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Ca2+ leak via ryanodine receptor type 2 (RyR2) can cause poten-
tially fatal arrhythmias in a variety of heart diseases and has also
been implicated in neurodegenerative and seizure disorders, mak-
ing RyR2 an attractive therapeutic target for drug development.
Here we synthesized and investigated the fungal natural product
and known insect RyR antagonist (−)-verticilide and several conge-
ners to determine their activity against mammalian RyR2. Although
the cyclooligomeric depsipeptide natural product (−)-verticilide had
no effect, its nonnatural enantiomer [ent-(+)-verticilide] signifi-
cantly reduced RyR2-mediated spontaneous Ca2+ leak both in car-
diomyocytes from wild-type mouse and from a gene-targeted
mouse model of Ca2+ leak-induced arrhythmias (Casq2−/−). ent-(+)-
verticilide selectively inhibited RyR2-mediated Ca2+ leak and exhibited
higher potency and a distinct mechanism of action compared with
the pan-RyR inhibitors dantrolene and tetracaine and the antiar-
rhythmic drug flecainide. ent-(+)-verticilide prevented arrhythmo-
genic membrane depolarizations in cardiomyocytes without
significant effects on the cardiac action potential and attenuated
ventricular arrhythmia in catecholamine-challenged Casq2−/− mice.
These findings indicate that ent-(+)-verticilide is a potent and se-
lective inhibitor of RyR2-mediated diastolic Ca2+ leak, making it a
molecular tool to investigate the therapeutic potential of targeting
RyR2 hyperactivity in heart and brain pathologies. The enantiomer-
specific activity and straightforward chemical synthesis of (unnat-
ural) ent-(+)-verticilide provides a compelling argument to priori-
tize ent-natural product synthesis. Despite their general absence in
nature, the enantiomers of natural products may harbor unprece-
dented activity, thereby leading to new scaffolds for probe and
therapeutic development.
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The ryanodine receptor (RyR) is an intracellular Ca2+ release
channel that plays a critical role in excitable tissue. Mammals

have three isoforms: RyR1 and RyR2, which are abundantly
expressed in skeletal and cardiac muscle, respectively, and RyR3,
which has a broad expression profile. Neuronal expression of
RyR varies, but RyR2 is most abundant. In the brain, sponta-
neous Ca2+ leak via RyR2 is implicated in a number of disorders,
including Alzheimer’s disease, memory loss (1), neurodegeneration,
and seizures (2, 3). The pan-RyR inhibitor, dantrolene, has been
shown to be neuroprotective in mouse models of Huntington’s
disease (4), cerebral ischemia (5), and spinocerebellar ataxia type
2 and 3 (6, 7), suggesting a direct role for RyR2-mediated Ca2+

leak. This field is underexplored, however, because no RyR2-
selective inhibitor currently exists.
In the heart, RyR2 mediates excitation–contraction (EC)

coupling, and opening of RyR2 channels is tightly regulated (8).
Abnormally high RyR2 activity during diastole causes EC coupling-
independent spontaneous intracellular Ca2+ release from the
sarcoplasmic reticulum (SR) and has been documented in human

heart diseases associated with both atrial and ventricular arrhyth-
mia (9). Mutations in RyR2 and its binding partners, which increase
SR Ca2+ leak, cause primary atrial and ventricular arrhythmia
syndromes such as catecholaminergic polymorphic ventricular
tachycardia (CPVT), providing strong evidence for the mechanistic
contribution of RyR2 to arrhythmia risk in humans (10). Further
support comes from gene-targeted mouse models of CPVT, where
catecholamine-induced spontaneous Ca2+ release from the SR
via RyR2 generates potentially fatal cardiac arrhythmias (11, 12).
Previously, we discovered that an antiarrhythmic small molecule
drug currently in clinical use, flecainide (Fig. 1), reduced CPVT
episodes both in a calsequestrin knockout (Casq2−/−) mouse model
of CPVT and in CPVT patients (13). Flecainide effectively
suppresses RyR2-mediated spontaneous Ca2+ release in CPVT
cardiomyocytes (isolated cardiac cells) independent of its action
as a Na+ channel blocker (13, 14), even though recent work sug-
gests that the flecainide mode of action (MOA) is difficult to
explain based on studies of single RyR2 channels incorporated in
artificial lipid bilayers (15). On the other hand, dantrolene, a non-
selective RyR inhibitor approved for clinical use against skeletal
muscle spasticity and malignant hyperthermia (16), potently inhibits
single RyR2 channels (17) but is much less potent in [3H]ryanodine
RyR2 binding assays (18) and has limited efficacy in vivo against
CPVT (19). Therefore, new small-molecule tool compounds are
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needed to understand regulation of cellular Ca2+ flux and its potential
as a pharmacologic target for the prevention of cardiac arrhythmias
triggered by untimely Ca2+ release through RyR2 channels.
Natural products often serve as an excellent discovery plat-

