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Abstract: 24 

Orthosteric β-blockers represent the leading pharmacological intervention for managing 25 

heart diseases owing to their ability to competitively antagonize β-adrenergic receptors (βARs). 26 

However, their use is often limited by the development of adverse effects such as fatigue, 27 

hypotension, and reduced exercise capacity, due in part to the nonselective inhibition of multiple 28 

βAR subtypes. These challenges are particularly problematic in treating catecholaminergic 29 

polymorphic ventricular tachycardia (CPVT), a disease characterized by lethal tachyarrhythmias 30 

directly triggered by cardiac β1AR activation. To identify small molecule allosteric modulators of 31 

the β1AR that could offer enhanced subtype specificity and robust functional antagonism of β1AR-32 

mediated signaling, we conducted a DNA-encoded small molecule library screen and discovered 33 

Compound 11 (C11). C11 selectively potentiates the binding affinity of orthosteric agonists to the 34 

β1AR while potently inhibiting downstream signaling following β1AR activation. Moreover, C11 35 

prevents agonist-induced spontaneous contractile activity, Ca2+ release events, and exercise-36 

induced ventricular tachycardia in the CSQ2-/- murine model of CPVT. Collectively, our studies 37 

demonstrate that C11 belongs to an emerging class of allosteric modulators termed PAM-38 

antagonists that positively modulate agonist binding but block downstream function. With unique 39 

pharmacological properties and selective functional antagonism of β1AR-mediated signaling, C11 40 

represents a promising therapeutic candidate for the treatment of CPVT and other forms of cardiac 41 

disease associated with excessive β1AR activation. 42 
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Introduction 43 

G protein-coupled receptors (GPCRs) are integral regulators of cellular signaling in both 44 

health and disease and are readily modulated by an array of molecular modalities, including small 45 

molecules, peptides, and hormones (1, 2). Accordingly, GPCRs serve as exemplary therapeutic 46 

targets as they are highly amenable to pharmacological modulation and currently comprise more 47 

than 30% of all biological entities targeted by FDA-approved drugs (3). As fundamental mediators 48 

of the chronotropic and inotropic response in the heart, the β-adrenergic receptor (βAR) subfamily 49 

of GPCRs remains one of the most extensively pursued cardiovascular disease targets. βARs are 50 

activated via binding of the catecholamine hormone epinephrine and the neurotransmitter 51 

norepinephrine to the orthosteric (i.e., endogenous) ligand binding site on the extracellular surface 52 

of the receptor. In turn, signaling cascades mediated by heterotrimeric Gs and/or β-arrestin 53 

transducer proteins are initiated to positively regulate heart rate and contractile dynamics (4). 54 

While acute stimulation of βARs, particularly via the more abundantly expressed cardiac β1AR 55 

subtype, is an essential physiological response to support increased cardiovascular demand, 56 

chronic catecholamine signaling is exceedingly damaging to the heart and is associated with 57 

maladaptive morphological remodeling, cardiomyocyte apoptosis, fibrosis, lethal arrhythmias, and 58 

heart failure (4).  59 

 60 

For decades, traditional orthosteric β-blockers, which competitively antagonize the 61 

endogenous ligand binding site of βARs, have been widely used to combat pathological β1AR 62 

over-activation. While β-blockers are highly efficacious in reducing morbidity and mortality in 63 

heart failure (5), their use is often complicated by adverse effects such as hypotension, fatigue, and 64 

reduced exercise capacity that are often associated with the nonselective inhibition of other βAR 65 
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subtypes, such as the β2ARs expressed in vascular and respiratory tissues. These limitations are 66 

particularly pertinent to the treatment of catecholaminergic polymorphic ventricular tachycardia 67 

(CPVT), a disease characterized by extreme susceptibility to lethal ventricular tachyarrhythmia 68 

that develops in direct response to catecholamines (6). To date, nonselective β-blockers such as 69 

nadolol and propranolol are the most effective front-line therapy for CPVT (7). However, 70 

achieving a maximally tolerated dose without major adverse effects or the occurrence of 71 

breakthrough arrhythmias remains a major challenge (5, 8). Thus, CPVT, among other cardiac 72 

disorders, could highly benefit from the discovery of efficacious βAR ligands with improved 73 

subtype selectivity for the β1AR. 74 

 75 

While most GPCR-targeting drugs, including β-blockers, bind the orthosteric site, a rapidly 76 

expanding approach to identify ligands with enhanced specificity, efficacy, and modulatory 77 

function is to target allosteric sites of the receptor (9, 10). Allosteric modulators bind to regions 78 

that are topographically distinct from the endogenous ligand binding pocket and can increase 79 

(positive allosteric modulator, PAM) or suppress (negative allosteric modulator, NAM) the activity 80 

of receptors stimulated by an orthosteric ligand. Given that allosteric sites of receptors are more 81 

prone to evolutionary divergence and thereby more structurally diverse compared to the orthosteric 82 

region that is often highly conserved amongst closely related receptors of the same family, 83 

allosteric modulators are more likely to be subtype-selective with less potential for off-target 84 

effects.  Moreover, allosteric modulators typically do not possess robust intrinsic activity of their 85 

own since they do not directly bind the orthosteric site and should exert a minimal effect on 86 

receptor function in the absence of an orthosteric ligand, potentially enabling increased tolerance 87 

at higher doses. Also supporting their potential tolerability is the “ceiling effect”, which refers to 88 
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the saturation of allosteric effects once all binding sites are occupied (11). Together, these 89 

properties of allosteric modulators highlight their potential therapeutic advantages relative to their 90 

classical orthosteric counterparts (9, 10).  91 

 92 

We therefore conducted a DNA-encoded small molecule library (DEL) screen to identify 93 

allosteric modulators of the β1AR possessing functional antagonism for use as a therapeutic 94 

molecule for treating cardiac diseases. DEL screening is a powerful high-throughput drug 95 

discovery technique that enables the simultaneous evaluation of large and chemically diverse 96 

libraries where individual molecules are covalently linked to a unique DNA tag. Following 97 

multiple iterative rounds of affinity selection screening >1 billion unique small molecules 98 

comprising the OpenDELTM library (HitGen Inc.) against purified, functional, β1ARs reconstituted 99 

in lipid nanodiscs, we performed a chemical feature enrichment analysis and discovered 100 

Compound 11 (C11) as a highly selective allosteric modulator of the β1AR. Here, we demonstrate 101 

the unique pharmacological and functional properties of C11 for modulating β1AR-mediated 102 

signaling and show its therapeutic potential for the treatment of CPVT. 103 

 104 

 105 
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Results 106 

Discovery of Compound 11 (C11) through DNA-encoded small molecule library screening 107 

 To discover allosteric modulators of the β1AR with pharmacological and functional 108 

properties suitable for potential use as a therapeutic, we conducted a DEL screen using purified 109 

β1ARs reconstituted in lipid nanodiscs (also known as high-density lipoprotein, HDL particles) 110 

mimicking the native membrane environment (12). To enable the discovery of molecules that 111 

target unique β1AR conformational states, we screened five different conditions: β1AR bound to 112 

the high-affinity agonist BI-167107 (BI), BI-bound β1AR in complex with either heterotrimeric Gs 113 

or β-arrestin1, and the empty nanodisc and un-liganded β1AR (apo-β1AR) controls (Fig 1A). 114 

Chimeric β1ARs harboring the phosphorylated C-terminal tail of the V2R (β1V2Rpp) were 115 

engineered to convert β1AR to a Class B GPCR, thereby strengthening β-arrestin1 complex 116 

stability (13) (SFig. 1A-B). Transducer complexes were further reinforced via conformation 117 

stabilizing nanobodies (Nbs) or antibody fragments (Fabs) including Nb35, Nb25, and Fab30 (Fig. 118 

1A). Fab30 and Nb25 specifically bind and stabilize the active state of β-arrestin1, while Nb25 119 

enhances the stability of the G-protein-bound receptor complex (14-16). Prior to the screen, 120 

nanodiscs were functionally validated via radioligand binding (SFig. 1C-D) and the affinity 121 

selection protocol was optimized as described in Supplemental Materials and Methods and 122 

Supplemental Figure 2.  123 

 124 

To facilitate the isolation of small molecule β1AR binders from the >1 billion unique 125 

compounds comprising the OpenDELTM library, nanodisc β1AR complexes were immobilized to 126 

neutravidin beads via biotinylation of the nanodisc membrane scaffold protein, MSPD1E3 (Fig. 127 

1B). Following two consecutive rounds of affinity selection, eluted molecules were purified, PCR 128 
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amplified, and subjected to high-throughput next-generation sequencing to decode binders (Fig. 129 

1B). The decay of library molecules throughout each round of selection was monitored via qPCR 130 

using a universal primer set that amplifies all molecules in the library (Fig. 1C-D). In each 131 

experimental condition, approximately 1x107 molecules were collected in the final elution from 132 

the 1x1015 molecules applied as input (Fig. 1C-D). 133 

 134 

Putative hit molecules were identified via comprehensive bioinformatics analysis of the 135 

chemical structure similarities among molecules present in the decoded dataset. Enriched chemical 136 

features that aligned with our scenario of interest (i.e., an unbiased negative allosteric modulator) 137 

were evaluated based on their abundance (or absence) in a particular experimental condition. Using 138 

this filtering criteria, we discovered a family of compounds sharing a common partial structure 139 

