 
cytosolic Ca2+ response48, remains responsive to luminal Ca2+ activa-
tion. Furthermore, luminal Ca2+ (or luminal Ni2+) is able to open a 
closed single WT (or G4871H E4872H mutant) RyR2 channel in the 
absence of cytosolic Ca2+ activation. Taken together, these observa-
tions indicate that luminal and cytosolic Ca2+ activation of RyR2 are 

mediated by different but interacting mechanisms, consistent with 
earlier observations53,54. Cytosolic Ca2+ activation of RyR2 involves 
a cytosolic Ca2+ sensor48, whereas luminal Ca2+ activation of RyR2 
clearly involves a luminal Ca2+ sensor. However, luminal and cytosolic 
Ca2+ activation of RyR2 are inherently interactive because both of 
these Ca2+ sensors govern the same gate.

Pharmacological agents that reduce RyR2 open time suppress 
Ca2+ waves and Ca2+-triggered VTs50,55,56. Interestingly, the E4872Q 
mutation also reduced the duration of RyR2 opening, decreased the 
likelihood of SOICR and completely suppressed VTs in CPVT-prone 
mouse hearts. Thus, limiting RyR2 open time seems to be a common 
and effective means of suppressing Ca2+-mediated arrhythmias. Thus, 
we propose that the RyR2 store Ca2+-sensing gate could represent a 
potential therapeutic target for anti-arrhythmic therapies.

While luminal Ca2+ regulation of RyR2 by the CASQ2 protein is 
well established17,36, the E4872-based luminal Ca2+ sensing mecha-
nism defined here does not require CASQ2. In our single channel and 
cell-line studies, the E4872A and E4872Q mutations altered RyR2 
luminal Ca2+ regulation in the absence of CASQ2. Even when CASQ2 
was present, as in our cardiomyocyte and intact heart studies, the 
E4872A and E4872Q mutations substantially altered RyR2 luminal 
Ca2+ sensing. Although the relationship between the E4872- and 
CASQ2-based luminal Ca2+ sensing mechanisms is not yet entirely 
clear, our results show that the E4872-based mechanism can oper-
ate in the absence of CASQ2. This mechanism may explain why 
SR Ca2+ release is still governed by luminal Ca2+ in CASQ2-null  
mouse cardiomyocytes37.

The amino acid sequence surrounding the RyR2 E4872 residue is 
completely conserved in all three mammalian RyR isoforms across 
different species, implying that all RyR isoforms have the same store 
Ca2+-sensing gate structure. This inference is consistent with the 
reported luminal Ca2+ sensitivity of single skeletal muscle RyR chan-
nels (RyR1)32,57, as well as with SR Ca2+ load–dependent spontaneous 
Ca2+ release in isolated skeletal muscle SR vesicles53 and skeletal mus-
cle fibers58. Spontaneous Ca2+ release during SR Ca2+ overload has 
also been observed in RyR3-containing smooth muscle cells59. The 
key RyR2 residues (D4868, E4872 and R4874) involved in store Ca2+ 
sensing are also conserved in all IP3R isoforms, raising the intriguing 
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Figure 6 Heterozygous E4872Q mutant mice are resistant to SOICR-
induced VTs. (a,b) Representative electrocardiogram (ECG) recordings  
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E4872Q (b) mutant mice before and after injection of epinephrine  
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R4496C). The data shown are the mean ± s.e.m.
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possibility that IP3R luminal Ca2+ sensitivity5–8 may also be governed 
by a store-sensing gate.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Site-directed mutagenesis. All single and double point mutations were intro-
duced into the channel pore region of mouse RyR2 by the PCR-mediated 
overlap extension method, as described previously40,48,60. The NruI (14,237)-
NotI (vector) fragment containing a mutation in the pore region was removed 
from the PCR product and was subcloned into full-length mouse RyR2 cDNA. 
PCRs were carried out in 100 µl reaction buffer containing 20 mM Tris-HCl  
(pH 8.8), 10 mM KCl, 1 mM (NH4)2SO4, 2.0 mM MgSO4, 0.1% Triton X-100, 
0.1 mg ml−1 BSA, 50 ng of each DNA primer, 200 µM each of dATP, dCTP, 
dGTP and dTTP (Amersham), 1 unit of Pfu DNA polymerase (Stratagene) 
and 100 ng of template cDNA. The DNA was denatured for 4 min at 94 °C 
followed by 30 cycles of amplification. Each cycle had the following reaction 
conditions: 94 °C for 45 s, 46–55 °C for 1 min (determined by the melting 
temperature of the primers) and then 72 °C for 2 min. An additional step of 
5 min at 72 °C was applied after the 30th cycle of reaction. All mutations and 
the sequences of the PCR-amplified regions were confirmed by DNA sequenc-
ing. Full-length mouse WT and mutant RyR2 cDNAs were subcloned into the 
mammalian expression vector pcDNA3. We also sequenced the entire coding 
regions of WT, E4872A and E4872Q RyR2 cDNAs using 30 DNA primers; the 
sequences of the WT, E4872A and E4872Q cDNAs were identical except for 
the introduced mutations (data not shown).

