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Abstract

Background—Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an 

arrhythmogenic disorder caused by mutations in the cardiac ryanodine receptor (RyR2) that 

increase diastolic Ca2+ leak from the sarcoplasmic reticulum (SR). Calmodulin (CaM) dissociation 

from RyR2 has been associated with diastolic Ca2+ leak in heart failure.

Objective—Determine if tetracaine-derivative, EL20, inhibits abnormal Ca2+ release from RyR2 

in a CPVT model and the underlying mechanism of inhibition.

Methods—Spontaneous Ca2+ sparks in cardiomyocytes and inducible VT were assessed in a 

CPVT mouse model, RyR2-R176Q/+ (R176Q) in the presence of EL20 or vehicle. Single-channel 

studies using sheep cardiac SR or purified RyR2 reconstituted into proteoliposomes with and 

without exogenous CaM were used to assess mechanisms of inhibition.
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Results—EL20 potently inhibits abnormal Ca2+ release in R176Q myocytes (IC50=35.4nM) and 

diminishes arrhythmia in R176Q mice. EL20 inhibition of single-channel activity of purified 

RyR2 occurs in a similar range as seen in R176Q myocytes (IC50=8.2nM). Inhibition of single-

channel activity for cardiac SR or purified RyR2 supplemented with 100nM or 1µM CaM shows a 

200 to 1000-fold reduction in potency.

Conclusion—This work provides a potential therapeutic mechanism for the development of 

antiarrhythmic compounds that inhibit leaky RyR2 resulting from CaM dissociation often 

associated with failing hearts. Our data also suggest that CaM dissociation may contribute to the 

pathogenesis of arrhythmias in the CPVT-linked R176Q mutation.
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Introduction

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an inherited disorder 

which results from mutations in proteins associated with the cardiac ryanodine receptor 

(RyR2).1–3 The predominant form (CPVT1) arises from point mutations in RyR2 itself.4–6 

These mutations result in a gain-of-function, where adrenergic stimulation leads to a 

heightened activity of RyR2 and diastolic Ca2+ leak. This leak can trigger an inward Na+ 

current resulting in delayed afterdepolarizations and triggered arrhythmias.7 Left untreated 

ventricular tachycardia (VT) can degenerate into ventricular fibrillation and sudden cardiac 

death. The mechanism that underlies this leak of Ca2+ remains controversial. The Ca2+-

binding protein, calmodulin (CaM), is a known RyR2-stabilizer, and reduced binding has 

been associated with an RyR2 diastolic leak in heart failure8–11 and CPVT.12 This suggests 

that altered binding of CaM to RyR2 may potentiate diastolic release of Ca2+.

CPVT is a difficult disease to manage with limitations in the efficacy of current treatments. 

β-blockers are commonly used to prevent the onset of symptoms but have limited long-term 

effectiveness. Studies have indicated that 19% of patients prescribed β-blockers experienced 

arrhythmogenic events after 4 years and that number doubled at 8 years.13 The 

antiarrhythmic drug, flecainide, has been shown to reduce onset of CPVT symptoms,14 but 

also has proarrhythmic properties in patients with structural heart disease.15 Flecainide is 

also a direct inhibitor of RyR2,16 but whether this mechanism accounts for its 

antiarrhythmic properties is controversial.17 ICDs are often used in conjunction with 

medication or in situations where medication is not effective. ICDs are invasive, often not an 

option for children, and subject to failure.

As the source of Ca2+ leak, direct targeting of RyR2 offers a potential therapeutic approach 

to CPVT. Here we investigate the therapeutic effects of a novel compound, 2-

(diethylamino)ethyl 4-(butylamino)-2-methoxybenzoate (EL20), which diminishes abnormal 

Ca2+ handling and arrhythmogenesis in an established CPVT mouse model (RyR2-

R176Q/+) by inhibiting RyR2 at low nanomolar concentrations. We demonstrate that normal 

excitation-contraction (EC) coupling remains intact in cellular and whole-animal studies. 
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Single-channel measurements carried out in the presence and absence of added CaM 

indicate that CaM binding to RyR2 blocks inhibition by EL20. From these results, we 

conclude that channels depleted of CaM become leaky, allowing EL20 to block the leak. 

Normal RyR2 channels and cardiac function is not altered in the presence of EL20 due to 

CaM association.

A preliminary report of the work presented here has appeared in abstract form.18

Materials and Methods

Materials

All chemicals were purchased from Sigma-Aldrich. Lipids for the bilayer studies were 

purchased from Avanti Polar Lipids. Calmodulin was obtained from Calbiochem.