form to uncover new chemical tools because they can provide
diverse molecular architectures and immediate accessibility in
amounts often sufficient to examine initial biological activity
(22). In most cases, chiral natural products are produced bio-
synthetically as a single enantiomer but in rare cases can be
produced as both enantiomers in a racemic mixture or as the
opposite enantiomer from a different species (23). The two
mirror image isomers have identical chemical properties but
often exhibit different biological functions or activities (24, 25),
which makes them effective discovery tools to study stereo-
differentiated interactions between these complex small mole-
cules and a targeted biomolecule. (−)-Verticilide (nat-1) is a
fungal cyclooligomeric depsipeptide (COD) natural product,
derived from alternating α-hydroxy acid and α-amino acid
monomers. Fungal CODs are structurally privileged natural
products as demonstrated by their broad spectrum of biological
activities, including antibiotic, insecticidal, and antitumor activities
(26). Some CODs bind ions (27, 28) and serve as transporters
across cell membranes—a feature which may contribute to their
bioactivity (26). Additionally, they have a number of structural
features, such as ring size, degree of N-methylation, α-amino acid
and α-hydroxy acid sidechains, and respective D- and L-stereo-
chemistry, which can modulate their bioactivity (29, 30). How-
ever, biosynthetic structural diversification is limited because
fungal COD-producing nonribosomal peptide synthetases
(NRPSs) are only capable of incorporating a limited number of
side chains (31). Moreover, fungal NRPSs selectively activate a
specific enantiomer in the condensation domain from a racemic
mixture to be coupled with the next in the sequence (32, 33), leading
to only one of two possible enantiomers produced naturally.
Unlike terpene or polyketide natural products, which can be
found in nature as the racemate or as an organism-specific single
enantiomer (23), the enantiomeric pair to a fungal COD natural
product must be accessed by chemical synthesis. Unfortunately,
traditional chemical synthesis of CODs remains a challenging,
slow process in many cases (26). As a consequence, the biological
relevance of ent-COD natural products and other derivatives is
underexplored. We report the discovery of potent biological
activity and therapeutic potential of an unnatural small mole-
cule, ent-(+)-verticilide, that contrasts the inactivity of its mirror
image, (−)-verticilide, a naturally occurring COD.

Methods
Details of the synthesis, purification, and characterization of all new com-
pounds, including NMR spectra, are provided in SI Appendix. The use of

animals was approved by the Animal Care and Use Committee of Vanderbilt
University. RyR2 function was assayed using [3H]ryanodine binding (20) and
Ca2+ spark assays (21). Drug effects on arrhythmia were tested in car-
diomyocytes isolated from Casq2−/− mice and in vivo using a catecholamine
challenge (13). An expanded method section is in SI Appendix.

Results and Discussion
(−)-Verticilide (nat-1; Fig. 1) was first isolated in 2006 (34, 35)
from a culture broth of Verticillium sp. FKI-1033 by �Omura and
coworkers while screening for potential insecticides. Its structure
was determined to be a 24-membered COD consisting of alter-
nating (+)-(R)-2-hydroxyheptanoic acid and N-methyl-L-alanine
residues. nat-(−)-verticilide was found to be an RyR antagonist,
inhibiting insect RyR with an IC50 value of 4.2 μM (35). Because
insects have only one RyR isoform, (−)-verticilide is a promising
lead for developing new insecticides (36). (−)-Verticilide weakly
inhibits mouse RyR1 with an IC50 value of 53.9 μM (35), but its
affinity to mammalian RyR2 or RyR3 is unknown. Given its
known RyR activity, we hypothesized that verticilide may also act
on mammalian RyR2.
Two approaches to the synthesis of verticilide were leveraged

