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STRUCTURAL BIOLOGY

Structural analyses of human ryanodine receptor type 2
channels reveal the mechanisms for sudden cardiac

death and treatment

Marco C. Miotto"?, Gunnar Weninger1'2, Haikel Dridi', Qi Yuan'?, Yang Liu'?,
Anetta Wronska'?, Zephan Melville'?, Leah Sittenfeld'%, Steven Reiken'?, Andrew R. Marks'2*

Ryanodine receptor type 2 (RyR2) mutations have been linked to an inherited form of exercise-induced sudden
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cardiac death called catecholaminergic polymorphic ventricular tachycardia (CPVT). CPVT results from stress-
induced sarcoplasmic reticular Ca?* leak via the mutant RyR2 channels during diastole. We present atomic models
of human wild-type (WT) RyR2 and the CPVT mutant RyR2-R2474S determined by cryo-electron microscopy with
overall resolutions in the range of 2.6 to 3.6 A, and reaching local resolutions of 2.25 A, unprecedented for RyR2
channels. Under nonactivating conditions, the RyR2-R2474S channel is in a “primed” state between the closed and
open states of WT RyR2, rendering it more sensitive to activation that results in stress-induced Ca* leak. The Rycal
drug ARM210 binds to RyR2-R2474S, reverting the primed state toward the closed state. Together, these studies
provide a mechanism for CPVT and for the therapeutic actions of ARM210.

INTRODUCTION

Ryanodine receptors mediate the rapid release of Ca** from the
intracellular stores of the endo/sarcoplasmic reticulum (ER/SR) (I).
Among the three mammalian isoforms, ryanodine receptor type 2
(RyR2) is the major form expressed in cardiac muscle, where it me-
diates excitation-contraction coupling via a mechanism known as
Ca**-induced Ca®" release (CICR) (2-4). During CICR, RyR2 is ac-
tivated by a small influx of Ca®* through voltage-gated L-type Ca**
channels of the opposing plasma membrane, initiating a larger
release of Ca®* from the intracellular SR/ER stores. Dysfunctional
RyR2 has been linked to cardiovascular diseases, including heart
failure (5), atrial fibrillation (6), and catecholaminergic polymorphic
ventricular tachycardia (CPVT) (7, 8). CPVT is an inherited form
of exercise-induced arrhythmia, and sudden cardiac death linked to
single amino acid mutations in RyR2 (7, 9, 10). Intense exercise
and emotional stress induce the release of catecholamines, which
activate the B-adrenergic signaling pathway. In CPVT patients,
the B-adrenergic response culminates in pathological SR Ca®" re-
lease during diastole, leading to delayed afterdepolarizations and
ventricular arrhythmia (11). The B-adrenergic signaling pathway
activates protein kinase A (PKA), which phosphorylates RyR2 pre-
dominantly at residue RyR2-52808 (5). This has been shown to play
avital role in CPVT and other RyR2 pathologies (7, 12-15). Among
the more than 300 familial CPVT variants identified to date, RyR2-
R2474S is one of the most severe and most studied CPVT mutations
(10, 16, 17). RyR2-R2474S has been directly linked to stress-induced
syncope and juvenile sudden death (18). Exercise-induced sudden
cardiac death has been demonstrated in knock-in mice expressing
RyR2 mutations linked to CPVT in patients (10). Treatment
with RyR2 stabilizing drugs known as Rycals (19), the inhibitor
dantrolene (20), and enhanced binding of calmodulin (CaM) have
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been shown to prevent fatal arrhythmias in murine models of
CPVT (10, 21, 22).

Elucidating structure-function relationships of RyRs is essential
to understanding the mechanism of the SR Ca®" leak that causes
fatal cardiac arrhythmias and for determining the mechanism of
action of drugs that fix this leak. Structural analyses of RyRs have
been challenging because of their size (>2 MDa), dynamic behavior,
and membrane-bound nature. Nevertheless, the resolution revolu-
tion of cryo-electron microscopy (cryo-EM) has enabled elucidation
of the structures of skeletal muscle RyR1 by our group and others
(23-26). However, RyR2 structures have been less well resolved
compared to RyR1, as purification from heart tissue provides low
yields of RyR2 with a variety of different posttranslational modifica-
tions (27, 28). Recently, recombinant purification of mouse RyR2
overexpressed in human embryonic kidney (HEK) 293 cells resulted
in a greatly improved structure, reaching a resolution of 3.27 A (29).
Here, we provide structures of the human wild-type (WT) RyR2
and CPVT mutant RyR2-R2474S, the latter in the presence of the
Rycal ARM210 and the modulator protein CaM, at reproducible
excellent global resolutions (2.6 to 3.1 A for the closed states and 2.9
to 3.6 A for the open states). To our knowledge, these are the most
complete RyR2 structures and the first showing the Rycal binding
site and its mechanisms of action in disease-related RyR2 channels.
Our models of RyR2 include previously unresolved peripheral
structural elements, including the RY3&4 phosphorylation domain,
the secondary adenosine triphosphate (ATP) binding site in the
RY1&2 domain, the elusive BSol domain, and the previously un-
identified S-1/S0 intramembrane helices. Last, we provide insights
into the structure-function relationship and the mechanism under-
lying the gain-of-function mutation in the PKA-phosphorylated
RyR2-R2474S as well as the mechanism of stabilization of the
mutant CPVT RyR2 by the Rycal drug ARM210 and by CaM. We
show that the PKA-phosphorylated RyR2-R2474S adopts a “primed”
state that implies that less energy is required to rearrange the cyto-
plasmic shell, allowing gating of the channel at lower ligand con-
centrations. We show how binding of ARM210 to the cleft of
the RY1&2 domain reverses this conformation and provides more
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evidence to support the function of the RY1&2 domain as a metabolic
sensor—previously reported to bind ATP—[Protein Data Bank (PDB):
6UHH] (30, 31).

RESULTS

The CPVT-linked mutation RyR2-R2474S induces a primed
state, while ARM210 and CaM stabilize the closed state

To obtain high-resolution structures of WT and mutant human
RyR2, we optimized the purification of channels expressed re-
combinantly in HEK293 cells (fig. S1). For cryo-EM experiments,
we used conditions that resemble those found during the resting
phase of the cardiac cycle known as diastole (150 nM free Ca** and
10 mM ATP) when the RyR2 channels are tightly closed, but CPVT
RyR2 variants are leaky (8, 19). We pretreated WT and RyR2-
R2474S with PKA to induce hyperphosphorylation and mimic
exercise-induced B-adrenergic signaling, which is the trigger for
fatal cardiac arrhythmias in patients with CPVT (fig. SIA). We added
xanthine (500 pM), which is a physiologically relevant analog of the
RyR2 agonist caffeine. Xanthine activates RyRs (32) and increases
to micromolar range during exercise (33-35), suggesting that it may
be an endogenous activator of RyR2 that becomes more important
during exercise. Under these conditions, we obtained 10 struc-
tures of human RyR?2, including the closed and open states of PKA-
phosphorylated RyR2 (PKA RyR2), PKA-phosphorylated RyR2-R2474S
(PKA RyR2-R2474S), and PKA-phosphorylated RyR2-R2474S with
the addition of ARM210 or CaM (fig. S2 and table S1). We have
been able to consistently obtain ~3-A resolution for most structures
and, hence, to build more complete models of human RyR2 (fig.
S$3). Our highest-resolution cryo-EM coulombic potential maps
(cryo-EM maps) show well-defined densities of most domains,
including the NTD, SPRY1-3, JSol, BSoll, and activation core and
channel domains, where we were able to observe near-atomic
details including “holes” in aromatic residues (fig. S4). For the re-
maining dynamic domains usually missing in previously published
structures (RY1&2, RY3&4, and BSol2), the local resolution is
reduced but sufficient to follow the backbone and detect bulky
side chains. The cryo-EM map quality was sufficient to build
atomic models with a high level of confidence for the previously less
well-resolved domains of RyR2 and the accessory proteins calstabin-2
(known as PPlase FKBP1B or, alternatively, as FKBP12.6) and
CaM. Using this high-resolution model of the human RyR2 isoform
and all known domains are resolved, we updated the residue span
and nomenclature of domains and subdomains for human RyR2
(table S2).