Compound synthesis

The novel tetracaine derivative, 2-(diethylamino)ethyl 4-(butylamino)-2-methoxybenzoate 

(EL20) was synthesized as described in the supplemental information.19 Two hydrolysis 

products of EL20 were also used in this study: 4-(butylamino)-2-methoxybenzoic acid20 (2) 

was synthesized as described in the supplemental information and 2-(diethylamino)-ethanol 

(3) was purchased from Sigma-Aldrich.

Animals

This study conformed to the Guide for the Care and Use of Laboratory Animals. Mice 

harboring RyR2-R176Q/+ mutation were used in cellular and whole-animal studies as 

described previously.21 Sheep hearts were provided by Oregon Health & Science University. 

Animal protocols were approved by the Institutional Animal Care and Use Committees of 

Baylor College of Medicine and Portland State University.

Ca2+ sparks measurement

Ca2+ sparks were imaged in ventricular myocytes from R176Q mice pre-loaded with Fluo-4-

AM (2µM) using a LSM510 confocal microscope (Zeiss) as previously described.22 Cells 

were treated with 100nM isoproterenol to induce an increase in spontaneous Ca2+ spark 

activity. Pre-loaded myocytes were exposed to vehicle or test compound for 2hrs. Ca2+ spark 

frequency (CaSF) was calculated using SparkMaster.

Electrophysiology study

Intracardiac electrophysiology studies were performed in R176Q and WT littermates as 

previously described.21,23,24 Simultaneous recordings of 6-lead ECG as well as intracardiac 

electrograms were simultaneously recorded in adult (2–3-month-old) mice. After induction 

of anesthesia (1.5% isoflurane in 95% O2), baseline and intracardiac electrogram recordings 

were made. Inducibility of VT was determined using extrastimuli pacing after injections of 

epinephrine (2mg/kg) and caffeine (120mg/kg). These measurements were carried out both 

with and without intraperitoneal (i.p) injection of test compound.
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SR preparation and RyR2 purification

SR vesicles were prepared from sheep hearts following a method previously described.25 

RyR2 was purified from SR vesicles as previously described.26 Briefly, SR vesicles were 

solubilized in CHAPS/PC mixture for 1hr. followed by centrifugation on a discontinuous 

sucrose gradient. Fractions containing RyR2 were dialyzed and reconstituted into 

proteoliposomes.

Single-channel recordings

Bilayers were formed using a 5:3:2 DOPE:DOPS:DOPC mix of lipids (Avanti-Cat. 

#790304) on an aperture separating cis and trans chambers. Purified RyR2 reconstituted into 

proteoliposomes or cardiac SR vesicles (0.02mg/ml final) were added to the cis chamber 

(250mM KCl, 15mM HEPES, 100µM CaCl2, pH 7.4 w/KOH). Upon fusion, trans chamber 

(25mM KCl, 15mM HEPES, pH 7.4) was equilibrated with cis using concentrated KCl. Cis-

Ca2+ was buffered to 25µM using EGTA, calculated using the chelation program bound and 

determined.27 To ensure proper orientation of the purified RyR2, changes in open channel 

probability were measured following well-defined changes in the cis-Ca2+ concentration. 

Channels that did not respond to changes in the cis-Ca2+ (3 out of 37) were not used in 

analysis.

Following addition of test compound to the cis chamber, cis and trans chambers were stirred 

for 30 seconds and channel activity was recorded for ≥1.5min. Data was filtered at 1-kHz 

and held at +36mV using a Warner Instruments BC-535 amplifier. Analysis of single-

channel activity was performed using pClamp (Axon Instruments).

3H-Ryanodine binding

Equilibrium ryanodine binding to cardiac SR vesicles (0.5mg/ml) was carried out over 3hrs. 

in buffer: 50µM CaCl2, 250mM KCl, 2nM 3H-ryanodine, 13nM ryanodine, 20mM HEPES, 

37°C, pH 7.4, ± test compound. Non-specific binding was assayed in the presence of 200nM 

ryanodine and 4mM EGTA and subtracted from measurements. Binding was quenched 

through rapid filtration (Brandel 48-well harvester). Ca2+-dependent binding was carried out 

over a range of free Ca2+ concentrations controlled by EGTA. Rates were measured in an 

identical manner with the following modifications: unlabeled ryanodine was not present, 

non-specific binding measurements were not made, and experiments were quenched at 

specified time points.