DNA transfection and preparation of cell lysates. HEK293 cells grown on 
100-mm tissue culture dishes in supplemented DMEM were transfected with 
WT or mutant RyR2 cDNA using Ca2+ phosphate precipitation, and cell lysates 
were prepared from transfected HEK293 cells as described previously40,48. 
Briefly, HEK293 cells grown for 24 h after transfection were washed with PBS 
(137 mM NaCl, 8 mM Na2HPO4, 1.5 mM KH2PO4 and 2.7 mM KCl) plus  
2.5 mM EDTA and harvested in the same solution by centrifugation for 8 min 
at 700g in an IEC Centra-CL2 centrifuge. The cells were then washed with 
PBS without EDTA and centrifuged again at 700g for 8 min. The PBS-washed 
cells were solubilized in a lysis buffer containing 25 mM Tris, 50 mM HEPES 
(pH 7.4), 137 mM NaCl, 1% 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate (CHAPS), 0.5% soybean phosphatidylcholine, 2.5 mM  
dithiothreitol (DTT) and a protease inhibitor mix (1 mM benzamidine,  
2 mg ml−1 leupeptin, 2 mg ml−1 pepstatin A, 2 mg ml−1 aprotinin and 0.5 mM 
PMSF). This mixture was incubated on ice for 1 h. Cell lysates were obtained 
by centrifuging twice at 16,000g in a microcentrifuge at 4 °C for 30 min to 
remove unsolubilized material.

[3H]ryanodine binding. Cells were grown to 95% confluence in a 75-cm2 
flask, split with PBS and plated in 100-mm tissue culture dishes at ~10% 
confluence 18–20 h before transfection with WT and mutant cDNAs. After 
transfection for 24 h, the cells were harvested and lysed in lysis buffer con-
taining 25 mM Tris, 50 mM HEPES, pH 7.4, 137 mM NaCl, 1% CHAPS, 0.5% 
egg phosphatidylcholine, 2.5 mM DTT and a protease inhibitor mix (1 mM 
benzamidine, 2 µg ml−1 leupeptin, 2 µg ml−1 pepstatin A, 2 µg ml−1 aprotinin 
and 0.5 mM PMSF) on ice for 60 min. Cell lysates were obtained after remov-
ing unsolubilized material by centrifugation twice in a microcentrifuge at  
4 °C for 30 min each. Equilibrium [3H]ryanodine binding to cell lysates was 
performed as described previously48 with some modifications. [3H]ryanodine 
binding was carried out in a total volume of 300 µl binding solution contain-
ing 30 µl of cell lysate, 100 mM KCl, 25 mM Tris, 50 mM HEPES (pH 7.4),  
5 nM [3H]ryanodine and a protease inhibitor mix at 37 °C for 20 min. Different 
ratios of CaCl2 and ethylene glycol tetraacetic acid (EGTA) were added to set 
free [Ca2+] in a range from pCa 9.89 to pCa 4. The ratio of Ca2+ to ethylene 
glycol tetraacetic acid (EGTA) was calculated using the computer program of 
Fabiato and Fabiato61. The binding mix was diluted with 5 ml of ice-cold wash-
ing buffer containing 25 mM Tris, pH 8.0, and 250 mM KCl and immediately 
filtered through Whatman GF/B filters presoaked with 1% polyethylenimine. 
The filters were washed three times and radioactivity associated with the  
filters was determined by liquid scintillation counting. Nonspecific bind-
ing was determined by measuring [3H]ryanodine binding in the presence of  
50 mM unlabeled ryanodine. All binding assays were done in duplicate.

Single-channel recordings in lipid bilayers. Recombinant WT and mutant 
RyR2 channels were purified from cell lysates prepared from HEK293 cells 

transfected with WT or mutant RyR2 cDNA by sucrose density gradient cen-
trifugation, as described previously48,62. Heart phosphatidylethanolamine 
(50%) and brain phosphatidylserine (50%) (Avanti Polar Lipids), dissolved 
in chloroform, were combined, 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 recordings, unless indicated otherwise. A 4-µl aliquot 
(~1 µg of protein) of sucrose density gradient–purified recombinant WT or 
mutant RyR2 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 
presumably corresponds to the cytosolic side of the Ca2+ release channel. The 
direction of single channel currents was measured from the luminal to the 
cytosolic side of the channel, unless mentioned otherwise. Recordings were 
filtered at 2,500 Hz. Data analyses were carried out using the pCLAMP 8.1 
software package (Axon Instruments). Free Ca2+ concentrations were calcu-
lated using the computer program of Fabiato and Fabiato61.