To separate the particles in the closed state from those in the open
states in the same dataset, we implemented local three-dimensional
(3D) variability, clustering, and heterogeneous refinement, which
rendered better results than 3D classification or heterogeneous
refinement alone (fig. S2). We attribute this to the dynamic cytosolic
shell of RyR2, which, being almost 90% of the mass of the protein,
can predominate and result in mixed populations. Comparison of
the pore region from all the structures showed no differences in the
closed states and no differences in the open states, suggesting that
the methodology implemented is reproducible (fig. S5). Of the three
activators present in the sample, only ATP was detected in the
closed state structures (fig. S6A). On the other hand, all three
activators Ca®*, ATP, and xanthine were present in the open state
structures (fig. S6B), suggesting that the binding of the additional
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activators, Ca®" and xanthine, promotes opening of the channel.
Xanthine occupied the previously identified caffeine site formed by
W4645, 14926, and Y4944 (36). To confirm the functional role of
xanthine, we performed single-channel experiments showing that,
at presumed physiological concentrations during exercise (10 uM),
there was a ~25-fold increase in the open probability of RyR2 in the
presence of xanthine (fig. S6, C and D).

To better understand the mechanism underlying CPVT, we
compared the structures of the PKA-phosphorylated RyR2 to the
PKA-phosphorylated RyR2-R2474S. As seen for other RyRs, the
cytosolic shell of the PKA-phosphorylated RyR2 was shifted down-
ward and outward when going from the closed state (PDB: 7U9Q)
to the open state (PDB: 7U9R) (Fig. 1A and fig. S7B). The cytosolic
shell of PKA-phosphorylated RyR2-R2474S (PDB: 7U9X) was shifted
downward and outward compared to closed PKA-phosphorylated
RyR2, suggesting that the CPVT mutant RyR2-R2474S is in a
primed state (Fig. 1B and fig. S7F). This primed state presents a
structure that is approximately halfway between the closed and
open states of PKA-phosphorylated RyR2. This is also the case for
the open state; the cytosolic shell of open PKA-phosphorylated
RyR2-R2474S (PDB: 7U9Z) was also shifted downward and outward
compared to open PKA-phosphorylated RyR2 (fig. S7G), suggesting
that the CPVT-related cytosolic shell destabilization is independent
of the state of the pore.

The PKA-phosphorylated RyR2-R2474S in the presence of the
Rycal drug ARM210 (PKA-phosphorylated RyR2-R2474S + ARM210;
PDB: 7UA1)—a benzothiazepine derivative closely related to S107,
which we have shown to effectively prevent ventricular tachycardiac
and sudden cardiac death in murine models of CPVT (10)—exhibited
an upward and inward shift of the cytosolic shell compared to
primed PKA-phosphorylated RyR2-R2474S, thus reversing the primed
state back toward the closed state of the channel (Fig. 1C and fig.
S7H). The PKA-phosphorylated RyR2-R2474S in the presence of
CaM (PKA RyR2-R2474S + CaM; PDB: 7UA3) exhibits a similar
but less pronounced shift of the cytosolic shell upward and inward
compared to primed PKA-phosphorylated RyR2-R2474S, also re-
versing the primed state back toward the closed state of the channel
similar to the effects of the Rycal ARM210 (Fig. 1D and fig. S7J).

ARMZ210 stabilizes the closed state of the PKA-phosphorylated
RyR2-R2474S CPVT variant

We have previously reported that heterozygous Ryr2"**"T mice
undergo sustained ventricular tachycardia and sudden cardiac death
after exercise and epinephrine (10). We show here that treatment with
the Rycal ARM210 reduced the frequency of ventricular tachycardia
and prevented sudden cardiac death (fig. S8A). ARM210 treatment
also prevented SR Ca*" leak via RyR2-R2474S channels (fig. S8B).
Together, these in vivo and in vitro functional data show that the
pathological state of RyR2-R2474S is effectively reversed by ARM210,
in agreement with our single-particle cryo-EM data.

Visual inspection of the cryo-EM maps shows clear conforma-
tion changes that suggest a primed state of the PKA-phosphorylated
RyR2-R2474S channels (Fig. 2A). To quantify the structural changes
in the primed PKA-phosphorylated RyR2-R2474S channels, we
measured the normalized differences in root mean square deviation
(RMSD) between the primed PKA-phosphorylated RyR2-R2474S
(PDB: 7U9X) and closed (PDB: 7U9Q) and open (PDB: 7U9R)
PKA-phosphorylated RyR2 (Fig. 2B and table S3A). Values close
to 0 indicate that the conformation is similar to the closed state,

20f 14



SCIENCE ADVANCES | RESEARCH ARTICLE

Open PKA RyR2
Closed PKA RyR2

Closed PKA RyR2
“Primed” PKA RyR2-R2474S

“Primed” RyR2-R2474S
Closed RyR2-R2474S + CaM

Fig. 1. Cryo-EM reconstructions of human RyR2 showing that the CPVT mutant RyR2-R2474S puts the channel into the primed state, and treatment with the
Rycal ARM210 and CaM puts the channel back toward the closed state. (A) Overlapped models of open PKA-phosphorylated RyR2 (PDB: 7U9R, yellow) and closed
PKA-phosphorylated RyR2 (PDB: 7U9Q, gray). The arrows show that the cytosolic shell of the PKA-phosphorylated RyR2 shifts downward and outward when going from
the closed to the open state. To facilitate visualization, only the front protomer is shown in colors, while the other three protomers are shown as gray transparent volumes.
The positions of the sarcoplasmic reticular membranes are shown as black discs. Conditions include 10 mM ATP, 150 nM free Ca*, and 500 uM xanthine. (B) Overlapped
models of closed PKA-phosphorylated RyR2 (PDB: 7U9Q, gray) and primed PKA-phosphorylated RyR2-R2474S (PDB: 7U9X, magenta). The arrows show that the cytosolic
shell of RyR2-R2474S shifts downward and outward compared to closed PKA-phosphorylated RyR2, similar to the structural changes observed for PKA-phosphorylated
RyR2 going from the closed state to the open state. We define this intermediate between closed and open states as the primed state. (C) Overlapped models of primed
PKA-phosphorylated RyR2-R2474S (PDB: 7U9X, magenta) and closed PKA-phosphorylated RyR2-R2474S + ARM210 (PDB: 7UA1, cyan). The arrows show that the cytosolic
shell of PKA-phosphorylated RyR2-R2474S + ARM210 cytosolic domain shifts upward and inward compared to the RyR2-R2474S reversing the primed state back toward
the closed state. (D) Overlapped models of primed PKA-phosphorylated RyR2-R2474S (PDB: 7U9X, magenta) and closed PKA-phosphorylated RyR2-R2474S + CaM

(PDB: 7UA3, cyan). Similar to the effects of the Rycal ARM210, CaM reverses the primed state back toward the closed state.

whereas values close to 1 indicate that the conformation is similar to
the open state. Normalization allows the direct comparison between
different domains. Our RMSD analysis showed an average value
of ~0.7, indicating that the cytosolic domains of the primed PKA-
phosphorylated RyR2-R2474S are in nearly open positions, reducing
the energetic barrier of the primed state to adopt a fully open state.
Thus, the primed PKA-phosphorylated RyR2-R2474S is more
readily activated and promotes an SR Ca®" leak during diastole
when the activating [Ca2+]q,t is very low (~150 nM) and the WT
channels are tightly closed.

It is surprising that a single point mutation can have such large
effect over the cytosolic shell. Analyzing in detail the region of the
mutation, the Arg to Ser mutation was readily identified because of
the shortened side-chain density for the mutant residue S2474 com-
pared to the WT residue R2474 (Fig. 2C). According to our models,
R2474 stabilizes the surrounding structure via interactions with
$2312 and E2405. In the mutant channel, this network is disrupted
and the distance between residues $2312 and E2405 increases from
5.8t0 6.9 A (Fig. 2C). The increased distances observed in the RyR2-
R2474S mutant channel affects the helix-loop-helix motif formed
by residues 2406 to 2418, which propagates to the adjacent NTD-A
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domain (Fig. 2D). Therefore, a single mutation destabilizes the
interaction between the NTD and the BSol, which leads to de-
stabilization of the entire cytosolic shell (NTD, SPRY, JSol, and BSol
domains).