Statistics

Data are presented as mean ± SEM. Statistical significance was determined using paired or 

unpaired Student’s T-test where appropriate. Data was determined significant at P<0.05.

Results

Compound synthesis

Tetracaine analog EL20 (Fig. 1A) was synthesized via a two-step synthesis route 

(Supplemental). The first step involves the reductive amination of the commercially 

available 4-amino-2-methoxybenzoic acid with benzaldehyde using sodium acetoxy 
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borohydride as the reducing agent, to produce 4-(butylamino)-2-methoxybenzoic acid, 2 
(Fig. 1B) in 57% yield. Subsequent esterification of compound 2 with 2-

(diethylamino)ethan-1-ol, 3 (Fig. 1C) using EDCI/DMAP as the coupling agents affords 

compound EL20 in 58% yield.

EL20 reduced Ca2+ spark frequency in R176Q myocytes

To determine whether EL20 selectively alters abnormal Ca2+ release at the cellular level of 

R176Q channels more so than WT channels, Ca2+ sparks were assessed (Fig. 2A). 

Isoproterenol (100nM) was used to mimic adrenergic stimulation leading to abnormal Ca2+ 

release as previously described.21 The results show that EL20 (500nM) did not significantly 

alter the CaSF in WT myocytes. In contrast, EL20 reduced CaSF by ~70% compared to 

vehicle (P<0.01). R176Q spark parameters given in Supplemental Table 1. The results show 

that EL20 normalizes excessive SR Ca2+ release through defective RyR2 channels in 

myocytes from R176Q mice to normal levels seen in WT mice.

Absence of detrimental side effects of EL20 on systolic SR Ca2+ handling

It is important to consider if the experimental compound, EL20, might alter systolic SR Ca2+ 

transients. A reduction of Ca2+ transients could potentially lead to unwanted side effects, 

consequently leading to abnormal cardiac contractility. To address this, we measured the 

Ca2+ transient amplitude induced by 1-Hz field stimulation (Fig. 2B). EL20 at the high dose 

of 500nM did not alter the Ca2+ transient amplitude in ventricular myocytes of WT mice 

(2.7 ± 0.2 F/Fo) compared to vehicle controls (2.6 ± 0.2). In addition, EL20 did not alter the 

Ca2+ transient amplitude in R176Q myocytes (2.8 ± 0.3) compared to the vehicle-treated 

cells (2.4 ± 0.1) at the cellular level, indicating no detrimental side effects at the whole-

organism level.

Dose-response of Ca2+ sparks inhibition by EL20

Dose-dependent inhibition of CaSF by EL20 (0.5nM-5µM) was assessed to determine the 

concentrations of EL20 necessary to inhibit abnormal Ca2+ release (Fig. 2C). Sigmoidal 

fitting of the dose-response was used to determine the half-maximal inhibition concentration 

(IC50), taken here as the measure of potency. EL20 yielded an IC50 = 35.4nM, the hydrolysis 

product, compound 2 inhibited spark activity with an IC50 = 200nM (not shown).

EL20 reduces incidence of VT in R176Q mice

Whether inhibition of spontaneous Ca2+ release in the R176Q myocytes translates to 

diminish ventricular arrhythmias at the whole-animal level, EL20 was further characterized 

in R176Q mice. β-adrenergic stimulation was mimicked by administering epinephrine 

(2mg/kg) and caffeine (120mg/kg) by i.p. injection, and induction of VT by extra-stimuli 

protocol was assessed as previously described.21

Following pacing protocols, none of the vehicle-treated WT mice developed VT (0 of 9) 

(Fig. 3A and E), whereas, 73% of the vehicle-treated R176Q mice developed bidirectional 

and/or polymorphic VT (8 of 11, P <0.01 compared to WT) (Fig. 3B, C and E). In contrast, 

R176Q mice treated with EL20 (2.5µg/kg, i.p.) 15 minutes prior to pacing showed a 

significant reduction of inducible VT (1 of 7, P<0.05 compared to vehicle) (Fig. 3D and E). 
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Importantly, EL20 did not alter any ECG parameters (RR, HR, PR, QRS, QTc) after 

injection in the R176Q mice (Supplemental Table 2), suggesting that EL20 does not affect 

cardiac conduction properties.

EL20 inhibits purified RyR2 in planar lipid bilayers

To understand the mechanism that leads to inhibition by EL20, single-channel activity was 

examined in a planar lipid bilayer. RyR2 from sheep was purified and then reconstituted into 

proteoliposomes to remove endogenous proteins to identify direct interactions between the 

channel and EL20. We also considered the effects of the two metabolites of EL20 which 

may be present following hydrolysis in vivo. To best assess the inhibitory effects, recordings 

were carried out under conditions of high single-channel activity (25µM Ca2+).

