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It takes two to tango:
Rycals and ATP snuggle up
to bind ryanodine receptors
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In this issue ofStructure, Melville and colleagues used cryo-EM to study the binding of ryanodine receptors to
Rycals, compounds with the potential to treat skeletal and cardiac muscle disorders. Unexpectedly, they
found that Rycal packs against an ATP in a peripheral pocket, which stabilizes the closed channel state.
The largest ion channels known to date,

ryanodine receptors (RyRs), play crucial

roles in a variety of tissues. They are

mostly studied for their role in the contrac-

tion of various types of muscle tissue.

When triggered to open, they release

Ca2+ stored in the sarcoplasmic reticulum

(SR) or endoplasmic reticulum (ER).

Mammalian genomes encode three iso-

forms (RyR1–3) that are expressed in

different tissues. RyRs form homotetra-

meric assemblies consisting of �5000-

residue subunits. Due to their size

(>2MDa), they have been popular targets

for cryo-EM studies. A multitude of cryo-

EM structures have captured RyRs in

different states and bound to different

molecules (des Georges et al., 2016).

Overall, they resemble the shape of

mushrooms, with the stalk forming the

transmembrane region and a large cap

extending into the cytosol (Figure 1).

Malfunctioning of RyRs is closely linked

to disease (Pancaroglu and Van Petegem,
2018). RyR1 is the predominant isoform

found in skeletal muscle and is targeted

by hundreds of disease-associated muta-

tions that can lead to myopathies such as

central core disease (CCD) or malignant

hyperthermia (MH), a condition whereby

volatile anesthetics or muscle relaxants

can trigger opening of the mutant RyR1.

This results in a hypermetabolic response,

muscle rigidity, and a dangerous rise in

body temperature. Mutations in the car-

diac RyR2 have been linked to catechol-

aminergic polymorphic ventricular tachy-

cardia (CPVT), a type of stress-induced

arrhythmia that can lead to sudden car-

diac death. Although such genetic disor-

ders are rare, an increasing body of data

has suggested that RyRs are also major

culprits or accomplices in a range of

more common conditions including Alz-

heimer’s disease, sarcopenia, atrial fibril-

lation, and heart failure progression

(Kushnir et al., 2018). Consequently,

RyRs are very attractive drug targets
Structu
with the potential to be used in treatment

for a wide range of illnesses.

A number of cryo-EM structures have

visualized the binding of small molecules

to RyRs. These molecules include ATP

and Ca2+, physiologically relevant ligands

that can activate RyRs (Ca2+ can also

inhibit RyRs at higher concentrations).

Both ATP and Ca2+ have been found to

bind cooperatively at domain-domain in-

terfaces that involve the C-terminal region

of the RyR (des Georges et al., 2016). The

same region also binds caffeine, which

stimulates channel opening as well.

Diamide insecticides, which activate

RyRs and cause paralysis in insects,

bind to pseudo-voltage-sensing domains

in the transmembrane region (Ma et al.,

2020). Ryanodine, a plant alkaloid that

led to the discovery of RyRs, binds directly

in the ion permeation pathway (des

Georges et al., 2016) and can block the

channel at high concentrations. At lower

levels it leads to subconductance states
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Figure 1. The binding site for ATP and ARM210, the Rycal used in this study, in RyR1
Top view of RyR1, facing from the cytosol toward the SRmembrane, showing the four subunits in different colors. FKBP (calstabin) is shown in red and calmodulin
(CaM) in dark gray. ATP and ARM210 are shown in spheres, bound to the Repeat12 domain. This domain is separated from FKBP through the SPRY1 domain. The
inset shows a detail of the Repeat12 domain, with ATP and ARM210 in sticks. Two Trp residues involved in binding are also shown.
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and is considered toxic. Thus far, all of

these molecules have been found to bind

either close to, or directly within, the RyR

transmembrane region, even though there

is plenty of binding surface available

throughout the large cytosolic region.

Although there are a couple of loss-of-

function mutations, a common observa-

tion for RyRs in pathological conditions

is a gain-of-function phenotype, whereby

RyRs have increased sensitivity to cyto-

solic or luminal ligands. Sometimes

referred to as ‘‘leaky RyRs,’’ these chan-

nels could greatly benefit from inhibitory

molecules. Because directly blocking the

RyR pore might have adverse effects,

the ideal candidate would be an allosteric

inhibitor, capitalizing on the long-range

allosteric coupling between the massive

cytosolic shell and the pore-forming

domain. One promising class of mole-

cules is ‘‘Rycals,’’ benzothiazepine deriv-

atives that have been shown to prevent

the ‘‘leak’’ of Ca2+ through overactive

RyRs (Kushnir et al., 2018). Rycals have

been proposed to stabilize the binding

between RyRs and either FKBP12 or

FKBP12.6 (FK506 binding proteins of 12

or 12.6 kDa, respectively, also known as

‘‘calstabins’’). However, the role of FKBPs

in the pathophysiology of RyRs has been

the topic of a long ongoing debate. In

particular, there is disagreement as to
920 Structure 30, July 7, 2022
whether the pathological conditions truly

cause a significant decrease in affinity

for the FKBPs. Specific high-affinity bind-

ing of Rycals has also been questioned,

with an alternative proposal that they

instead bind to multiple low-affinity sites

(Mei et al., 2013). Identifying the binding

site for Rycals in RyRs and observing the

mechanism of action would aid in solving

this controversy.