Caffeine-induced Ca2+ release measurements. The free cytosolic Ca2+ con-
centration in transfected HEK293 cells was measured using the fluorescence 
Ca2+ indicator dye Fluo-3 AM, as described previously39,48. HEK293 cells 
grown on 100-mm tissue culture dishes for 18–20 h after subculture were 
transfected with 12–16 µg of WT or mutant RyR2 cDNA. Cells grown for 
18–20 h after transfection were washed four times with PBS and incubated 
in KRH buffer without MgCl2 and CaCl2 (KRH buffer: 125 mM NaCl, 5 mM  
KCl, 1.2 mM KH2PO4, 6 mM glucose, 1.2 mM MgCl2, 2 mM CaCl2 and  
25 mM HEPES, pH 7.4) 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 1,000 r.p.m. for 2 min in a Beckman TH-4 rotor. Cell pellets 
were washed twice with KRH buffer and loaded with 10 µM Fluo-3 AM in KRH 
buffer plus 0.1 mg ml−1 BSA and 250 µM sulfinpyrazone at room temperature 
for 60 min, followed by washing with KRH buffer three times and resuspen-
sion in 150 µl KRH buffer plus 0.1 mg ml−1 BSA 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 additions or single additions of various concentrations 
of caffeine 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 were determined and normalized to the highest level (100%) of 
caffeine-induced Ca2+ release for each experiment. The normalized data were 
fitted with the Hill equation to calculate the Kcaff value for each experiment, 
defined as the caffeine concentration that produces 50% of the highest caffeine-
induced Ca2+ release. The Kcaff value of each mutant was then compared with 
that of WT RyR2 to generate the ratio of Kcaff(mut) to Kcaff(WT).

Generation of stable, inducible HEK293 cell lines. Stable, inducible HEK293 
cell lines expressing WT and mutant RyR2 were generated using the Flp-In  
T-REx core kit from Invitrogen14,26. Briefly, full-length cDNA encoding the 
WT or mutant RyR2 channel was subcloned into the inducible expression 
vector pcDNA5/FRT/TO. Flp-In T-REx-293 cells were then co-transfected 
with the inducible expression vector pcDNA5/FRT/TO containing WT or 
mutant RyR2 cDNA and the pOG44 vector encoding the Flp recombinase in 
a 1:5 ratio using the Ca2+ phosphate precipitation method. Transfected cells 
were washed with PBS (137 mM NaCl, 8 mM Na2HPO4, 1.5 mM KH2PO4 and 
2.7 mM KCl) 1 d after transfection and allowed to grow for an additional 1 d 
in fresh medium. The cells were then washed again with PBS, harvested and 
plated onto new dishes. After the cells had attached (~4 h), the growth medium 
was replaced with a selective medium containing 200 µg ml−1 hygromycin 
(Invitrogen). The selective medium was changed every 3–4 d until the desired 
number of cells was obtained. The hygromycin-resistant cells were pooled, 
aliquotted and stored at −80 °C.

Single-cell Ca2+ imaging of HEK293 cells. Intracellular cytosolic Ca2+ 
changes in stable, inducible HEK293 cells expressing WT or mutant RyR2 
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channels were monitored using single-cell Ca2+ imaging and the fluorescent 
Ca2+ indicator dye Fura-2 AM, as described previously14,26. Briefly, cells grown 
on glass coverslips for 18–22 h after induction by 1 µg ml−1 tetracycline were 
loaded with 5 µM Fura-2 AM in KRH (Krebs-Ringer-HEPES) buffer (125 mM 
NaCl, 5 mM KCl, 1.2 mM KH2PO4, 6 mM glucose, 1.2 mM MgCl2 and 25 mM 
HEPES, pH 7.4) plus 0.02% Pluronic F-127 and 0.1 mg ml−1 BSA for 20 min 
at room temperature (23 °C). Coverslips were then mounted in a perfusion 
chamber (Warner Instruments) on an inverted microscope (Nikon TE2000-S). 
The cells were continuously perfused with KRH buffer containing increasing 
extracellular Ca2+ concentrations (0.2–2.0 mM). Increasing the extracellular 
Ca2+ concentration will lead to increased Ca2+ entry and subsequent Ca2+ 
loading of internal stores; when store Ca2+ content reaches a threshold level,  
the RyR2 opens, resulting in a spontaneous Ca2+ release event. Caffeine  
(10 mM) was applied at the end of each experiment to confirm the expression 
of active RyR2 channels. Time-lapse images (0.5 frames per s) were captured 
and analyzed with Compix Simple PCI 6 software (Compix Inc.). Fluorescence 
intensities were measured from regions of interest centered on individual cells. 
Only cells that responded to caffeine were used in analyses. All chemicals were 
obtained from Sigma unless otherwise specified.

