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Abstract

A key therapeutic target for heart failure and arrhythmia is the deleterious leak through 

sarcoplasmic reticulum (SR) ryanodine receptor 2 (RyR2) calcium release channels. We have 

previously developed methods to detect the pathologically leaky state of RyR2 in adult 

cardiomyocytes by monitoring RyR2 binding to either calmodulin (CaM) or a biosensor peptide 

(DPc10). Here, we test whether these complementary binding measurements are effective as high-

throughput screening (HTS) assays to discover small molecules that target leaky RyR2. Using 

FRET, we developed and validated HTS procedures under conditions that mimic a pathological 

state, to screen the library of 1280 pharmaceutically active compounds (LOPAC) for modulators of 

RyR2 in cardiac SR membrane preparations. Complementary FRET assays with acceptor-labeled 

CaM and DPc10 were used for Hit prioritization based on the opposing binding properties of CaM 

vs. DPc10. This approach narrowed the Hit list to one compound, Ro 90–7501, which altered 

FRET to suggest increased RyR2-CaM binding and decreased DPc10 binding. Follow-up studies 

revealed that Ro 90–7501 does not detrimentally affect myocyte Ca2+ transients. Moreover, Ro 

90–7501 partially inhibits overall Ca2+ leak, as assessed by Ca2+ sparks in permeabilized rat 

cardiomyocytes. Together, these results demonstrate (1) the effectiveness of our HTS approach 

where two complementary assays synergize for Hit ranking and (2) a drug discovery process that 

combines high-throughput, high-precision in vitro structural assays with in situ myocyte assays of 
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the pathologic RyR2 leak. These provide a drug discovery platform compatible with large-scale 

HTS campaigns, to identify agents that inhibit RyR2 for therapeutic development.
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1. Introduction

Cardiac muscle contraction is governed by Ca2+ release through ryanodine receptor type 2 

calcium channels (RyR2) from the sarcoplasmic reticulum (SR), while relaxation requires 

RyR closure and active Ca2+ uptake into the SR by the SR Ca-ATPase (SERCA). 

Cytoplasmic Ca2+ is also critical for control of mitochondrial function, reactive oxygen 

species, and nuclear transcriptional signaling [1,2]. Elevated SR Ca2+ leak during diastole, 

via dysfunctional RyR2, contributes to elevated cytoplasmic [Ca2+] and reduced SR Ca2+ 

content, which are hallmarks of severe heart pathologies – heart failure (HF), arrhythmias, 

catecholaminergic polymorphic ventricular tachycardia (CPVT), and sepsis-associated 

cardiac dysfunction [3–5]. Furthermore, decreased SR Ca2+ content reduces the amount 

of SR Ca2+ released, which contributes to systolic dysfunction. There is strong evidence for 

the therapeutic potential of targeting RyR2 leak for treating HF and arrhythmias [6–9]. In 

particular, the therapeutic value of pharmaceutically targeting RyR2- mediated SR Ca2+ leak 

using dantrolene has been demonstrated for human HF cardiomyocytes and animal models 

of pulmonary arterial hypertension and ventricular tachycardia [9–12], and in a clinical trial 

targeting CPVT application [13].

Multiple mechanisms have been proposed to explain altered RyR2 gating that contributes 

to cardiomyopathies. In addition to CPVT-linked human RyR2 mutations, these include 

1) RyR2 hyper-phosphorylation by protein kinase A (PKA) and its secondary FKBP12.6 

dissociation [21], 2) RyR2 hyper-phosphorylation by calmodulin (CaM)-dependent protein 

kinase type II (CaMKII)- [22,23], 3) oxidation, which activates RyR2 directly [24–26] but 

also activates CaMKII [27], and 4) reduced RyR2/CaM binding [22,28] (Fig. 1A). The 

CPVT-linked mechanism is controversial [29–32], but the other four are well supported and 

accepted.

Using cardiomyocytes, we have developed structural assays of the patho-RyR2 state based 

on binding of RyR2 regulators CaM and a peptide that disrupts interdomain interactions 

(DPc10) [14,15]. We and others have observed an interplay of these modulators binding 

to RyR2. Specifically, reduced CaM affinity and increased DPc10 association typically 

reflect the hyperactive RyR2 resting state [15,19], which can be reversed by dantrolene 

[14,15] (Fig. 1A). We have shown that such measurements are scalable as structural assays 

for drug discovery via high-throughput screening (HTS), as previously established with 

RyR1-targeted assays [33,34]. These assays form the core of the novel platform we have 

developed to identify new small molecules that target RyR2 leak for HF and arrhythmia 

therapy.

Rebbeck et al. Page 2

J Mol Cell Cardiol. Author manuscript; available in PMC 2023 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We have recently validated the effectiveness of a screen that monitors CaM-RyR binding 

[33,34]. Although we did not observe a strict correlation between modulation of CaM 

binding to RyR1 and effect on RyR1 activity, we speculated that this rule may hold true for 

RyR2. With RyR2, we have the additional opportunity to develop a drug discovery process, 

initiated by concurrently running synergistic measurements of compound effects on CaM- 

and DPc10-RyR2 binding. As established with dantrolene in cardiomyocytes [14–16], we 

hypothesize that compounds with therapeutic potential will enhance CaM-RyR2 binding, 

and/or reduce DPc10-RyR2 binding, as shown in Fig. 1A. As with the effect of pathological 

conditions (H2O2, excess phosphorylation) in cardiomyocytes [16], we anticipate that 

compounds promoting RyR2 leak will reduce CaM binding and/or enhance DPc10 binding 

(Fig. 1A). It is difficult to predict the functional impact of a compound that alters CaM and 

DPc10 binding in the same direction. Based on our established CaM-RyR1 HTS-compatible 

platform [33,34], we are well positioned to use both assays for an orthogonal measurement 

of CaM-RyR2 and DPc10-RyR2 binding as a gauge of RyR2 modulators. Using these 

assays is a practical HTS strategy to discover modulators. It also tests further our working 

model (Fig. 1A), in which multiple pathological influences produce a common trilogy of 

states: reduced CaM affinity, increased DPc10 binding, and leaky RyR2, all of which can 

be remedied by dantrolene. Finding novel agents may be therapeutically beneficial, while 

enriching our understanding of CaM and DPc10 binding properties relative to SR Ca2+ leak.

Our HTS-compatible assay measures FLT to calculate FRET between an excited donor 

fluorophore attached to a single-Cys FKBP12.6 (D-FKBP) and an acceptor fluorophore 

attached to a single-Cys CaM (A-CaM) or N-terminus of DPc10 peptide (A-DPc10), when 

these labeled proteins bind to RyR2 in SR membranes (Fig. 1B). Shifts in FRET positively 

correlate with shifts in protein/peptide binding. In the present study, our goal is to validate 

this RyR2-focused HTS platform by screening a library of 1280 pharmacologically active 

compounds (LOPAC) for RyR2 modulators, using isolated cardiac SR preparations in 

diastolic conditions. Overall, the results demonstrate an early-stage screening process for 

RyR2-targeted drug discovery.