Incubation with the Rycal drug ARM210 partially reversed the
primed state of PKA-phosphorylated RyR2-R2474S, placing the
channel in a state closer to that of the closed PKA-phosphorylated
RyR2 (Fig. 2, E and F, and movie S1). In this case, the RMSD analy-
sis of closed PKA-phosphorylated RyR2-R2474S + ARM210 (PDB:
7UA1) showed a reduction of more than 50% toward the closed
state in some domains compared to primed PKA-phosphorylated
RyR2-R2474S (Fig. 2G and table S3B). Analyzing in detail the cryo-EM
map of closed PKA-phosphorylated RyR2-R2474S in the presence
of ARM210, we detected a clear density in the cleft of the RY1&2
domain (Fig. 2F and fig. S9, A and B). This agrees with our recent
publication showing the presence of ARM210 in the cleft of the
RY1&2 domain of RyR1 at a local resolution of 3.10 A (31). Analysis
of the rest of the cryo-EM map showed no additional densities that
could correspond to ARM210. Not surprisingly, the ARM210 density
was absent in the particles in the open state, in agreement with
previous observations that Rycal compounds act by stabilizing the
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Fig. 2. Stabilization of RyR2-R2474S by the Rycal ARM210. (A) Cryo-EM maps of closed PKA-phosphorylated RyR2 (gray) and primed PKA-phosphorylated RyR2-R2474S
(magenta) from the side (left) and top (right) views. Conformation changes are shown with arrows. (B) Normalized differences in RMSD of the primed PKA-phosphorylated
RyR2-R2474S. (C) Close-up view of the region around residue 2474 of closed PKA-phosphorylated RyR2 (left) and primed PKA-phosphorylated RyR2-R2474S (right).
Distances are measured between CB atoms. (D) Aligned models of closed PKA-phosphorylated RyR2 (PDB: 7U9Q, gray), open PKA-phosphorylated RyR2 (PDB: 7U9R, yellow),
and primed PKA-phosphorylated RyR2-R2474S (PDB: 7U9X, magenta). Conformational changes are shown with arrows. Distances between closed PKA-phosphorylated
RyR2 and primed PKA-phosphorylated RyR2-R2474S, and between closed and open PKA-phosphorylated RyR2 (in parentheses) are labeled. (E to G) Same as (A), (B), and
(D) but including closed PKA-phosphorylated RyR2-R2474S + ARM210 (PDB: 7UA1, cyan). Distances between primed PKA-phosphorylated RyR2-R2474S and closed
PKA-phosphorylated RyR2-R2474S + ARM210 are labeled (E). Changes introduced by the R2474S mutation are partially reversed by the addition of ARM210. The densities
of ARM210 and BSol1-RY1&2 interface are highlighted (F, right). (H) Aligned models of closed PKA-phosphorylated RyR2 (PDB: 7U9Q, gray), primed PKA-phosphorylated
RyR2-R2474S (PDB: 7U9X, magenta), and closed PKA-phosphorylated RyR2-R2474S + ARM210 (PDB: 7UA1, cyan). Conformational changes of the RY1&2 and BSol domains

are shown with arrows.

closed state of RyR2 (6, 37). In the absence of ARM210, the RY1&2
domain of RyR2 showed a weak density that we attribute to one
ATP molecule as suggested by a previous report (fig. S9, A and C)
(PDB: 6UHH) (30). In the presence of ARM210, this density is
stronger and larger than one ATP molecule, suggesting that at least
two molecules are present (ATP and ARM210; fig. S9D). However,
the low local resolution limits our ability to model the precise posi-
tion of both molecules. In addition, the RY1&2 domain adopts a
conformation that closes around both ATP and ARM210 (Fig. 2H).
Comparing PKA-phosphorylated RyR2-R2474S atomic models in
the absence and presence of ARM210 (PDB: 7U9X versus PDB:
7UA1), we observed that the biggest changes were not in the contiguous
SPRY1 domain, but instead in the adjacent BSol domain (Fig. 2H).
The interface between the BSoll and the RY1&2 domains showed
enhanced density, suggesting that the transduction of the signal
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from the ARM210-loaded RY1&2 domain is through the stabilization
of the BSoll domains (Fig. 2F and fig. S9, B and E). On the basis of
the model, the interface between the BSol1 and RY1&2 domains would
be stabilized by His*® in the BSoll domain and Asp'®”® in the
RY1&2 domain; however, since the local resolution of this region is
limited, Arg2988 (BSol1) and His'"”! (RY1&2) may also be involved
in strengthening the BSol1-RY1&2 interaction (fig. S9, E and F).

CaM stabilizes the closed PKA-phosphorylated RyR2-R2474S
CPVT variant

We analyzed the structure of closed PKA-phosphorylated RyR2 + CaM
(PDB: 7U9T) and closed PKA-phosphorylated RyR2-R2474S + CaM
(PDB: 7UA3) to better understand the role of CaM in CPVT. We
found that, at a free Ca®* concentration of 150 nM, CaM binds to
PKA-phosphorylated RyR2 and PKA-phosphorylated RyR2-R2474S
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in the extended conformation that corresponds to the previously
reported apo-CaM state (Fig. 3A and fig. S7E) (38). In the closed
PKA-phosphorylated RyR2 + CaM (PDB: 7U9T), the apo-CaM
N-lobe binds to the BSoll domain but does not substantially affect
the BSoll conformation, suggesting an exclusive binding role for
the N-lobe. The C-lobe binds to CaMBD2 or helix a-1 (3594 to
3604) and pushes the JSol domain outward, although this change is
not propagated to the rest of the domain. CaM-bound helix a-1 also
interacts with the a9 helix of the CSol (3806 to 3816), as previously
reported (38), inducing small changes to the CSol domain in the
opposite direction of the open state (Fig. 3, B and C). Although
small, the changes observed in the CSol domain show that apo-CaM
may counteract signals from the cytosolic domains, such as the phos-
phorylation of the RY3&4 domain and the changes resulting from
CPVT-causing mutations found in the NTD and BSol domains, as
previously described (39, 40). Not surprisingly, no particles in the
open state showed substantial density of bound apo-CaM, confirming
that binding of apo-CaM stabilizes the closed state.

In the case of closed PKA-phosphorylated RyR2-R2474S + CaM
(PDB: 7UA3), apo-CaM reverses the changes in the BSol2 domain
of the closed state introduced by the RyR2-R2474S mutation (Fig. 3D
and fig. S7]). We suggest that this is also a result of apo-CaM stabi-
lizing the BSol3 domain (Fig. 3, D and E), which interacts with the
SPRY2, JSol, and CSol domains stabilizing the whole BSol domain.
This is a surprising finding because the BSol3 domain was not detected
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Fig. 3. Stabilization of PKA-phosphorylated RyR2 and RyR2-R2474S by CaM.
(A) Aligned cryo-EM maps of closed PKA-phosphorylated RyR2 (gray) and closed
PKA-phosphorylated RyR2 + CaM (cyan). (B) JSol and CSol models of closed
PKA-phosphorylated RyR2 (PDB: 7U9Q, gray) and open PKA-phosphorylated RyR2
(PDB: 7U9R, yellow). Conformation changes are shown with arrows. (C) JSol and
CSol models of closed PKA-phosphorylated RyR2 (PDB: 7U9Q, gray) and closed
PKA-phosphorylated RyR2 + CaM (PDB: 7U9T, cyan). Conformation changes are
shown with arrows. (D) Aligned cryo-EM maps of primed PKA-phosphorylated
RyR2-R2474S (magenta) and closed PKA-phosphorylated RyR2-R2474S + CaM (cyan).
Conformation changes are shown with arrows. CaM reverses the changes in the
BSol2 domain introduced by the mutation by stabilizing the BSol3 domain. (E) Model
with cryo-EM map of closed PKA-phosphorylated RyR2-R2474S + CaM (PDB: 7UA3)
centered on the BSol3 domain that is stabilized by CaM.
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in any previous RyR2 structures. Unlike PKA-phosphorylated
RyR2 + CaM, we found that apo-CaM bound to the open PKA-
phosphorylated RyR2-R2474S + CaM (PDB: 7UA4), where the
cytosolic domains were further shifted downward and outward
enhancing the open state (fig. S7K). This suggests that, in the presence
of the activator xanthine, apo-CaM could also act as an activator of
PKA-phosphorylated RyR2-R2474S, in agreement with an increased
number of particles found for the open state in this dataset (60%
compared to 10 to 20% for the other conditions). Looking in detail,
we observed that the JSol of open PKA-phosphorylated RyR2-
R2474S + CaM (fig. S7K), which is in direct contact with apo-CaM,
is shifted downward, enhancing and stabilizing the open state.