(i.e., R2 and R3) that was significantly enriched in the BI-bound β1AR and apo-β1AR conditions, 140 

minimally present in the Gs and β-arrestin1 samples, and completely absent in the empty nanodisc 141 

control (Fig. 1E-F). From this family, Compound C11 (C11) was selected for further 142 

characterization off-DNA based upon its enrichment profile and relatively high copy number in 143 

relation to other members of the compound family (Fig. 1E-G). We predicted that C11 possessed 144 

the greatest potential as a β1AR negative allosteric modulator, a conclusion that was later 145 

corroborated through direct comparison with other structurally related compounds, as detailed 146 

below. 147 

 148 

C11 potentiates the binding affinity of agonists and a subset of antagonists to the β1AR 149 

To interrogate the pharmacological properties of C11 on the β1AR, we investigated the 150 

ability of C11 to modulate orthosteric ligand binding affinity via radioligand competition binding 151 



8 

 

experiments. Purified β1AR nanodiscs were incubated with the radiolabeled β1AR antagonist, 125I-152 

CYP, and serial concentrations of un-labeled orthosteric β1AR agonists or antagonists. In the 153 

presence of C11, the binding affinity of norepinephrine, isoproterenol, dobutamine, and 154 

epinephrine for the β1AR was significantly enhanced as evidenced by a ~0.4-log leftward shift and 155 

corresponding ~1.9-3-fold decrease in the IC50 of the competition binding curve compared to 156 

vehicle control (Fig. 2A and C; Supplemental Table 1), demonstrating positive cooperativity 157 

between C11 and β1AR agonists. Interestingly, C11 exhibited a probe-dependent effect with 158 

respect to orthosteric antagonist binding to the β1AR since it potentiated the binding of a subset of 159 

antagonists or biased ligands (i.e., carvedilol, bucindolol, and alprenolol; up to 0.5-log leftward 160 

shift and ~3-fold IC50 decrease) without affecting atenolol, metoprolol, or carazolol binding 161 

affinity (Fig. 2B-C; Supplemental Table 1). This indicates that the effect of C11 on orthosteric 162 

ligand binding to the β1AR is specific to the ligand bound. Overall, these binding results are 163 

consistent with our screening output in which C11 was enriched in not only the inactive apo-β1AR 164 

state but also in BI-occupied active β1AR condition. 165 

 166 

To estimate the affinity of C11 for the β1AR, the C11-mediated concentration-dependent 167 

increase in isoproterenol binding to the receptor (quantified as ΔIC50 of the competition binding 168 

curve) was plotted as a function of increasing concentrations of C11 (SFig. 3A-C). The resulting 169 

LogEC50 (-6.12, ~0.76 uM) derived from the non-linear fit suggests sub-micromolar binding 170 

affinity between C11 and the β1AR in the presence of isoproterenol (SFig. 3A-C). In agreement 171 

with this, direct assessment of the physical interaction and binding affinity between C11 and active 172 

β1AR bound to high-affinity agonist BI by isothermal titration calorimetry (ITC) revealed a 173 

dissociation constant (KD) of 4.75 µM (SFig. 3D). 174 



9 

 

 175 

C11 suppresses G protein and β-arrestin signaling downstream of agonist-activated β1AR 176 

 Given the positive cooperativity between C11 and orthosteric agonist binding to the β1AR, 177 

we anticipated that C11 would enhance β1AR downstream signaling functioning as a PAM. The 178 

functional impact of C11 on G protein and β-arrestin signaling in response to β1AR activation was 179 

assessed via BRET-based and/or luciferase-based cellular signaling assays. To measure 180 

dissociation of Gαsβγ upon β1AR stimulation, HEK293T cells transiently overexpressing β1AR 181 

with TRUPATH biosensor proteins Gαs-RLuc8, Gβ3, and Gγ9-GFP (17) were pre-treated with 182 

vehicle (DMSO) or 30 µM C11 and stimulated with serial concentrations of isoproterenol (Fig. 183 

3A). Surprisingly, despite its positive cooperativity with agonist binding, C11 substantially 184 

reduced maximal G protein dissociation (Fig. 3B-C) evidenced by an attenuation of the BRET 185 

signal decay. To measure Gαs-mediated signaling downstream of agonist-activated β1ARs, we 186 

quantified intracellular cAMP generation utilizing the luciferase-based GloSensorTM cAMP 187 

biosensor (Fig. 3D). Consistent with our TRUPATH results, pre-treatment with C11 significantly 188 

diminished maximal cAMP generation compared to vehicle-treated cells (Fig. 3E-F).  189 

 190 

 Utilizing similar BRET-based approaches, we evaluated the effect of C11 on the various 191 

functions of β-arrestin. To measure β-arrestin recruitment to agonist-activated β1AR, we developed 192 

a BRET sensor pair consisting of β-arrestin2-GFP and a chimeric β1AR containing the C-terminal 193 

tail of the V2R (β1V2R) conjugated to RLucII (Fig. 3G; Supplemental Table 2) that was utilized to 194 

enhance β-arrestin affinity to agonist occupied β1ARs. To measure β-arrestin-mediated receptor 195 

internalization, β1V2R was co-expressed with β-arrestin2-RLucII and the early endosomal marker 196 

FYVE-rGFP (18) (Fig. 3J). Strikingly, pre-treatment with C11 induced a robust decrease in both 197 
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β-arrestin recruitment to β1V2R (Fig. 3H-I), and β-arrestin-mediated receptor internalization into 198 

endosomes (Fig. 3K-L). These findings indicate that C11 acts as an unbiased functional NAM of 199 

agonist-activated β1AR since it potently inhibits both Gs and β-arrestin signaling. 200 

 201 

 Given that ERK is one of the major cellular effectors of both Gs and β-arrestin signaling 202 

cascades, we next evaluated the effect of C11 on β1AR-mediated ERK phosphorylation via 203 

immunoblotting. Consistent with our BRET-based assays, HEK293T cells transiently 204 

overexpressing β1AR displayed a dose-dependent increase in ERK phosphorylation in response to 205 

serial concentrations of isoproterenol that was suppressed in cells pre-treated with C11 (Fig. 4A-206 

C). Notably, ERK phosphorylation stimulated by carvedilol, a β-arrestin biased βAR ligand that 207 

has been previously shown to promote ERK phosphorylation in a β-arrestin dependent manner 208 

(19-22), was also attenuated in the presence of C11 (Fig. 4D-F). This indicates that C11 serves as 209 

a functional NAM of the β1AR irrespective of the nature of the orthosteric ligand (i.e., full agonists 210 

versus biased ligands).  211 

 212 

Taken together, in striking opposition to the positive cooperativity of agonist binding, our 213 

cellular signaling assays revealed that C11 is a potent inhibitor of β1AR-mediated Gαs and β-214 

arrestin signaling. Moreover, its suppression of maximal β1AR signaling efficacy reflects the 215 

classical pattern of non-competitive inhibition as would be expected from an allosteric modulator. 216 

With such a unique pharmacological and functional profile, our studies indicate that C11 likely 217 

belongs to a recently established class of allosteric modulators termed PAM-antagonists that 218 

potentiate agonist affinity for receptors while antagonizing downstream signaling (23).  While 219 
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largely under-characterized to date, PAM antagonists are predicted to be especially favorable 220 

therapeutically due to their positive cooperativity on agonist binding affinity (23). 221 

 222 

The PAM-antagonist function of C11 is highly selective for β1ARs 223 

We next evaluated the pharmacological selectivity of C11 for the β1AR by interrogating its 224 

effect on orthosteric ligand binding to the β2AR subtype. Radioligand binding experiments 225 

utilizing β2AR nanodiscs demonstrated that C11 did not significantly alter the isoproterenol 226 

binding curve compared to vehicle, whereas carvedilol binding to the β2AR is potentiated by ~2.6-227 

fold (~0.4-log leftward shift) in the presence of C11 (Fig. 5A-C). These data indicate that C11 also 228 

binds and modulates ligand binding to the β2AR, given that it potentiates carvedilol binding to 229 

both subtypes, but does not elicit an increase in affinity between β2AR and the agonist 230 

isoproterenol. Of note, this βAR subtype-dependent activity is reminiscent of the recently 231 

discovered β2AR positive allosteric modulator, Compound 6, that potentiates carvedilol binding to 232 

both β1AR and β2AR while selectively increasing agonist binding to the β2AR only (22, 24, 25).  233 

 234 

To determine the functional selectivity of C11 for the β1AR, we performed various counter 235 

assays interrogating G protein and β-arrestin signaling stimulated by alternative GPCRs of the 236 

cardiovascular system including the β2AR, AT1R, and M3R. Importantly, C11 did not 237 

significantly impact G protein dissociation or β-arrestin internalization downstream of either 238 

agonist-activated β2AR (Fig. 5D-G) or AT1R (Fig. 5H-K). Moreover, C11 had no effect on 239 

intracellular Ca2+ release downstream of carbachol-activated endogenous M3R (Fig. 5L-N). 240 

Together, these experiments indicate that the functional effects of C11 are highly selective for the 241 

β1AR subtype.  242 
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 243 

C11 is a superior PAM antagonist relative to structurally related OpenDELTM analogs.  244 

 To gain mechanistic insights into the chemical features that support the pharmacological 245 

and functional effects of C11 on the β1AR and to evaluate whether small chemical modifications 246 

in its structure would confer altered efficacy as a PAM antagonist, we characterized a panel of C11 247 

analogs C11-A through C11-I (SFig. 4) and evaluated their effects on ligand binding and β1AR-248 

mediated signaling. These analogs comprise additional members of the enriched family of 249 

structurally related OpenDELTM molecules detected via our bioinformatics analysis (Fig. 1E-F; 250 