Culture, transfection and single-cell Ca2+ imaging of HL-1 mouse cardiac 
cells. HL-1 cardiac cells were kindly provided by W.C. Claycomb from the 
Louisiana State University Health Sciences Center. Cells were thawed and 
grown in a 75-cm2 tissue culture flask coated with 0.02% (wt/vol) gelatin in 
Claycomb medium (JRH Biosciences) supplemented with 10% (vol/vol) FBS, 
penicillin-streptomycin (100 U ml−1 and 100 µg ml−1, respectively), 2 mM  
l-glutamine and 0.1 mM norepinephrine. For transfection, HL-1 cells  
(~3 × 106 cells) were washed with PBS and collected in a 13-ml Falcon tube. 
The cells were then centrifuged at 1,200 r.p.m. for 2 min and the supernatant 
was removed. The cell pellet was then gently mixed with 10 µg of WT or 
mutant RyR2 cDNA in Cell Line Nucleofection Solution V (Lonza) in a total 
volume of 100 µl. The mixture of cells and DNA was subjected to nucleofec-
tion using an Amaxa apparatus with the A033 program. Transfected cells were 
then plated onto a 12-well plate containing 12-mm glass coverslips coated with 
gelatin and fibronectin and grown for 24–28 h. Intracellular Ca2+ transients 
in transfected HL-1 cells were measured by single-cell Ca2+ imaging and the 
fluorescence Ca2+ indicator dye Fura-2 AM. Briefly, cells grown on glass cov-
erslips for 24–28 h after transfection were loaded with 5 µM Fura-2 AM in 
a modified KRH buffer (125 mM NaCl, 5 mM KCl, 6 mM glucose, 1.2 mM 
MgCl2 and 25 mM HEPES (pH 7.4) without KH2PO4), plus 0.02% Pluronic 
F-127 (Molecular Probes) and 0.1 mg ml−1 BSA for 20 min at room tem-
perature. The coverslips were then mounted in a perfusion chamber (Warner 
Instruments) on an inverted microscope (Nikon TE2000-S). The cells were 
perfused continuously with KRH buffer containing different concentrations of 
CaCl2 (0–10 mM) at room temperature (23 °C). Time-lapse images (0.5 frames 
per s) were captured through an S-Fluor ×20/0.75 objective and a Chroma filter 
set using the Simple PCI System. Data were analyzed with Compix Simple PCI 
6 software (Compix).

Single-cell Ca2+ imaging of mouse ventricular myocytes. Mouse hearts were 
mounted on the Langendorff apparatus and single ventricular myocytes were 
isolated using the collagenase type II (Worthington Biochem) and protease 
method described previously63. Ventricular myocytes were placed on glass 
coverslips coated with laminin and loaded with 5 µM Fluo-4 AM (Invitrogen) 
plus 0.02% Pluronic F-127 in KRH buffer (125 mM NaCl, 5 mM KCl, 1.2 mM 
KH2PO4, 6 mM glucose, 1.2 mM MgCl2 and 25 mM HEPES, pH 7.4) con-
taining 1 mM Ca2+ for 20 min at room temperature (23 °C). Myocytes were 
washed for 10 min with KRH solution containing 1.0 mM Ca2+. An additional 
20 min was allowed for de-esterification of the Fluo-4 AM indicator. The Ca2+ 
concentration was then stepped to 3, 6, 10 and 15 mM to induce SOICR, which 
led to the formation of propagating global Ca2+ waves. Time-lapse images were 
captured at 10 frames per s and analyzed with Compix Simple PCI 6 software. 
Fluorescence intensities were measured from small rectangular regions of 
interest in each cell. All rod-shaped ventricular myocytes in the entire area 
imaged with a 10× or 20× objective were included in the analysis. For com-
paring resting cytosolic Ca2+ levels in WT and E4872Q heterozygous mutant  

ventricular myocytes, we used the fluorescent Ca2+ indictor Fura-2 AM. 
The cells were loaded with 5 µM Fura-2 AM (Molecular Probes) plus 0.02% 
Pluronic F-127 on a laminin-precoated coverslip for 20 min at room tem-
perature. The coverslip was then placed in a perfusion chamber mounted 
onto an inverted microscope (Nikon TE2000-S) equipped with an S-Fluor 
20×/0.75 objective. The cells were then continuously perfused with KRH buffer 
containing 1.8 mM Ca2+. Time-lapse fluorescent images (1 frame per s) of 
Fura-2 AM–loaded WT and mutant cells before, during and after a 30-s field 
stimulation at 1 Hz were captured at 510-nm emission with excitations at 
340 and 387 nm using a charge-coupled device (CCD) camera and Compix 
Simple PCI 6 software.

