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Ryanodine Receptor isoform 3 (RyR3) is a large ion channel found in the
endoplasmic reticulum membrane of many different cell types. Within the
hippocampal region of the brain, it is found in dendritic spines and regulates
synaptic plasticity. It controls myogenic tone in arteries and is upregulated in
skeletal muscle in early development. RyR3 has a unique functional profile with
a very high sensitivity to activating ligands, enabling high gain in Ca*-induced
Ca” release. Here we solve high-resolution cryo-EM structures of RyR3 in non-
activating and activating conditions, revealing structural transitions that occur
during channel opening. Addition of activating ligands yields only open
channels, indicating an intrinsically high open probability under these condi-
tions. RyR3 has reduced binding affinity to the auxiliary protein FKBP12.6 due

to several sequence variations in the binding interface. We map disease-
associated sequence variants and binding sites for known pharmacological
agents. The N-terminal region contains ligand binding sites for a putative
chloride anion and ATP, both of which are targeted by sequence variants
linked to epileptic encephalopathy.

Ryanodine receptors (RyRs) are ion channels that release Ca** from the
endoplasmic (ER) and sarcoplasmic reticulum (SR)'. With molecular
weights >2 MDa, they are the largest ion channels currently known. Of
the three isoforms (RyR1-3) that are found in mammals, the type 3
ryanodine receptor was first identified in mammalian brain?, but has
since been found in many different cell types>.

Within the brain, RyR3 is primarily found in the hippocampus and
striatum in adults*®. Although RyR1 and RyR2 are also found
throughout the central nervous system, RyR3 plays distinct roles*’. For
example, in primary hippocampal neurons, RyR3 is the only isoform
found in dendritic spines®. Activated by increases in cytosolic Ca®,
RyR3 likely amplifies Ca*" signals originating from the plasma mem-
brane at postsynaptic dendritic spines, which then propagate to the
dendrite and activate RyR2, which is more prevalent in this region.
Accordingly, RyR3 has been shown to play a role in learning and
memory, as its knock-down or sheer knock-out leads to impaired
spatial learning and neuronal plasticity®'®, reduced social interactions
and hyperactivity". Its role in the brain is underscored by several

disorders. RyR3 is overexpressed in hippocampal neurons of Alzhei-
mer’s disease mouse models'>?, and its overexpression has also been
associated with depression-like behavior'.

Outside of the brain, RyR3 is found in multiple tissues with spe-
cifically assigned roles in tracheal epithelium®, pre-adipocytes', cer-
ebral arteries”, but also in stomach, spleen, intestines, esophagus,
kidneys and more’. Given this diverse array of cell types, single
nucleotide polymorphisms in RyR3 have been associated with a range
of traits and disorders, including plasma adiponectin levels®,
atherosclerosis'®?, hypertension and diabetes?, Alzheimer’s?, fetal
akinesia®, and neuroleptic malignant syndrome®*. However, a direct
causative link between RyR3 mutations and disease has not been
proven to date.

Concomitant with a specialized role for RyR3, its intrinsic func-
tional properties differ substantially from RyR1 and RyR2. Being the
shortest of the three isoforms, it has a higher sensitivity to activating
ligands like Ca® and caffeine, to oxidating conditions, and is char-
acterized by a much higher maximum open probability> 2. This
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profile enables a specialized role in tissues where other isoforms are
also expressed. In skeletal muscle, for example, RyR1 is the pre-
dominant isoform expressed in the SR membrane. This is easily
understood, as RyR1 is mechanically coupled to L-type Ca®* channels in
the T-tubule membrane, whereas RyR3 is not, and this effect is due to
specific sequence differences in distinct regions® . However, neo-
natal muscle lacks well-developed T-tubule systems, and are more
reliant on Ca**-induced Ca*" release (CICR), which is strongly amplified
by RyR3 by virtue of its enhanced Ca*" sensitivity*>. The relative content
of RyR3 in adults also varies substantially depending on the exact
muscle, with much higher concentrations in diaphragm®-*. This is
particularly the case in extraocular muscle, where RyR3 is abundant,
and its deletion strongly affects the muscle mechanical properties and
vision®. In accordance with its role in skeletal muscle, RyR3 sequence
variants have been associated with nemaline myopathy®.

High-resolution insights into RyR3 structure have been limited,
with a crystal structure available for the individual Repeat3&4
domain®, and unpublished structures of the Repeatl&2 domain (PDB
entries 6UHA, 6UHB, 6UHE, 6UHH). Previous cryo-EM studies on full-
length RyR3 have been limited to very low resolutions ~30-40 A%,
thus not allowing any atomic-level interpretation.

Here we present high-resolution cryo-EM structures of recombi-
nantly expressed mammalian RyR3. Our structural studies reveal a
channel with a high intrinsic open probability, a distinct profile for
binding small molecule ligands and altered interfaces for binding
auxiliary proteins like FKBP12.6.