2. Materials and methods

2.1. Compound handling and preparation of 1536-well assay plates

The LOPAC compounds (Sigma-Aldrich, MO, USA) were received in 96-well plates and 

reformatted into assay plates as previously detailed [35,36]. Assay plates were prepared by 

transferring 5 nL of the 10 mM compound stocks in columns 3–22 and 27–46 or DMSO 

in columns 1–2, 23–26 and 47–48 from the source plates to 1536-well black polypropylene 

plates using an Echo 550 acoustic dispenser. These assay plates were stored at − 20 °C prior 

to usage.

2.2. Isolation of SR vesicles

Sarcoplasmic reticulum (SR) vesicles were isolated from porcine cardiac left ventricle tissue 

by differential centrifugation of homogenized tissue [37]. Vesicles were flash-frozen and 

stored at − 80 °C. Prior to the fluorescence assays described below, the SR vesicles were 
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stripped of residual endogenous CaM by incubation with a peptide derived from the CaM 

binding domain of myosin light chain kinase, followed by sedimentation [38].

2.3. Expression, purification and labelling of D-FKBP and A-CaM, and preparation of 
HL647-DPc10

Single-cysteine mutants of FKBP12.6 (C22A/T85C/C76I) and CaM (T34C) were 

expressed in E. coli BL21(DE3) pLysS (Agilent Technologies, CA, USA), purified, 

and respectively labeled, via thiol-maleimide reaction, with fluorescent probes AF488 

or AF568, for D-FKBP and A-CaM, as described previously [39,40]. DPc10 peptides 

were synthesized and N-terminally labeled with HiLyte Fluor 647 (for A-DPc10) 

by AnaSpec (Fremont, CA) corresponding to the human RyR2 sequence 2459-

GFCPDHKAAMVLFLDRVYGIEVQDFLLHLLEVGFLP-2494.

2.4. Preparation of SR vesicles for FRET measurements

Cardiac SR (1.5 mg/mL) membranes were treated with 100 μM H2O2 or water (control) 

for 1 h, at 21 °C, in binding buffer containing 150 mM KCl, 0.1 mg/mL BSA, 1 μg/mL 

Aprotinin/Leupeptin, and 20 mM PIPES (pH 7.0). SR was washed by centrifugation at 

110,000 xg for 25 min and the pellet was resuspended to 1.6 mg/mL in binding buffer. 

Then, the SR was incubated with 60 nM D-FKBP for 90 min, at 37 °C, in binding buffer. 

To remove unbound D-FKBP, the SR membranes were spun down at 110,000 xg for 25 

min, and then resuspended to 2 mg/mL in binding buffer, for a second spin and pellet 

resuspension (2 mg/mL in binding buffer). These samples were then incubated with 100 

nM A-CaM or 1.5 μM A-DPc10, for 60 min, at 22 °C, in binding buffer containing 

0.065 mM CaCl2 to give 30 nM free Ca2+ in the presence of 1 mM EGTA (calculated 

by MaxChelator). The six separate SR samples included D-FKBP only, D-FKBP+A-CaM, 

and D-FKBP+A-DPc10, using SR with and without H2O2 pre-treatment. Each SR sample 

was applied to the assay plates in aliquots of 5 μL/well using a Multidrop™ Combi reagent 

dispenser (Thermo Fisher Scientific, MA, USA) with a long-tube metal-tip dispensing 

cassette (Thermo Scientific).

2.5. Fluorescence data acquisition

At 20 and 120 min after sample loading, fluorescence measurements were performed using 

high-throughput fluorescence plate-readers (Fluorescence Innovations, MN, USA) provided 

by Photonic Pharma LLC (MN, USA), including one detecting FLT and another detecting 

fluorescence spectra, as described previously [35,41–43].

2.6. HTS data analysis

Time-resolved fluorescence waveforms for each well were fitted based on a one-exponential 

decay function, using least-squares minimization global-analysis software, as detailed 

previously [42]. The FRET efficiency (E) was determined as the fractional decrease of donor 

FLT (τD), due to the presence of acceptor fluorophore (τDA), using the following equation:

E = 1 − τDA

τD
(1)
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Typically, the statistics-based criterion for Hit selection is that it changes the result by 

>3SD. This is because the probability of a Hit being part of the normally-distributed control 

population is very small <0.3%, minimizing the probability of selecting false Hits. Here, a 

compound was selected as a Hit if it changed τDA by >4SD relative to control τDA (sample 

exposed to 0.1% DMSO).

2.7. [3H]Ryanodine binding to SR vesicles

In 96-well low-binding plates (Greiner Bio-One, Kremsmünster, Austria), 2 mg/mL cardiac 

SR vesicles were pre-incubated with 1% DMSO or Hit compound, with or without 100 

μM H2O2, for 30 min at 22 °C in a solution containing 150 mM KCl, 1 μg/mL Aprotinin/

Leupeptin, 1 mM EGTA, and 0.24 or 1.62 mM CaCl2 (as determined by MaxChelator 

to yield 100 nM or 30 μM of free Ca2+, respectively), 0.1 mg/mL BSA, 100 nM CaM, 

5 mM sodium-adenosine triphosphate, and 20 mM K-PIPES (pH 7.0). Non-specific and 

maximal [3H]ryanodine binding to SR were separately assessed by addition of 40 μM non-

radioactively labeled ryanodine or 5 mM adenylyl-imidodiphosphate and 20 mM caffeine, 

respectively. Such control samples were each distributed over 4 wells/plate. Binding of 

[3H]ryanodine (7.5 nM in each well) was determined after a 3-h incubation (37 °C) and 

filtration through grade GF/B Glass Microfiber filters (Brandel Inc., Gaithersburg, MD, 

US) using a 96-channel Brandel Harvester. In 4 mL of Ecolite Scintillation cocktail (MP 

biomedicals, Solon, OH, USA), [3H] retained on filter was counted using a Beckman 

LS6000 scintillation counter (Fullerton, CA, USA).

2.8. Cardiac ventricular myocyte isolation

Ventricular myocytes were isolated enzymatically from adult rabbit and rat hearts 

as previously described [44], and cells were used acutely (for additional details see 

Supplementary Methods). Each animal was anesthetized with isoflurane 2–5% to a 

verified deep surgical plane, whereupon the heart was excised, resulting in euthanasia by 

exsanguination. All animal handling and laboratory procedures were performed following a 

protocol approved by University of California Davis IACUC and conforming with AVMA 

and US PHS (Animal Welfare Act) guidelines.