to obtain verticilide congeners needed to investigate structure-
related activity against RyR2. First, nat-(−)-verticilide was syn-
thesized using a macrocyclodimerization approach from tetra-
depsipeptide seco-acid 3 in an eight-step longest linear sequence
(37). To obtain a linear precursor to verticilide, the synthesis was
diverted from common tetradepsipeptide intermediate 2 to ul-
timately access 7 through a series of convergent deprotection and
coupling steps (Scheme 1). Finally, 7 was subjected to Mitsunobu
macrocyclization conditions to afford the 24-membered N–H
precursor 8, which was transformed to nat-(−)-verticilide by per-
N-methylation. Additionally, this simple, rapidly executed plat-
form was used to prepare mirror image isomers ent-7, ent-8, and
ent-(+)-verticilide (ent-1) in pure form from ent-2 (Scheme 1,
blue Inset).
Cardiomyocyte (heart cell) studies of the functional effects of

natural-(−)- and unnatural ent-(+)-verticilide and their N–H
congeners on RyR2 activity were performed using a Casq2 gene
knockout (Casq2−/−) mouse, which is a validated model of severe
human CPVT that exhibits pathologically increased RyR2 activity
(10). Ventricular cardiomyocytes were isolated, permeabilized
with saponin to enable equivalent access of the compounds
to the SR membrane, and incubated with vehicle (DMSO) or
25 μM nat- and ent-1, 7, and 8. RyR2 activity was measured in
the form of Ca2+ sparks, which are elementary Ca2+ release events
generated by spontaneous openings of intracellular RyR2 Ca2+

release channels (21). Fig. 2A shows representative confocal line
scans for cells treated with DMSO, nat-1, or ent-1. Whereas nat-1
and the synthetic precursors had no effect on Ca2+ sparks, ent-1
significantly reduced spark frequency (Fig. 2B), indicating that

Fig. 1. Small-molecule RyR modulators.

Scheme 1. Macrocyclo-dimerization (MCD) (37) and modular convergent
routes to verticilide: (a) BF3•OEt2, PhSH, CH2Cl2, rt, 85%; (b) H2, Pd/C, EtOH/
CH2Cl2 (10:1), rt, 97%; (c) DIAD, PPh3, benzene, rt, 93%; (d) AlCl3, CH3NO2,
0 °C → rt, 97%; (e) AlCl3, CH2Cl2, 0 °C → rt, 97%; (f) DIAD, PPh3, benzene, rt,
80%; (MCD) (37) DIAD, PPh3, NaBF4, benzene, rt, 89%; and (g) NaH, MeI,
DMF, 0 °C, 78%. MOM, methoxy methylene ether; Bn, benzyl.
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ent-1 inhibits RyR2-mediated Ca2+ release. Cardiac SR Ca2+

release is sensitive to the Ca2+ concentration present at the cyto-
solic face of RyR2 (38). Importantly, none of the compounds al-
tered [Ca2+]free (SI Appendix, Fig. S1). RyR2 activity is strongly
regulated by the RyR2 interacting proteins calmodulin (CaM) and
FKBP12.6 and by PKA and CaMKII phosphorylation (39). Uti-
lizing an established in vitro assay (20), we determined that ent-1
does not alter CaM and FKBP12.6 binding to RyR2 (SI Appendix,
Fig. S2). We next quantified phosphorylation of the PKA consensus
site RyR2-S2808 and the CaMKII consensus site RyR2-S2814,
which were also not significantly altered by ent-1 (SI Appendix,
Fig. S3). To determine the functional effects and isoform
specificity of nat-1 and ent-1 verticilide on RyRs, we carried out
[3H]ryanodine binding assays to SR vesicles isolated from skeletal
(RyR1) and cardiac (RyR2) porcine muscle. [3H]ryanodine binding
to SR samples provides a well-established biochemical index of
RyR opening (20). Skeletal and cardiac SR samples were in-
cubated with 50 μM nat-1, ent-1, and tetracaine for 3 h. Results
indicate that nat-1 increases RyR1 activity but has no effect on
RyR2 (Fig. 2C). In contrast, ent-1 inhibits RyR2 but has no effect
on RyR1. As a control, we used the well-established pan-RyR
inhibitor, tetracaine, which inhibited both isoforms in these ex-
periments, as expected (Fig. 2C). ent-1 was selected to generate
full dose–response curves for both cardiac (Fig. 2D) and skeletal
(SI Appendix, Fig. S4) SR. ent-1 inhibited RyR2 in a concentration-
dependent manner with an apparent IC50 of ∼0.1 μM and maximal
inhibition of ∼20% (Fig. 2D) but had no effect on RyR1 up to
50 μM (SI Appendix, Fig. S4). ent-1 was a significantly more potent
RyR2 inhibitor than the nonselective RyR inhibitor tetracaine
(Fig. 2D).