Results

Structures of RyR3 in non-activating and activating conditions
We purified mink RyR3, recombinantly expressed in stable HEK293
cells, and determined cryo-EM structures in two conditions: non-
activating (S mM EGTA) and activating (30 uM free Ca**, 5mM ATP, and
5mM caffeine). These led to reconstructions at 2.89 and 3.22 A global
resolution, respectively (Fig. 1; Supplementary Fig. 1 and 2; Supple-
mentary Table 1). In both cases, FKBP12.6 was utilized to purify the
channel, and was therefore present in the final reconstructions. To
determine the state of the pore in both conditions (open versus
closed), we used classification on a masked transmembrane region and
found that the non-activating condition gave rise to a homogeneous
population of particles with only closed pores. Conversely, the

activating conditions only yielded open channels. This is in contrast
with RyR1 and RyR2, where similar activating conditions typically yield
amixture of open and closed channels****!, This indicates an increased
sensitivity of RyR3 for activating conditions and is in line with func-
tional data, which have shown a higher open probability of RyR3
compared to the other isoforms® %, Using symmetry expansion and
masked refinement, we highly improved the local resolution for indi-
vidual regions, yielding local resolutions in the pore domain of 2.6 and
2.8 A for non-activating and activating conditions, respectively. The
poorest resolution was obtained for the Repeat1&2 domain (-6 A) and
the Repeat3&4 domain (nearly invisible), indicating high relative flex-
ibility for these domains (Fig. 1a, b; Supplementary Figs. 1 and 2). An
overview of the various domains is shown in Fig. 1c, d.

Conformational changes in cytosolic domains upon channel
opening

Upon channel opening, the large cytosolic cap of RyR3 undergoes
large outward and downward motions away from the central fourfold
symmetry axis (Fig. 2a; Supplementary Movie 1). These involve con-
certed movements in the N-terminal, Nsol, SPRY, Jsol, Bsol, Csol, and
C-terminal domains. Consequently, modulatory ligands or proteins
that induce conformational changes in any of these cytosolic domains
will likely also affect channel gating.

Between the closed and open states, the Bsol domain shows the
largest downward movements (-10 A) at the periphery (Fig. 2b). Of
note, a pocket within the Bsol contains additional density not observed
in previous high-resolution structures of RyR1** or RyR2*. We attribute
this density to a loop further downstream in the Bsol sequence. The
contacts are mediated by Arg3384 within the loop and by Trp2513,
Cys2517, His2872, and Asn2871 in the pocket.

Closer to the fourfold symmetry axis, the N-terminal domains
(NTD-A and NTD-B) from all four subunits form a near continuous ring,
with NTD-A of one subunit being juxtaposed to NTD-B’ of a neigh-
boring subunit (Fig. 2c-f). Direct interactions may exist between
Lys157 and GIn158 of NTD-A and Asp231’ and His230” of NTD-B’, but the
side chain density for Lys157 and GIn158 is poorly resolved, and thus
such interactions are, at most, transient. In the open state, however,
the gap between NTD-A and NTD-B’ across subunits widens sub-
stantially, with a relative movement of -4.5 A measured by the increase
in Ca-Ca distances between Lys157 and His230’. In contrast, the
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Fig. 1| Cryo-EM structures of RyR3 in absence and presence of activating
ligands. a Composite map of RyR3 in closed conformation determined in presence
of 5mM EGTA. One subunit of RyR3 (cyan) and FKBP12.6 (yellow) are colored. Map
contour level = 0.21. b Composite map of RyR3 in open conformation determined
in presence of activating ligands (5mM ATP, 5 mM caffeine, and 30 uM free Ca*").
One subunit of RyR3 (pink) and FKBP12.6 (yellow) are colored. Map contour

level = 0.20. ¢ Domain organization of RyR3. NTD-A and NTD-B, NH,-terminal

cytosol

SR lumen

domains A and B, Nsol NH,-terminal solenoid domain, SPRY SPRY domains 1-3, Jsol
junctional solenoid domain, Bsol bridging solenoid domain, Csol central solenoid
domain, TaF thumb-and-forefinger domain, DR1 divergent region 1, TMD trans-
membrane domain, CTD COOH-terminal domain. See Supplementary Table 2 for
domain boundaries. d Structure of closed state RyR3 viewed from the membrane
plane. Only two out of four subunits are shown. The domains are colored according
to (c).
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Fig. 2 | Global conformational changes between closed and open states

of RyR3. a Structural overlay of closed (cyan) and open (pink) RyR3 aligned by the
TMD, showing an overall outward and downward movement of the cytosolic
domains. Upper panel, membrane plane view. Lower panel, intracellular view facing
the ER membrane. b Structural overlay of closed (cyan) and open (pink) RyR3
aligned by the Jsol domain, showing a downward movement of the Bsol domain. A
close-up view shows intra-subunit contact in the Bsol is mediated by an arginine

residue in an extended loop. Cryo-EM density of the extended loop is shown
(contour level = 0.05). Overall structure of ¢ closed and d open state RyR3 viewed
from the intracellular side with one subunit colored. N-terminal domains contact
site between two subunits of e closed and f open state RyR3. Increased distance
between NTD-A and NTD-B’ is observed upon channel opening. CTD contact site
between two subunits of g closed and h open state RyR3. Widened gap between
two CTD protomers is observed upon channel opening.

relative positions of NTD-A and NTD-B within a subunit appear iden-
tical, in agreement with the more extensive interactions found
between these domains.

Immediately downstream of the last transmembrane region (S6)
is a C-terminal domain (CTD) containing a Zn*-finger motif. In the
closed state, the CTDs from all four subunits form a continuous ring
with van der Waals interactions between Ala4846 and Gly4847 on one
subunit, and residues 4792'-4794’ on a neighboring subunit (Fig. 2g).
In the open state of the channel, these interactions are lost, with a
substantial gap between the CTDs (Fig. 2h). These represent relative
movements of 6 A as measured by the Co-Ca distances between
Ala4846 and Pro4794’ of a neighboring subunit. Breaking these inter-
subunit interactions likely provides an energetic barrier for channel
opening.