2.9. Ca2+ transients and SR Ca2+ content in intact myocytes

We loaded myocytes with Fluo8-AM (green fluorescent calcium indicator, Abcam) at 

5–6 μM for 25–27 min at room temperature, washing for an equal period to allow de-

esterification. Myocytes were then transferred to normal Tyrode’s solution composed of 

(in mM) 4 KCl, 140 NaCl, 1 MgCl2, 5.5 glucose, 10 HEPES and either 2 (rabbit) or 

1 mM CaCl2 (rat) adjusted to pH 7.4 at room temperature. Cells were paced at 0.5 Hz, 

and we recorded Ca2+ transients (480 nM excitation, 530 nM detection), with a wide-field 

epifluorescence microscope and photometer, delimiting the detection field to one cell per 

experiment.

After an initial control pacing period (typically 5–10 min), we applied either Ro 90–7501 or 

piceatannol (10 μM, any given cell treated with only one drug) for an equal time, followed 

by washout. In all cells analyzed, fluorescence was stable during experiments, with only 

minor long-term trends, corrected as needed. During each treatment phase, pacing was 
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interrupted one or more times to record rest fluorescence, thus providing a stability check. 

With rabbit myocytes, pacing was stopped and caffeine was applied (10 mM, 8 s) once 

during each phase (Fig. 5B) to measure SR Ca2+ load.

Data acquisition and drug application/removal were computer-controlled, synchronous with 

pacing. Fluorescence was represented as [Ca2+] using a standard pseudo-ratio approach, 

after subtracting nonspecific background (additional details see Supplementary Methods). 

Ca2+ handling parameters were determined via built-in functions and home-written Visual 

Basic macros in Excel.

2.10. Ca2+ sparks and SR Ca2+ content in saponin-permeabilized myocytes

Freshly isolated rat ventricular myocytes were permeabilized with saponin (50 μg/ml) for 

1 min in internal solution containing (in mM) 10 HEPES, 0.5 EGTA, 1 mM free MgCl2 

(with free [Ca2+] adjusted to 50 nM using MaxChelator), 120 K-aspartate, 10 reduced 

glutathione, 5 ATP, 5 phosphocreatine di-Na, creatine phosphokinase 5 U/mL, and dextran 

(MW: 40,000) 4% at pH 7.2. Myocytes were immediately washed with saponin-free internal 

solution and then superfused with internal solution containing 10 μM Fluo-4 pentapotassium 

salt (Invitrogen™, Thermofisher Scientific) for Ca2+ fluorescence imaging. Ca2+ sparks 

were recorded on a confocal microscope (Bio-Rad, Radiance 2100, 40× objective) in line 

scan mode (166 lines/s; ex 488 nm, em >505 nm). Only healthy permeabilized myocytes 

with no ultrastructural damage and exhibiting consistent spark activity without wave events 

were selected for data acquisition. The pathologically leaky conformation of RyR2 was 

promoted by incubating myocytes for 1 h with 50 μM H2O2 in normal Tyrode’s solution 

before permeabilizing. Ca2+ sparks and RyR2 activity were also assessed after incubating 

permeabilized myocytes for 5 min with 10 μM Ro 90–7501 or 500 μM tetracaine. Ca2+ 

sparks were detected and analyzed using the SparkMaster plugin for ImageJ [45]. The 

Criteria parameter was set to 3.8 SD above baseline as default and adjusted incrementally 

until false-positive and false-negative spark detections were minimized. The colour display 

scale for representative Ca2+ spark linescan images was adjusted to span the fluorescence 

range of Ca2+ sparks. The green saturation point was set to a fluorescence value that 

is 10% above the fluorescence of the brightest spark (excluding outliers) relative to the 

baseline Ca2+ signal fluorescence, which was calculated as: median fluorescence +110% 

(fluorescence of pixel of 99.99th percentile brightness - median fluorescence). SR Ca2+ load 

was determined by evaluating the amplitude of the Ca2+ fluorescence signal (normalized 

to the baseline diastolic fluorescence, F0) induced by rapid localized delivery of 10 mM 

caffeine. Chemical reagents were purchased from Sigma-Aldrich unless indicated otherwise.

2.11. Analysis and presentation of data

Data are presented as mean ± SD or ± SEM, as indicated. For statistical difference 

determination, we used paired Student’s t-test or unpaired Student’s t-test, as indicated. 

Statistical analyses were performed with GraphPad Prism 9 or Origin, as indicated. 

Significance was accepted at P < 0.05.
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3. Results

3.1. HTS performance

To test the performance of our FRET assays (FRET between D-FKBP and A-CaM, and 

between D-FKBP and A-DPc10), we screened the 1280-compound LOPAC in 1536-well 

plates. Each well of this assay plate was pre-loaded with 5 nL of compound (10 mM 

in DMSO for 10 μM final concentration) or DMSO (control over 256 wells). Prior to 

preparing the compound plates, each FRET assay involved incubating D-FKBP-labeled SR 

membranes with sub-saturating A-CaM (150 nM) or A-DPc10 (1.5 μM). The use of sub-

saturating concentrations was designed to enable sensitivity for compounds that increased or 

decreased acceptor-labeled protein binding to RyR2. Final assay conditions also included 30 

nM Ca2+ to represent diastolic [Ca2+]. To test whether compound effect could be impacted 

by healthy vs. pathological state of RyR2, we pre-incubated the SR with and without H2O2 

prior to labelling with fluorescent proteins. The pre-incubation specifically promoted the 

pathological state of RyR2, while minimizing the additional complication of oxidizing CaM 

and DPc10.

FRET values were calculated from lifetimes determined from fluorescence decay waveforms 

acquired 20 and 120 min after loading SR samples to the assay plates. Fluorescently 

interfering compounds were identified when the corresponding donor-only lifetime was 

altered by >3SD of the DMSO mean, and/or the fluorescence spectrum of the unlabelled SR 

was altered by >3SD, as previously described [33,34]. These interfering compounds were 

removed from further consideration. For both A-CaM and A-DPc10 FRET, the number of 

Hits trended to be greater with the longer (120 min) incubation (Table 1 and Supplementary 

Table 1), aligning with previous RyR1-targeted FRET screens [33,34]. Correspondingly, 

remaining FRET results are reporting on the 120 min incubation result.

As shown in Fig. 2, compound effects can be directly compared between A-CaM and 

A-DPc10 FRET. Compound effects beyond SD thresholds can be separated into 8 sectors 

(denoted by cardinal points) based on North-South and East-West coordinates, where SE 

sector would be most desirable for Hits that enhance CaM binding and reduce DPc10 

binding. Compounds that alter both FRET values in the same direction (sector SW or NE) 

are potentially altering FKBP binding rather than both A-CaM and A-DPc10. This is most 

evident by temsirolimus, previously shown to alter D-FKBP binding to RyR1 and 2 [34], 

in sector SW (Fig. 2). Compounds in sections other than SW and NE are more likely to 

alter binding of A-CaM and/or DPc10, with the effect on FRET correlating with protein 

binding. Suramin appeared in sector W (Fig. 2), consistent with its well-established role in 

dissociating fluorescently labeled CaM from RyRs [20].