We next tested the effect of ent-1 on Ca sparks in car-
diomyocytes isolated from wild-type mice (Fig. 2 E and F) and
from mice homozygous for the RyR2-R4496C mutation (SI
Appendix, Fig. S5), which causes CPVT in humans. In both wild-
type and mutant RyR2, 3 μM ent-1 had a dual effect on Ca2+ sparks:
a significant reduction in the rate of spontaneous Ca2+ sparks
(reported as spark frequency) and the amount of Ca2+ released
during each Ca2+ spark (measured as spark amplitude and spark
mass; Fig. 2F and SI Appendix, Fig. S5). As a result, Ca2+ spark-
mediated SR Ca2+ leak was drastically reduced (Fig. 2F). Notably,
when applied at the same concentration, ent-1 inhibited Ca2+

sparks with significantly higher efficacy than the nonselective RyR
inhibitor dantrolene (Fig. 2F). Moreover, the effect of ent-1 on
spark parameters was distinct from that of other RyR inhibitors:
ent-1 significantly reduced spark amplitude (analogous to flecainide),
whereas dantrolene and tetracaine did not. The effects of ent-1
on Ca2+ spark frequency were similar to dantrolene and tetracaine
but different from flecainide, which causes a paradoxical increase
in spark frequency, as previously reported (40). As a result, ent-1
reduced Ca2+ leak significantly more than dantrolene, tetracaine,
or flecainide. Taken together, our results demonstrate that ent-1
is not only significantly more potent (lower IC50) but also has su-
perior efficacy as a Ca2+ spark inhibitor compared with dantrolene,
flecainide, and tetracaine.
nat-1 can cross cellular membranes, based on its documented

insecticidal activity and insect RyR inhibition. To test whether
ent-1 crosses the sarcolemma (muscle plasma membrane), we
measured spontaneous Ca2+ release in intact Casq2−/− car-
diomyocytes. Isolated cardiomyocytes were incubated with iso-
proterenol to stimulate adrenergic activation and a CPVT-like

Fig. 2. Ca2+ spark and [3H]ryanodine binding mea-
surements of RyR activity. (A) Representative confo-
cal line scans of Ca2+ sparks in the absence (DMSO)
or presence of 25 μM nat-1 or ent-1 in permeabilized
Casq2−/− cardiomyocytes. (B) Ca2+ spark frequency in
Casq2−/− cells treated with 25 μM nat-1, 7, and 8 and
their respective enantiomers. (C) Comparison of [3H]
ryanodine binding to sarcoplasmic reticulum (SR)
isolated from porcine longissimus dorsi (RyR1) or
cardiac ventricle (RyR2) in the presence of 50 μM nat-
1, ent-1, or tetracaine (tet). (D) Dose–response curves
for ent-1 and tet inhibition of [3H]ryanodine binding
to RyR2. (E) Representative Ca2+ spark amplitudes
from permeabilized wild-type cardiomyocytes treat-
ed with 3 μM ent-1, 25 μM flecainide, 50 μM tetra-
caine, or 3 μM dantrolene. (F) Percent change in
spark frequency, amplitude, mass, leak, and SR Ca2+