Conformational changes in pore-forming domain upon channel
opening

The pore-forming domain is formed by the S5 and Sé helices of all four
subunits (Fig. 3a, b). The ion-conduction pathway is lined with many
conserved residues that likely facilitate Ca*" coordination and per-
meation. In the closed state, the hydrophobic gate is formed by lle4759
from all four subunits, resulting in a pore radius of less than 1A,
thereby inhibiting Ca*" conduction (Fig. 3c). In the open state, the
narrowest points are formed by Gly4716 and GIn4755, but with a
minimum pore radius of ~3A that permits ion conduction. Upon
channel opening, the S5 and Sé6 helices move outward, resulting in an
increased distance from 10.6 A to 18.2A as measured by the Ca

distance between lle4759 of diagonally opposed subunits (Fig. 3d, e;
Supplementary Movie 2).

Binding sites for Ca’", caffeine, and ATP

In the RyR3 map obtained under activating conditions, we observed an
unambiguous density for Ca®', at an interface between two domains
that are not adjacent in sequence: the central solenoid (Csol) and
C-terminal domain (CTD) (Fig. 4a, b). The Ca* ion is coordinated by the
side chains of Glu3732 and Glu3806 in the Csol, and the Thr4823
carbonyl oxygen in the CTD. Binding of Ca®' to this region causes a
relative decrease in the distance between these two domains (Sup-
plementary Movie 3). This causes a pivoting motion of the CTD, which
is then translated to the associated S6 helices, thereby affecting
channel gating.

We also observed excellent density for caffeine, whose binding
site is formed by 4 different regions: a cytosolic extension of the loop
connecting transmembrane helices S2 and S3, the CTD, the thumb-
and-forefinger (TaF) domains, and a helix extending from the Csol.
Binding of caffeine is obstructed by Trp4539, whose side chain swings
out to make place (Fig. 4c; Supplementary Movie 4). The extended S2-
S3 loop moves away by 2.5A relative to the CTD to make space,
whereas the Csol helix containing Phe3598 moves closer by -8 A to
participate in caffeine binding.

Excellent density is visible for ATP adjacent to the CTD, the
extended S6 transmembrane helix, and the TaF domain (Fig. 4d).
Several structural changes can be perceived in the binding pocket
comparing open and closed RyR3 (Fig. 5; Supplementary Movie 5). In
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Fig. 3 | Pore-forming domain of RyR3 in closed and open states. Pore-forming
domain of the a closed and b open state RyR3 viewed from the membrane plane.
Only two out of four subunits are shown, and one shown in color. The dots are

colored according to pore radii calculated using HOLE”: less than 1.15 A (orange),
1.15to 2.3 A (blue), and greater than 2.3 A (white). ¢ Pore radii along the permeation
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path for closed (cyan) and open (pink) state of RyR3, calculated using HOLE”. The
vertical dash line marks the radius of a dehydrated calcium ion at 1.1 A’. Cross-
sectional view of the pore-forming domain of d closed and e open state RyR3
viewed from the intracellular side. The Ca distance between two Ile4759 residues
on opposite protomers are shown.

closed RyR3, Arg4054, located in the TaF domain, is part of a salt
bridge network that involves Glu4051 (also in the TaF domain), which
in turn links to Lys4643 in the S4-S5 linker (Fig. 5a). In the open RyR3,
the S4-S5 linker has shifted, and Lys4643 is no longer involved in the
salt bridge network. Arg4054 is now involved in ionic interactions with
the ATP y-phosphate, whereas Glu4051 now interacts with another Lys
residue (Fig. 5b). When one also takes intersubunit contacts into
account, in the closed state of the channel the ATP 3-phosphate group
would be close (-3.5A) to Glu4066’ of a neighboring subunit, likely
providing some electrostatic repulsion (Fig. 5¢). In the open state,
Glu4066 is much further away, relieving the repulsion (Fig. 5d).

We note that these changes around ATP are not due to ATP alone
but are observed when comparing open and closed channels. Indeed,
previous structures of other RyR isoforms have shown that addition of
ATP alone yields mostly closed channels****. However, different elec-
trostatic interactions that involve ATP do help explain why this ligand
helps favor the open state when other activating ligands are also
present*,

Ligand binding in the NTD

The N-terminal region is built up by the NTD-A and NTD-B domains,
and the N-terminal solenoid (Nsol) (Fig. 1c, d). We observed a density
compatible with a chloride anion, at the interface where these three
domains meet (Fig. 6a, b). This putative chloride is stabilized by four
different arginine residues. Without it, one would expect significant
electrostatic repulsion due to these arginine residues, likely resulting
in relative movements of these three domains that may alter channel

gating. In RyR1, one of the arginines is replaced by a histidine (Fig. 6c;
Supplementary Fig. 3). This likely explains the absence of chloride
binding in both crystal structures and cryo-EM structures of RyR1*>*%,
RyR2 does contain four arginines at this interface (Fig. 6d; Supple-
mentary Fig. 3), but a corresponding chloride ion has not been
assigned in any RyR2 cryo-EM structure to date. One crystal structure
of the isolated RyR2 N-terminal region has unambiguously shown the
presence of a chloride anion in this area*. Closer inspection of avail-
able cryo-EM maps of RyR2 does show density compatible with a
chloride ion, suggesting that this is a feature that distinguishes RyR2
and RyR3 from RyRI1.