In the absence of test compound the average open probability (Po) = 0.84 ± 0.02 (n=34). 

Representative recordings of single-channel activity show that EL20 and compound 2 
decreased activity with increasing concentration (Fig. 4A and B). Figure 4C shows the 

normalized Po for the accumulated data plotted as a function of compound concentration on 

a logarithmic scale. The IC50 (determined from four-parameter logistic fits) for EL20 and 

compound 2 were between 8 and 10nM (Table 1). At concentrations above 100nM, channel 

activity was completely inhibited. Compound 3 did not inhibit channel activity at all 

concentrations tested (10nM-100µM). These results indicate that EL20 directly inhibited 

RyR2 at nanomolar concentrations. Furthermore, compound 2 showed near-identical 

inhibition to EL20 indicating that inhibition is retained following the hydrolysis of EL20.

EL20 shows weakened inhibition of RyR2 from cardiac SR

We next assessed EL20 inhibition of the more native RyR2 macromolecular complex to 

better understand why EL20 did not alter systolic function in the R176Q cells while purified 

RyR2 was completely inhibited at the single-channel level. Sheep cardiac SR vesicles that 

retain associated proteins28 were incorporated into planar lipid bilayers and measurements 

of single-channel activity were carried out under identical conditions as experiments 

involving the purified receptor.

The mean Po in the absence of test compound (0.69 ± 0.06, n=8) was 18% lower than the 

mean control activity of purified RyR2 (Supplemental Fig. 1A). Representative single-

channel traces (Fig. 5A) and the dose-response (Fig. 5C) indicated mild inhibition of RyR2 

from SR by EL20. The potency of EL20 inhibition of non-purified RyR2 decreased by a 

factor of 1000 compared to identical experiments carried out with purified RyR2.

3H-Ryanodine binding to sheep cardiac SR confirmed that EL20 does not inhibit the RyR2 

macromolecular complex at therapeutic concentrations. Inhibition in the rate of 3H-

ryanodine binding in the presence of EL20 could only be seen at concentrations >1µM, 

while equilibrium binding over 3 hours required higher concentrations (>10µM) 

(Supplemental Fig. 2). Equilibrium binding indicated similar inhibition between compound 

2 and EL20 while compound 3 had no effect (Supplemental Fig. 2B). EL20 also did not shift 

the Ca2+-dependence of 3H-ryanodine binding to SR at therapeutic concentrations 

(Supplemental Fig. 2C).
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Effects of calmodulin on inhibition of purified RyR2 by EL20

To determine if the presence of CaM, whose absence from RyR2 has been linked to CPVT,
12 may alter EL20’s inhibition of RyR2, we added exogenous CaM to purified RyR2 

incorporated into planar lipid bilayers. The addition 100nM or 1µM CaM decreased channel 

Po by 19% (n=9) and 24% (n=9), respectively (Supplemental Fig. 1B), confirming the 

absence of endogenous CaM. Exogenous CaM did not significantly alter activity of cardiac 

SR under identical conditions (Supplemental Fig. 1B).

Representative single-channel traces of the purified RyR2 with exogenous 1µM CaM (Fig. 

5B) and the dose-response (Fig. 5C) demonstrate inhibition by EL20 is decreased in the 

presence of CaM. Decreasing the concentration of CaM by a factor of 10 did not 

significantly alter EL20’s inhibition (Table 1). The inhibition of either cardiac SR fused to 

the bilayer membrane or purified RyR2 supplemented with CaM resulted in IC50 values that 

are 200 to 1000 times higher than what was observed in CaM-free RyR2 (Fig. 5C).

Discussion

As the source of improper Ca2+ handling, RyR2 has been suggested as a therapeutic target 

for treatment of CPVT and other cardiac disorders.29 Compounds designed for this purpose 

need to inhibit the diastolic Ca2+ leak while not affecting normal channel function.11 

Recently, the Wehrens’ lab reported on a novel tetracaine-derivative, EL9, that inhibited 

arrhythmogenic states while not altering healthy cardiac function in an R176Q mouse 

model.30 Here we demonstrated the therapeutic effects of another novel tetracaine-

derivative, EL20, that diminished abnormal Ca2+ handling at low nanomolar concentrations 

and prevented arrhythmogenesis in a CPVT model by targeted inhibition of RyR2. We 

further explored the mechanism of selective inhibition of RyR2-Ca2+ leak showing that 

EL20 only inhibited RyR2 single-channels in the absence of the stabilizing protein 

calmodulin.