Laser scanning confocal imaging of single ventricular myocytes. Mouse 
ventricular myocytes isolated from WT or RyR2 mutant mice were loaded 
with Rhod-2 AM (5 µM) for 20 min at room temperature64. After 20 min of  
de-esterification, the cells were placed in a recording chamber and perfused 
with normal Tyrode solution (1.8 mM Ca2+) at 35–37 °C. Confocal Ca2+ 
imaging was performed in line-scan mode with a laser scanning confocal 
microscope (LSM 510, Carl Zeiss) equipped with a numerical aperture (NA) 
1.35, 63× lens. Images of depolarization-induced Ca2+ transients and caffeine-
induced Ca2+ transients (SR Ca2+ contents) were acquired at a sampling rate of 
1.93 ms per line along the longitudinal axis of the myocytes. Steady-state Ca2+ 
transients were achieved by a 30-s pacing at 1, 3 or 5 Hz. SR Ca2+ content was 
determined after steady-state stimulation at 1 Hz by measuring the amplitude 
of Ca2+ release induced by local delivery of 20 mM caffeine. All digital images 
were processed with IDL 6.0 (Research System Inc.).

Simultaneous recordings of depolarization-induced Ca2+ currents and Ca2+ 
transients under voltage clamp. Simultaneous recording of voltage-clamp 
Ca2+ currents and Ca2+ transients were performed at 35–37 °C in the ruptured 
whole-cell configuration. Voltage and current signals were measured with an 
Axon 200B patch-clamp amplifier controlled by a personal computer using a 
Digidata 1440A acquisition board driven by pCLAMP 10.0 software (Axon 
Instruments). The Ca2+ indicator Rhod-2 pentapotassium salt (100 µM) was 
dialyzed into the cells in a pipette solution containing (in mmol per liter) 
110 CsCl, 20 tetraethylammonium chloride (TEACl), 10 NaCl, 0.4 Na-GTP, 
5 Mg-ATP, 10 HEPES and 1 MgCl2, pH adjusted to 7.2 with CsOH. The bath 
solution contained (in mmol per liter) 140 NaCl, 5 KCl, 0.5 MgCl2, 1.8 CaCl2, 
0.33 NaH2PO2, 10 glucose and 10 HEPES, pH adjusted to 7.4 with NaOH. After 
establishment of the whole-cell mode, the cells were switched to the record-
ing bath solution containing (in mmol per liter) 140 NaCl, 10 CsCl, 1 MgCl2,  
1.8 CaCl2, 0.33 NaH2PO4, 10 glucose, 10 HEPES and 0.02 tetrodotoxin (TTX), 
pH 7.4. The cells were clamped to a holding potential of −80 mV, followed 
by a ramp depolarization to −40 mV from −80 mV (600 ms) and a holding 
command at −40 mV for 100 ms before application of voltage command steps 
ranging from −40 mV to 50 mV in 10-mV increments (300 ms). The voltage 
commands were applied at 15-s intervals. Confocal images of depolarization-
induced Ca2+ transients were acquired at a sampling rate of 1.92 ms per line 
(512 pixels per line × 1,000 lines) with the scanline along the long axis of the 
ventricular myocytes.

Voltage-clamp recordings of INCX in WT and E4872Q heterozygous cardiac 
myocytes. Experiments were performed at 37 °C. Na-Ca exchange (NCX)  
currents (INCX) were recorded with an Axon-200B patch-clamp amplifier and 
a Digidata 1400A data acquisition system controlled by pCLAMP10.0 soft-
ware (Axon Instruments). The pipette solution contained (in mM) 110 CsCl,  
20 TEACl, 10 NaCl, 5 Mg-ATP, 10 HEPES, 0.4 MgCl2, 2.5 CaCl2 and 5 EGTA, 
pH adjusted to 7.2 with CsOH (final Ca2+ concentration, 108 nM). The bath 
solution contained (in mmol per liter) 140 NaCl, 5 KCl, 1 MgCl2, 1.8 CaCl2, 
10 glucose, 10 HEPES, 10 CsCl, 0.01 ouabain, 0.01 verapamil and 0.1 niflumic 
acid, pH adjusted to 7.4 with NaOH. After establishment of the whole-cell 
mode, the cells were clamped at a holding potential of −80 mV. A descending 
voltage ramp polarization from +80 mV to −120 mV at 100 mV per s followed 
by instant return to the holding potential of −80 mV was used. The voltage 
command was repeated at 10-s intervals. INCX was measured as the current 
sensitive to 5 mM Ni2+.
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In situ confocal Ca2+ imaging of intact hearts. Excised hearts were per-
fused with Rhod-2 AM (0.3 mM) containing Kreb-Henseleit’s (KH) solution  
(in mM: 120 NaCl, 24 NaHCO3, 11.1 glucose, 5.4 KCl, 1.8 CaCl2, 1 MgCl2,  
0.42 NaH2PO4, 10 taurine and 5 creatine, oxygenated with 95% O2 and  
5% CO2) at room temperature for 30 min using a retrograde Langendorff 
perfusion system65. Hearts were later transferred to another Langendorff appa-
ratus (37 °C) attached to the confocal microscope system after Rhod-2 AM 
loading was completed. The heart was placed onto a recording chamber for 
in situ confocal (line-scan) imaging of Ca2+ signals from epicardial myocytes 
under sinus rhythm. To avoid motion artifacts during Ca2+ imaging, blebbista-
tin (10 µM; Sigma) and BDM (2,3-butandion-monoxim; 10 mM; Sigma) were 
added to the perfusion solution. The confocal line-scan images were acquired 
at a rate of 1.93 ms per line. Ca2+ transients were autonomously elicited by 
electrical signals from the sinus atrial node. After perfusion in KH solution 
containing 1.8 mM Ca2+, the heart was switched to a solution containing  
3–10 mM Ca2+ to induce SOICR.