Regardless of sector effect, the Hit rate was similar between no-H2O2 and H2O2 treatment 

plates for both A-CaM and A-DPc10 FRET (Table 1 and Supplementary Table 1). 

Acceptable hit rates for HTS assays range ~ 0.5 to 3%, in order to yield a manageable 

load of post-HTS testing via secondary assays [46]. Application of this selection criterion 

meant that a threshold of 4SD would be suitable for our HTS assays, yielding 2.7 ± 1.1% 

and 4.8 ± 2.1% hit rates for the A-DPc10 and A-CaM assays, respectively (Table 1). Of key 

Rebbeck et al. Page 7

J Mol Cell Cardiol. Author manuscript; available in PMC 2023 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



importance, using a 4SD threshold, Hit reproducibility between 2 of 3 screen replicates was 

only slightly higher than reproducibility between all 3 screen replicates (Table 1).

As shown in Fig. 3, the effect on FRET was reproducible for the three screen replicates. 

Focusing on compounds identified as Hits in at least 2 of the 3 screen replicates, 18 

compounds were Hits in both A-CaM and A-DPc10 FRET, while 19 and 5 compounds 

were Hits in only A-CaM or A-DPc10 FRET, respectively (Fig. 3). Compound effects 

were very similar between 0 and 100 μM H2O2 treatment for both A-CaM and A-DPc10 

FRET. However, most compounds altered A-CaM and A-DPc10 FRET differently, with 

the exception of temsirolimus (Fig. 3), which alters D-FKBP binding [34]. Between these 

RyR2 screens and our previous LOPAC RyR1-targeted screen using D-FKBP and A-CaM, 

we similarly detected aurintricarboxylic acid (ATA), benserazide, diltiazem, temsirolimus, 

6-hydroxyl DL-DOPA, NF 023, Myricetin, Ro 90–7501, cisplatin, aurothioglucose, reactive 

blue 2, SCH-202676, disulfiram, suramin, N-propylnorapomorphine (R(−)-NPA), and IPA-3 

[34]. Though, benserazide and 6-hydroxy-DL-DOPA were detected only by the A-DPc10, 

rather than A-CaM, FRET assay (Fig. 3). We were pleased to re-identify these Hits, 

several of which being known RyR modulators. Specifically, diltiazem, suramin, NF023 

and disulfiram have been previously shown to increase RyR1/2 activity, and ATA, myricetin 

and Ro 90–7501 have been shown to decrease RyR1/2 activity [33,34,47]. We also identified 

known RyR modulators beyond those identified in our RyR1 LOPAC screen, including 

amsacrine [48] and S-nitrosoglutathione [49,50]. Although known to not alter RyR1 activity, 

catechin has an analogue that is known to increase RyR1 and 2 activity [51,52].

Several Hits are known to bind directly to CaM or FKBP, or alter binding of these 

modulators to RyR. Indeed, suramin is commonly used as a control to strip CaM from 

RyR1/2 in our FRET assays [20]. Unsurprisingly, a suramin analogue, NF 023, also 

reduced A-CaM FRET (Fig. 3A). S-nitrosoglutathione has been shown to reduce CaM and 

FKBP12.0 binding to RyR1 [53], which aligns with the observed decrease in A-CaM FRET 

(Fig. 3A). We have previously shown that temsirolimus greatly reduces FKBP12.6 binding 

to RyR2 [34], which strongly agrees with its decrease of both A-CaM and A-DPc10 FRET 

(Figs. 2 and 3). Both droperidol and 6-hydroxymelatonin have been found to bind to CaM 

[54,55]. Cisplatin has been shown to mediate CaM crosslinking [56].

In sector NW (compounds that increase A-DPc10 FRET and decrease A-CaM FRET) we 

identified 10 reproducible Hits (Fig. 3), including two compounds (NF 023 and disulfiram) 

that are known to increase RyR1/2 activity [33,47]. Conversely, Ro 90–7501, the one 

reproducible Hit in sector SE that reduced A-DPc10 FRET and increased A-CaM FRET, 

has been shown to decrease RyR1 and 2 activity [34]. This finding supports our hypothesis 

that CaM and DPc10 binding reflects RyR2 functional state (Fig. 1). Consistent with this 

hypothesis, amsacrine in sector E (increased A-CaM FRET) has been implicated in reducing 

RyR1 leak [48]. Furthermore, suramin and S-nitrosoglutathione in sector W (decreased 

A-CaM FRET), have been found to increase RyR1 and 2 activity [47,49,50]. Notably, ATA 

in sector W (Fig. 3) complicates our hypothesis, as we previously demonstrated that ATA 

reduces RyR2 activity in nM [Ca2+ ] [34].
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Of the six Hits in sector NE that increased both A-CaM and A-DPc10 FRET, myricetin 

reduced RyR1 and RyR2 activity in nM [Ca2+], which suggests that this sector may also 

contain compounds of therapeutic interest. To investigate further, we purchased 11 Hits and 

assessed the dose response for the FRET and RyR2 activity assays, with particular focus on 

the sole Hit in the SE sector, Ro 90–7501.

3.2. FRET dose-response assay

Using the same FRET assays (A-CaM and A-DPc10) as in HTS, in “healthy” and 

“pathological” conditions (0 and 100 μM H2O2 pre-treatment, respectively), we tested the 

dose response for key Hits from these screens. The FRET dose-response assays of LOPAC 

Hits largely replicated the effect found in the primary screens (Fig. 4A, Supplementary 

Fig. 4). All compounds altered both A-CaM and A-DPc10 FRET, including compounds 

that only altered A-CaM FRET (specifically ATA, reserpine and suramin) or A-DPc10 

FRET (specifically MRS 2159) in the primary screens (Figs. 3, 4A, Supplementary Fig. 

4). Notably, most of these new effects are subtle, and would not exceed the 4SD threshold 

of the primary screen. This is a manifestation of the imperfect reproducibility between the 

compounds in the libraries and repurchased, which is a routine problem in HTS.

Replicating the effect of 10 μM compound in the primary screening (Fig. 3), micromolar Ro 

90–7501 increased A-CaM FRET and decreased A-DPc10 FRET (Fig. 4A). We previously 

reported the inhibitory effect of Ro 90–7501 RyR1 and 2 [34]. With the FRET profile 

of decreasing A-DPc10 FRET and increasing A-CaM FRET, the inhibitory effect of Ro 

90–7501 aligns with the hypothesis in Fig. 1.