C11-A through F and H) as well as several truncated derivatives (C11-G and I). The ability of C11 251 

to potentiate agonist and antagonist binding to the β1AR was largely unaffected by modifying the 252 

R1 chemical group, given the lack of substantial differences in the IC50 shifts between C11 and 253 

analogs A-F and H (SFig. 5A-C). Remarkably, truncation of the extended hydrocarbon chain 254 

comprising the R3 chemical group in C11 and C11-H (generating C11-G and C11-I, respectively) 255 

resulted in complete loss of the positive cooperativity of isoproterenol and carvedilol binding to 256 

the β1AR (SFig. 5A-C). These results are corroborated by evaluation of Gαs dissociation and β-257 

arrestin recruitment to the β1AR via BRET, wherein the R3-truncated C11-G and C11-I analogs 258 

completely lose the antagonistic functions of C11 (SFig. 5D-F) while the remaining analogs that 259 

vary in the R1 group remain functional antagonists to a similar or lesser extent than C11 (SFig. 260 

5D-F). Together, these data demonstrate that the identity of the R1 chemical group is largely 261 

exchangeable, while the R3 extended hydrocarbon chain is critical for its function and engagement 262 

with the receptor. These findings provide several mechanistic insights into the precise chemical 263 

features that mediate the activity of C11 and indicate that C11 is a superior PAM antagonist relative 264 
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to a panel of structurally related molecules selected from the OpenDELTM library. Lastly, C11-G, 265 

the R3-truncated form of C11, was revealed as a complete ‘loss-of-function’ analog.  266 

 267 

C11 reduces basal contractility and suppresses the isoproterenol response in isolated wild-268 

type cardiomyocytes 269 

 Following our comprehensive pharmacological and cellular characterizations, we 270 

investigated the impact of C11 on cardiac signaling and function in primary cardiomyocytes 271 

expressing endogenous levels of the β1AR. Ventricular cardiomyocytes isolated from adult wild-272 

type mice were pre-treated with DMSO or serial concentrations of C11 and paced at 1 Hz. Pre-273 

treatment with 30 µM C11 induced a significant reduction in basal fractional shortening compared 274 

to cells pre-treated with DMSO (Fig. 6A-B; Supplemental Table 3). To evaluate whether this 275 

inhibitory effect was specific to C11 and not a non-selective consequence of its high-dosage (up 276 

to 30 µM), we employed the loss-of-function analog, C11-G, that does not modulate β1AR-277 

mediated signaling (SFig. 5A-F). Here, pre-treatment with 30 µM C11-G did not affect basal 278 

contractility in wild-type cardiomyocytes compared to vehicle control suggesting a direct effect of 279 

C11 on cardiomyocyte contractility (Fig. 6A-B; Supplemental Table 3). To assess whether the 280 

C11-mediated reduction in basal contractility results from direct modulation of the β1AR, we pre-281 

treated ventricular cardiomyocytes isolated from β1AR-/- mice with DMSO or serial concentrations 282 

of C11. Importantly, 10 µM C11 showed little effect on basal contractility while 30 µM C11 also 283 

elicited a significant reduction in basal contractility in β1AR-/- cardiomyocytes (Fig. 6C), albeit to 284 

a lesser extent than in wild-type (Fig. 6A-B). These data suggest that the C11-mediated 285 

suppression of basal contractility at high concentrations (i.e., 30 µM C11) is due to partial off-286 
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target effects, while 10 µM C11 shows little off-target effect. We therefore selected 10 µM C11 287 

for subsequent functional and signaling assays in isolated cardiomyocytes. 288 

 289 

 To determine the effect of C11 on the isoproterenol-induced contractile response, we 290 

stimulated isolated wild-type cardiomyocytes with serial concentrations of isoproterenol in the 291 

presence or absence of 10 µM C11. In line with its ability to suppress Gαs and β-arrestin signaling 292 

downstream of agonist-activated β1AR, C11 substantially suppressed the dose-dependent increase 293 

in fractional shortening and contractile kinetics mediated by isoproterenol (Fig. 6D-G). To 294 

corroborate this finding biochemically, we selected representative Ca2+ cycling or sarcomeric 295 

cellular effectors of β1AR activation, namely phospholamban (PLN) and troponin I (TnI), and 296 

assessed their phosphorylation status in isolated cardiomyocytes in the presence of isoproterenol 297 

via immunoblotting. Pre-treating wild-type cardiomyocytes with 10 µM C11 robustly suppressed 298 

the isoproterenol-induced phosphorylation of PLN and TnI at the canonical protein kinase A 299 

(PKA) phosphorylation sites (pPLN Ser16 and pTnI Ser23/24) as well as Thr17 mediated by 300 

Ca2+/calmodulin protein kinase II (CaMKII) on PLN (Fig. 6H-I), providing further evidence of 301 

C11’s ability to block β1AR-mediated signaling in the heart. 302 

 303 

C11 restores regular contractile rhythm and suppresses spontaneous Ca2+ release in CSQ2-304 

/- cardiomyocytes 305 

 Given the robust inhibition of the isoproterenol response in cardiomyocytes pre-treated 306 

with C11, we next evaluated its potential as a therapeutic molecule for CPVT utilizing 307 

cardiomyocytes from mice that are constitutively null for CSQ2 (26). Previous studies have 308 

demonstrated that CSQ2-/- mice are highly susceptible to catecholamine-induced arrhythmia in the 309 
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form of frequent premature ventricular contractions (PVCs), increased heart rate variability, and 310 

increased diastolic Ca2+ leak due to spontaneous Ca2+ release events (26). Consistent with this, 311 

isolated ventricular cardiomyocytes from CSQ2-/- mice developed an arrhythmic-like phenotype 312 

when stimulated with isoproterenol during 1 Hz pacing, evidenced by a robust increase in both the 313 

frequency of contractions and the variability in the time interval between consecutive beats that is 314 

reminiscent of the irregular contractile rhythms observed in vivo (Fig. 7A) (26). Remarkably, pre-315 

treatment with 10 µM C11 completely attenuated isoproterenol-mediated spontaneous cellular 316 

beating and restored regular contractile frequency in CSQ2-/- cardiomyocytes (Fig. 7A-E). To 317 

further corroborate the protective effect of C11 in CSQ2-/- cardiomyocytes, we measured 318 

spontaneous Ca2+ release events elicited by isoproterenol immediately following termination of 319 

0.5 Hz pacing. In line with the blockade of isoproterenol-induced spontaneous contractile activity 320 

in CSQ2-/- cardiomyocytes (Fig. 7A-E), pre-treatment with 10 µM C11 also prevented the 321 

development of spontaneous Ca2+ release events following isoproterenol stimulation (Fig. 7F-J). 322 

Of note, 10 µM C11 had no significant effect on the amplitude or kinetics of paced Ca2+ transients 323 

in CSQ2-/- cardiomyocytes (SFig 6A-E), nor did it affect caffeine-induced Ca2+ release in wild-324 

type cells (SFig 7A-B), indicating that C11 has no direct impact on baseline Ca2+ signaling.  325 

 326 

C11 suppresses exercise-induced ventricular tachycardia in vivo 327 

Intense exercise stress is the principal trigger for ventricular tachycardia (VT) and sudden 328 

cardiac death in individuals with CPVT. To investigate the therapeutic potential of C11 in a 329 

physiologically relevant setting, we recorded cardiac electrical activity via telemetry in conscious, 330 

non-anesthetized, CSQ2-/- mice subjected to graded treadmill exercise designed to mimic strenuous 331 

physical exertion in humans (Fig. 8A-C). To determine an appropriate dosing regimen for C11, 332 
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we first confirmed that the compound is stable long-term (up to 72 hours) in vehicle solution at 37 333 

ºC via HPLC/MS (SFig. 8A). We also obtained the pharmacokinetic profile of C11 following 334 

intraperitoneal injection (10 mg/kg) and determined that C11 is detectable in plasma and heart at 335 

the highest level between 45 minutes to 1-hour post-injection (SFig. 8B). After surgical 336 

implantation of the telemetry module in the peritoneal cavity, mice were allowed a 3-day recovery 337 

period followed by 3-day acclimation phase during which they were conditioned to treadmill 338 

running (Fig. 8A). Guided by our pharmacokinetic findings, treadmill-acclimated CSQ2-/- mice 339 

were pre-treated for 45 minutes with either vehicle solution or 10 mg/kg C11 and subjected to 340 

forced treadmill running where workload (i.e. speed and incline) was periodically increased over 341 

30 minutes (Fig. 8B). Individual mice were delivered alternating treatments of vehicle or C11 four 342 

days apart (day 7 and 11, respectively; Fig. 8A) and thus each mouse served as its own internal 343 

control. To ensure robust analysis of C11’s efficacy, mice lacking exercise-induced VT (i.e. less 344 

than 5 seconds) during vehicle treatment were not included for further study, limiting the 345 

assessment to animals with measurable baseline arrhythmogenic activity. 346 

 347 

The total duration of sustained monomorphic and/or polymorphic VT defined as 348 

consecutive ectopic beats with unidirectional or bidirectional QRS waveforms, respectively (Fig. 349 