PKA phosphorylation of RyR2 and the structure-function

of the RY3&4 domain

As stated above, PKA treatment of the samples was performed to
obtain hyperphosphorylated channels. We confirmed that residue
RyR2-S2808 was targeted by PKA by specific immunoblots (fig. S1A).
In agreement with previous reports (41), we found that RyR2-S2808
was already partially phosphorylated in HEK293 cells (approximately
30% according to quantification of immunoblots; fig. S1A). We
showed by mass spectroscopic analysis that RyR2-52808 was the
major and only significantly PKA-phosphorylated site in RyR2 treated
with PKA (coverage of 75%; fig. $10). We detected a secondary site
with one order of magnitude lower intensity at RyR2-S1869 and
other phosphorylation sites with even lower intensity at RyR2-T16,
RyR2-51856, RyR2-S2363, RyR2-S2814, and RyR2-52822 (fig. S1I0A).
Although being covered by two detected peptides (GRLLSLVEK and
LLSLVEKVTYLKK), we found no phosphorylation of RyR2-52031
(fig. S10B), a controversial PKA phosphorylation site detected by
some investigators (42), and not detected by others (43, 44).

To determine the effect that PKA treatment has on the struc-
tures of RyR2 and the phosphorylation RY3&4 domain, we also
pretreated WT RyR2 with phosphatase A to obtain a completely
dephosphorylated control (fig. S1B). We compared the structures of
the dephosphorylated (deP RyR2) and PKA-phosphorylated (PKA
RyR2) RyR2 channels. Analysis of the global structure showed that
the cytosolic shell of the closed PKA-phosphorylated RyR2 (PDB:
7U9Q) showed a small shift outward and downward compared to
the closed dephosphorylated RyR2 (PDB: 7UAS5; fig. S7, A to D).
RMSD analysis showed values of ~0.2 mainly in the BSol and SPRY
domains, which are adjacent to the RY3&4 phosphorylation domain
where the residue S2808 is located (fig. S11A, table S3C), suggesting
that PKA phosphorylation has a “priming” effect. These changes
would reduce the global energetic barrier for reaching the open
state, thus sensitizing the channel to CICR. This conformational
change is smaller than the one introduced by the CPVT mutation
(~0.2 versus ~0.7). The cytosolic shell conformation remains closer
to the closed state, in agreement with the physiological role of PKA
phosphorylation and the pathological role of the CPVT mutation.

The RY3&4 phosphorylation domain had not been previously
resolved in the cryo-EM structures of any RyRs due to its intrinsic
dynamic behavior. We hypothesized that this dynamic nature of the
RY3&4 domain would be necessary for interacting with modulator
enzymes such as PKA and protein phosphatase 1 (PP1) (45). There-
fore, we performed 3D variability analysis centered on the BSol
containing the RY3&4 domain. This 3D variability analysis revealed
two distinct populations: one where the RY3&4 domain was stabi-
lized and could be resolved, and one where there was no substantial
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density, suggesting that RY3&4 is detached from the BSol domain
(Fig. 4, A to D). In other words, in the same RyR2 particle, which
has four RY3&4 domains, some of the RY3&4 domains are stabilized
and some are destabilized. This behavior was observed in all the
structures, suggesting that it is independent of the phosphorylation
state, closed/open state, and WT/CPVT mutation (fig. S11B). The
distribution of stabilized versus destabilized RY3&4 domains is
roughly 50/50, but the limitations of this methodology prevent a
precise measurement of the particle distribution.

To improve the local cryo-EM map of the RY3&4 domain, we
clustered and analyzed the symmetry expanded particles with the
stabilized RY3&4 domain. The best resulting cryo-EM map with a
local resolution of 2.90 A allowed us to build an atomic model of
this domain with high confidence (fig. S11C). On the basis of the
model, we observed weak interactions between the RY3&4 and BSol1l
domains and almost no interaction between the RY3&4 and SPRY3
domains (fig. S11D). Our first hypothesis is that phosphorylation of
RyR2-52808 would strengthen the interaction between the RY3&4

and SPRY3 domains due to the introduction of a salt bridge between
the negatively charged RyR2-pS2808 and either the positively charged
RyR2-R1500 or RyR2-K1525 in SPRY3 (fig. S11E). The same con-
clusion can be obtained when analyzing the residue RyR2-52814,
which is preferentially phosphorylated by CaM-dependent protein
kinase IT (CaMKII) (46, 47). Hence, we suggest that the phosphoryl-
ation of either RyR2-S2808 or RyR2-52814 stabilizes this conforma-
tion of the RY3&4 phosphorylation domain. However, we found no
extra densities around these residues, suggesting that the interaction
is still very dynamic.

Furthermore, we analyzed how the stabilization of the RY3&4
domain affects the surrounding RyR2 structure. Comparison to the
destabilized RY3&4 domain in the closed state shows that stabilization
of the RY3&4 domain increases the distance between the adjacent
BSoll and SPRY3 domains, adopting a conformation that is closer to
the open conformation (Fig. 4, fig. S11F, and movie S2). This move-
ment is propagated from the SPRY3 domain to the adjacent JSol and
CSol domains. To quantify those changes, we again compared the
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Fig. 4. Structure-function relationship of the RY3&4 phosphorylation domain. (A and B) Cryo-EM maps of the closed particles with destabilized (gray) and stabilized
(magenta) RY3&4 domain. A downward shift in surrounding domains can be observed. Individual domains are labeled. (C and D) Same as (A) and (B) from a different point
of view. (E) Aligned models of the closed state with destabilized (gray) and stabilized (magenta) RY3&4 domain, and open state (yellow). Models were aligned at the BSol1
domains to facilitate interpretation of conformational changes. When the RY3&4 domain is stabilized, the changes are in the same direction as the open state. Shown with
arrows are the distance between the closed state with destabilized RY3&4 domain and the closed state with stabilized RY3&4 domain, and between the closed state with
destabilized RY3&4 domain and the open state (in parentheses). (F) RMSD analysis of the closed state with stabilized RY3&4 domain. This analysis was performed on
primed PKA-phosphorylated RyR2-R2474S because this dataset presents the most particles and best local refinement resolution.

Miotto et al., Sci. Adv. 8, eabo1272 (2022) 20 July 2022

60of 14



SCIENCE ADVANCES | RESEARCH ARTICLE

normalized difference in RMSD between whole domains (Fig. 4, Eand F,
and table S3D). The RMSD analysis shows values in the range of 0.3
to 0.4, confirming that the stabilization of the RY3&4 domain has a
priming effect (28, 36). In the case of the open channels, stabilization
of the RY3&4 domain shows no effect on open dephosphorylated
RyR2 but shows a small effect on open PKA-phosphorylated RyR2
and open PKA-phosphorylated RyR2-R2474S, confirming that the
adopted conformation is similar to the open state and that PKA
phosphorylation still has a priming effect on the open states (fig.
S11G). Last, we cannot discard that binding of accessory proteins to
the phosphorylation loop could shift the stabilization distribution of
the RY3&4 domain to either completely destabilized or completely
stabilized. It has been shown that phosphomimic at RyR2-52814
induces the formation of an o helix (45), and this could be a substrate
for protein-protein interaction that could further stabilize or de-
stabilize the RY3&4 domain. Additional experiments to detect protein
partners of the phosphorylated RY3&4 domain are necessary.

Auxiliary intramembrane helices

We observed two intramembrane helices laterally positioned and
encircling the TM domain (Fig. 5A). While these densities were
previously observed, they were attributed to detergent and lipids
(48). These auxiliary helices (Sx) were predicted to exist in the RyR2
sequence upstream of the six transmembrane helices that form the
pore (S1 to S6) (49). We used the Jpred4 algorithm (50) to predict
the secondary structure of the fragment, which was previously
reported to encompass these helices (4150 to 4350; fig. S12A). We
modeled the predicted Sx helices because of the presence of well-
resolved densities for large side chains, including W4288 as well as

ER/SR

B Pocket with S-1/50 linker

extra densities

S-1 helix

Fig. 5. Resolution of auxiliary intramembrane helices in RyR2. Model with
overlapped cryo-EM map of PKA-phosphorylated RyR2 (PDB: 7U9Q) highlighting
the Sx helices from the side view (A) and bottom view (B). Auxiliary helices and
pocket with extra densities are labeled.
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several tyrosine and phenylalanine residues (fig. S12B). Since the
helices are upstream of the S1 to S6 helices, we named them S-1
(4238 to 4259), S-1/S0 linker (4262 to 4271), and SO (4277 to 4309),
in keeping with the current nomenclature. In addition, we detected
a pocket formed by the interactions with helices S1, S2, and S3,
where we found two densities that could correspond to detergent
molecules or protein fragments (Fig. 5B). The S-1/50 linker contains
several positively charged lysine residues and is positioned at the
cytosolic surface of the SR membrane, where these lysine residues
would be able to interact with the negatively charged phospholipid
head groups or other transmembrane proteins (fig. S12D). The Sx
density is strong in the closed states but weaker in the open states
(fig. S12E), suggesting that they may play a role in stabilizing the
RyR2 closed state, as previously reported (49). The CaM binding
motif CaMBD3 is also contained in this sequence, consistent with
the recently solved crystal structure (51). In the presence of CaM,
the Sx density was absent only in the open state. This suggests that,
in the closed state of RyR2, the CaMBD3 motif would be inaccessible
to CaM, but in the open state of RyR2, it would interact with CaM
and completely destabilize the Sx helices.