Of the 11 purchased compounds, 5 compounds (cisplatin, disulfiram, IPA-3, SCH-202676 

and suramin) displayed a similar FRET dose response profile – largely decreasing A-CaM 

FRET and with a biphasic effect on A-DPc10 FRET (Supplementary Fig. 4). Curiously, 

the effect of piceatannol, strongly increasing both A-CaM and A-DPc10 FRET, is very 

similar to that of myricetin (Supplementary Fig. 4). With myricetin previously demonstrated 

to decrease RyR2 activity, perhaps piceatannol may as well. This may also hold true for 

other compounds (e.g., MRS 2159 and reserpine) that increase A-CaM and A-DPc10 

FRET (Supplementary Fig. 4), though to a lower degree relative to myricetin. These 

features highlight a new category for further studies, which is the functional state of RyR2 

characterized by both increased CaM and DPc10 binding.

3.3. Effect of hits on RyR activity using [3H]ryanodine binding assays

To evaluate the functional impact of compounds identified through our FRET-based screen, 

we first used [3H]ryanodine binding assays. The level of [3H]ryanodine binding to RyRs in 

SR membranes is a well- established index of RyR channel activity [40]. At 0.1 and 30 μM 

Ca2+, low micromolar Ro 90–7501 decreased RyR2 activity by 10% (Fig. 4B), which aligns 

with our previous report of Ro 90–7501 decreasing RyR2 activity in nanomolar Ca2+ [34].

At 100 nM Ca2+, 1–10 μM piceatannol reduced RyR2 activity by up to 56%, and > 30 

μM increased RyR2 activity (Supplementary Fig. 5B). In contrast, >10 μM piceatannol 

only increased RyR2 activity at 30 μM Ca2+ (Supplementary Fig. 5B). Curiously, reserpine, 
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another compound that increased both A-CaM and A-DPc10 FRET, only increased RyR2 

activity at 100 nM Ca2+ (Supplementary Fig. 5C).

With similar FRET effects, cisplatin and SCH 202676 both decrease RyR2 activity at 100 

nM Ca2+ and increase RyR2 activity at 30 μM Ca2+ (Supplementary Fig. 5A and B). 

However, higher concentrations led to divergent biphasic effects, with >30 μM cisplatin 

increasing activity at 100 nM Ca2+, and 100 μM SCH 202676 decreasing activity at 30 μM 

Ca2+ (Supplementary Fig. 5A and D). Biphasic dose-response curves are often observed in 

biology, and particularly in pharmacology (a behavior termed hormesis [57]).

3.4. Ro 90–7501 does not affect Ca2+ transients in adult ventricular myocytes

Initial myocyte safety tests for these potential RyR conformational modulator Hits were 

to assess for any negative effects on normal cardiac myocyte function. Ro 90–7501 (10 

μM) had no major effect on overall Ca2+ handling properties of normal rabbit myocytes 

(Fig. 5). Fig. 5A displays a (decimated) time series recording of an entire experiment, 

showing cytosolic [Ca2+] ([Ca2+]i) responses to trains of pacing stimuli (0.5 Hz, ≥40 s 

each), exposure to Ro 90–7501 (10 μM), and discrete applications of caffeine (10 mM, 8 

s). Baseline diastolic [Ca2+]i was assumed to be at 100 nM for these pseudo-ratiometric 

fluorescence measurements, and red dots mark 30-s rest periods in which [Ca2+]i returns to 

baseline were ensured. Transient perturbations to the steady state were due to rest periods or 

caffeine-induced SR Ca2+ depletion (indicated in Fig. 5B). Fig. 5B shows steady state twitch 

Ca2+ transients, followed by caffeine responses to assess SR Ca2+ content, including the 

first 2–4 beats after caffeine removal during control (left), drug (middle) and washout (right) 

periods. Fig. 5C-G show average values for peak [Ca2+]i, time constant (τ) of twitch Ca2+ 

transient decay, diastolic [Ca2+]i (predicted by fits to the [Ca2+]i decline phase), SR Ca2+ 

load and τ of caffeine-induced Ca2+ transient decay (an assay of mainly Na/Ca exchanger 

function [44]). Parameters shown were unaffected or only mildly affected. This mild effect 

of 10 μM Ro 90–7501 on Ca2+ transient amplitude is consistent with its minimal functional 

effect on [3H]ryanodine binding at 30 μM Ca2+ (Fig. 4B). This minimal effect was also 

observed for piceatannol, which did not alter RyR2 activity in SR vesicles, and had minimal 

effects on Ca2+ transients in cardiomyocytes (Supplementary Fig. 6). It is important to 

note that numerical significances were small, and only present when t-tests were paired 

(as denoted by asterisks). Therefore, we consider these small differences to be of minimal 

physiological significance, although the slight acceleration of Ca2+ transient decay with both 

Ro 90–7501 and piceatannol would be in the direction expected for a drug that limits SR 

Ca2+ leak (Fig. 5D, Supplementary Fig. 6).

Ro 90–7501 or piceatannol effects were also insignificant or minimal in rat. Ca2+ transient 

time to peak (not shown) was unaffected by Ro 90–7501 or piceatannol in either rabbit 

or rat myocytes. This aligns with a previous study demonstrating 10 μM piceatannol has 

insignificant effects on Ca2+ transients in rat cardiomyocyte [58].

We also examined extensive time series data (example in Fig. 5A) for possible short-

lived effects at times of drug application/removal, which might have revealed short-term 

autoregulatory effects [59], but such effects were not seen consistently, and disappeared 

when time-aligned and averaged (40–50 transitions of each type examined) (Fig. 5C). Thus, 
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neither Ro 90–7501 nor piceatannol produced substantive transient or steady state effects 

on rabbit ventricular myocyte Ca2+ transients. We performed similar experiments in adult 

rat ventricular myocytes (not shown), and again saw no effects of either Ro90–7501 or 

piceatannol. Thus, for intact myocyte Ca2+ transients, neither agent produced observable 

negative effects.