8C), was quantified for each animal during graded exercise. Remarkably, the total duration of VT 350 

encompassing both monomorphic and polymorphic forms was significantly attenuated in C11-351 

treated CSQ2-/- mice compared to when those same mice were pre-treated with vehicle solution 352 

(Fig. 8D). Given the variability in arrhythmic burden among vehicle-treated mice, we plotted the 353 

relative percent change in total VT duration for individual mice (Fig. 8E). This analysis revealed 354 

a median reduction in VT of approximately 50% following C11 treatment as compared to vehicle 355 
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(Fig. 8E). In addition to sustained episodes of VT, we assessed the incidence of premature 356 

ventricular contractions (PVCs) during the graded exercise test (SFig. 9A). While most individual 357 

mice also developed a reduction in PVCs following C11 treatment, this difference did not reach 358 

statistical significance (p=0.195, Wilcoxon matched pairs signed rank test; SFig. 9B-C). This may 359 

be attributed to the significant role catecholamines have in inducing and propagating sustained VT 360 

as compared to isolated PVC events.  361 

We further tested the ability of C11 to suppress arrhythmic events in comparison to nadolol, 362 

an orthosteric β-blocker that remains the most efficacious and widely used pharmacological 363 

therapy for CPVT. To identify a dose of nadolol that elicited a mild but not complete reduction in 364 

heart rate in response to exercise, we sequentially treated individual wild-type mice with vehicle, 365 

0.005, 0.01, and 0.1 mg/kg in a repeated measures design (Supplementary Fig. 10). Given that 366 

treatment with 0.1 mg/kg nadolol markedly suppressed the heart rate response to exercise and may 367 

represent a level of drug that is likely to cause symptomatic side effects, we selected 0.01 mg/kg 368 

as a low-dose nadolol condition to be tested in combination with C11. We subsequently delivered 369 

vehicle, low-dose nadolol (0.01 mg/kg), low-dose nadolol (0.01 mg/kg) in combination with C11 370 

(10 mg/kg), or C11 alone (10 mg/kg) to individual CSQ2-/- mice with a 7-day washout period 371 

between treatments (Fig. 8A) and quantified VT duration during exercise. Treatment with C11in 372 

combination with low-dose nadolol significantly reduced the duration of exercise-induced VT 373 

compared to low-dose nadolol alone and to a similar extent as C11 alone (Fig. 8F-G).  374 

Taken together, these results demonstrate the therapeutic capability of C11 in mitigating 375 

exercise induced arrhythmias associated with the pathological over-activation of β1AR in the heart 376 

and underscore its potential as a new class of drug to block the β1AR in disease states.  377 
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Discussion  378 

Herein, we report the discovery of the β1AR-selective allosteric modulator, C11 (and its 379 

analog molecules), via DEL screening and comprehensively interrogate its unique 380 

pharmacological properties, functional effects, and therapeutic applications in the heart. Our 381 

studies reveal that C11 binds to the β1AR with low-micromolar affinity and potentiates the binding 382 

of agonists and a subset of antagonists to the β1AR in a subtype-specific fashion. In contrast to its 383 

positive cooperativity with orthosteric agonists, C11 potently decreases agonist-activated β1AR 384 

signaling, suppresses the isoproterenol response in isolated cardiomyocytes, and largely prevents 385 

the development of spontaneous contractile and Ca2+release events in a model of CPVT. Most 386 

importantly, treatment with C11 significantly mitigates exercise-induced ventricular tachycardia 387 

in CPVT mice. C11 therefore represents a promising therapeutic molecule for the treatment of 388 

cardiac disease, illustrated herein in the context of CPVT. 389 

 390 

 CPVT is an inherited arrhythmic disorder characterized by the heightened susceptibility to 391 

catecholamine-induced polymorphic or bidirectional ventricular tachycardia initiated by exercise 392 

or emotional stress in the absence of structural heart disease (6). The genetic basis is commonly 393 

associated with mutations in proteins of the sarcoplasmic reticulum (SR) Ca2+ release complex 394 

(i.e., RyR2 or CSQ2), leading to SR Ca2+ overload, spontaneous Ca2+ release due to hyperactive 395 

RyR2, and arrhythmogenic Ca2+-induced delayed after depolarizations potentially culminating in 396 

sudden cardiac death (6, 27). CPVT is a severe life-threatening disorder with mortality rates 397 

ranging from 30-50% in untreated patients by the age of 40 (28). β-blockers such as nadolol are 398 

currently the most efficacious therapy for CPVT and have been successful in decreasing 399 

arrhythmic risk and severity (7, 29). However, β-blockers are not completely effective as recurrent 400 
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arrhythmic events occur in up to 37.2% of treated patients, with 15.3% being near-fatal and 6.4% 401 

fatal during an 8-year follow up period after beginning treatment (30). A major obstacle that 402 

remains is achieving a maximally tolerated dose of β-blocker due to adverse effects in vascular 403 

tissues (i.e., hypotension) where the β2AR is highly expressed (5, 8). Moreover, cardio-selective 404 

βAR antagonism would be especially optimal in the presence of respiratory disorders such as 405 

asthma or COPD. As a β1AR-selective allosteric modulator, C11 should maximize its inhibitory 406 

effects once all allosteric sites are occupied (i.e. the ceiling effect) and therefore has the potential 407 

to be used at a therapeutically effective dose with minimal off-target concerns (11). Beyond this, 408 

PAM antagonism may confer additional therapeutic benefits that are elaborated further below. 409 

 410 

While we currently demonstrate the therapeutic potential of C11 utilizing a model of CPVT 411 

where the primary pathological mechanism is directly related to β1AR activation, C11 could be 412 

applied as a treatment for a wide range of cardiac diseases (i.e., hypertrophic and dilated 413 

cardiomyopathy) or arrhythmic disorders (i.e., long QT syndrome, arrhythmogenic 414 

cardiomyopathy, atrial fibrillation) that are potentiated by excessive sympathetic stimulation and 415 

where β-blockers have been previously shown to be beneficial (7). It is also interesting to speculate 416 

that C11 could possibly modulate the activity of β1AR-activating autoantibodies that develop 417 

during chronic heart failure (31-33), and in conditions where enhanced sympathetic activity results 418 

in high synaptic catecholamine release such as exertional angina and postural orthostatic 419 

tachycardia syndrome. An important consideration in the clinical use of C11 would be the probe 420 

dependence of its modulatory effects on distinct orthosteric β-blockers. Our studies showed that 421 

C11 potentiates the affinity of a subset of antagonists to the β1AR such as the β-arrestin-biased 422 

ligand carvedilol and suppresses carvedilol-mediated ERK activation. It remains to be determined 423 
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whether C11 also diminishes the antagonist function of carvedilol on G protein signaling or 424 

whether C11 potentiates the inhibition. Further clarifying the pharmacological properties of C11 425 

will be essential for assessing whether it could potentially be used in combination with orthosteric 426 

β-blockers, such as carvedilol, to enhance their efficacy. Our evaluation of the therapeutic 427 

effectiveness of C11 when used in combination with low-dose nadolol, however, implies that 428 

physiologically it may enhance the inhibitory function of certain orthosteric antagonists.  429 

 430 

The unique pharmacological and functional profile exhibited by C11 shows features similar 431 

to a recently recognized subclass of allosteric modulators termed PAM-antagonists that increase 432 

the binding affinity for receptors but decrease the functional efficacy of the agonist (23). There are 433 

several major advantages to this mechanism of signaling blockade relative to traditional orthosteric 434 

antagonists like β-blockers. Specifically, in contrast to orthosteric antagonists and even canonical 435 

NAMs that act competitively with the agonist by favoring an inactive receptor conformation, the 436 

potency and efficacy of a PAM-antagonist is actually potentiated in the presence of increasing 437 

agonist concentration due to their positive cooperativity on agonist binding. Moreover, PAM-438 

antagonists such as C11 are further advantageous in that they have a higher propensity to bind 439 

agonist-bound receptors, thereby preferentially targeting pre-existing pathological overactivation 440 

(23). Along with its selective effects on the β1AR, the pharmacological properties conferred by 441 

PAM-antagonism underscore the potential advantageous therapeutic properties of C11 over 442 

canonical non-selective orthosteric β-blockers.  443 

 444 

While C11 has shown reciprocal effects on agonist binding affinity and functional efficacy, 445 

the precise inhibitory mechanism, binding site, and receptor conformation it promotes remain 446 
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outstanding questions. To date, only several PAM-antagonists are currently described, and their 447 

mechanism of action is largely elusive. The first reported PAM-antagonist, ifenprodil, was 448 

discovered in 1996 as a neuroprotective modulator of the N-methyl-D-aspartate (NMDA) 449 

glutamate receptor ion channel (34). In the following decades, PAM-antagonists targeting the free 450 

fatty acid 3 (FFA-3) receptor (35) and the cannabinoid 1 (CB1) receptor (36, 37) were identified. 451 

Previous studies utilizing site-directed fluorescent labeling characterizing the CB1 PAM-452 

antagonist, Org27569, have reported that Org27569 blocks conformational changes associated 453 

with G protein binding suggesting that it locks the CB1 receptor in an agonist-bound, non-454 

signaling, early-activation intermediate state (38). Alternative hypotheses regarding the 455 

mechanism of PAM-antagonists include stabilizing a non-signaling quaternary complex 456 

comprised of receptor, agonist, modulator, and transducer, or perhaps steric blockade of transducer 457 

binding. Signaling bias should also be considered, as some PAM antagonists could have selective 458 

effects on specific pathways like SBI-553, a β-arrestin-biased PAM of the neurotensin receptor 1 459 