In this issue of Structure, Melville et al.

(2022) employed cryo-EM to study the

binding of RyR1 to ARM210, a Rycal that

is being tested in clinical trials for patients

with RyR1-related myopathy. The study

now shows, for the first time, a direct bind-

ing of a Rycal to an RyR, but in a location

andmanner that iscompletelyunexpected.

The binding site resides in a small domain

located in the extreme corners of the RyR

(Figure 1). Known as the ‘‘RY12 domain’’

or ‘‘Repeat12,’’ this domain forms a

horseshoe-shaped structure consisting of

two pseudo-symmetrical halves. ARM210

binds within the cleft of the horseshoe.

The specific site is particularly intriguing,

as it is >180 Å away from the pore-forming

domain. An even greater surprise is a small

moleculeaccomplice:Rycal stacksagainst

an ATP molecule that is also bound to

the same domain. Because the Repeat12

domain shows a high flexibility relative to

the remainder of the RyR, its local resolu-
tion is somewhat lower. Yet, the Rycal

can be seen to form p-stacking interac-

tions with the adenine ring of ATP. Both

Rycal and ATP also make stacking inter-

actions with nearby tryptophan residues

(Figure 1).Melville et al. have also validated

the binding site by showing that residues

lining the cleft are critical for the binding

and functional effect of the Rycal. A thor-

ough analysis has shown that there were

no open channels in this cryo-EM dataset,

despite the presence of ATP, Ca2+, and

caffeine in the sample, which was previ-

ously shown to result in open channel

structures (des Georges et al., 2016).

Thus, the binding of the Rycal appears to

prevent open channel conformations.

A major advance, this study now defin-

itively shows that Rycals can bind RyRs

directly. More importantly, the binding is

clearly dependent on the exact conditions

used, as sufficient amounts of ATP are

required. This might explain why other re-

ports have failed to show specific high-af-

finity binding of Rycals to RyRs. The study

also posits new questions. One pertains

to the promiscuity of the site. Melville

et al. showed that the Repeat12 domain

can also be occupied by two molecules

of ADP. The requirement of ATP for Rycal

binding is also reminiscent of dantrolene,

a molecule used to treat MH episodes in

the operating room. It was previously
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found that the inhibition of RyR1 by dan-

trolene also requires ATP (Diszhazi et al.,

2019). Therefore, the Repeat12 domain

might potentially be able to accommo-

date a range of molecules with signifi-

cantly different structures.

An important unanswered question re-

mains about the exact mechanism of Ry-

cals. Although proposed to stabilize the

interaction between FKBP/calstabin and

RyRs, the current structure does not

show any distortion of the FKBP binding

site. However, the structure was solved

in the presence of FKBP, and it is possible

that structural changes in its binding site

are only observed in its absence, which

could still explain an altered affinity. The

SPRY1 domain is critical for binding of

FKBP (Yuchi et al., 2015) and is adjacent

to the Repeat12 domain. Small shifts

in SPRY1, mediated by conformational

changes in the Repeat12 domain, could

readily alter the FKBP binding site.

The study has pushed the resolution

limits of RyRcryo-EMstructures, andmul-

tiple regions arenowmuchbetter resolved

compared with previous cryo-EM struc-

tures. However, future improvements of

the Rycal binding are still welcome, and

this might come from crystallographic

studies on the isolated Repeat12 domain.

Although a previous crystal structure of

the RyR1 Repeat12 domain displayed a

very distinct conformation that would be

incompatible with ligand binding (Yuchi
et al., 2015), an unpublished structure of

the RyR3 Repeat12 domain has shown

binding of ATP (PDB ID: 6UHH). Also of in-

terest will be the interplay between Rycals

and disease mutations of RyRs. Cryo-EM

structures of disease-mutant RyRs have

shown that the mutations can result in

distinct pathological or primed conforma-

tions (Iyer et al., 2020; Woll et al., 2021). It

will be of interest to see whether the

Rycals can revert these back to WT

conformations.

The path is now fully open for further

structure-guided development of a novel

generation of therapeutics.
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