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SUMMARY

Ryanodine receptors (RyRs) are intracellular tetrameric ion channels responsible for Ca®* release from the
sarcoplasmic and endoplasmic reticulum. Ryanodine receptor 1 (RyR1) isoform, critical for muscle contrac-
tion, has been studied most extensively. While cryoelectron microscopy (cryo-EM) has been instrumental in
revealing near-atomic details of RyR gating mechanisms, the open probability of RyR1 under cryo-EM con-
ditions is notably lower than that observed in electrophysiological studies. Here, we present a cryo-EM study
examining the open probability of RyR1 solubilized in CHAPS with varying lipid concentrations. We found that
increasing lipid concentration from 0.001% to 0.05% raised the RyR1 open probability from 16% to 84 %,
whereas RyR1 reconstituted into lipid nanodiscs remained closed. We modeled 72 lipid molecules in the
map reconstructed at the highest lipid concentration. These findings demonstrate the important role of lipids
in modulating the open fraction of solubilized RyR1 channels under cryo-EM conditions and suggest optimal

lipid mimetics for structural studies of RyR1 gating.

INTRODUCTION

Structural studies of ion channels are often performed on the
detergent-solubilized proteins.'™ Alternative systems include
lipid nanodiscs, amphipols, and, more recently, lipid liposomes
and native membranes.®™"" Typically, structural studies aim at
determining the structures of ion channels in several functional
conformations, such as closed, open, deactivated, or primed
states.®'>'® However, the physiological function of ion channels
also involves fine regulation of their open probability, which is
modulated by interactions with soluble or membrane-embedded
molecules or by changes in lipid membrane state, including
transmembrane electrochemical potential and lipid composi-
tion."*'® Such modulation can be studied using single-particle
cryoelectron microscopy (cryo-EM), which, in addition to
resolving structures of functional conformations, provides parti-
cle counts for each conformation. From these counts, the rela-
tive occupancies of the conformations can be determined.
Thereby, the contribution of individual factors, such as binding
of small molecules and proteins, post-translational modifica-
tions, temperature, and pH to channel gating can be studied.
However, the distribution of channel conformations is also
modulated by lipids and lipid mimetics in a channel-specific
manner,'” " often not well characterized.

The ryanodine receptors (RyRs) are homo tetrameric Ca®*
channels with a molecular weight of around 2.2 MDa.?*?® They
reside in the sarcoplasmic or endoplasmic reticulum (SR/ER)

membrane where they mediate calcium release in an isoform-
dependent manner.?>?*?°> Among three RyR isoforms found in
mammals, RyR1 is primarily expressed in skeletal muscles,
RyR2 in the heart, and RyR3 is expressed at low levels in various
tissues.?*2°

RyR1 plays a crucial role in excitation-contraction coupling by
releasing Ca2* from SR to cytoplasm, triggering muscle contrac-
tion.>”*® Hence, precise control of RyR1 gating is essential for
normal physiological function, whereas Ca?* leakage can lead
to diseases such as malignant hyperthermia and central core
disease (CCD).??*° Because even subtle changes in RyR1 gating
lead to disease, understanding how individual factors, including
membrane mimetics, fine-tune the open probability of RyR1 is
essential.

While much research has been conducted on regulatory
mechanisms of binder proteins and small molecules,'®°'~%¢
fewer studies have explored how membrane mimetics used to
study RyR1 regulation by cryo-EM influence RyR1 open
probability. 184

Previous studies have observed that the open probability of
RyR1 derived from analysis of single particle cryo-EM data of
detergent-solubilized RyR1 (~50%) was about twice as low as
the nearly 100% open probability observed in single-channel re-
cordings under otherwise identical conditions.'® Curiously, the
open probability of RyR1 reconstituted into liposomes estimated
by cryo-EM was still low (37% and 62%).>**” Our previous
study using H3-ryanodine binding assays indicated that a
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mixture of detergent 3-[(3-Cholamidopropyl)dimethylammonio]-
1-propanesulfonate (CHAPS) with lipids at various concentra-
tions tunes the open probability of detergent-solubilized
RyR1."® However, this observation has not been verified using
structural data, and the origin of such a modulation remains
unclear.

To further understand the modulation of the open probability
of RyR1 by lipid mimetics, we investigated the influence of lipids
on the open fraction of detergent-solubilized RyR1 using cryo-
EM. Here, we show that changing the amount of lipids added
to detergent-solubilized RyR1 modulates the open fraction of
RyR1 determined by cryo-EM between 16% and 84%. The re-
constructions obtained at high lipid concentration allowed us
to model 18 lipid molecules per RyR1 protomer and visualize
the details of RyR1-lipid interactions. Structural analysis sug-
gests that lipids modulate gating by establishing a hydrophobic
barrier between the transmembrane domain and the hydrophilic
buffer. These results indicate that the lipid concentration in the
detergent micelles is a critical determinant of the channel open
fraction and must be thoroughly controlled in the experiments
seeking to study modulation of RyR1.