(NTSR1) that selectively suppresses Gαq signaling while potentiating β-arrestin signaling through 460 

promoting a β-arrestin-selective receptor conformation (39, 40). While we have generated some 461 

preliminary structure-activity insights of C11 via characterizing a panel of analogs, future 462 

biophysical and structural studies will be required to precisely determine the binding location and 463 

mechanism of action of C11. 464 

 465 

 Through a DEL screen utilizing the OpenDELTM small molecule library (HitGen Inc.) 466 

comprising over 1 billion unique compounds, we discovered a subtype-selective PAM-antagonist 467 

allosteric modulator of the β1AR. Given its unique pharmacological and functional profile and 468 

demonstrated efficacy in suppressing pathological contractile and electrophysiological events in 469 
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experimental CPVT, C11 is a promising therapeutic candidate that holds great potential to be 470 

developed as a drug for a wide range of heart diseases that have as its pathological basis 471 

susceptibility to high catecholamine states. 472 

 473 
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Materials and Methods: 474 

Sex as a biological variable 475 

 Experiments evaluating the therapeutic potential of C11 in suppressing exercise-induced 476 

VT were conducted using male CSQ2-/- mice. Female CSQ2-/- mice did not exhibit measurable 477 

baseline arrhythmogenic activity during exercise. Therefore, female CSQ2-/- mice were not 478 

included in the final analysis. Given these apparent sex-differences inherent to the CSQ2-/- 479 

phenotype, the efficacy of C11 in vivo was evaluated using male mice only.  480 

 481 

Radioligand competition binding 482 

 Radioligand competition binding experiments were performed as previously described 483 

(22). Briefly, purified β1AR, β1V2Rpp, or β2AR nanodiscs generated as described in the 484 

Supplemental Materials and Methods were incubated with 60 pM of the radiolabeled orthosteric 485 

antagonist, [I125]-cyanopindolol (I125CYP; 2200 Ci/mmol, PerkinElmer, Waltham, MA), and serial 486 

concentrations of unlabeled orthosteric ligand in binding buffer (20 mM HEPES pH 7.4, 100 mM 487 

NaCl) supplemented with 0.1% bovine serum albumin (BSA) and 1 mM ascorbic acid at room 488 

temperature for 2 hours to reach equilibrium. Non-specific binding was evaluated in the presence 489 

of 20 µM propranolol. To validate nanodisc preparations, serial concentrations of purified 490 

heterotrimeric Gs (10-320 nM) or β-arrestin1-mc (0.1-1 µM) were included in the binding reaction 491 

with β1AR or β1V2Rpp nanodiscs, respectively, to confirm transducer cooperativity (SFig. 1C-D). 492 

To evaluate the effect of allosteric modulators on orthosteric ligand binding to βARs, reactions 493 

included the indicated concentration of allosteric compound (0.05-30 µM) or an equivalent volume 494 

of vehicle (0.19% DMSO). Equilibrated binding reactions were harvested by rapid filtration onto 495 

0.3% polyethyleneimine (PEI)-soaked GF/B glass fiber filter paper (Brandel) and washed 496 
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extensively with ice-cold binding buffer. I125-CYP was detected with the WIZARD2 2-detector 497 

Gamma Counter (PerkinElmer) and the raw counts per minute (cpm) were normalized to the 498 

percent of maximal I125-CYP binding. The mean ± SEM of at least 3 independent experiments 499 

performed in duplicate were plotted in GraphPad Prism and fit to a one-site binding model to 500 

retrieve IC50. C11-mediated log shifts in the nonlinear fit are presented as ΔIC50 (Vehicle – C11) 501 

and statistical analysis was performed using a paired two-tailed t-test of raw IC50 values 502 

(Supplemental Table 1). Statistical comparisons of the ΔIC50 between C11 and its analogs (C11A-503 

I) were conducted by one-way ANOVA with Dunnett’s post-hoc test (GraphPad Prism).  504 

 505 

G protein dissociation assay (TRUPATH) 506 

 G protein dissociation was evaluated by the BRET-based TRUPATH assay as originally 507 

described in (17) with minor modifications. Briefly, 2.25 x 106 HEK293T cells maintained in 508 

growth media were seeded in a 10 cm dish and incubated overnight. On the next day, cells were 509 

transfected with 0.75 µg of human FLAG-β1AR (or FLAG-β2AR), with GαsS-RLuc8, Gβ3, and 510 

Gγ9-GFP at a 1:1:1:1 DNA ratio. For AT1R counter assays, 0.75 µg of human FLAG-AT1R (41) 511 

was transfected along with 0.75 µg of Gαq-RLuc8, Gβ3, and Gγ9-GFP. After 24 hours, cells were 512 

trypsinized, resuspended in low-serum medium (1X MEM without phenol red, supplemented with 513 

2% FBS, 1% HEPES, 1% anti-anti, 1% glutamine, and 1% P/S), and re-plated in a white, clear 514 

bottom 96-well assay plate at a density of 100,000 cells/well for overnight incubation. Prior to 515 

experimentation, low-serum media was aspirated and replaced with 1X Assay Buffer (Hank’s 516 

Balanced Salt Solution, HBSS, supplemented with 20 mM HEPES) and incubated for 10 minutes 517 

at 37 ˚C. Cells were pre-treated with vehicle (0.19% DMSO) or 30 µM C11 prepared in 1X Assay 518 

Buffer for 20 minutes at 37 ˚C. To assess β1AR-mediated G protein dissociation, 100 nM ICI-519 
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118,551 was included during pre-treatment to block activation of endogenous β2ARs. Cells were 520 

then stimulated with serial concentrations of isoproterenol for 10 minutes at 37 ̊ C. BRET emission 521 

ratios (GFP/RLucII) were measured immediately following the addition of 5 µM coelenterazine 522 

400a (Nanolight Technology, Norman, OK) on a Biotek Neo2 microplate reader (Agilent 523 

Technologies, Santa Clara, CA) using the 410 nm (donor) and 515 nm (acceptor) filter pair. At 524 

least three independent experiments performed in duplicate were fitted to a log(agonist) vs 525 

response (three parameter) model in GraphPad Prism and baseline subtracted to assess net BRET 526 

ratio. Statistical analysis of the nonlinear curve fit (Emax) was evaluated by two-tailed t-test.  527 

 528 

GloSensorTM assay 529 

 The GloSensorTM assay (Promega) was performed as previously described with minor 530 

modifications (22). Briefly, 2.25 x 106 HEK293T cells maintained in growth media were seeded 531 

in a 10 cm plate and transfected 24 hours later with 25 ng of human FLAG-β1AR and 6 µg of the 532 

GloSensor cAMP biosensor plasmid (Promega). On the following day, cells were re-plated into a 533 

white, clear bottom 96-well plate at a density of 50,000 cells/well in low-serum medium (1X MEM 534 

without phenol red, supplemented with 2% FBS, 1% HEPES, 1% anti-anti, 1% glutamine, and 1% 535 

P/S) and incubated overnight. Prior to experimentation, low-serum media was aspirated and 536 

replaced with the GloSensorTM reagent (2 mM; Promega) prepared in 1X Assay Buffer (HBSS 537 

with 20 mM HEPES) and incubated at room temperature for 1.5 hours. Cells were pre-treated with 538 

vehicle (0.19% DMSO) or 30 µM C11 prepared in 1X Assay Buffer for 20 minutes at room 539 

temperature, along with 100 nM ICI-118,551 to block activation of endogenous β2ARs. Cells were 540 

then stimulated with serial concentrations of isoproterenol for 5 minutes and luminescent values 541 

were recorded using the Biotek Neo2 microplate reader (Agilent Technologies). The mean ± SEM 542 
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of at least three experimental replicates performed in duplicate were fit to a log(agonist) vs 543 

response (three parameter) model in GraphPad Prism and normalized to the percent of vehicle 544 

maximum. Statistical analysis of the nonlinear curve fit (Emax) was evaluated by two-tailed t-test. 545 

 546 

BRET-based β-arrestin recruitment and receptor internalization assays 547 

 Evaluation of β-arrestin recruitment and internalization was performed using BRET-based 548 

biosensors. One day prior to transfection, 2.25 x 106 HEK293T cells maintained in growth media 549 

were seeded in a 10 cm dish. For β-arrestin recruitment assays, cells were co-transfected with 2 µg 550 

FLAG-β1V2R-RLucII and 1 µg β-arrestin2-eGFP (Addgene plasmid 35411; (42)), while β-arrestin 551 

internalization was evaluated via co-transfection of 2 µg FLAG-β1V2R (or FLAG-β2V2R or 552 

FLAG-AT1R for counter assays), with 1.5 µg β-arrestin2-RLucII, and 2.5 µg rGFP-FYVE (18). 553 

After 24 hours, cells were trypsinized, resuspended in low-serum medium (1X MEM without 554 

phenol red, supplemented with 2% FBS, 1% HEPES, 1% anti-anti, 1% glutamine, and 1% P/S), 555 

and re-plated at a density of 100,000 cells/well in a white, clear bottom 96-well plate for overnight 556 

incubation. Prior to experimentation, low-serum media was aspirated and replaced with 1X Assay 557 

Buffer (HBSS with 20 mM HEPES) and incubated for 10 minutes at 37 ˚C. Cells were pre-treated 558 

with vehicle (0.19% DMSO) or 30 µM C11 prepared in 1X Assay Buffer for 20 minutes at 37 ˚C. 559 