DISCUSSION

Mechanism of RyR2 leak in CPVT

In CPVT patients, SR Ca®" leak occurs via mutant RyR2 channels
during diastole when the heart is supposed to be electrically silent,
resulting in afterdepolarizations, arrhythmias, and eventually
sudden cardiac death. As a mechanism underlying RyR2-associated
CPVT, we propose that intense exercise and adrenergic stimulation
cause two independent but synergistic events that affect RyR2. The
B-adrenergic response to exercise (i) results in PKA phosphorylation
of RyR2 mainly at $2808 and (ii) activates SR Ca®" uptake via
SERCA2a, thus increasing the SR Ca** load, and the driving force
for Ca®* leak out of the membrane via RyR2 channels. By virtue of
being in a primed state, the CPVT variant RyR2-R2474S is likely
more sensitive to channel-activating posttranslational modifications,
resulting in a diastolic SR Ca*" leak that can trigger fatal cardiac
arrhythmias during intense exercise (Fig. 6, A and B).

We have previously shown that binding of activators (Ca**, ATP,
and caffeine) at the TaF-CTD interfaces of RyR1 initiates a rearrange-
ment of the activation core, which primes these domains to adopt a
conformation and orientation poised for pore dilation: the primed
state (36). In the present study, we show that the CPVT mutation
R2474S puts the channel into a primed state that is independent of
the binding of the activators including Ca*". This explains why the
mutant CPVT channel RyR2-R2474S is able to be inappropriately
activated during diastole when the [Ca2+]cyt is too low to activate
the WT RyR2 channel. This inappropriate activation of the mutant
channel results in diastolic SR Ca®" leak and triggers fatal cardiac
arrhythmias (8).

We demonstrate the stabilizing effects of the Rycal ARM210 and
CaM through two different mechanisms. One involves the stabiliza-
tion of the BSol domain through the interaction with the ARM210-
bound RY1&2 domain, and the other occurs via the stabilization
of the CSol and BSol3 domains through the binding of CaM to
CAMBD?2 and the BSol domain. These findings provide a better
understanding of RyR2-related pathological cardiac disorders and
the mechanisms underlying the potential therapeutic actions of the
novel Rycal class of drugs.
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Fig. 6. Proposed mechanism of CPVT-related RyR2 variants, other gain-of-function mutants, and heart failure. (A) Schematic representation of the normal function
of RyR2. (B) Schematic representation of the CPVT-related Ca* leak during diastole under intense exercise or stress conditions. In the case of CPVT variants, the resting
state is already in a primed state. This correlates with the higher open probability during exercise or stress conditions, which results in opening during diastole, after-
depolarizations, arrhythmias, and sudden cardiac death. This pathological state can be reversed by treatment with the Rycal ARM210 (R). This basal primed state scenario
could be a shared mechanism among other RyR1 and RyR2 gain-of-function mutants. (C) Schematic representation of the heart failure-related primed state and Ca>* leak.
The heart failure-related primed state remains hypothetical as no structure has been solved yet.

Mechanism of action of drug-induced stabilization of

leaky RyR2 channels

Together, the data in the present study show that the CPVT muta-
tion disrupts local interactions that destabilize the BSol domain and
induces a primed state. This primed state leads to inappropriate
opening of RyR2 channels that can be reversed by treatment with
the RyR2 stabilizer ARM210. ARM210 binds to a cleft in the RY1&2
domain where it stabilizes interactions between key residues that
are required to reduce flexibility between domains, particularly
with the BSoll domain, of the cytosolic shell. The net effect of
ARM210 binding is to stabilize the overall channel structure closer
to the closed state. This renders the channel less likely to be in-
appropriately activated during diastole when the conditions favor
the closed state of the channel (e.g., low nonactivating [Ca“]cyt).
Melville et al. (31) showed high-resolution binding of ARM210 to the
cleft of the RY1&2 domain of RyR1 and presented functional data of
single point mutations in the cleft of the RY1&2 domain, confirming
that this specific ARM210 binding site is the bona fide drug binding site.
High homology between RY1&2 domains of RyR1 and RyR2, and
the absence of any extra density that could correspond to ARM210 in
our cryo-EM maps suggest that the same is true for RyR2.

Calstabin-2 depletion in cardiac pathologies

We had previously proposed that leaky RyR2 is related to calstabin-2
depletion in CPVT and other cardiac pathologies (6). In this case,
we detected no differences in calstabin-2 binding in our cryo-EM
structures between WT versus CPVT mutant channels, open ver-
sus closed states, or PKA-phosphorylated versus dephosphorylated
states. We attribute this finding to the purification methodology:
Since we add an excess of glutathione S-transferase (GST)—-calstabin-2
to purify RyR2, RyR2 structures are saturated with calstabin-2. On
the other hand, we have previously shown that Rycal drugs revert
this depletion, although we detected no conformational changes in
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the vicinity of calstabin-2 in the presence of ARM210. To address
the effect of ARM210 on the calstabin-2 binding site, we would
need to resolve the structure of RyR2 in the absence of calstabin-2.
On the other hand, RyR affinity for calstabin have been shown to be
dependent on the conformational state of RyRs, having higher
affinity in the closed state [dissociation constant (Kg) = 0.1 to 0.01 pM]
than in the open state (Kg = 1 nM) (52, 53). The primed state would
likely have a reduced affinity for calstabin-2, as we previously showed
in the case of RyR2-R2474S and other RyR2 CPVT variants (8).
Moreover, RyR2 affinity for calstabin-2 could be further reduced
because of the effects of posttranslational modifications (e.g., phos-
phorylation, oxidation, or nitrosylation), as part of a vicious cycle
that amplifies SR Ca®* leak, which in turn further oxidizes RyR2 and
increases the leak (6). Binding of ARM210 would stabilize the closed
state over the primed state, which would increase the affinity for
calstabin-2 and indirectly reduce the oxidative modifications by
diminishing the Ca** leak.

A role for xanthine

Exercise up-regulates the purine catabolism pathway, temporarily
increasing the levels of xanthine through the activation of xanthine
oxidoreductase (XOR) (35, 54). XOR is present in the SR of cardio-
myocytes (55) and colocalizes with RyR2 (56). Hence, the increased
XOR activity may produce locally increased xanthine concentra-
tions that bind to RyR2 and contribute to activation of the channel.
Xanthine activation of RyRs has been reported with a concentration
threshold lower than the commonly used activator caffeine (32).
Structurally, xanthine and caffeine are very similar, having the same
scaffold structure but the latter being trimethylated (fig. S6E). Xanthine
is predicted to be more polar because of the lack of the methyl groups,
but solubility in water is much lower: 0.069 versus 21.6 mg/ml (fig. S6E).
This is explained in part by the absolute planarity of xanthine,
which boosts the nt-w self-stacking association and lowers the water

8of 14



SCIENCE ADVANCES | RESEARCH ARTICLE

solubility, as seen for other purines (57). We suggest that these proper-
ties would increase the polar interaction with residue RyR2-Y4944
and the n-w interaction with residue RyR2-W4645, increasing the
affinity of this binding site for xanthine compared to caffeine.

CaM and CPVT
CaM has been closely linked to CPVT (58) not only because CaM is
essential to protecting against CPVT (40) but also because muta-
tions in CaM are also linked to CPVT in patients (59). CaM is a key
modulator in Ca** signaling, binding to RyR2 and other related
proteins, and activating CaMKII in the presence of Ca** (60). CaM
is a physiological inhibitor of RyR2 and binds to the BSol domain,
where residue RyR2-R2474 is located (38). CaM has also been reported
to preferentially inhibit PKA-phosphorylated RyR2 channels (39).
In resting conditions, when xanthine and Ca®* are not present,
CaM also reverses the conformation changes in the CPVT-linked
RyR2-R2474S mutant channel by stabilizing the BSol3 domain.
However, impaired binding between RyR2 and CaM has been re-
ported for the PKA-phosphorylated RyR2-R2474S mutant channel
(61), preventing physiological CaM from executing its inhibitory
role. In agreement, enhancing binding between RyR2-R2474S and
CaM reverses the pathological effects in cardiomyocytes and mice
models (22, 40). In a sense, together, the CPVT mutation, PKA
phosphorylation, and reduced CaM binding likely play a role in
destabilizing the closed state of the mutant channel and promoting
leak that triggers fatal cardiac arrhythmias.