content relative to vehicle (DMSO), obtained from
wild-type myocytes. SR Ca2+ content was measured
as the Ca2+ transient amplitude elicited by applica-
tion of 10 mM caffeine (n ≥ 5 cells per group). Data
are presented as mean ± SEM. n ≥ 30 cells per group
for A, B, and F. n = 4 replicates for each concentra-
tion tested in C and D. *P < 0.05 vs. DMSO, **P <
0.01 vs. DMSO, ***P < 0.001 vs. DMSO by one-way
ANOVA with Tukey’s post hoc test (B) or t test (C, D,
and F). Bracketed asterisks indicate t test comparison
between ent-1 and dantrolene.
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cellular phenotype consisting of spontaneous Ca2+ release events
(Fig. 3A). ent-1 significantly reduced the frequency of sponta-
neous Ca2+ release (Fig. 3B), suggesting that ent-1 is able to cross
the sarcolemma and exert biological activity. Inhibition of
spontaneous Ca2+ release displays potency similar to that ob-
served in the [3H]ryanodine binding assay (Fig. 2 C and D) but
with greater biological efficacy. Consistent with inhibition of RyR2-
mediated Ca2+ release, ent-1 reduced diastolic Ca2+ levels in
the cytoplasm, decreased Ca2+ transient amplitude, and delayed
time-to-peak of paced transients (SI Appendix, Fig. S6). ent-1 did
not alter SR Ca2+ content (SI Appendix, Fig. S6B) or Ca2+ decay
kinetics, a measure of SERCA function (4), which mediates Ca2+

uptake into the SR (SI Appendix, Fig. S6F); ent-1 also did not alter
L-type Ca currents (SI Appendix, Fig. S7), which are responsible
for Ca2+ influx into the cell during excitation contraction coupling
(8). Taken together, the results indicate that reduced Ca influx,
reduced SR load, or impaired Ca2+ reuptake do not account for
the reduction in spontaneous Ca2+ release by ent-1.
Spontaneous Ca2+ release activates the electrogenic Na–Ca

exchanger (NCX) (8). The resulting inward NCX current pro-
duces cell membrane depolarizations that are referred to as
delayed afterdepolarizations (DADs) (41). DADs can trigger

premature beats that evoke ventricular ectopy and arrhythmo-
genesis (42). Hence, we next determined if ent-1 inhibits DADs
and triggered action potentials in patch-clamped Casq2−/− car-
diomyocytes. DADs and triggered action potentials were elicited
by a 3-Hz pacing train (Fig. 3C). ent-1 (0.3 μM) significantly
reduced both the frequency and amplitude of DADs (Fig. 3 C–
E). Moreover, ent-1 almost completely prevented DADs of large
amplitude (i.e., >10 mV; Fig. 3E), which was likely responsible
for the large reduction of triggered action potentials (7.7 vs. 0.4,
P = 0.01). At the same time, ent-1 had no significant effects on
the duration or shape of the cardiac action potential (SI Ap-
pendix, Fig. S8), indicating that ent-1 does not inhibit membrane
ion channels. ent-1 also did not inhibit the NCX directly, as
evidenced by its lack of an effect on the decay rate of caffeine-
induced Ca transients (SI Appendix, Fig. S6G), which is an estab-
lished measure of NCX activity (39). Taken together, these re-
sults indicate that ent-1 inhibits DADs and triggered action
potentials in intact cardiomyocytes by selective inhibition of RyR2-
mediated Ca release.
We next determined whether ent-1 inhibition of Ca2+ release

and DADs in cardiomyocytes in vitro translates into activity against
catecholamine-induced ventricular arrhythmia in vivo. Fig. 4A

Fig. 3. Spontaneous Ca2+ release (SCR) and mem-
brane potential recordings in single-cell Casq2−/−

cardiomyocytes. (A) Isolated cardiomyocytes were
field-stimulated at 3 Hz for 20 s followed by 40 s
recording of SCR events (†). Application of 10 mM
caffeine (caff) was used to measure SR Ca2+ content.
(B) SCR frequency following cessation of pacing. n =
63, 27, 31, 63, and 30 cells for 0, 0.03, 0.1, 0.3, and 1.0
μM ent-1, respectively. **P < 0.01, ***P < 0.001 vs.
DMSO by t test. (C) Representative membrane po-
tential recordings from current-clamped cardio-
myocytes stimulated at 3 Hz for 20 s (last five
stimulated beats are indicated) followed by 40 s re-
cording of spontaneous activity. Dotted line indicates
0 mV. DADs are indicated by * and &, which some-
times generate triggered beats (&). (D) Total DADs per
cell. (E) DAD amplitude for each event. Data are
presented as mean ± SD. n = 14 cells in each group.
P values calculated using Mann–Whitney U test.