To evaluate BRET responses mediated by β1AR only, 100 nM ICI-118,551 was included during 560 

pre-treatment to block activation of endogenous β2ARs. Cells were then stimulated with serial 561 

concentrations of isoproterenol for 20 minutes (recruitment) or 25 minutes (internalization) at 37 562 

˚C. BRET emission ratios (GFP/RLucII) were measured immediately following the addition of 5 563 

µM coelenterazine 400a (Nanolight Technology) on a Biotek Neo2 microplate reader (Agilent 564 

Technologies) using the 410 nm (donor) and 515 nm (acceptor) filter pair. At least three 565 



27 

 

independent experiments performed in duplicate were fitted to a log(agonist) vs response (three 566 

parameter) model in GraphPad Prism and baseline subtracted to assess net BRET ratio. Statistical 567 

analysis of the nonlinear curve fit (Emax) was evaluated by two-tailed t-test.  568 

 569 

Cardiomyocyte isolation  570 

 Adult mouse ventricular cardiomyocytes were isolated using standard Langendorff 571 

perfusion procedures as previously described (43) from homozygous 12-16 week old C57BL/6J 572 

wild-type, β1AR knock-out (β1AR-/-) (44, 45), or calsequestrin 2 (CSQ2-/-) (26) mice. Mice were 573 

injected intraperitoneally with 200U of heparin and anesthetized under 3% isoflurane. Dissected 574 

whole hearts were placed immediately into perfusion buffer (120 mM NaCl, 14.8 mM KCl, 0.6 575 

mM KH2PO4, 0.6 mM Na2HPO4, 1.2 mM MgSO47H20, 10 mM HEPES, 4.6 mM NaHCO3, 30 576 

mM taurine, and 5.6 mM glucose, pH 7.3) and cannulated through the aorta. Hearts were perfused 577 

in retrograde for 3 minutes with oxygenated perfusion buffer and then for ~8 minutes with 578 

digestion buffer containing 2.4 mg/mL collagenase (Worthington) at 37 ˚C. To terminate 579 

enzymatic digestion, ventricular tissues were transferred to perfusion buffer containing 10% calf 580 

serum with 12.5 µM CaCl2. Myocytes were dissociated by trituration and gradually brought to 581 

physiological Ca2+ (1.2 mM). 582 

 583 

Contractility measurements 584 

 Cardiomyocytes isolated as described above were pre-treated with DMSO (0.3%) or C11 585 

(3-30 µM) for 20 minutes. Following pre-treatment, cells were stimulated with isoproterenol (0.01-586 

1 µM) or left un-treated (basal condition) and plated immediately in a FHD rotational cell chamber 587 

(Ionoptix, Westwood, MA) mounted on a Nikon Eclipse TE300 inverted microscope (40X 0.9 NA 588 
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objective, MRF00400, Nikon). Myocytes were paced at 1Hz (20V, MyoPacer, Ionoptix) and 589 

sarcomere length was recorded with IonWizard 7.2 using the MyoCam-S camera (Ionoptix). Ten 590 

consecutive contractions per cell were averaged for quantification of contractile magnitude and 591 

kinetics (IonWizard 7.2). At least 7-10 cells were quantified per experimental condition and 592 

averaged. Time intervals between consecutive contractions (i.e., peak-peak intervals) were 593 

measured during a representative five second recording in each cell. Interval variability plots were 594 

generated by plotting the peak-peak interval (n) against the peak-peak interval of the subsequent 595 

cellular contraction (n+1) for all cells in a particular treatment group. Only the myocytes that 596 

exhibited proper morphology (i.e., rod-shaped and striated) and were responsive to electrical 597 

stimulation were utilized for experimentation. Statistical comparisons between conditions were 598 

evaluated by one-way ANOVA with Tukey’s post-hoc test. 599 

 600 

Phospho-PLN and phospho-TnI assay 601 

 Cardiomyocytes isolated as described above were pretreated with DMSO (0.3%) or 10 µM 602 

C11 for 20 minutes at room temperature prior to stimulation with 10 µM isoproterenol for 15 603 

minutes while rotating. Cells were pelleted via centrifugation and homogenized in a 1:1 mixture 604 

of urea-thiourea lysis buffer (8 M urea, 2M thiourea, 3% SDS, 0.05 M tris-HCl, 0.03% 605 

bromophenol blue, 0.075 M DTT, pH 6.8) supplemented with protease and phosphatase inhibitors 606 

(Halt, Protease and Phosphatase Inhibitor Cocktail #78440, Thermo Fisher Scientific, Rockford 607 

IL) and 50% glycerol at 60 ˚C as described in (46). Lysates were separated on a 15% SDS-608 

polyacrylamide gel and membranes were probed with the following primary antibodies: rabbit 609 

polyclonal antibodies targeting pPLN Ser16 (1:1000, 07-052, Millipore, Temecula, CA), pTnI 610 

Ser23/24 (1:1000, 4004S, Cell Signaling Technology, Danvers, MA), pPLN Thr17 (1:1000, Arigo 611 
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Biolaboratories, Taiwan) and TnI (1:1000, 4002S, Cell Signaling Technology), or mouse 612 

monoclonal antibodies to PLN (ab2865 Abcam, Cambridge, MA) with horseradish peroxidase 613 

(HRP)-conjugated secondary antibodies (1:3000; donkey anti-rabbit IgG, NA934V, and sheep 614 

anti-mouse IgG, NA931VS, Cytiva, Marlborough, MA). Densitometric analysis of phospho-PLN 615 

and phospho-TnI was performed with ImageJ and normalized to total PLN or TnI, respectively. 616 

Each experimental condition was performed in duplicate and averaged per biological replicate. 617 

Statistical analysis was performed with one-way ANOVA and Tukey’s post-hoc test. 618 

 619 

Cardiomyocyte Ca2+ imaging 620 

To conduct live cell Ca2+ imaging, ventricular myocytes isolated as described above were 621 

loaded with 10 µM CAL-520 (ab171868, Abcam) for 1 hour in 1X Ca2+-free Tyrode solution. 622 

Cells were then incubated with a 1:1 solution of RPMI/B27+ [RPMI 1640 (11875199, 623 

Thermofisher Scientific) with 2% B27 with insulin (17504044, Life Technologies)] and 1X Tyrode 624 

with 1.8mM CaCl2 for 20 minutes prior to imaging. Cells were pretreated with DMSO (0.3%) or 625 

10 µM C11 for 20 minutes and plated onto 200μg/ml laminin (L2020, Sigma-Aldrich) coated 626 

coverslips.  Line scans were acquired on a Zeiss Laser Scanning Confocal 510 Meta Microscope 627 

(Carl Zeiss AG) at 0.1μm per pixel along the longitudinal axis of cardiomyocytes. Cells were paced 628 

at 0.5Hz with an IonOptix MyoPacer field stimulator (IonOptix) for ten seconds with a total 629 

imaging time of 34 seconds per cell. Fiji ImageJ v.1.53c (National Institutes of Health) was used 630 

to analyze Ca2+ transients. Cells were scored as having sustained spontaneous calcium release 631 

events (SREs) if there were greater than 10 SREs less than 500ms apart. For caffeine-induced Ca2+ 632 

transients, cells were paced at 0.5 Hz for 10 seconds and then treated with 10 mM caffeine (10 633 
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seconds after termination of pacing) on a Zeiss spinning disk Axio Observer.Z1 (40X, 215ms 634 

intervals). All Ca2+ imaging experiments were performed at room temperature.  635 

 636 

Mouse graded treadmill exercise 637 

Exercise experiments were performed with both young (8-12 weeks) and old (12 months) 638 

male CSQ2-/- mice. Genotypes were confirmed via PCR using previously described protocols (26, 639 

44, 45, 47). CSQ2-/- mice were implanted with wireless ECG telemetry units (Model# ETA-F10, 640 

DSI-Harvard Bioscience, Inc.) and allowed to recover for 3 days. Female mice implanted with 641 

ECG telemeters were not used for these experiments since they did not show exercise-induced VT 642 

on repeated exercise testing. Pre-exercise conditioning involved acclimating mice to the rodent 643 

treadmill (Model: PanLab LE8708TS, Harvard Apparatus) for 30 mins/day on 3 consecutive days. 644 

On the first day of the acclimation period, mice were placed on a stationary treadmill belt and 645 

allowed to explore the treadmill chamber for 30 mins. On the subsequent two days of acclimation, 646 

the treadmill speed was set to 2 cm/s, 5 cm/s and 10 cm/s at a 25 º incline for 10 mins at each 647 

speed. Acclimated mice were then subjected to a rigorous graded exercise protocol following a 648 

45-minute pre-treatment with vehicle solution (10% dimethylacetamide, 40% PEG300, and 2% 649 

Tween80 in 48% saline) delivered intraperitoneally. The graded exercise protocol consisted of five 650 

stages where workload was incrementally increased every 5 minutes: 0 cm/s (baseline), 2 cm/s 651 

(light walking), 5 cm/s (fast walking), 10 cm/s (running), and 10 cm/s with a 25 º incline (running 652 

with increased difficulty), followed by a 5-minute recovery period at 0 cm/s. After 3 days of 653 

washout, mice were again subjected to the same graded exercise protocol following a 45-minute 654 

pre-treatment with 10 mg/kg C11 prepared in vehicle solution delivered intraperitoneally (Fig. 8A, 655 

upper panel).  656 



31 

 