Comparison to other gain-of-function RyR mutants
Few RyR mutant cryo-EM structures have been published so far
(29, 62). The CPVT-related mouse RyR2-R176Q structure was found
to have a similar conformation as the WT mouse RyR2, showing no
structural evidence of a primed state (29). However, some technical
differences, such as the absence of the activator ATP, the absence
of PKA phosphorylation, and the presence of nanodiscs only in the
mutant channel, might obscure differences between WT and CPVT
structures. The other possible explanation is that R176Q is related to a
weak CPVT phenotype, leading to imperceptible changes in the rest-
ing state, and the need for stress conditions to achieve a primed state.

In the case of RyR1, mutant rabbit RyR1-R164C (29) and porcine
RyR1-R615C (62) structures have been solved. Although these
mutants are related to human malignant hyperthermia, which is an
RyR1-related Ca®" leak pathology induced by inhalation of volatile
anesthetics, the structures of these mutant channels showed a simi-
lar primed or “pathological intermediate” state in the absence of
activators. This presents an opportunity to generate a hypothesis that
pathological gain-of-function RyR mutants induce a basal primed
state, which can be opened under stress conditions in the absence
of an activating signal, leading to Ca** leak and the onset of the pathol-
ogy (Fig. 6B). This could also be the case in heart failure, where chronic
hyperphosphorylation and oxidation have been detected and could
lead to a persistent primed state and Ca** leak (Fig. 6C).

The study with porcine RyR1-R615C also included the analysis
of the interaction between the mutant channels and CaM (62).
Apo-CaM interaction with porcine RyR1-R615C disrupts the origi-
nal “intermediate” conformation, leading to a closed state and an
open state that looks more open, especially at the level of the BSol.
This is surprisingly similar to what we have reported here with
PKA-phosphorylated RyR2-R2474S in the presence of CaM. Apo-CaM
disrupts the RyR2-R2474S primed state to achieve a closed state
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and an open state, which looks more open. Unlike RyR2, CaM acts
as an activator of RyR1 at low Ca** concentration. Although there
is high homology between RyR1 and RyR2, there are some differ-
ences, especially in the BSol domain. While in RyR1 the BSol is
mostly stable and all residues can be detected, in RyR2 the BSol is
more flexible: RyR2 BSoll is always detected, BSol2 is only detected
after the constant presence of calstabin-2, and BSol3 is always absent,
except in our PKA-phosphorylated RyR2-R2474S + CaM. We
hypothesize that the increased flexibility of the BSol domain due to
the RyR2-R2474S CPVT mutation leads to a BSol behavior inter-
mediate between RyR1 and RyR2, and therefore, CaM binding has
a similar effect to porcine RyR1-R615C. Even more, in the presence
of xanthine, CaM could act as an activator of PKA-phosphorylated
RyR2-R2474S as seen for RyR1, adding another level of pathogenicity
to the concurrence of CPVT mutation, PKA phosphorylation, CaM,
and exercise-induced xanthine production.

MATERIALS AND METHODS

Generation of stable cell lines

Complementary DNA (cDNA) for human RyR2 was subcloned
into the A1.2 vector in two steps, using the Nhe I-Xho I fragment
and then the Not I-Nhe I fragment of human RYR2. Human RYR2
was inserted 3 of a cytomegalovirus (CMV) promoter and followed
in 5’ by internal ribosomal entry site (IRES)-green fluorescent pro-
tein (GFP). The sequence of the construct was confirmed by Sanger
sequencing and restriction digestion with Afl III enzyme. The re-
sulting vector (G418-resistant) was cotransfected into HEK293T cells
with a plasmid carrying a puromycin resistance gene using calcium
chloride. Cells were maintained in a G418- and puromycin-containing
medium for approximately 3 weeks and then underwent two cycles
of clonal selection, where the top 0.1% of the most highly fluores-
cent cells were propagated (63).

Generation of human RYR2-R2474S DNA and

HEK293 transfection

Constructs expressing RyR2-R2474S were formed by introducing
the respective mutation into fragments of human RYR2 using the
QuikChange II XL Site-Directed Mutagenesis Kit (Agilent). Three
nucleotide changes were introduced (WT sequence: AGGGTCTAT
to R2474S mutant: AGCGTATAC). The first is the mutation R2474S,
and the other two are silent mutations introducing BstZ171 restriction
site (GTATAC) to facilitate screening for mutant clones. Each fragment
was subcloned into a full-length human RYR2 construct in pCMV5
vector and confirmed by sequencing and expressed in 293T/17 cells
using Lipofectamine 2000 (Thermo Fisher Scientific). For final ex-
pression, HEK293 cells grown in 150-mm dishes with Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% (v/v) fetal
bovine serum (Invitrogen), penicillin (100 U/ml), streptomycin
(100 pg/ml), and 2 mM L-glutamine were cotransfected with 25 mg
per dish of human RYR2-R2474S cDNA using PEI MAX at a 1:5 ratio
(Polysciences) (64). Cells were collected 48 hours after transfection.

Purification and treatment of recombinant human RyR2

All purification steps were performed on ice unless otherwise stated.
HEK293 cells (25 to 50 dishes) expressing human RyR2 or RyR2-
R2474S were harvested by centrifugation for 10 min at 1500g. The
pellet fraction was resuspended in tris malate buffer [10 mM tris
malate (pH 6.8), 1 mM EGTA, 1 mM dithiothreitol (DTT), 1 mM
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menzamidine, 0.5 mM 4-benzenesulfonyl fluoride hydrochloride
(AEBSF), and protease inhibitor cocktail] and was sonicated with
six pulses of 20 s at 35% amplitude. The membrane fraction was
precipitated by centrifugation at 100,000g for 30 min and was
resuspended with a glass homogenizer in CHAPS buffer [10 mM
Hepes (pH 7.4), 1 M NaCl, 1.5% CHAPS, 0.5% phosphatidylcholine
(PC), 1 mM EGTA, 2 mM DTT, 0.5 mM AEBSF, 1 mM benzamidine,
and protease inhibitor cocktail]. The sample was diluted 1:4 with the
same buffer without NaCl. To achieve stabilization of peripherical
domains, we added 100 nmol of GST-calstabin-2 to both tris malate
buffer and CHAPS buffer. The remaining insoluble material was
separated with a second centrifugation at 100,000g for 30 min. The
supernatant—containing detergent-solubilized human RyR2—was
filtered and loaded into a 5-ml HiTrap Q HP column (Cytiva) pre-
viously equilibrated with buffer A [10 mM Hepes (pH 7.4), 0.4% CHAPS,
1 mM EGTA, 0.001% dioleoylphosphatidylcholine (DOPC), 250 mM
NaCl, and 0.5 mM TCEP (tris(2-carboxyethyl)phosphine)]. The
HiTrap Q HP column was eluted with a linear gradient between
300 and 600 mM NaCl. The fractions containing human RyR2 (300
to 350 mM NaCl) were pooled, and 100 nmol of GST-calstabin-2
was added. The pooled fractions were loaded into a 1-ml GSTrap
HP column (Cytiva), which was left recirculating overnight. The
GSTrap HP column was washed with buffer A and eluted with gluta-
thione buffer {10 mM Hepes (pH 8), 0.4% CHAPS, 1 mM EGTA,
0.001% DOPC, 200 mM NaCl, 10 mM GSH [glutathione (reduced
form)], and 1 mM DTT}. Immediately after, a second 1-ml HiTrap Q
HP column (Cytiva) binding/elution step was applied to separate
human RyR2 from the excess of unbound GST-calstabin-2 and
GSH. Simultaneous cleavage of GST tag and PKA phosphorylation
was performed by addition of 50 U of thrombin and 100 U of PKA
(+ 10 mM EGTA, 8 mM MgCl,, and 100 uM ATP for activity), re-
spectively, for 30 min on ice. For samples requiring dephosphoryl-
ation treatment, PKA was replaced by 2000 U of phosphatase lambda
(PA from NEB, + 1x Protein MetalloPhosphatases (PMP) buffer, and
1 mM MnCl,). The sample was concentrated to 0.5 ml, and a gel
filtration step was run with TSKgel G4SWx;, (TOSOH Biosciences)
with buffer A. RyR2 fractions were pooled and concentrated to a
concentration of 4 to 8 mg/ml (with centrifugal filters of 100-kDa
cutoff) and were filtered (with centrifugal filters of 0.22-um cutoff)
to eliminate aggregates. To resemble exercise diastolic conditions,
10 mM NaATP, 500 uM xanthine, 150 nM Ca?* free (650 uM total
Ca?"), and 200 uM cAMP were added to all samples. For conditions
with CaM or ARM210: 20 uM CaM was added to PKA-phosphoryl-
ated RyR2, 40 uM CaM was added to PKA-phosphorylated RyR2-
R2474S, and 500 pM ARM210 was added to PKA-phosphorylated
RyR2-R2474S. MaxChelator webserver was used to calculate
total/free Ca2" concentrations (65). Quality control was assessed
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and immuno-
blots using anti-RyR-5029 and anti-RyR2-pS2809 antibodies for total
and phosphorylated RyR2, respectively (66).