Unexpectedly, we observed density for another ATP molecule at
the interface between the NTD-A and NTD-B domains (Fig. 6a, e). The
adenine ring fits in a mostly hydrophobic pocket, but with an addi-
tional hydrogen bond mediated by Arg285 in the NTD-B domain. The 3
and y phosphate groups are engaged in H-bond interactions, with an
additional ionic interaction between the y phosphate and Lys35 in
NTD-A. This density has not been previously observed or reported in
cryo-EM structures of RyR1 or RyR2 determined in presence of ATP
(Fig. 6f, g). The ability of RyR3 to bind ATP in this region is likely a
unique feature of RyR3. His205 involved in coordinating 3 phosphate
of ATP is mutated to an asparagine and alanine in RyR1 and RyR2,
respectively (Supplementary Fig. 3). Additional differences between
RyR3 and RyR2 include substitution of RyR3 Ala56 by Ser in RyR2, likely
introducing steric hindrance. RyR3 Ser272, which interacts with the
phosphate, is replaced by Ala in RyR2. Comparing the binding pocket
for ATP in the open and closed RyR3, there are only subtle differences
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Fig. 4 | Conformational changes upon binding of activating ligands. a A single
subunit of open state RyR3 (pink) bound to FKBP12.6 (yellow) with a close-up view
of the ligand-binding sites. b Structural comparison of calcium binding site in
closed (left) and open (right) state RyR3. The two structures are superimposed
relative to Csol domain (residues 3637-3776). Ca*" ion is shown as a green sphere
along with corresponding cryo-EM density (contour level = 0.42). The arrow indi-
cates the conformational change upon calcium binding. ¢ Structural comparison of
caffeine binding site in closed (left) and open (right) state RyR3. The two structures
are superimposed relative to the S2-S3 linker region in TMD (residues 4489-4568).
Caffeine is depicted as sticks with corresponding cryo-EM density (contour

level =0.27). Arrow indicates conformational change upon caffeine binding.

d Structural comparison of the ATP binding in closed (left) and open (right) state
RyR3. The two structures are superimposed relative to CTD (residues 4777 - 4815).
ATP is depicted as sticks with corresponding cryo-EM density (contour level =
0.07). Arrow indicates conformational change upon ATP binding.

in sidechain conformations, suggesting that either state is compatible
with ATP binding. Its binding at the NTD-A:NTD-B interface may confer
structural rigidity. This ATP molecule is 81 A away from the one bound
to CTD (Supplementary Fig. 4). Whereas direct coupling between ATP
binding at both sites is thus unlikely, it is possible that they influence
one another’s binding through long-range allosteric effects.

In open-state structures of RyR1 and RyR2, the local resolution of
the NTD-A and NTD-B domains is frequently lower, indicating higher
relative mobility. Binding of both chloride and ATP may prevent this,
contributing to the high local resolution of this area in open RyR3
(Supplementary Fig. 2) and also indirectly affecting channel gating.
Indeed, post-translational modifications and mutations at the inter-
faces between the N-terminal domains can allosterically affect channel
opening”’, via a mechanism that links these to changes at the NTD-

A:NTD-B’ across subunits, or to altered interactions between the NTDs
and the central solenoid (Csol)****, Thus, the rigidity induced by
binding of two ligands in this area may also have effects on channel

gating.

Isoform-specific differences

RyR3 has been found to have a higher Po compared to RyR1 and RyR2
in various conditions* %, In addition to the chloride and ATP binding
sites in the N-terminal region, we note several other differences
between RyR3 and the other isoforms.

FKBP12 and FKBP12.6 (FK506-binding proteins of 12 and 12.6 kDa,
respectively) associate with RyRs, stabilizing their closed state*. It was
previously noted that RyR3 has a lowered affinity for these proteins®’.
We used a GST-FKBP12.6 fusion protein to purify RyR3, indicating that
it still retains binding. However, we observed weaker density for
FKBP12.6 in our closed RyR3 structure (Fig. 1a), suggesting a reduced
occupancy or higher relative mobility. In contrast, the FKBP12.6 den-
sity in the open RyR3 was better defined. A careful comparison of the
FKBP12.6:RyR3 and FKBP12.6:RyR1 interfaces shows that there are
various distinct differences that explain a lower affinity (Fig. 7a, b). In
RyR1, His1300 in the SPRY3 domain interacts with GIn32 in FKBP12.6,
but in RyR3 this is replaced by Ser1299, which no longer interacts.
Lys36 in FKBP12.6 hydrogen bonds with Asn636 in the RyR1 SPRY1
domain, but this has been replaced by the bulkier Arg634 in RyR3,
which cannot form a hydrogen bond due to steric hindrance and
electrostatic repulsion. Val91 in FKBP12.6 forms van der Waals inter-
actions with Ser1687 in the RyR1 junctional solenoid (Jsol) but has been
replaced with Gly1582 in RyR3. These differences likely underlie the
reduced affinity of FKBP12.6 for RyR3.

The cryo-EM density in the Bsol domain, particularly in the later
portion, appears to be more resolved compared to existing RyR2
structures*! (Supplementary Fig. 5a, b). Sequence alignment in this
region reveals a 12-residue insertion in RyR2 that is absent in RyR1 and
RyR3 near the end of the Bsol domain (Supplementary Fig. 5c). This
insertion may contribute to the longer linker connecting the Bsol and
Csol domains in RyR2. As a result, the Bsol domain in RyR2 is less
constrained, possibly leading to higher conformational heterogeneity
and lower visibility.