Animal studies. All animal studies were approved by the Institutional Animal 
Care and Use Committees at the University of Calgary, the University of Iowa, 
Rush University Medical Center and the University of California at San Diego 
and were performed in accordance with US National Institutes of Health 
guidelines. Adult RyR2 mutant mice and WT control littermates (8–12 weeks 
of age) of both sexes were used for all experiments.

Generation of a knock-in mouse strain harboring the RyR2 E4872Q muta-
tion. A genomic DNA phage clone containing part of the mouse RyR2 gene was 
isolated from a lambda mouse 129-SV/J genomic DNA library (Stratagene) and 
used to construct the RyR2 E4872Q knock-in targeting vector. This genomic 
DNA fragment (~15 kb) was released from the lambda vector by NotI and was 
subcloned into pBluescript to form the plasmid RyR2-WT-BS. PCR-based 
site-directed mutagenesis was performed to generate a 980-bp DNA frag-
ment containing the E4872Q mutation in exon 101 using the RyR2-WT-BS 
plasmid as a template. A HindIII site was created in the 5′ region and an XhoI 
site was created in the 3′ region of this DNA fragment, which was then sub-
cloned using HindIII and XhoI into a targeting vector containing a neomycin 
(neo) selection cassette flanked by FRT sites. A 6,106-bp KpnI-ApaI genomic 
DNA fragment containing exon 101 was isolated from the RyR2-E4872Q-BS 
plasmid and inserted into the targeting vector with NotI and SalI sites. The 
DNA sequences of all exons and PCR fragments used for constructing the 
targeting vector were confirmed by DNA sequencing. The targeting vector 
was linearized with KpnI and subsequently electroporated into R1 embry-
onic stem (ES) cells at the Mouse Facility at the University of California,  
San Diego (UCSD).

G418-resistant ES clones (480 clones) were screened for homologous recom-
bination by Southern blotting. Briefly, genomic DNA was extracted from G418-
resistant ES cell clones using a DNeasy tissue kit (Qiagen). ES cell DNA was 
digested using Bsu36I, separated on a 1% (wt/vol) agarose gel and subsequently 
blotted onto a nitrocellulose membrane. The DNA probe, a 900-bp DNA frag-
ment, was generated by PCR from mouse genomic DNA using the following 
primers: forward, 5′-CTGTTTCCGGAAACAGTCCCCTGC-3′ and reverse, 5′-
AAGCATGGGATTCTATAATTTCCT-3′. The PCR product was subsequently 
radiolabeled using [32P]dCTP by random priming (Invitrogen). DNA blots were 
hybridized with the radiolabeled probe and visualized by autoradiography. One 
positive homologous recombinant was detected and was microinjected into blas-
tocysts from C57BL/6J mice to generate male chimeras at the Mouse Facility of 
UCSD. Male chimeric mice were bred with female Black Swiss mice to generate 
germline-transmitted heterozygous E4872Q-neo knock-in mice. RyR2-E4872Q-
neo male mice were bred with female mice that express Flp recombinase to 
remove the selectable marker (neo). Genotypes from the F1 generation after 
removal of the neo cassette were determined by PCR using DNA from tail biopsy 
specimens using the DNeasy tissue kit from Qiagen and the following DNA 
primers: forward, 5′-GTTGGTAGATATTTCTCAGTCCACA-3′ and reverse, 
5′-AACGTGGCAGGGCCGAATGATTACT-3′.