Purification of recombinant GST-calstabin-2

Recombinant human GST-calstabin-2 was expressed in BL21 (DE3)
Escherichia coli cells with a thrombin protease cleavage site between
GST and calstabin-2. Protein expression was induced with 0.8 mM
isopropyl-B-p-thiogalactopyranoside (IPTG) added to E. coli at an
ODgyp (optical density at 600 nm) of 0.8 with overnight incubation
at 18°C before centrifugation for 10 min at 6500g. The pellets were
resuspended in buffer A (phosphate-buffered saline + 0.5 mM
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AEBSF) and lysed using an emulsiflex (Avestin EmulsiFlex-C3). The
lysate was pelleted by centrifugation for 10 min at 100,000g. The super-
natant was then loaded into a 5-ml GSTrap HP column (Cytiva) and
washed with 5 column volume (CV) of buffer A to remove contaminants
before elution with buffer B [tris (pH 8), 2 mM DTT, and 20 mM
glutathione]. Fractions containing GST-calstabin-2 were pooled, con-
centrated, and dialyzed overnight at 4°C into buffer A. final concentra-
tion was determined by spectroscopy using NanoDrop 1000 (Thermo
Fisher Scientific) with absorbance at 280 nm and an extinction
coefficient 0f 46,200 M ™" cm ™. GST-calstabin-2 was stored at —80°C.

Purification of recombinant CaM and TEV protease
Recombinant human CaM was expressed in BL21 (DE3) E. coli cells
with an N-terminal 6-histidine tag and a tobacco etch virus (TEV)
protease cleavage site. Protein expression was induced with 0.8 mM
IPTG added to E. coli at an ODgqg of 0.8 with overnight incubation
at 18°C before centrifugation for 10 min at 6500¢ and storage
at —80°C. CaM was purified using a two-step 5-ml HisTrap HP
column (Cytiva) purification. In brief, the pellets were resuspended
in buffer A [20 mM Hepes (pH 7.5), 150 mM NaCl, 20 mM imidazole,
5 mM 2-Mercaptoethanol, and 0.5 mM AEBSF] and lysed using an
emulsiflex (Avestin EmulsiFlex-C3). The lysate was pelleted by cen-
trifugation for 10 min at 100,000g. The supernatant was then loaded
over a HisTrap column and washed with 5 CV of buffer A to
remove contaminants before elution using a linear gradient from
buffer A to buffer B (buffer A containing 500 mM imidazole). Frac-
tions containing CaM were pooled, 1 to 2 mg of purified TEV pro-
tease was added, and the mixture was dialyzed overnight at 4°C into
buffer C (buffer A with no imidazole). CaM was then loaded onto a
HisTrap column with the flowthrough collected and the wash frac-
tionated to retain fractions containing CaM before elution of TEV
and any remaining contaminants with a linear gradient from buffer
C to buffer B. The flowthrough and any fractions containing CaM
were pooled, concentrated to >2 mM, and determined by spectroscopy
using NanoDrop 1000 (Thermo Fisher Scientific) with absorbance
at 280 nm and the extinction coefficient of CaM (3000 M~! cm™).
CaM was stored at —20°C. TEV protease was purified in the same
manner except for using an uncleavable his-tag and thus ending after
the first HisTrap column wherein the purified protease was stored
at —80°C in buffer C with 10% glycerol.

Cryo-EM sample preparation and data collection

The final sample (3 ul) was applied to UltrAuFoil holey gold grids
(Quantifoil R 0.6/1.0, Au 300) previously cleaned with easiGlow
(PELCO). Grids were blotted with ashless filter paper (Whatman)
using blot force 10 and blot time 8 s before vitrification by plunge-
freezing into liquid ethane chilled with liquid nitrogen using Vitrobot
Mark IV (Thermo Fisher Scientific) operated at 4°C with 100%
relative humidity.

Prepared grids were screened in-house on a Glacios Cryo-TEM
(Thermo Fisher Scientific) microscope with a 200-kV x-FEG source
and a Falcon 3EC direct electron detector (Thermo Fisher Scientific).
Microscope operations and data collection were carried out using
EPU software (Thermo Fisher Scientific). High-resolution data
collection was performed at Columbia University on a Titan Krios
300-kV (Thermo Fisher Scientific) microscope equipped with an
energy filter (slit width 20 eV) and a K3 direct electron detector
(Gatan). Data were collected using Leginon (67) and at a nominal
magnification of x105,000 in electron counting mode, corresponding
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to a pixel size of 0.83 A. The electron dose rate was set to 16 e’/gixel

°

per second with 2.5-s exposures for a total dose of 50 to 60 e/A”.

Cryo-EM data processing and model building

Cryo-EM data processing was performed in cryoSPARC (68) with
image stacks aligned using Patch motion, defocus value estimation
by Patch CTF estimation. Particle picking was performed using the
template picker with templates created from preexisting cryo-EM
maps. Particles were subjected to 2D classification in cryoSPARC
with 100 classes. Particles from the highest-resolution classes were
pooled for ab initio 3D reconstruction with a single class followed
by homogeneous refinement with C4 symmetry imposed. 3D
variability and further clustering were performed using a mask
comprising the TM domain to separate those particles in the closed
and open states followed by heterogeneous refinement with four
classes to further select the best particles. C4 symmetry expansion
was performed before local refinements. The masks used were
TaF + TM + CTD domains (residues 4131 to 4967), calstabin-2 +
NTD + SPRY domains (residues 1 to 1646), JSol + CSol domains
(residues 1700 to 2476, 3590 to 4130), and BSol domain (residues
2400 to 3344). Only the TaF + TM + CTD mask used C4 symmetry.
Smaller masks, for a second round of 3D variability analysis, clus-
tering, and local refinement, were RY1&2 (residues 862 to 1076),
RY3&4 (residues 2685 to 2909), and BSol2 (residues 3042 to 3344).
Local refinements used a dynamical mask with a far distance of 10,
50, and 150 A for the initial masks, small masks, and expanded
RY3&4 mask for comparing the effect of RY3&#4 stabilization, re-
spectively. The resulting maps were combined in ChimeraX (69) to
generate a composite map before calibration of the pixel size using
correlation coefficients with a map generated from the crystal struc-
ture of the NTD of RyR2 (4JKQ) (70). The pixel size was altered by
0.001 A per step, up to 20 steps in each direction.

Initial model of RYR2 was generated with Phenix tool sculp-
tor (71) from the 2.45-A structure of RyR1 (PDB: 7TZC). Truncated
residues were manually corrected to obtain the full side chains.
Only domains RY1&2 and RY3&4, which show weak cryo-EM
density and confidence in structure, were based on crystallo-
graphic structures. The initial model of RyR2 RY1&2 domain was
generated with Phenix tool sculptor from the RY1&2 domain of
RyR3 with ATP (PDB: 6UHH). The model of RyR2 RY3&4 do-
main was obtained as it is (PDB: 4ETV) (72). Calstabin-2 and
CaM models were obtained as they are (PDB: 6]18) (38). Model
building was performed in Coot (73) and refined with Phenix
tool RealSpaceRefine (71). Figures of the final structure were
created using ChimeraX (69). Cryo-EM statistics are summarized
in table S1.

Normalized difference in RMSD analyses: Pairwise
1-domain comparison

The analysis performed here aims to determine the conformation of
a certain query domain from a model X relative to the reference
closed and open states. To this end, the RMSD of Ca of the
query domain is measured between model X and the closed state
(RMSDxdlosed)» and between model X and the open state (RMSDx_open)-
The normalized difference in RMSD is calculated as RMSDx_closed/
(RMSDx_closed + RMSDx.gpen). A value of 0 means that the confor-
mation of the query domain is identical to the same domain in the
closed state. A value of 1 means that the conformation of the query
domain is identical to the same domain in the open state. A value of
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0.5 means that the conformation of the query domain is equally distant
to the closed and open states. The error, considered as the intrinsic
variability between atomic models, was calculated as the RMSD between
aligned domains of the respective models (i.e., CSol for analysis in
table S3, A to C, and BSol1 for analysis in table S3D). Propagation of
error was calculated using the webserver uncertaintycalculator.
com. Bar graphs were made with GraphPad Prism software. RMSD
was measured in ChimeraX (69). When needed, previous align-
ment of the atomic models centered on the control domains was
performed.