Several cryo-EM structures of RyR1 have revealed an additional
transmembrane segment that precedes the S1 helix in sequence*®*>,
This helix makes contacts with helices S1and S4 of one subunit, and S5’
of another subunit (Fig. 7c, d). We did not observe density for the SO
helix in our RyR3 structures, although the proposed sequence is lar-
gely conserved. In RyR1, Val4339 in SO is juxtaposed with Val4820 at
the end of S4, but both of these are replaced by Phe in RyR3, which
would create a steric clash. Therefore, the SO helix is likely more
flexible in RyR3.

Disease-associated variants

To date, more than 1200 RyR3 sequence variants, found in patients
with different disorders, have been reported in the ClinVar database™.
Around 75% of these have been associated with epileptic encephalo-
pathy, an epileptic condition that leads to cerebral dysfunction®-,
Supplementary Table 3 summarizes RyR3 mutations, reported in peer-
reviewed literature and found in patients with a wide range of dis-
orders. Mapping these onto the RyR3 structure (Fig. 8a) shows that
most of these are found in the SPRY domains and in the Bsol region. A
total of 10 of these mutations affect residues buried within the struc-
tures and are thus more likely to change function (Supplementary
Table 3). For residues that are solvent exposed, a change in function is
less likely.

We investigated sequence variants at the ligand binding sites. So
far, no variants reported in peer-reviewed literature are at these
binding sites, but 7 variants, linked to epileptic encephalopathy in
ClinVar database, are found in the binding sites for ATP and chloride
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Fig. 5 | Proposed mechanism of channel activation by ATP binding. Close-up
view of the ATP-binding region for a closed and b open state RyR3. The interactions
of Glu4051 with Arg4054 and Lys4643 are disrupted upon binding ATP, effectively
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destabilizing the closed conformation. ¢, d Rotated views of (a, b), respectively.
Electrostatic repulsion between ATP and Glu4066 of a neighboring subunit (white)
are likely to disfavor ATP-binding in the closed conformation of the channel.

within the N-terminal region (Supplementary Table 4; Fig. 8b, c). Of
note, mutation of arginine residues coordinating the chloride ion in
RyR2 have been firmly linked to catecholaminergic polymorphic ven-
tricular tachycardia (CPVT)*"”". For example, functional experiments
on the RYR2 R420Q and R420W mutation, equivalent to RyR3 R412W,
have indicated a gain-of-function phenotype®**°. Knock-in mice and
hiPSC-derived cardiomyocytes with the RyR2 R420Q mutation reca-
pitulate the CPVT phenotype and show structural alterations*. Crys-
tallographic investigation of these mutations in the N-terminal disease
hot spot have shown a change in the relative domain orientations*c.
Thus, it is very likely that the equivalent R412W mutation in RyR3 also
introduces a gain-of-function and may be causative for epileptic
encephalopathy. Knock-in mouse studies will be needed to investigate
this further.

Discussion

We sought to elucidate the structure of RyR3, and solved cryo-EM
structures in different experimental conditions. Surprisingly, we found
that adding a cocktail of activating ligands (caffeine, ATP, and 30 uM
free Ca?) led to a homogeneous population of only open channels, in
stark contrast with studies with the RyR1 where a mixture of open and
closed channels is observed under such conditions*°. This indicates an
intrinsically higher open probability for RyR3 than for RyRl. This
matches previous functional experiments that have indicated an
increased sensitivity of RyR3 to activating ligands and a higher max-
imum open probability” ™, but we note that cryo-EM studies of RyR2
in the presence of activating ligands have also exclusively shown open
channels®®.

What might be the cause for this increased open probability? The
main sequence differences between the three RyR isoforms are located
in the divergent regions (DR1-DR3), large areas that are intrinsically
disordered’. Of note, DR2 is contained within a flexible loop of the
SPRY3 domain and is almost non-existent for RyR3 (Supplementary
Data 1). Although these regions likely impart distinct functional chan-
ges, they have not been visualized in any cryo-EM structure of RyRs to
date, and thus may have little impact on the proportion of open

isolated RyRs observed in the cryo-EM conditions. However, the DRs
likely confer further isoform-specific difference in physiological con-
text, where many additional binding partners are present.

Several differences in the RyR3 structure may explain its unique
functional properties, including several sequence changes that are
predicted to lower the affinity for FKBP12 and FKBP12.6. The latter
proteins are known to bind RyR1 and RyR2 with high affinity and are
thought to stabilize the closed state**°, Despite the sequence changes
in the binding site, RyR3 clearly has not lost its ability to associate with
FKBPs, since the initial purification step included GST-FBKP12.6 as a
bait protein (see methods). We did notice a decreased occupancy for
FKBP12.6 in our closed RyR3 structure, suggesting that some was lost
during the subsequent purification step. It is unclear why this was more
pronounced for the closed state structure but is in agreement with
previous observations that RyR3 binds FKBPs with lower affinity®°.