Echocardiography in conscious mice. To assess systolic and diasto-
lic function, conscious 10- to 12-week-old E4872Q heterozygous 

mutant mice and their WT littermates were subjected to echocardio-
graphy as described previously by Semeniuk et al.66. The chest of the 
mouse was shaved and the mouse was restrained in a modified 50-ml  
tube with an opening for the echocardiographic probe. The mouse was allowed 
to rest for at least 15 min before echocardiography was performed using a 
Hewlett-Packard Sonus 4500 ultrasound machine (Agilent Technologies) with 
a frame rate of 300 frames per s. A 15-MHz linear transducer was placed on the 
left hemithorax interfaced with a layer of ultrasonic transmission gel (Aquasonic 
100, Parker Laboratories), and the mice were imaged in a shallow left lateral 
decubitus position. The two-dimensional parasternal short-axis imaging plane 
was used as a guide for obtaining LV M-mode tracings close to the papillary 
muscle level. A minimum depth setting of 2 cm was used with a sweep speed 
of 100 mm s−1. Doppler tracings of the mitral inflow and aortic outflow tract 
velocities were obtained in a modified parasternal long-axis view at a sweep 
speed of 100 mm s−1, a sample volume length of 0.05 cm and a gate of 0.6 cm. 
Tracings were recorded on VHS videotape (Maxell) and printed on a Sony color 
printer (UP-5200, Sony). Data are the average of at least two separate scans, with 
each scan representing the average of three selected beats. All parameters were 
analyzed using the protocol described by Semeniuk et al.66.

ECG recordings and induction of ventricular tachyarrhythmias in anesthetized 
mice.  R4496C heterozygous mice, E4872Q R4496C compound heterozygous 
mice and their WT littermates were assessed for their susceptibility to drug-
induced arrhythmias using ECG recordings. Briefly, mice (8–10 weeks old) were 
lightly anesthetized with isoflurane vapor (0.5–1%) and 95% O2. Anesthetized 
mice were placed on a heating pad (27 °C), and subcutaneous needle electrodes 
were inserted into the right upper limb and left lower abdomen for ECG record-
ings (BIOPAC MP System). The animals’ ECG recordings were monitored con-
tinuously under anesthesia until the heart rate became stabilized. A baseline 
ECG was recorded for 5–10 min. For induction of ventricular arrhythmias in 
E4872Q R4496C compound heterozygous mice and R4496C heterozygous mice, 
the mice were subjected to intraperitoneal injection of epinephrine (1.6 mg per kg 
body weight) and caffeine (120 mg per kg body weight). ECG was continuously 
recorded for 30 min after the infusion of epinephrine and caffeine.

Generation of RyR2 R4496C E4872Q compound heterozygous mice. To 
generate R4496C E4872Q compound heterozygous mice, we bred R4496C50 
heterozygous mice with E4872Q heterozygous mice. Although the exact dis-
tribution and stoichiometry of the R4496C and E4872Q mutant subunits in 
the tetrameric structure of RyR2 in R4496C E4872Q compound heterozygous 
mutant hearts is unknown, we assume that R4496C and E4872Q mutant 
subunits assemble randomly into a tetramer. If so, the likelihood of forming 
a tetramer with a specific composition of R4496C and E4872Q monomers 
would have the following distribution: R4496C homotetramers (1/16), three 
R4496C monomers plus one E4872Q monomer (4/16), two R4496C plus two 
E4872Q (6/16), one R4496C plus three E4872Q (4/16) and E4872Q homote-
tramers (1/16). Therefore, R4496C homotetramers would account for only 
6.25% of all RyR2 tetramers in R4496C E4872Q compound heterozygous 
hearts. In other words, greater than 93% of RyR2 tetramers in R4496C E4872Q 
compound heterozygous hearts would be expected to contain one or more 
E4872Q subunits. Therefore, it is likely that the RyR2 E4872Q mutation exerts 
its protective effect on the hyperactive R4496C channel by forming hetero-
meric channels composed of E4872Q and R4496 subunits. As in the case of 
R4496C E4872Q compound heterozygous mice, we assume that the WT and 
E4872Q mutant monomers assemble randomly into tetramers, such that the 
likelihood of forming a tetramer with a specific composition of the WT and 
mutant monomers would have the following distribution: WT homotetramers  
with no E4872Q monomer (1/16), three WT monomers plus one E4872Q 
monomer (4/16), two WT plus two E4872Q (6/16), one WT plus three E4872Q 
(4/16) and E4872Q homotetramers (1/16). Therefore, WT homotetramers 
would be expected to account for only 6.25% of all RyR2 tetramers expressed 
in the E4872Q heterozygous cardiomyocytes. In other words, greater than 
93% of RyR2 tetramers contain one or more E4872Q monomers in E4872Q 
heterozygous hearts. Thus, it is likely that the RyR2 E4872Q mutation exerts its 
negative effect on the function of RyR2 WT by forming heteromeric channels 
composed of E4872Q and WT subunits.
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Immunoblotting analysis. Mouse hearts were crushed by a Wollenberger 
clamp precooled in liquid nitrogen. Crushed heart tissue was stored at −80 °C  
until use. Frozen cardiac tissue was pulverized in liquid nitrogen and homog-
enized immediately with a Brinkmann Polytron PT 15 homogenizer (set-
ting 8, 4 bursts for 15 s each) in 6 volumes of 30 mM KH2PO4 (pH 7.0),  
40 mM NaF, 5 mM EDTA, 300 mM sucrose, 4 µM leupeptin, 1 mM ben-
zamidine, 100 µM PMSF and 0.5 mM DTT. Aliquots of homogenates were 
solubilized in 50 mM Tris-HCl (pH 7.4) plus 3% (wt/vol) SDS for 1 h at room 
temperature. Insoluble material was removed by centrifugation at 34,000g for 
10 min. The protein concentration of the supernatant was determined using a 
Bio-Rad detergent-compatible protein assay kit. Solubilized proteins (20–30 µg)  
were used for SDS-PAGE67. SDS-PAGE resolved proteins were transferred 
to nitrocellulose membranes at 45 V for 18–20 h at 4 °C in the presence of 
0.01% (wt/vol) SDS according to the method of Towbin et al.68. Nitrocellulose 
membranes containing the transferred proteins were blocked for 30 min with 
PBS containing 0.5% (vol/vol) Tween-20 and 5% (wt/vol) skim milk powder. 
The blocked membrane was incubated with antibodies against RyR2 (Thermo 
Scientific, Pierce ryanodine receptor monoclonal antibody, MA3-925, mouse, 
1:1,000), SERCA2a (Santa Cruz Biotechnology, SERCA2 (C-20): sc-8094, goat, 
1:10,000), CASQ2 (Thermo Scientific, calsequestrin antibody, PA1-913, rab-
bit, 1:2,500), triadin (Santa Cruz Biotechnology, triadin antibody (M-20): sc-
33394, goat, 1:5,000), junctin (LifeSpan Biosciences Inc., junctin/ASPH rabbit 
anti-human polyclonal (N-terminus) (unconjugated) antibody, LS-C81640-
LSBio, rabbit, 1:2,000) or β-actin (gift from J. Lytton, University of Calgary, 
rabbit, 1:5,000). The antibody-bound membrane was washed three times for  
15 min with PBS containing 0.5% (vol/vol) Tween-20. The washed membrane 
was then incubated with secondary anti-mouse, anti-goat or anti-rabbit IgG 
(H&L) antibodies conjugated to horseradish peroxidase (1:20,000) for 30 min. 
After washing for 15 min three times, the bound antibodies were detected 
using an enhanced chemiluminescence kit from Pierce. The band inten-
sities were analyzed using ImageJ software, and normalized to that of the  
β-actin band.