3.5. Ro 90–7501 lowers Ca2+ spark rate in permeabilized rat myocytes

Ro 90–7501 had the best profile with respect to enhancing CaM binding and limiting 

DPc10 access, making it the higher priority compound to test for suppression of diastolic 

SR Ca2+ leak. For this reason we tested whether Ro 90–7501 inhibits SR Ca2+ leak in 

adult cardiomyocytes. We measured Ca2+ sparks in saponin-permeabilized rat ventricular 

myocytes using 6 s linescan images over a 5 min timeframe (at 0, 1, 3, and 5 min) to limit 

photobleach and phototoxicity. Paired recordings (Fig. 6A) and timecourse measurements 

(Fig. 6B) show that Ca2+ spark frequency (CaSpF) at control (Ctrl) baseline was stable over 

the 5 min period observed. Fig. 6B shows that Ro 90–7501 (10 μM) treatment reduced 

CaSpF, mostly over the first minute, and stabilized over 5 min at a lower level (P = 0.041, 

F = 3.00, time × treatment interaction effect). Fig. 6C shows a larger cohort of paired 

Ca2+ spark measurements after 5 min exposure to Ro 90–7501 either in Ctrl conditions 

or after pretreatment with 50 μM H2O2 prior to permeabilization [15]. As expected, H2O2 

increased CaSpF, but Ro 90–7501 significantly reduced CaSpF in both Ctrl and H2O2-

treated myocytes, as did 500 μM tetracaine, which submaximally inhibits Ca2+ sparks (Fig. 

6C). Fig. 6D shows that Ro 90–7501, H2O2 and tetracaine all significantly altered CaSpF 

(in an unpaired analysis). Fig. 6E shows average Ca2+ spark characteristics and SR Ca2+ 

load, relevant because CaSpF strongly depends on, and also influences, SR Ca2+ content. 

That is, Ro 90–7501 reduced Ca2+ spark frequency and amplitude, resulting in a tendency 

to increase SR Ca2+ load (mimicking tetracaine, as a positive control for block of SR Ca2+ 

leak). H2O2 produced the opposite effects – increased spark frequency and amplitude – 

resulting in a major reduction of SR Ca2+ load. But in this H2O2-induced pathological RyR2 

setting, Ro 90–7501 reduced CaSpF, amplitude and enhanced SR Ca2+ load.

A primary increase in CaSpF (as with H2O2) should reduce SR Ca2+ load, so reduction 

should by itself reduce CaSpF, thereby intrinsically limiting the extent of increase in CaSpF 

[60]. Thus, the ability of Ro 90–7501 to inhibit SR Ca2+ leak is underestimated by the 

reduced CaSpF per se, because the higher SR Ca2+ load itself partly offsets that suppression.

4. Discussion

This study implements the first high-throughput drug discovery process specifically aimed 

at RyR2 dysfunction, which has been linked to major clinical indications in cardiology 

and neurodegeneration. For HTS, we used two complementary FRET assays based on the 

working hypothesis that CaM and DPc10 binding to RyR2 identify allosteric small-molecule 

modulators of Ca2+ release through RyR2 (Fig. 1). In screening the 1280-compound 

LOPAC collection, we identified drug-like small-molecules that altered the A-CaM and/or 

A-DPc10 FRET measurements. Of potential therapeutic interest for increasing A-CaM 

FRET and decreasing A-DPc10 FRET, we identified Ro 90–7501 as an RyR inhibitor. 
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Using [3H]ryanodine-binding assays, we found several other Hits that are previously 

unknown functional modulators of RyR2. By demonstrating the mitigating effects of Ro 

90–7501 on SR Ca2+ leak in adult cardiomyocytes, we validated the effectiveness of using 

complementary assays in our HTS platform.

Our working hypothesis – that the functional impact of RyR allosteric modulators may be 

identified through monitoring CaM and DPc10 binding to RyR2 (Fig. 1) – is based primarily 

on cardiomyocyte studies showing that CaM-RyR2 binding positively correlates with RyR2 

healthy state, while DPc10-RyR2 binding negatively correlates with that same state [14]. 

The strongest evidence from our study supporting this hypothesis is that the combined 

structural results placing Ro 90–7501 in sector SE (decrease A-DPc10 FRET, increase 

A-CaM FRET) correlate with decreased pathological SR Ca2+ leak in adult cardiomyocytes, 

with minimal effects on healthy excitation-contraction coupling (Figs. 2, 3, 5 and 6). In the 

opposite sector (NW), with compounds that decrease A-CaM and increase A-DPc10, we 

identified compounds known to activate RyR1, including NF 023 and disulfiram [33,47]. 

However, upon further testing of other compounds in this sector, we found that cisplatin has 

biphasic effects and micromolar SCH-202676 reduces RyR2 activity (Supplementary Fig. 

5). Thus, the counter-hypothesis does not quite hold true, that all compounds decreasing 

A-CaM FRET and increasing A-DPc10 FRET also increase RyR2 leak.

In sector NE (increased A-CaM and A-DPc10 FRET), myricetin [34] and 1–10 μM 

piceatannol decrease RyR2 activity. Notably, reserpine was found to slightly increase 

both FRET measurements in follow-up dose-response studies, and this compound slightly 

increases RyR2 activity. This suggests that compounds with FRET dose-response profiles 

similar to myricetin and piceatannol (in the NE sector of Fig. 2) may have greater 

therapeutic potential than more subtle modulators, such as reserpine (in the E sector). In 

future research, we plan to focus in more detail on the functional impact of NE compounds 

in parallel with other compounds that will be identified by screening larger chemical 

libraries.

Prior to this RyR2 screen, two RyR1-targeted HTS-compatible screens have been reported. 

We have reported a similar A-CaM FRET assay using skeletal SR (RyR1 isoform), rather 

than the cardiac SR used here (RyR2) [33,34]. In those RyR1 screens, we have identified 17 

Hits: ATA, benserazide, diltiazem, temsirolimus, 6-hydroxyl DL-DOPA, NF 023, myricetin, 

Ro 90–7501, cisplatin, aurothioglucose, reactive blue 2, SCH-202676, disulfiram, suramin, 

R(−)-NPA, and IPA-3 [34]. Only four of these previously identified RyR1 Hits were 

not identified as Hits in the present RyR2-targeted FRET assays. This suggests isoform 

selectivity.

In 2018, Murayama and colleagues reported a complementary HTS assay that measures 

ER Ca2+ in mammalian cells recombinantly expressing WT and mutant RyR1 (associated 

with malignant hyperthermia) [48,61]. The Hits from their 1535-compound library are 

also present in the library we used here, including oxolinic acid, cinoxacin, lomefloxacin, 

ofloxacin, amsacrine and phenyl biguanide [48]. Of these, cinoxacin, lomefloxacin, and 

ofloxacin also altered our RyR2 FRET assays at the 3SD threshold, i.e., they would be 

Hits with a less stringent selection. Furthermore, we identified amsacrine in sector E, with 
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an increase in A-CaM binding (Fig. 3), aligning with the previous finding of amsacrine 

increasing ER Ca2+ in cells expressing WT RyR1 [48]. Consistent with a lack of effect on 

ER Ca2+ in mammalian cells expressing RyR2 [62], our RyR2 FRET assays did not pick up 

oxolinic acid on our HTS runs here.