We also found the ligand profile to differ. RyR3 retains the pre-
viously identified binding sites for caffeine, ATP and activating Ca*',
but an additional ATP binding site is found at the interface between the
NTD-A and NTD-B domains, where it may confer rigidity and stabilize
the relative domain orientation. This site is likely unique for RyR3 as it
has not been observed before for RyR1 or RyR2, and there are differ-
ences in the residues that make up the binding pocket. We also iden-
tified a putative chloride anion at the interface between the NTD-A,
NTD-B and Nsol domains. It is coordinated by arginine residues, all of
which are conserved in RyR2, but not RyR1. Previous experiments with
RyR2 have shown that mutation of a single arginine is sufficient to
obliterate chloride binding to this site*® and has been linked to CPVT*%,

The relationship between RyRs and disease has been firmly
established for both RyR1 and RyR2. Through many functional
experiments and knock-in mouse models, it is very clear that many
sequence variants cause a gain- or loss-of-function phenotype,
causing CPVT or cardiomyopathy (RyR2) or malignant hyperther-
mia, central core disease, or other myopathies (RyR1)*"“% A plethora
of sequence variants have been identified for RyR3, including hun-
dreds that have been found in patients with epileptic encephalo-
pathy. Although the large number suggests a causative link, this
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Fig. 6 | Structural basis of ATP and chloride binding in the N-terminal domains.
a A single subunit of open state RyR3 (pink) bound to FKBP12.6 (yellow) with a
close-up view of the ligand-binding sites in the N-terminal domains. Close-up view
of the putative chloride-binding site in closed state b mink RyR3 (this study), ¢
rabbit RyR1 (PDB: 7TZC), and d human RyR2 (PDB: 7U9T). CI' ion is shown as a
yellow sphere with corresponding cryo-EM density (contour level = 0.08). An

- - - =

unmodelled cryo-EM density (contour level = 0.13) is observed at the putative
chloride-binding site in hRyR2. Close-up view of the N-terminal domain ATP-
binding site in open state structures determined in presence of ATP for e mink RyR3
(this study), f rabbit RyR1 (PDB: 5TAL), and g human RyR2 (PDB: 7UA9). ATP is
depicted as sticks with corresponding cryo-EM density (contour level = 0.06).

remains to be proven. However, comparing known causative muta-
tions in other isoforms suggests that at least a subset of the RyR3
variants may alter function, and thus also cause disease. For exam-
ple, the R420Q and R420W mutations in RyR2 cause a gain-of-
function phenotype and are causative of CPVT. They both affect the
binding of chloride to the RyR2 N-terminal region and cause a
relative reorientation of the N-terminal domains*. An equivalent
mutation in RyR3 (R412W) has been found in a patient with epileptic

encephalopathy and is thus likely to have similar structural and
functional consequences.

Of note, many single nucleotide polymorphisms in RyR3 are
located in intronic regions. They are less likely to directly affect the
function of the individual RyR3 but may have an impact on the total
amount of RyR3 protein. Since RyR3 inherently has a much higher
open probability, disturbing the balance between RyR3 and the other
isoforms thus presents another mechanism for an overall gain-of-
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Fig. 7 | Isoform-specific differences between RyR3 and RyR1. Close-up view of the
FKBP12.6 binding site for open state a mink RyR3 and b rabbit RyR1 (PDB: 7TZC).
Close-up view of the SO binding site for open state ¢ mink RyR3 and d rabbit RyR1

(PDB: 8DVE). Substitution of two valines in RyR1 to bulkier phenylalanines in RyR3
near the SO binding site likely prohibits binding of SO helix in RyR3.

Fig. 8 | Structural mapping of disease-associated variants in RyR3. a Disease-
associated variants mapped onto the structure of a single subunit of open state
RyR3. The associated residues are shown as spheres and colored by disease asso-
ciations: autism and epilepsy (blue), myopathy (magenta), and atherosclerosis
(green). See Supplementary Table 3 for more details on the disease variants.

R287W . M R412W
R287Q 2 %
A
/ e

ce4y

rezow | T
R270Q %,

Homology model of human RyR3 showing locations of disease-associated variants
in the b putative chloride binding site and ¢ N-terminal ATP-binding site. Cl"ion and
ATP are depicted as a yellow sphere and sticks, respectively. See Supplementary
Table 4 for more details on the disease variants.

function. Whether RyR3 mutations truly cause disease remains to be
demonstrated, and thus it will be of interest to generate animal models
of several different RyR3 sequence variants to test for the role of RyR3
in disease.

Methods

Expression and purification of His-GST-FKBP12.6

We used a human FKBP12.6 (2-108) with an N-terminal His6-GST-TEV-
tag®. The construct was transformed into E. coli strain Rosetta (DE3).
Cells were grown in auto-induction media® at 37 °C to an optical density
of 1, at which the temperature was changed to 20 °C and left shaking
overnight. The cell pellet was obtained by centrifuging at 5000 x g for
20 min. The pellet was re-suspended in lysis buffer (50 mM HEPES pH
7.5, 500 mM NacCl, 5% glycerol, 5 mM BME) supplemented with 10 pg/
mL DNAse I, 1 mM MgCl,, 0.1 mg/mL lysozyme, 0.5 mM PMSF, and 5 mM

imidazole. Cells were lysed by sonication. Cellular debris was removed
by centrifugation at 44,000 x g for 45 min at 4 °C. The supernatant was
loaded onto Ni-NTA resin (Qiagen) by batch binding, and incubated
with gentle shaking for 30 min at 4 °C. The resin was washed with lysis
buffer containing 30 mM imidazole and eluted with lysis buffer con-
taining 500 mM imidazole. The protein was dialyzed overnight in buffer
A (10 mM Tris pH 8.8, 10 mM NaCl, 5mM BME), and applied onto an
HiLoad 16/10 Q Sepharose High Performance column (Cytiva) equili-
brated with buffer A and eluted using a linear gradient of buffer B
(10 mM Tris pH 8.8, 1M NaCl, 5mM BME). The protein was further
purified by size exclusion chromatography on a HiLoad 16/600 Super-
dex 200 pg column (Cytiva) in FPLC buffer (20 mM HEPES pH 7.5,
250 mM NaCl, 1 mM TCEP). The final purified protein was concentrated
to around 10 mg/mL (measured by NanoDrop), flash-frozen in liquid
nitrogen, and stored at —70 °C for later use.
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Expression of RyR3