Telemetric electrocardiogram recordings

Mice were implanted with radio telemetry transmitters (Data
Sciences International) as described in detail elsewhere (74). Briefly,
the transmitter (PhysioTel, ETA-F10 transmitter) was inserted in
mice subcutaneously along the back under general anesthesia (5%
inhaled isoflurane). Two electrocardiogram (ECG) electrodes were
placed hypodermically in the region of the right shoulder (negative
pole) and toward the lower left chest (positive pole) to approximate
lead II of the Einthoven surface ECG. During the procedure, respi-
ratory and cardiac rhythm, adequacy of anesthetic depth, muscle
relaxation, body temperature, and analgesia were monitored to avoid
anesthesia-related complications. Postoperating pain was considered
during a 1-week postimplantation period, and carprofen (5 mg/kg,
subcutaneously) was given. A minimum period of 2 weeks was
allowed for recovery from the surgery. Animals were housed in
individual stainless steel cages for telemetry recordings. Environ-
mental parameters were recorded continuously and maintained
within a fixed range: room temperature at 15° to 21°C and 45 to
65% relative humidity. The artificial day/night cycle was 12-hour
light/12-hour dark with light on at 0700 hours. Drinking water was
provided ad libitum. Solid diet (300 g) was given daily in the morning.
ECG waveforms were continuously recorded at a sampling rate of
2000 Hz using a signal transmitter-receiver (RPC-1) connected to a
data acquisition system (Ponemah system, Data Sciences Interna-
tional). ARM210 (50 mg/kg per day) was given in drinking water
for 2 weeks before ECG recordings. Mice were recorded for 1 hour
at baseline and then given epinephrine injection (1 mg/kg, intra-
peritoneally) and recorded for another 2 hours. The animal used in
the study were maintained and studied according to protocols
approved by the Institutional Animal Care and Use Committee of
Columbia University (reference no. AC-AABP1551).

SR Ca”* leak assay

Cardiac muscle SR microsomes were prepared by homogenizing
heart samples on ice using a Teflon glass homogenizer (50 times)
with 2 volumes of 20 mM tris-maleate (pH 7.4), 1 mM EDTA,
1 mM DTT, and protease inhibitors (Roche). Homogenate was
then centrifuged at 4000g for 15 min at 4°C, and the following
supernatant was centrifuged at 50,000¢ for 45 min at 4°C. Pellets
were resuspended in lysis buffer containing 300 mM sucrose.
Microsomes (5 pg/ml) were diluted into a buffer (pH 7.2) contain-
ing 8 mM K-phosphocreatine, and creatine kinase (2 U/ml), mixed
with 3 uM Fluo-4 and added to multiple wells of a 96-well plate.
Ca’" loading of the microsomes was initiated by adding 1 mM
ATP. After Ca** uptake (50 s), 3 uM thapsigargin was added to
inhibit the Ca®" reuptake by SERCA. SR Ca’" leak was measured
by the increase in intensity of the Fluo-4 signal (measured in a
Tecan fluorescence plate reader). Ca** leak was quantified as the

110f 14


http://uncertaintycalculator.com
http://uncertaintycalculator.com

SCIENCE ADVANCES | RESEARCH ARTICLE

difference between the average Fluo-4 signal before and after
addition of thapsigargin. Graphs were plotted with GraphPad Prism
software.

Single-channel recordings

ER vesicles from HEK293 cells expressing RyR2 were prepared by
homogenizing cell pellets on ice using a Teflon glass homogenizer
with two volumes of solution containing 20 mM tris-maleate
(pH 7.4), 1 mM EDTA, 1 mM DTT, and protease inhibitors (Roche).
Homogenate was then centrifuged at 4000g for 15 min at 4°C, and
the resulting supernatant was centrifuged at 40,000g for 30 min at
4°C. The final pellet, containing the ER fractions, was resuspended
and aliquoted in 250 mM sucrose, 10 mM Mops (pH 7.4), 1 mM
EDTA, 1 mM DTT, and protease inhibitors. Samples were frozen in
liquid nitrogen and stored at —80°C. ER vesicles were fused to
planar lipid bilayers formed by painting a lipid mixture of phospha-
tidylethanolamine and PC (Avanti Polar Lipids) in a 5:3 ratio in
decane across a 200-um hole in polysulfonate cups (Warner Instru-
ments) separating two chambers. The trans chamber (1.0 ml),
representing the intra-SR (luminal) compartment, was connected
to the head stage input of a bilayer voltage clamp amplifier. The cis
chamber (1.0 ml), representing the cytoplasmic compartment, was
held at virtual ground. The following asymmetrical solutions were
used: for the cis solution, 1 mM EGTA, 250/125 mM Hepes/tris,
50 mM KCl (pH 7.35); for the trans solution, 53 mM Ca(OH),, 50 mM
KCI, 250 mM Hepes (pH 7.35). The concentration of free Ca** in
the cis chamber was calculated as previously described. ER vesicles
were added to the cis side, and fusion with the lipid bilayer was
induced by making the cis side hyperosmotic by the addition of 400 to
500 mM KCl. After the appearance of potassium and chloride
channels, the cis side was perfused with the cis solution. At the end
of each experiment, 10 uM ryanodine was added to block the RyR2
channel. Single-channel currents were recorded at 0 mV using
Bilayer Clamp BC-525D (Warner Instruments), filtered at 1 kHz
using Low-Pass Bessel Filter 8 Pole (Warner Instruments), and digi-
tized at 4 kHz. All experiments were performed at room tempera-
ture (23°C). Data acquisition was performed by using Digidata
1322A and Axoscope 10.1 software (Axon Instruments). The re-
cordings were analyzed using Clampfit 10.1 (Molecular Devices)
and GraphPad Prism software.

Mass spectrometry analyses

ER vesicles from HEK293 cells expressing RyR2 were separated
on 4 to 12% gradient SDS-PAGE and sent for mass spectrometry
analysis to in-house Columbia Proteomics Shared Resource (HICCC).
Protein gel slices were excised, and in-gel digestion was performed
as previously described (75), with minor modifications. Digested
peptides were collected and further extracted from gel slices in
extraction buffer (1:2 ratio by volume of 5% formic acid:acetonitrile)
at high speed, shaking in an air thermostat. Peptides were separated
within 80 min at a flow rate of 400 nl/min on a reversed-phase C18
column with an integrated CaptiveSpray Emitter (25 cm X 75 um,
1.6 um, IonOpticks). Mobile phases A and B were with 0.1% formic
acid in water and 0.1% formic acid in acetonitrile. The fraction of B
was linearly increased from 2 to 23% within 70 min, followed by
an increase to 35% within 10 min and a further increase to 80%
before reequilibration. The timsTOF Pro was operated in parallel
accumulation-serial fragmentation (PASEF) mode (76) with the
following settings: mass range, 100 to 1700 mass/charge ratio (m/z);
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1/KO start, 0.6 V-s/cm? end, 1.6 V-s/cm’ ramp time, 100 ms; lock duty
cycle to 100%; capillary voltage, 1600 V; dry gas, 3 1/min; and dry
temperature, 200°C. PASEF settings: 10 Tandem Mass Spectrometry
frames (1.16 s duty cycle); charge range, 0 to 5; active exclusion for
0.4 min; target intensity, 20,000; intensity threshold, 2500; and collision-
induced dissociation collision energy, 59 eV. A polygon filter was
applied to the m/z and ion mobility plane to select features most
likely representing peptide precursors rather than singly charged
background ions. Acquired PASEF raw files were analyzed using
the MaxQuant environment v.2.0.1.0 and Andromeda for database
searches at default settings with a few modifications (76). MaxQuant
was set up to search with the reference human proteome database
downloaded from UniProt. The following modifications were used
for protein identification and quantification: Carbamidomethylation
of cysteine residues (+57.021 Da) was set as static modifications,
while the oxidation of methionine residues (+15.995 Da), deamidation
(+0.984) on asparagine and glutamine, and phosphorylation (+79.966)
on serine, threonine, and tyrosine were set as a variable modifica-
tion. Results obtained from MaxQuant, Phospho (STY) sites table
was used for RyR2 phospho-site quantification. Sequence coverage
was obtained with the software Scaffold 5.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo1272

View/request a protocol for this paper from Bio-protocol.
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