 657 

For the nadolol dose-finding experiments, the graded treadmill stress test was performed 658 

repeatedly on individual wild-type mice with a 7-day washout period between sessions to ensure 659 

complete drug clearance before subsequent experiments. Heart rate was recorded during the pre-660 

running baseline period (while positioned on the treadmill), as well as during walking (2 cm/s) and 661 

running (5 cm/s). For evaluation of low-dose nadolol prepared either alone or in combination with 662 

C11, drugs were administered intraperitoneally to CSQ2-/- mice with a 7-day washout period in 663 

between (Fig. 8A, lower panel).  664 

 665 

To ensure the analysis was focused on CSQ2-/- mice with measurable baseline 666 

arrhythmogenic activity, mice lacking exercise-induced VT (i.e. less than 5 seconds) during the 667 

vehicle-treated exercise run were not included in the study. Negative reinforcement with the shock 668 

grid set to 0.4 mV was used to encourage running. The treadmill experiments were conducted and 669 

reviewed with continuous data acquisition using Ponemah v6.6 software (DSI-Harvard 670 

Bioscience, Inc). The treadmill was disinfected with 70% ethanol after each session Monomorphic 671 

ventricular tachycardia was defined as four or more consecutive ventricular complexes with a 672 

consistent intrinsic shape, peak-to-peak interval, and amplitude. Polymorphic ventricular 673 

tachycardia was defined as ventricular complexes with progressive variations in intrinsic shape, 674 

peak-to-peak interval, or amplitude (48). Statistical comparisons of the duration of ventricular 675 

tachycardia and the total number of premature ventricular contractions (PVCs) were assessed by 676 

Wilcoxon matched pairs signed rank test or non-parametric repeated measures one-way ANOVA 677 

(Friedman’s test). 678 
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 679 

Statistics 680 

 Statistical significance was determined by two-tailed t-test or one-way ANOVA with 681 

Tukey’s post-hoc test for multiple comparisons (GraphPad Prism) unless indicated otherwise. 682 

Comparisons between the IC50 of competition binding curves or the non-linear fit (Emax) of in 683 

vitro signaling assays were performed using an F-test (GraphPad Prism). Error bars represent mean 684 

± SEM. Sample sizes are indicated in the corresponding figure legends. 685 

 686 

Study approval 687 

All animal procedures were performed in accordance with NIH guidelines (Guide for the 688 

Care and Use of Laboratory Animals) and adhered to protocols approved by the Institutional 689 

Animal Care and Use Committee (IACUC) at Duke University Medical Center.  690 

 691 

Data availability 692 

Data underlying each graph is reported in the Supporting Data Values file. Additional 693 

descriptions of the Materials and Methods, including sample sizes and statistical analyses, are 694 

included in the Supplemental Materials and corresponding Figure Legends.  695 
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 880 
Fig. 1. Discovery of C11 through DNA-encoded small molecule library (DEL) screening. (A) 881 

Schematic of screening conditions including the empty nanodisc and un-liganded (apo)-β1AR 882 

nanodisc controls, β1AR nanodiscs bound to the high-affinity orthosteric agonist, BI-167107 (BI), 883 

and BI-bound β1AR or β1V2Rpp in complex with transducers (heterotrimeric Gs or β-arrestin 1, 884 

respectively). Transducer complexes were further reinforced using conformation-stabilizing 885 

nanobodies Nb35 (included in β1AR/G protein complex), Nb25, and Fab30 (included in 886 

β1V2Rpp/β-arrestin complex). (B) Purified β1ARs reconstituted in biotinylated lipid nanodiscs 887 

were immobilized using neutravidin beads and incubated with HitGen’s OpenDELTM small 888 

molecule library. Following washing, bound compounds were eluted (Elution 1) and applied as 889 

input for a second round of affinity selection with fresh β1AR nanodiscs. Molecules from the final 890 

elution (Elution 2) were identified by high-throughput DNA sequencing. (C-D) DNA copy number 891 

in eluted samples (E1-2) was determined by qPCR following each round of affinity selection. 892 

Compared to library input (~1015 molecules), copy number was reduced to ~107 following two 893 

rounds of screening in each condition (C). Approximately 104-5 molecules were lost in round 1 and 894 

~102-3 were lost in round 2 (D). (E-F) 3-dimensional plots of each screening condition (F) and all 895 

five conditions merged (E) depict an enriched chemical line feature where C11 was identified. 896 

This line feature was enriched in Apo-β1AR and BI-β1AR samples, minimally present in transducer 897 
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complex samples and completely absent in the empty nanodisc condition. Axes enumerate the 898 

chemical building blocks utilized in each round of chemical synthesis (R1-R3). Data point size 899 

corresponds to the sequence count for a particular compound, and the copy number of C11 in each 900 

condition is indicated in red text. Compounds outside of the feature that contains C11 were filtered 901 

out to facilitate visualization of the enriched chemotype. (G) Schematic of the chemical structure 902 

of C11 generated through three rounds of chemical synthesis: R1, red; R2, green; R3, blue.  903 

 904 
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 905 
Fig. 2. C11 potentiates the binding affinity of agonists and a subset of antagonists to the β1AR. 906 

(A-C) β1AR nanodiscs were incubated with a fixed amount of radiolabeled orthosteric antagonist, 907 

I125-CYP, serial doses of unlabeled orthosteric ligand, and either DMSO (0.19%) or 30 µM C11. 908 

The resulting competition binding curves (A-B) and corresponding IC50 shift quantifications (C) 909 

revealed that C11 enhanced the binding affinity of agonists (norepinephrine, Nor; isoproterenol, 910 

Iso; dobutamine, Dob; and epinephrine, Epi) and a subset of antagonists (carvedilol, Carv; 911 

bucindolol, Buc; alprenolol, Alp) to the β1AR with no effect on the binding affinity of the 912 

antagonists atenolol (Aten), metoprolol (Met) or carazolol (Caraz). Dose-response curves are 913 

presented as percent of maximum I125-CYP binding. IC50 values were calculated from the 914 

nonlinear fit (one-site binding; GraphPad prism) and plotted as the difference between IC50 915 

(DMSO) and IC50 (C11). Raw IC50 values are presented in Supplemental Table 1. F-tests were 916 

performed on the non-linear fit; *p<0.05, **p<0.01, ***p<0.001; data points represent mean ± 917 

SEM of at least 3 independent experiments performed in duplicate. 918 

 919 
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 920 
Fig. 3. C11 suppresses G protein signaling and β-arrestin function downstream of agonist-921 

activated β1AR in HEK293T cells. (A-L) HEK293T cells transiently transfected with β1AR (or 922 

β1V2R) and BRET or luciferase biosensor plasmids were pre-treated with DMSO (0.19%) or 30 923 

µM C11 and then stimulated with serial doses of the agonist isoproterenol (Iso). Schematic 924 

representation of the BRET-based Trupath G protein dissociation assay where Gαs-RLuc8 925 

dissociates from Gβ/Gγ-GFP upon β1AR activation, resulting in BRET signal decay (A). C11 926 

treatment significantly reduced maximal G protein dissociation compared to vehicle (B-C). 927 

Schematic representation of the GloSensor luciferase-based biosensor that emits light in response 928 

to binding intracellular cAMP (D). C11 treatment significantly reduced maximal cAMP 929 
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accumulation compared to vehicle (E-F). Schematic representation of the BRET-based β-arrestin 930 

recruitment assay wherein β-arrestin-GFP is recruited to β1V2R-RLucII upon receptor activation 931 

and generates a BRET signal (G). C11 treatment significantly reduced maximal β-arrestin 932 

recruitment to β1V2R-RLucII compared to vehicle (H-I). Schematic representation of BRET-based 933 

β-arrestin-mediated receptor internalization assay (J). Upon β1V2R activation, the receptor/β-934 

arrestin-RLucII complex is internalized into endosomes and a BRET signal is generated when 935 

internalized β-arrestin-RLucII and endosomal marker FYVE-GFP are in proximity. C11 treatment 936 

significantly reduced maximal β-arrestin internalization compared to vehicle (K-L); F-test, 937 

*p<0.05, ***p<0.001; data points represent mean ± SEM of at least 3 independent experiments 938 

performed in duplicate or quadruplicate; curve fits were plotted using a log(agonist) three-939 

parameter model in GraphPad Prism; net BRET ratios (emission of RLuc8/GFP) are baseline-940 

subtracted according to the non-linear fit of each treatment condition; luminescence values and 941 

Emax quantifications (derived from the non-linear fit) are presented as the percent of maximal 942 

signal in the vehicle condition.  943 

 944 
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 945 
Fig. 4. C11 suppresses phosphorylation of ERK mediated by isoproterenol or carvedilol 946 

downstream of agonist-activated β1AR in HEK293T cells. (A-C) Representative immunoblots 947 

(A), relative densitometry quantifications (B) and Emax values of the nonlinear curve fit (C) 948 

demonstrated that C11 significantly reduced maximal ERK phosphorylation (pERK) in response 949 

to isoproterenol (Iso) compared to vehicle control in HEK293T cells transiently expressing the 950 