We used HEK293T cells stably expressing mink RyR3%. The cells were
cultured in 150-mm dishes with Minimum Essential Medium o (MEM o;
Gibco Cat #12561056) supplemented with 10% heat-inactivated Fetal
Bovine Serum (Gibco, Cat #12484028), 10,000 U/mL penicillin-
streptomycin solution, and additional 2mM L-glutamine at 37°C
with 5% CO,. Cells were maintained in culture below passage 10 and
positively selected with 800 pg/mL G418 if kept in continued culture
for more than a month. Upon confluency, plates were placed on ice,
and cells were washed with cold Dulbecco’s Phosphate Buffered Saline
(DPBS), harvested with a scraper, and centrifuged at 250 xg for
Sminutes at 4 °C. Centrifugation cycles were repeated until all cells
from 50-100 plates were collected. The cell pellet was flash-frozen in
liquid nitrogen and stored at -70 °C for later use.

Purification of RyR3

All steps were performed at 4 °C. Cell pellets from 100 dishes were
thawed and re-suspended in buffer A (20 mM Tris-maleate pH 6.8,
75mM NaCl, 10% sucrose, 1mM DTT, 1:1000 of protease inhibitor
cocktail (PIC; Millipore Sigma Cat# 539134)) and lysed by sonication.
Cellular debris was removed by centrifugation at 4400 x g for 10 min.
The supernatant was ultracentrifuged at 100,000 x g for 60 min. The
membrane pellet was collected, flash-frozen in liquid nitrogen, and
stored at —70 °C for later use. The membrane fraction after thawing
was solubilized in buffer B (25 mM HEPES pH 7.5, 500 mM NaCl, 2 mM
DTT, 1% GDN, 1:1000 of PIC for 1h. The solubilized mixture was
ultracentrifuged at 100,000 xg for 60 min. The supernatant was
mixed with 5mg of His-GST-FKBP12.6 and incubated for 1h. Next,
1.5 mL of Glutathione Sepharose 4B resin (Cytiva) was added for 1h.
The resin was poured into a gravity column, washed with buffer C
(25 mM HEPES pH 7.5, 200 mM NaCl, 2 mM DTT, 0.02% GDN, 1:1000 of
PIC) and eluted with buffer D (75 mM HEPES pH 8,200 mM NaCl, 2 mM
DTT, 0.02% GDN, 1:1000 of PIC, 15 mM glutathione). The His-GST tag
was removed by overnight incubation with 150 pg of Tobacco Etch
Virus (TEV) protease. The mixture was incubated with 0.2mL of
TALON resin (Cytiva) for 30 min to capture His-GST and His-TEV.
The gravity column flow-through was applied onto a 1-mL HiTrap
Heparin HP column (Cytiva) equilibrated in buffer E (20 mM HEPES
pH 7.5, 50 mM NaCl, 2mM DTT, 0.02% GDN, 1:1000 of PIC, 5mM
EGTA) and eluted with Buffer E containing 500 mM NaCl. For
the activating condition, buffer E contains a final free Ca** concentra-
tion of 30 uM, using a total of 2 mM EGTA, 5mM ATP, and 5 mM caf-
feine instead of 5mM EGTA. The total concentration of Ca®* to obtain
30 uM free Ca®* was calculated with Ca-EGTA Calculator TS v1.3°* and
the final free Ca*" concentration was verified using a Perfectlon Com-
bination Calcium Electrode unit (Mettler Toledo). The elution is con-
centrated to 100 pL then diluted with 150 uL of Buffer E, making final
[NaCl] =-250 mM. The elution is then concentrated to ~5mg/mL
(measured with Nanodrop), flash-frozen in liquid nitrogen, and stored
at -70 °C.

Electron microscopy

Separate grids were prepared under non-activating and activating
conditions, respectively. Holey gold grids (UltrAuFoil Au 300 mesh, R
1.2/1.3) were glow-discharged for 2min. 25uL of RyR3-
FKBP12.6 sample (non-activating or activating condition) was
applied, blotted for 3 s (blot force of 7 to 10) using ashless blotting
paper (Whatman) and subsequently plunge-frozen in liquid ethane
using a Vitrobot Mark IV (Thermo Fisher Scientific) at 4 °C and 100%
humidity.

Cryo-EM grids were screened on a Glacios electron microscope
operating at 200 kV and equipped with a Falcon 3 camera (Thermo
Fisher Scientific). High-resolution data were collected with a Titan
Krios G2 electron microscope operating at 300 kV and equipped with a
Falcon 4i camera and a Selectris energy filter (Thermo Fisher

Scientific). Microscope operations and data collection were carried out
using EPU software (Thermo Fisher Scientific). Movies were gathered
in super-resolution counting mode at a calibrated magnification of
130,000x, corresponding to 0.96 A per physical pixel. For the non-
activating dataset, a total dose of 50 e /A% using a dose rate of 10.20 e’/
pixel/s was delivered to 1404 frames in EER format with a defocus
range of -1 to -2 um. For the activating dataset, a total dose of 50 e /A2
using a dose rate of 12.06 e”/pixel/s was delivered to 1188 frames in EER
format with a defocus range of 0.5 to -2 um.