The strength of Murayama’s in-cell phenotypic HTS-compatible assay is that it provides 

immediate functional RyR validation in HEK cells. Indeed, that assay may pick up Hits 

that block or inhibit RyR function in multiple ways (including by orthosteric occlusion of 

the channel pore). In contrast, our primary FRET assays provide two separate allosteric 

measurements of a specific pathologically leaky RyR2 conformation that exhibits both 

reduced CaM-binding and enhanced DPc10 binding (in heart failure, oxidative stress, CPVT 

and CaMKII-dependent phosphorylation) [14,15,19,63]. While this does require follow-up 

tests in adult ventricular myocytes for functional validation, our conformational modulation 

approach is a strength of our strategy. That is because our Hits may allosterically shift the 

leaky diastolic RyR2 conformation back toward the normal healthy conformation without 

inhibiting physiological SR Ca2+ release during excitation-contraction coupling (as may 

occur with an orthosteric RyR2 modulator, aka blocker). Furthermore, a major strength 

of our FRET strategy is that our primary measurement is the direct response of target 

engagement with RyR2 or a regulator (FKBP, CaM or DPc10). Finally, our assays are 

carried out in 1536-well plates (vs. 96-well plates [48,61]) that are read in <6 min, a format 

that is compatible with industrial-scale screening setups.

Other approaches to RyR-targeted screening can be contemplated, e. g., by using biosensor 

systems that can be expressed for HTS in live cells, as we have demonstrated with SERCA 

and phospholamban [64,65]. For RyR2, prime candidates for this approach would be 

intra- and inter- protomeric FRET constructs similar to those engineered by Chen and 

collaborators [66,67]. The FLT plate reader we used for this study is ideally suitable to 

measure such samples. However, an important requirement for this approach is abundant 

expression of the engineered RyR in a cell line compatible with large-scale culture. This 

approach would provide important advantages, e.g., ability to use human RyR2 and include 

pathology-linked mutations. Different biosensor architectures will inherently yield different 

Hit sets from screening the same library, thus expanding the range of compounds of interest.

Immediate future work with the current HTS platform involves screening larger (50,000-

compound) libraries, followed by lead development after functional validation (Fig. 7). We 

were somewhat taken aback by variability in the number of Hits per run, until we looked 

further into the consistency of compound effects for reproducible Hits (4SD threshold in 2 

of 3 screens). Given that we observed consistency between the FRET effects of primary Hits 

and the FRET and functional effects of the repurchased Hits, we could also move forward 

with a duplicate screen and a less stringent threshold (e.g., 3SD) to identify the more 

subtle reproducible modulators. A key component of future functional testing will involve 

using myocytes from healthy and pathological models. Currently, testing compound effects 

on Ca2+ transient and SR Ca2+ leak remains an ultra-low throughput process. However, 

with increased throughput capabilities, HTS Hit compounds can be effectively tested using 

patient-derived human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) 

[68,69]. As shown in the Fig. 7 screening funnel, hiPSC-CMs will represent an important 
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component in hit-to-lead development from compounds identified via HTS of larger small-

molecule libraries with diverse chemical scaffolds.

In summary, we have described an approach with high potential for early-stage RyR2-

targeted drug discovery, demonstrating that our HTS-compatible assays identify compounds 

that decrease RyR2 Ca2+ leak, as confirmed using [3H]ryanodine binding assays and SR 

Ca2+ leak in adult cardiomyocytes. The potential significance of this project reaches well 

beyond HF, as RyR Ca2+ leak is a key defect in several other pathologies, e.g., Alzheimer’s 

and other age-related neurological diseases [70,71]. Beyond the primary translational impact 

of these screening projects, the newly identified RyR modulators may be used as tools for 

testing hypotheses of structure-function correlations, which will feed back to inform their 

mechanism of action and the structural pathways involved in the allosteric regulation of 

RyRs.
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Abbreviations:

7,8-DHF 7,8-Dihydroxyflavone hydrate

A-CaM acceptor labeled calmodulin

A-DPc10 acceptor labeled DPc10

AET 2-(2-Aminoethyl)isothiourea dihydrobromide

APDC Ammonium pyrrolidinedithiocarbamate

BSA bovine serum albumin

CaMKII Calcium/calmodulin-dependent protein kinase II

CaT calcium transient

cDPCP cis-diammine(pyridine)chloroplatinum(II) chloride

CPVT catecholaminergic polymorphic ventricular tachycardia

Ctrl control

D-FKBP donor-labeled FK506 binding protein 12.6
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DMPP 1,1-dimethyl-4-phenylpiperazinium iodide

E FRET efficiency

E east

EGTA ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetra-

acetic acid

FLT fluorescence lifetime

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HTS high-throughput screening

LOPAC library of pharmacologically active compounds

N North

NOBP 6-nitroso-1,2-benzopyrone

Pice piceatannol

PIPES piperazine-N,N′-bis(2-ethanesulfonic acid)

PKA protein kinase A

R(−)-2-OH-Npa HBr R(−)-2,10,11-trihydroxy-N-propylnoraporphine 

hydrobromide

R(−)-NPA N-propylnorapomorphine

Ro90 Ro 90–7501

RyR ryanodine receptor

S south

SR sarcoplasmic reticulum

SERCA sarco/endoplasmic reticulum Ca-ATPase

W west
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Fig. 1. 
Modulators of RyR2 that promote normal (closed) resting channel or pathologically leaky 

channel, and FRET-based biosensor systems for monitoring modulator binding to RyR2. 

A) Schematic of the interplay between RyR modulator binding and the healthy vs. 

pathologically leaky states of the RyR2 in cardiomyocytes. Post-translational modifications 

that promote RyR2 leak state associated with HF and arrhythmias may reduce binding of 

RyR stabilizers, FKBP and CaM, and enhance binding of domain peptide, DPc10 [14,15]. 

Conversely, dantrolene reduces the RyR2 leaky state, increases CaM-RyR2 binding and 

reduces DPc10-RyR2 binding in cardiomyocytes [14–16]. B) Schematic of FKBP, CaM 

and DPc10 bound to RyR2 for our FRET assays that use fluorescence lifetime (FLT) 

measurements of donor (Alexa Fluor 488) attached to FKBP (D-FKBP) in the presence of 

acceptor (Alexa Fluor 568 or HiLyte Fluor 647) attached to CaM and DPc10, respectively, 

to gauge shifts in RyR-modulator binding. These assays, previously using fluorescence 

intensity measurements of FRET in SR membranes and adult cardiomyocytes [14,15,17–

20], have been adapted for HTS by exploiting rapid, high-precision FLT measurements of 

FRET in a plate-reader (PR).
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Fig. 2. 
Representative orthogonal display of changes in FRET between D-FKBP and A-CaM FRET 

or A-DPc10 in a screen of the 1280-compound LOPAC collection. Representative sets 

of fluorescence waveforms (primary readout) are shown in Supplementary Fig. 1. FRET 

efficiency (E) corresponding to each compound was normalized to the DMSO control 

(Econtrol). Hits were selected outside a 4SD threshold (pink lines) from the mean. For 

reference, 3 SD (blue lines) and 5 SD (green lines) are shown. The Hits localize to eight 

sectors (each indicated within a purple box) depending on the direction of their effects on 