β1AR. (D-F) Representative immunoblots (D), relative densitometry quantifications (E) and Emax 951 

values of the nonlinear curve fit (F) demonstrated that C11 significantly reduced maximal pERK 952 

in response to carvedilol (Carv) compared to vehicle control in HEK293T cells transiently 953 

expressing β1AR; densitometric values of pERK were normalized to total ERK (tERK) and 954 

presented as percent of the maximal value in vehicle-treated cells; F-test, ***p<0.001; data points 955 

represent mean ± SEM of at least 3 independent experiments; nonlinear curve fits and Emax values 956 

were calculated from a log(agonist) three-parameter model in GraphPad Prism. 957 

 958 
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 959 
Fig. 5. C11 does not suppress cellular signaling mediated by alternative receptors β2AR, 960 

AT1R, or M3R. (A-C) β2AR nanodiscs were incubated with a fixed amount of radiolabeled 961 

orthosteric antagonist, I125-CYP, serial doses of unlabeled orthosteric ligand, and either vehicle or 962 

30 µM C11. Competition binding curves (A-B) and corresponding IC50 shifts (C) revealed that 963 

C11 enhanced the binding affinity of carvedilol (Carv) to the β2AR, but not isoproterenol (Iso). 964 

Dose response curves are presented as percent of maximum I125-CYP binding. IC50 values were 965 

calculated from the nonlinear fit (one-site binding; GraphPad Prism) and plotted as the difference 966 

between IC50 (DMSO) and IC50 (C11). F-tests were performed on the non-linear fit; ***p<0.001. 967 

Data points represent mean ± SEM of at least 3 independent experiments performed in duplicate. 968 
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(D-K) HEK293T cells transiently overexpressing receptor (β2AR, β2V2R, or AT1R) and BRET 969 

fusion proteins (Fig. 3A; Fig. 3J) were pre-treated with vehicle or 30 µM C11 and stimulated with 970 

either isoproterenol (for β2AR or β2V2R) or angiotensin II (Ang II, for AT1R). C11 treatment had 971 

no significant effect on G-protein dissociation or β-arrestin internalization downstream of agonist-972 

activated β2AR/β2V2R (D-G), or AT1R (H-K). (L-N) HEK293T cells pre-treated with vehicle or 973 

30 µM C11 were stimulated with carbachol to activate the endogenous Gq-coupled muscarinic M3 974 

receptor (M3R). C11 treatment had no significant effect on the resulting Ca2+ response (L-M). 975 

Representative time-course plots of the baseline-subtracted raw fluorescence at each carbachol 976 

dose depicted comparable Ca2+ responses between vehicle- and C11- treated cells (N); data points 977 

represent mean ± SEM of at least 3 independent experiments performed in duplicate or triplicate; 978 

curve fits were plotted using a log(agonist) three-parameter model in GraphPad Prism; net BRET 979 

ratios (emission of RLuc8/GFP) are baseline-subtracted according to the non-linear fit of each 980 

treatment condition. Ca2+ responses are presented as the baseline-subtracted area under the curve 981 

(AUC) and normalized to the percent of DMSO maximum. 982 
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 983 
Fig 6. C11 reduces basal contractility and suppresses the isoproterenol response in isolated 984 

wild-type cardiomyocytes. (A-B) Representative unloaded shortening contractions (A) from 985 

isolated wild-type cardiomyocytes treated with increasing doses of C11 displayed a significant 986 

decrease in basal sarcomeric shortening in cardiomyocytes treated with 30 µM C11 compared to 987 

vehicle, whereas treatment with ‘loss of function’ C11 analog, C11-G, had no effect (B). (C) High 988 

doses of C11 (30 µM) also elicited a significant reduction in basal sarcomeric shortening in β1AR-989 
/- cardiomyocytes, indicating that the C11-mediated reduction in contractility is partially non-990 

selective. An intermediate dose of 10 µM was therefore selected for functional cardiomyocyte 991 

assays; one-way ANOVA, ***p<0.0002; data points represent biological replicates (n = 4-7 hearts, 992 
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7-10 cells per treatment per heart); absolute measurements of all contractility parameters are 993 

included in Supplemental Table 3 (D-G) The dose-dependent enhancement of sarcomeric 994 

shortening (D) and contraction velocity (F) stimulated by serial doses of isoproterenol (Iso) was 995 

significantly blunted (E, G) in isolated wild-type cardiomyocytes treated with 10 µM C11 996 

compared to vehicle-treated cells. The magnitude of the isoproterenol-mediated increase is plotted 997 

as the difference between maximal isoproterenol dose (Log[Iso] = -6 M) and the non-stimulated 998 

(N.S.) condition (E, G); t-test, *p<0.05, **p<0.01; data points represent the mean ± SEM of n = 3 999 

biological replicates (7-10 cells per treatment per heart). (H-I) Representative immunoblots (H) 1000 

and corresponding densitometric quantifications (I) revealed significantly decreased levels of 1001 

phosphorylated PLN (Ser16), TnI (Ser23/24), and PLN (Thr17) in C11-treated cardiomyocytes 1002 

(10 µM) compared to vehicle control following isoproterenol stimulation. Phosphorylated proteins 1003 

(pPLN and pTnI) are normalized to total levels (tPLN and tTnI). Statistical comparisons (one-way 1004 

ANOVA) are shown between DMSO(vehicle) and DMSO(iso), C11(vehicle) and C11(iso), and 1005 

between DMSO(iso) and C11(iso) groups only; *p<0.03, **p<0.002, ***p<0.0002; data points 1006 

represent biological replicates (n = 5 hearts, each performed in duplicate); WT, wild-type; Pent, 1007 

pentamer; Mon, monomer. 1008 
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 1009 
Fig 7. C11 restores regular contractile rhythm and suppresses spontaneous Ca2+ release 1010 

events in cardiomyocytes isolated from CSQ2-/- mice. (A-D) Representative unloaded 1011 

shortening contractions (A-B) and corresponding quantifications (C-D) revealed frequent and 1012 

irregular beats in vehicle-treated CSQ2-/- cardiomyocytes stimulated with isoproterenol (Iso) 1013 

during 1Hz pacing (i.e. 1 sec interval), reminiscent of ventricular tachycardia. Remarkably, 1014 

isoproterenol-mediated spontaneous beating is completely attenuated in cells pre-treated with 10 1015 

µM C11; data points represent biological replicates (n = 4 hearts, 7-10 cells per treatment per 1016 

heart); one-way ANOVA, ****p<0.0002. (E) Poincaré plots depict increased variability in the 1017 

interval between consecutive cellular contractions in vehicle-treated CSQ2-/- cardiomyocytes 1018 



50 

 

stimulated with isoproterenol but not in cells pre-treated with 10 µM C11; data points represent 1019 

peak-peak intervals of all biological replicates combined. (F-J) Spontaneous Ca2+ release events 1020 

(SREs) were measured in quiescent ventricular cardiomyocytes following pacing at 0.5Hz. 1021 

Representative confocal line scans with associated fluorescent intensity profiles (F-I) and 1022 

corresponding quantifications (J) revealed a robust increase in spontaneous Ca2+ release event 1023 

frequency in vehicle-treated CSQ2-/- cardiomyocytes after stimulation with isoproterenol (Iso, G) 1024 

that was significantly attenuated in cells pre-treated with 10 µM C11 (I); data points represent 1025 

biological replicates (n = 4 hearts, 11-13 cells per treatment per heart); one-way ANOVA, 1026 

**p<0.0013, ***p<0.0002.  1027 

 1028 

 1029 
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 1030 
Fig 8. C11 suppresses the duration of exercise-induced ventricular tachycardia in vivo. 1031 

(A) CSQ2-/- mice were implanted with telemetry devices (day 0) and allowed to recover for 3 days 1032 

prior to acclimation (days 4-6). Mice were pre-treated with vehicle (day 7) or 10 mg/kg C11 (day 1033 

11) and subjected to a strenuous treadmill exercise protocol (upper panel). For combination 1034 

experiments with nadolol (lower panel), mice were allowed a 7-day washout between drug 1035 

treatments. (B) Illustrative graph of the 30-minute graded exercise protocol where workload (i.e. 1036 

speed and incline) was incrementally increased every 5 minutes. Mice were placed on a single-1037 

lane treadmill with an adjustable incline (maximum 25°). Vehicle or drug solutions were 1038 

administered intraperitoneally 45 minutes before exercise began. (C) Representative 1039 
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electrocardiograms obtained via continuous telemetric recording depict normal sinus rhythm at 1040 

rest (baseline) and episodes of monomorphic and/or polymorphic ventricular tachycardia (VT) in 1041 

CSQ2-/- mice during physical exertion. (D) The total duration of VT was significantly reduced in 1042 

CSQ2-/- mice pre-treated with C11 compared to when these same mice were pre-treated with 1043 

vehicle during exercise; data points represent biological replicates (n = 8 mice); Wilcoxon matched 1044 

pairs signed rank test, **p<0.01. (E) The percent change in total VT duration after C11 treatment 1045 

compared to vehicle was plotted for individual mice. (F) VT duration was measured in a separate 1046 

cohort of CSQ2-/- mice treated sequentially with vehicle solution (Day 7), low-dose nadolol (0.01 1047 

mg/kg; Day 11), combination of low-dose nadolol (0.01 mg/kg) and C11 (10 mg/kg; Day 19), and 1048 

C11 alone (10 mg/kg; Day 27). The average VT duration was significantly lower when treated 1049 

with C11 alone or in combination with low-dose nadolol compared to nadolol alone. (H) The 1050 

percent change in total VT duration after each treatment was plotted for individual mice; data 1051 

points represent biological replicates (n = 6 mice); non-parametric repeated measures one-way 1052 

ANOVA (Friedman’s test), *p<0.05. 1053 