EL20 prevents arrhythmogenic states

EL20 inhibited arrhythmogenic events in mice harboring a human CPVT mutation at both 

the cellular and whole-animal level. Using an R176Q mouse model, EL20 potently inhibited 

the diastolic Ca2+ leak in myocytes (IC50 = 35.4nM). At the whole-animal level, EL20 

(2.5µg/kg) significantly reduced ventricular tachycardia in the R176Q mice compared to 

vehicle-treated littermates (Fig. 3).

In addition to its antiarrhythmic properties, EL20, showed no adverse effects on EC 

coupling. The Ca2+ transient amplitude was not altered by a high concentration of EL20 

(500nM), indicating that systolic SR Ca2+ release from RyR2 was not inhibited. More 

importantly, ECG parameters (RR, QRS, QTc) from the R176Q mice were not affected post-

treatment with EL20 (Supplemental Table 2). These results indicate that conduction property 

and contractility were not affected by EL20, suggesting that EL20 possesses cardiac safety 

for use in treating cardiac diseases.
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Selective inhibition of CaM deficient channels

Experiments at the single-channel level demonstrated that EL20’s potency increased by 

1000-fold in purified RyR2 compared to RyR2 from SR (IC50 = 8 nM and 8 µM, 

respectively). Interestingly, EL20’s inhibition of the purified channel closely resembled the 

concentrations necessary to diminish abnormal diastolic CaSF in the R176Q myocytes (IC50 

= 35nM). Given that single-channel experiments were carried out at 25µM Ca2+, which is 

significantly higher than the intracellular Ca2+ concentration, it is unlikely that EL20’s 

mechanism of inhibition is directly Ca2+-dependent. This is further evidenced by the fact 

that EL20 did not alter the Ca2+-dependence of 3H-ryanodine binding to cardiac SR 

(Supplemental Fig. 2C). Therefore, EL20’s mechanism of inhibition appears to be 

dependent on some conformational change that is common to both the leaky R176Q and 

purified RyR2.

The open probabilities of the purified RyR2 were significantly higher than those from 

cardiac SR (Supplemental Fig. 1A). This was likely due to the absence of stabilizing 

proteins that are present in the SR,28 and may indicate that EL20 only inhibits channels 

absent of a stabilizing protein. Calmodulin is removed following purification of RyR2, but 

its endogenous effects remain in cardiac SR.33 Exogenous CaM added to the purified RyR2 

reduced single-channel activity (Supplemental Fig. 1B) and reduced inhibition by EL20 

(Fig. 5C), more closely resembling the characteristics observed in cardiac SR.

Whether the reduced inhibition observed with single-channels from cardiac SR is due to the 

presence of CaM is unclear. A recent study showing that exogenous CaM was required for 

dantrolene inhibition of RyR2 suggests that CaM dissociates readily from RyR2 in lipid 

bilayers.35 In the present study, exogenous CaM added to cardiac SR did not affect single-

channel activity, suggesting the presence endogenously bound CaM. This discrepancy may 

be due to experimental factors such as our use of high concentrations of cis-Ca2+ that 

decreases CaM-RyR2 dissociation.32,33 However, we cannot rule out the possibility that 

other proteins in the RyR2 macromolecular complex may also alter EL20’s inhibition.

It has been proposed that CaM may play a role maintaining a closed state during diastole 

and terminating SR Ca2+ release.31 FRET32 and radiolabeled33 studies have indicated that 

CaM-RyR2 affinity in SR vesicles is weaker at diastolic Ca2+, while single-channel studies 

have shown the inhibitory effects to be greater at diastolic Ca2+.33,34 Therefore, loss of CaM 

during diastole may contribute to Ca2+ leak. Mutations in RyR2 may potentiate the 

dissociation of CaM. In knock-in mice with CPVT-linked mutation, RyR2-R2474S, the 

addition of cAMP both increased spontaneous Ca2+ sparks and reduced CaM-RyR2 affinity 

compared to WT myocytyes.12

To the best of our knowledge, no study has directly linked CaM dissociation to the 

pathogenesis of the R176Q Ca2+ leak. Our data showing that CaM alone blocks EL20’s 

inhibition of RyR2 suggests that leaky R176Q channels are likely CaM deficient. We 

propose that adrenergic stimulation of R176Q mice leads to the dissociation of CaM from 