Modeling of the RyR2 ion-conducting pore. Welch et al.42 determined 
the sequence of the ion-conducting pore of RyR2 and areas of sequence  
similarity between RyR2 and KcsA in the pore region, including the outer 
helix, pore helix, selectivity filter and inner helix. Using this as a guide,  
we used ClustalW69 to align residues 4763–4881 of mouse RyR2 with residues 
from the KcsA (1BL8.pdb)45, Kv1.2 (2A79.pdb)46 and MthK (1LNQ.pdb)70 
potassium channels. The resulting alignment was refined manually. When 
compared to the potassium channel sequences, RyR2 contained a 10-residue 
insertion between the outer helix and pore helix and a 16-residue insertion 
between the selectivity filter and inner helix. We used SwissModel71 to con-
struct a homology model of the RyR2 ion permeation pore using the 1BL8 
KcsA crystal structure as the modeling template. The two regions of insertions 
were modeled from loop databases72. The pore of RyR2 is known to have a 
cross-sectional diameter of approximately 7 Å (ref. 42), whereas that of KcsA 
is substantially smaller. To reproduce the experimentally-determined pore 
diameter, each subunit of the channel was shifted radially outwards from the 
long axis of the selectivity filter by 1.3 Å using a rigid body coordinate trans-
formation. The tetrameric RyR2 pore model was energy minimized72 to allow 
all bonds and bond angles to attain their optimized geometries. A series of 

point mutations were introduced into the model corresponding to the point 
mutations introduced experimentally. Each mutant RyR2 was subsequently 
energy minimized72 to allow the mutated side-chain rotamers to adopt the 
lowest energy conformation. The electrostatic potential of the RyR2 model was 
calculated using the APBS73 plugin for Visual Molecular Dynamics (VMD)74. 
Images were produced using VMD74. The backbone structure of the result-
ant RyR2 homology model is a close structural fit to the crystal structure of 
the NaK channel (PDB IDs 2AHY and 2AHZ)49. Although the overall chan-
nel fold of the NaK channel corresponds to that of KcsA, the N-terminal 19 
residues of the NaK channel form an interfacial M0 helix, which is believed 
to lie at the lipid-water interface. Considering amino acids from the NaK M1 
helix, P loop, P helix and M2 helix and disregarding loop regions, the root 
mean squared deviation between the NaK channel structure and the RyR2 
pore model is 2.03 Å.

Statistical analyses. All values shown are the mean ± s.e.m. unless indicated 
otherwise. To test for differences between groups, we used Student’s t test  
(two tailed). P < 0.05 was considered to be statistically significant.
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