CryoEM data processing

Detailed schematics of the cryo-EM data processing pipeline for both
non-activating and activating datasets are summarized in Supple-
mentary Figs. 1 and 2, respectively. All steps were performed in
cryoSPARC® (v. 4.3-4.4.1) unless otherwise indicated. Movies were
patch motion-corrected and curated based on ice thickness, defocus
values, contrast transfer function (CTF) resolution estimation (lower
than 6A were kept), full-frame motion, astigmatism, and average
intensity. Particle picking was carried out using both crYOLO®® (v.1.9.7)
and template picker in cryoSPARC. Templates used in template picker
were generated from 2D classification of crYOLO-picked particles.
After two rounds of 2D classification, particles from both pipelines
were combined, and duplicates were removed. The particles were
further cleaned using iterative rounds of ab-initio reconstruction and
heterogeneous refinement. A consensus refinement was performed
using non-uniform refinement. Masked 3D classification was per-
formed using a TMD mask (residues 4016-4859) to classify the various
pore conformations. Particles with the same pore state were com-
bined, processed with reference-based motion correction, and refined
with non-uniform refinement with C4 symmetry imposed. Pixel cali-
bration was performed by comparing real-space correlation with a
crystal structure of the N-terminal domains of RyR1 (PDB: 2XOA). Local
refinements were performed to improve local resolution using four
separate masks. The first mask consists of the N-terminal, SPRY, and
Repeatl&2 domains (residues 1-1616) + FKBP12.6. The second mask
consists of the Jsol, Csol, and Bsol domains (residues 1617-2492,
3487-4015). The third mask contains the Bsol and Repeat3&4 domain
(residues 2170-3462). The fourth mask contains the TMD (residues
4016-4859). The first three local refinements used C4-symmetry
expanded particles while the fourth refinement used non-symmetry
expanded particles with C4 symmetry imposed. The resulting locally
refined maps were combined in ChimeraX®’ to generate a composite
map. Fourier shell correlation (FSC) plots, orientation distributions
and refinement statistics are presented in Supplementary Figs. 1 and 2
and Supplementary Table 1. Mask-corrected FSC curves were calcu-
lated based on the FSC = 0.143 criterion. The local resolution estima-
tions for the entire channel and each of the locally refined maps were
calculated using the FSC = 0.5 criterion. Cryo-EM density visualization
was done in UCSF ChimeraX®’.

Model building and refinement

A model of human RyR3 predicted by AlphaFold®® was manually
docked into the composite map using ChimeraX®’. The mismatched
residues were manually changed to that of mink RyR3 in Coot®’, and
the model was improved through iterative cycles of manual building in
Coot® and real-space refinement in PHENIX’®. For the Repeatl&2
domain, which showed weak cryo-EM density, crystal structures of
human RyR3 Repeatl&2 domain (PDB: 6UHB & 6UHA) were rigid-body-
docked into the composite maps of non-activating and activating
datasets in ChimeraX®’, and mismatched residues were manually
changed to that of mink RyR3 in Coot®’. Structural model validation
was performed using PHENIX" and MolProbity’. Validation statistics
are summarized in Supplementary Table 1. Structural images were
prepared with UCSF ChimeraX®’. Quantification of the pore radius in
Fig. 3 was calculated using HOLE™,
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Homology modeling of human RyR3

The homology model of human RyR3 was constructed with
MODELER™ (v. 10.5) using mink RyR3 structure as the template. The
sequence alignment was performed using Clustal Omega”.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Atomic coordinates of RyR3 have been deposited in the Protein Data
Bank (PDB) with the following accession codes: 9CIE (non-activating)
and 9CIF (activating). The composite, consensus, and four local
refinement maps of closed state RyR3 (non-activating) have been
deposited in the Electron Microscopy Data Bank (EMDB) with the fol-
lowing accession codes: EMDB-45116 [https://www.ebi.ac.uk/pdbe/
entry/emdb/EMD-45116], EMDB-45035 [https://www.ebi.ac.uk/pdbe/
entry/emdb/EMD-45035], EMDB-45107 [https://www.ebi.ac.uk/pdbe/
entry/emdb/EMD-45107], EMDB-45108 [https://www.ebi.ac.uk/pdbe/
entry/emdb/EMD-45108], EMDB-45109 [https://www.ebi.ac.uk/pdbe/
entry/emdb/EMD-45109], and EMDB-45110 [https://www.ebi.ac.uk/
pdbe/entry/emdb/EMD-45110]. The composite, consensus, and four
local refinement maps of open state RyR3 (activating) have been
deposited in the EMDB with the following accession codes: EMDB-
45117 [https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-45117], EMDB-
45111 [https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-45111], EMDB-
45112 [https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-45112], EMDB-
45113 [https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-45113], EMDB-
45114  [https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-45114], and
EMDB-45115  [https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-45115].
The following previously published PDB codes were used for com-
parison: 2XOA, 6UHA, 6UHB, 6UHE, 6UHH, 7TZC,7U9T, 5TAL, 7UA9,
8DVE. The source data underlying Supplementary Figs. 1a and 2a is
provided as a Source Data file. Source data are provided with
this paper.
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