RyR2 and under these circumstances, EL20 decreases the Ca2+ leak and restores normal 

function.
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Conclusion

This study characterized the antiarrhythmic properties of a novel tetracaine-derivative, EL20, 

and provided a working model for the mechanism of selective inhibition of leaky RyR2 

channels. Ca2+ leak via RyR2 that is potentiated by the loss of CaM can be corrected by 

EL20, thereby reducing the induction of ventricular tachycardia. Our data suggest that CaM 

dissociation may be a contributing factor in the pathogenesis of arrhythmias in the CPVT-

linked, RyR2-R176Q/+ mutation. This work provides a potential therapeutic mechanism for 

the development of antiarrhythmic compounds that inhibit leaky RyR2 channels resulting 

from CaM dissociation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CaM calmodulin

CaSF Ca2+ spark frequency

CPVT catecholaminergic polymorphic ventricular tachycardia

EC excitation-contraction
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Figure 1. 
Chemical structures of compounds of study. (A) 2-(diethylamino)ethyl 4-(butylamino)-2-

methoxybenzoate (EL20), a novel tetracaine-derivative. (B) 4-(butylamino)-2-

methoxybenzoic acid (2) (C) 2-(diethylamino)-ethanol (3).
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Figure 2. 
EL20 inhibition of abnormal Ca2+ release events at the cellular level. (A) Summary data 

showing EL20 (500nM) reduced CaSF in R176Q (grey bars) ventricular myocytes compared 

to vehicle (and little effect on WT (white bars) myocytes). (B) Summary data showing that 

EL20 (500nM) did not alter the Ca2+ transient amplitude in both WT and R176Q ventricular 

myocytes. (C) Dose-response relationship and IC50 determination of EL20 using CaSF 

inhibition in R176Q myocytes (n=6–10 cells per group, 3 mice). Results summarized in 

Table 1. Data presented as mean ± SEM (*P<0.05, **P<0.01).
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Figure 3. 
EL20 suppresses the induction of VT in R176Q mice. Representative simultaneous 

recordings of surface ECG and intracardiac electrograms after S1–S2 extra stimuli 

(indicated by arrows) revealed: (A) sinus rhythm in WT mice treated with vehicle, (B) 
bidirectional and (C) sustained VT in R176Q mice treated with vehicle, (D) sinus rhythm in 

R176Q mice treated with EL20 (2.5µg/kg). (E) Bar graph summarizing incidence of VT in 

each set. (*P<0.05, **P<0.01).
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Figure 4. 
Single-channel activity of purified RyR2 in the presence of EL20 and metabolites. 

Recordings were made at +36mV in symmetric 250mM KCl, 20mM HEPES, pH 7.4. (A 
and B) 2sec traces of single-channel activity at increasing concentrations of EL20 and 

compound 2, respectively. Channel openings are indicated by deflections upward. (C) Dose-

response of EL20 (black circles), compound 2 (open triangles), and compound 3 (open 

squares). Results summarized in Table 1. Data is normalized to each channel’s control Po 

and then grouped and plotted as the mean ± SEM.

Klipp et al. Page 15

Heart Rhythm. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Inhibition of single-channel activity by EL20. Recordings were made at +36mV in 

symmetric 250mM KCl, 20mM HEPES, pH 7.4. (A) 2sec traces of single-channel activity 

of RyR2 from SR vesicles at increasing concentrations of EL20. (B) Purified RyR2 single-

channel recording with the addition of 1µM CaM, followed by the addition of EL20. (C) 
Corresponding dose-response curves for EL20 inhibition of: RyR2 from SR vesicles (grey 

circles), purified RyR2 + 1µM CaM (open circles), and purified RyR2 without CaM (black 

circles) (replotted from Fig. 4C). Results are summarized in Table 1. Data is normalized to 

each channel’s control Po and then grouped and plotted as the mean ± SEM.
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Table 1

Dose-Response Summaries

Assay Condition −Log([IC50], M) IC50 (nM) n

Single-Channel

Cardiac SR

 EL20 5.09±0.44 8,110 4–8

Purified RyR2

 EL20 + 1μM CaM 5.45±0.38 3,560 4–9

 EL20 + 100nM CaM 5.73±0.29 1,860 4–8

 EL20 8.09±0.14 8.21 4–13

 Compound 2 8.02±0.10 9.45 3–12

 Compound 3 NA NA 3–5

CaSF

R176Q

 EL20 7.43±0.86 35.4 6–10
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