FRET to A-CaM or A-DPc10. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.)
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Fig. 3. 
Reproducibility of FLT-FRET HTS Hits. Normalized plot of the effects of 10 μM Hit on 

FRET to A-CaM (A) or A-DPc10 (B) exceeding 4SD in 2 of 3 screens. SR was exposed to 

no H2O2 (black for individual values and green for mean values±SD) and H2O2 treatment 

(purple for individual values and pink for mean values±SD). The first 18 Hits altered 

both A-CaM and A-DPc10 FRET, Hits 19–37 only altered A-CaM FRET, and Hits 38–42 

altered A-DPc10 FRET. These groups were assigned based on the Fig. 2 representation, 

sectors being indicated in parentheses for each compound. A-CaM FRETcontrol values of SR 

exposed to no H2O2 and plus H2O2 treatment were 0.11 ± 0.01 and 0.09 ± 0.01, respectively. 

A-DPc10 FRETcontrol values of SR exposed to no H2O2 and plus H2O2 treatment were 0.1 

± 0.02 and 0.11 ± 0.04, respectively. Chemical structures are shown in Supplementary Figs. 

2 and 3. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.)
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Fig. 4. 
Dose-dependent effects of Ro 90–7501. (A) Normalized FLT-FRET response to the 

indicated Ro 90–7501 concentrations using cardiac SR and A-CaM (purple) or A-DPc10 

(green), at 30 nM Ca2+ following pre-treatment with no H2O2 (light colors), and 100 

μM H2O2 (dark colors). (B) Response of RyR2 [3H]ryanodine binding to the indicated 

concentrations of Ro 90–7501, in 100 nM (blue) or 30 μM (red) free Ca2+. Data are 

normalized relative to the values for no-drug DMSO control (grey line), means ± SEM, n 
= 3. *P < 0.05 vs. DMSO by 2-sided Student’s unpaired t-test. (For interpretation of the 
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references to colour in this figure legend, the reader is referred to the web version of this 

article.)

Rebbeck et al. Page 24

J Mol Cell Cardiol. Author manuscript; available in PMC 2023 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Ro 90–7501 does not affect Ca2+ handling in normal rabbit myocytes. (A) Time series of a 

representative experiment with Ro 90–7501 (blue underbar), decimated from >1 × 106 data 

points to a more practical 1 × 104 points. Red dots indicate 30-s rests, showing that the 

resting fluorescence was stable, thus justifying free [Ca2+]i pseudo-ratio measurements with 

resting [Ca2+]i at baseline assumed to be 100 nM. (B) Detail of the same experiment before, 

during and after drug contact, each showing the final 10 s of steady state Ca2+ transients, 

followed by 10 mM caffeine (duration 8 s, green underbars) to assay SR Ca2+ loading. (C) 

Peak transient [Ca2+]i, (D) transient [Ca2+]i decay time constant and (E) residual (diastolic) 

[Ca2+]i at the end of each transient, predicted by exponential fitting. (C-E) #cells/#animal 

(n/N) = 24/10, 24/10, and 26/10 for ctrl, Ro90 and wash, respectively. (F) SR Ca2+ loading, 

represented as total [Ca2+] released to cytosol by caffeine (calculated as in text). (G) Ca2+ 

transient decay time constant measured with caffeine present, representing non-SR Ca2+ 

removal, mainly via Na/Ca exchange. (F and G) n/N = 18/10, 24/10, and 15/10, respectively. 

[Ca2+] in (C), (E) and (F) shown with one dot per cell, measured via pseudo-ratio relative to 

the same cell’s rest value (red dots in A). *P < 0.05 vs. control (ctrl) by 2-sided Student’s 

paired t-test. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.)

Rebbeck et al. Page 25

J Mol Cell Cardiol. Author manuscript; available in PMC 2023 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Ro 90–7501 effect on Ca2+ spark rate in permeabilized rat myocytes. (A) Representative 

paired line-scan recordings (6 s) of Ca2+ sparks response to acute exposure (5 min) to 

10 μM Ro 90–7501 or 500 μM tetracaine treatment, as indicated, under either control 

(Ctrl) conditions or following 50 μM H2O2 pretreatment (1 h). Colour display scales span 

the fluorescence range of Ca2+ sparks. (B) Time course of average (±SEM, n/N (# of 

cells/# of animals) = 7/4 Ctrl, 9/4 Ro 90–7501) Ca2+ spark frequencies (CaSpF) with and 

without 10 μM Ro 90–7501 treatment over 5 min (repeated measures two-way ANOVA with 

Geisser-Greenhouse correction; Dunnett multiple comparison post-hoc test). (C) Explicit 

paired comparisons of CaSpF before or after 5 min exposures to either Ro 90 or tetracaine, 

with or without H2O2 pretreatment (Wilcoxon matched-pairs rank tests, n/N = 13/7, 8/3 and 

7/3, respectively). (D) CaSpF for individual groups, including unpaired measures, analyzed 

via one-way ANOVA vs. Ctrl and Dunnett’s multiple comparison post-hoc test (n/N = 28/11, 

15/7, 8/3, 9/3, 7/3, respectively). (E) Percent change in average Ca2+ spark frequency and 

amplitude relative to respective control averages, and in average SR Ca2+ load relative to 

control average. Statistical analyses were performed using GraphPad Prism 9 software.
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Fig. 7. 
RyR2 Drug Discovery Process. Green boxes denote early-stage steps (assays) that are 

covered in this report. In red, we summarize some of the additional steps that will be 

necessary to advance compounds in a fully developed drug discovery campaign. (For 

interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.)
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Table 1

Number (#) of Hits and Hit reproducibility for the 4SD threshold.

A-CaM FRET No H2O2 H2O2 treatment

Plate 1 Plate 2 Plate 3 Plate 1 Plate 2 Plate 3

# of Hits 20 min 70 24 44 81 51 42

# of Hits 120 min 70 54 54 105 24 60

% of Repeated Hits in 2 plates
a 52.9 63.0 66.7 37.1 83.3 63.3

% of Repeated Hits in 3 plates
a 44.3 57.4 57.4 18.1 79.1 31.2

A-DPc10 FRET

# of Hits 20 min 35 47 25 35 25 31

# of Hits 120 min 26 63 28 28 31 31

% of Repeated Hits in 2 plates
a 50 36.5 78.6 75.0 71.0 54.8

% of Repeated Hits in 3 plates
a 46.2 19.0 42.9 50 45.2 45.2

a
Data for 120 min incubation with compound.
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