Fig. 4. ent-1 inhibition of ventricular arrhythmia in
mice. (A) Representative heart rate traces in Casq2−/−

mice treated with DMSO or ent-1. Isoproterenol
(3.0 mg/kg i.p.) was injected at 0 s. Rhythm strips
show arrhythmia features. Ectopic beats (†) produce
a variable HR in the traces. (B) Quantification of
catecholamine-induced ectopic beats by surface
electrocardiogram in Casq2−/− mice injected intra-
peritoneally with 30 mg/kg (drug/body weight) nat-
1 or ent-1 or DMSO of equivalent volume 30 min
before recordings. ***P < 0.001 vs. DMSO or ###P <
0.001 vs. nat-1 by Mann–Whitney U test. (C) Incidence
of ventricular tachycardia (VT). *P = 0.0305 for ent-
1 vs. DMSO or #P = 0.0305 for ent-1 vs. nat-1 by
Fisher’s exact test. n = 22 mice per group (B and C).
Data in B are presented as mean ± SEM.

Batiste et al. PNAS | March 12, 2019 | vol. 116 | no. 11 | 4813

CH
EM

IS
TR

Y
PH

YS
IO
LO

G
Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
3,

 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1816685116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1816685116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1816685116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1816685116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1816685116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1816685116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1816685116/-/DCSupplemental


www.manaraa.com

(first panel) illustrates the HR response to isoproterenol (0 s)
and subsequent development of ventricular arrhythmias. ent-1
significantly reduced the number of ventricular ectopic beats (Fig.
4 A and B), primarily in the form of premature ventricular com-
plexes. ent-1 also reduced the incidence of ventricular tachycardia
(Fig. 4C), an established risk factor for sudden cardiac death (41).
Although there were no differences in baseline heart rate (HR)

before isoproterenol, ent-1 significantly reduced peak HR and,
consequently, ΔHR after isoproterenol injection (SI Appendix, Fig.
S9). The HR reduction by ent-1 is consistent with its inhibition of
RyR2 channels in the sinoatrial node and hence the intracellular
Ca2+ clock responsible for HR acceleration in response to cat-
echolamines (43). To exclude the possibility that the reduction in
peak HR was responsible for the arrhythmia reduction by ent-1, we
used a linear regression model to assess whether lower peak HR or
ΔHR confer protection from ectopic beats. No association was
found between peak orΔHR and the number of ectopic beats in the
DMSO and nat-1 groups (SI Appendix, Fig. S9 D–F). Hence, RyR2
inhibition by ent-1, rather than reduced peak HR or ΔHR, is re-
sponsible for the reduction in ectopic beats evinced by ent-1. Drugs
that block cell membrane Na+ or L-type Ca2+ channels can prevent
CPVT (44). To assess whether ent-1 in vivo efficacy was a result of
Na+ channel or Ca2+ channel block, we measured the ECG QRS
duration (prolonged by Na+ channel blockers) and the PR interval
(prolonged by Ca2+ channel blockers). Consistent with its lack of
effect on the cardiac action potential in single cells (SI Appendix,
Fig. S8), ent-1 had no significant effect on QRS or PR interval (SI
Appendix, Fig. S10), indicating that Na+ or Ca2+ channel block by
ent-1 does not contribute to its antiarrhythmic activity in vivo.

Conclusion
Our current investigation led us to examine the effects of a known
insect RyR modulator, nat-(−)-verticilide, two synthetic precursors,
and their mirror image isomers (ent). Surprisingly, whereas natural
verticilide had no effect on mammalian RyR2, we found that its
enantiomer significantly inhibited RyR2-mediated Ca2+ leak by a
distinct MOA compared with other RyR2 inhibitors. ent-1 signifi-
cantly attenuated spontaneous Ca2+ release in cardiomyocytes iso-
lated from two CPVT mouse models and from wild-type mice. The
combined reduction of Ca2+ spark frequency, amplitude, and mass
resulted in a greater reduction of Ca2+ leak in the presence of ent-1
(Fig. 2) compared with the benchmark compounds dantrolene, tet-
racaine, and flecainide. The dual and potent reduction of both spark
frequency and spark mass suggests that ent-1may be a prototype of a
new class of RyR2 modulators, which could have superior activity
against ventricular arrhythmias triggered by RyR2-mediated Ca2+

release. Furthermore, ent-1 in vivo efficacy establishes it as a
promising lead compound for developing small-molecule therapeu-
tics aimed at suppressing Ca2+ leak, with potential use in CPVT,
heart failure, atrial fibrillation, and neurological disorders.
To probe the relationship between molecular structure and

Ca2+ spark suppression, we tested the effects of each enantiomer
of verticilide and its linear and desmethyl cyclic precursors. Our
finding that ent-1 significantly decreased spontaneous Ca2+ leak
but nat-1 did not have any effect suggests that there is a specific
ligand–receptor interaction between ent-1 and a chiral binding site
in the cell. Enantiomer-dependent inhibition of RyR2-mediated
Ca2+ release has also been reported for the drug propafenone,
which has antiarrhythmic properties similar to flecainide and is
clinically used in racemic form (45). Compared with S-prop-
afenone, R-propafenone is a significantly more potent inhibitor of
RyR2 single channels in artificial bilayers (45) and Ca2+ sparks in
cardiomyocytes (14). Similar to nat-1, the N–H (8) and linear (7)
congeners (and their enantiomers) did not exhibit an inhibitory
effect. Hence, the cyclic form of ent-1 is also essential for activity.
The amino acid sequence of insect RyR only shares about 45%
homology with the mammalian isoforms (46). The carboxyl-
terminal portion of insect RyR, which forms the pore region of

the Ca2+ release channel, is highly conserved with over 90% ho-
mology with the corresponding region of the mammalian isoforms
(46). However, insect and mammalian RyR isoforms differ greatly
in the large amino-terminal portion of the channel, which extends
into the cytosol and contains multiple binding sites for Ca2+ re-
lease channel modulators (46). These regions of high divergence
are possible candidates for ent-1 interaction with mammalian
RyR2 and should, therefore, be the initial focus of future efforts
to locate this compound’s binding site within the RyR2 structure.
It is unknown whether ent-1 binds to insect RyR; however, the
lack of effect of nat-1 on mammalian RyR2 is reassuring for
developing it and its congeners as insecticides (34).
Importantly, RyR2 inhibition by ent-1 saturates at less than

100% (Figs. 2 and 3). This confers safety for therapeutic use
in vivo because full RyR2 inhibition would block muscle con-
traction and thus be lethal. Similar partial inhibition has been
observed with other RyR modulators, e.g., the pan-RyR inhibitor
dantrolene (47), or with accessory proteins FKBP12.0 and 12.6
(48), calmodulin, or S100A1 (20). The most plausible explana-
tion for the partial inhibition is that ent-verticilide functions as a
negative allosteric modulator; that is, it does not block the
channel pore. Although further studies are needed to identify the
exact binding site, the observed inhibition of [3H]ryanodine
binding and RyR2 Ca sparks suggests that ent-1 acts by directly
binding to the RyR2 channel complex. Consistent with that in-
terpretation, ent-1 had no effect on RyR2 phosphorylation by
PKA or Ca2+-CaM Kinase II or on binding of the RyR2 acces-
sory proteins CaM and FKBP12.6, all of which have been shown
to regulate RyR2 activity (49). Furthermore, our report high-
lights a rare and exciting discovery of an unnatural enantiomer
that potently inhibits RyR2-mediated Ca2+ leak, whereas the
natural product is completely inactive. Due to synthetic barriers,
there are few instances where the biological activity of an un-
natural enantiomer can be studied in comparison with its natu-
rally occurring analog (50–59). Within these instances, the
unnatural enantiomer is generally found to be comparably po-
tent to the natural product, (52–57), and there are a select few
examples where the unnatural enantiomer is modestly more
potent than the natural product (58, 59). However, this discovery
is unique because to the best of our knowledge, there are no
examples where the unnatural enantiomer of a COD natural
product is highly potent in a biological system while the natural
enantiomer is inactive. The straightforward synthetic methods to
complex cyclodepsipeptides outlined here overcome the com-
mon shortcomings that previously limited their accessibility, as
demonstrated by the enantiomer-specific preparations of nat-1
and the heretofore unknown ent-1. Our ability to access the
unnatural—or “dark”—enantiomer and discovery of its activity
raises the question whether similar dark chemical space holds
generally untapped potential. In the case of verticilide, the un-
natural enantiomer induces a pharmacological behavior similar
but mechanistically orthogonal to existing Ca2+ release inhibitors
flecainide and tetracaine, whereas the natural product is inactive.
This discovery not only confirms the importance of developing
straightforward synthetic methods toward natural products and
their derivatives but also contributes to the ongoing excitement
to explore dark chemical space (24, 60) for chemical biology.
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