RESULTS

RyR1 structures with high concentrations of lipids

Previous cryo-EM studies of CHAPS-solubilized RyR1 utilized
0.001% of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
or 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
lipids in buffer containing 0.2%-0.25% CHAPS."**" The
RyR1’s open probability under these conditions, estimated
from the number of particles assigned to open and primed con-
formations, was between 16%°’ and 50%.'° Our previous
biochemical studies indicated that the open probability of solubi-
lized RyR1 depends on the concentration of lipids.'® To under-
stand how the amount of lipids in the solubilized protein influ-
ences the structure and open probability of RyR1, we solved
cryo-EM structures of the protein purified using RyR-specific
nanobody Nb9657.%” We plunged it in a buffer containing 0.2%
CHAPS and either 10- or 50-fold higher concentration of POPC
(0.01% and 0.05%, respectively). We note that the plunging pro-
tocol used in the study involved adding 1 mL of buffer without
detergent and lipids on the back side of the grid, which intro-
duced a 20% uncertainty in the final lipid concentration, corre-
sponding to a 0.008%-0.01% range for the first and 0.04%-
0.05% for the second dataset. The cryo-EM datasets were
collected with 50 pM free Ca%*, 2 mM ATP, and 5 mM
caffeine—conditions that stabilize the open state of RyR1 with
Po of 0.93 in single-channel electrophysiological recordings in
PC:PE 5:3 membranes.”® The elevated lipid concentration
reduced the contrast of RyR1 particles in cryo-EM micrographs,
with the 0.05% POPC dataset exhibiting a more pronounced
contrast loss (Figures 1A and 1B). Nonetheless, after collecting
around 3 times more micrographs, reconstructions of primed
and open states were determined to a resolution between 3.3
and 3.6 A for both datasets (Figures 1 and S1-S83; Table 1), which
are further referred to as DT-0.05-primed, DT-0.05-open,
DT-0.01-primed, and DT-0.01-open. Here, DT indicates that
the protein was solubilized in detergent. Bound Nb9657 and
endogenous co-purified FK506-binding protein 12 (FKBP12)
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were well resolved in the density maps (Figure 1E). Both datasets
were processed using the same protocol, and the open probabil-
ity estimated from the number of particles assigned to primed
and open states was 67% for DT-0.01 and 84% for DT-0.05.

Lipids modulate the fraction of open RyR1

Two new datasets complement previously reported structures
determined with 0.001% POPC (DT-0.001 dataset), reconsti-
tuted into lipid nanodiscs (ND dataset) and in POPC liposomes
(LP dataset).®” These 5 datasets were collected with RyR1 puri-
fied following the same purification protocol, using the same
batch of membranes and the same stocks of detergent and
lipids. The channel was stabilized in the open state using the
same combination of channel activators, and the cryo-EM data
were processed following the identical protocols.

In all our RyR1 preparations, endogenous (FKBP12) was co-
purified, and Nb9657 was bound to the RY12 domain. FKBP12
reduces RyR1 dynamics and stabilizes the closed conformation
of the channel.®® Although the Nb9657 binding cleft on the RY12
domain is located distally from the pore, it is also emerging as an
allosteric site.*>*® To account for potential differences in the
open fractions of RyR1 due to variations in the amounts of bound
FKBP12 and Nb9659, their occupancies were analyzed using
OccuPy program“ (Figure S4) and by 3D classification focused
on FKBP12 (Figure S5; Table S1). FKBP12 occupancy for
CHAPS-solubilized datasets was in the range 20%-40% and
40%-50% for the ND and LP datasets, respectively. The 3D
classification did not reveal a stark difference in FKBP occu-
pancies between the open and closed states, suggesting a
limited effect of FKBP on the open-closed equilibrium under
our experimental conditions. The Nb9657 occupancy closely
matched that of the flexible RY12 domain (suggesting a stoichio-
metric complex). Since the only experimental variable between
datasets was the type of lipid mimetic used, the observed differ-
ences in RyR1 open-state fractions can be attributable to the
lipid mimetics.

The fraction of open RyR1 solubilized in CHAPS was strongly
modulated by lipids. It increased from 16 to 67 and to 84% as
lipid concentration grew from 0.001 to 0.01 and 0.05% POPC,
respectively (Figure 2; Table S2). Unexpectedly, for RyR1 recon-
stituted into lipid nanodiscs, 3D classification consistently failed
to identify the open conformation, suggesting that RyR1 re-
mained fully closed. In contrast, the open fraction of RyR1 recon-
stituted into lipid liposomes (62%)°” was lower than that of
DT-0.01 (67%) and DT-0.05 (84%).

Previous reports have documented the influence of lipid mi-
metics on protein conformations.*>*' To verify if similar effects
can be observed for RyR1, we compared its pore profile for the
structures determined with different mimetics (Figure S6). The
overall RyR1 structures and pore profiles of the primed and
open states did not show strong dependence on lipid mimetics.
However, small systematic variations in the channel width (the
amplitude of 1-1.5 A for the Co-Cu distance of gate residues
14937) were observed (Figures S6C and S6D). The gate appears
to be tighter in the structures with a low and wider with a higher
population of open state. However, small amplitude and possible
contribution of imperfection in 3D classification due to the large
differences in the fractions of open and closed conformations be-
tween the datasets leave their interpretation ambiguous.
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Figure 1. Cryo-EM structures of RyR1 with 0.01 and 0.05% POPC

(A and B) Cryo-EM micrographs for the datasets with 0.01% and 0.05% POPC, respectively, the scale bars are 50 nm.

(C and D) Corresponding 2D class averages. The scale bars are 200 A (C) and 210 A (D).

(E) 3D density maps of the structures determined from the two datasets, from left to right: DT-0.01-primed, DT-0.01-open, DT-0.05-primed, and DT-0.05-open.
The nanobody is shown in blue, FKBP12 in light green, and one monomer from each structure is colored orange, spring green, cyan, and magenta, respectively.
(F) Side view of the pore region for each structure showing two protomers—one in gray and the other colored as in (E). The gate residue, 14937, is highlighted in
red. The solvent-accessible surface of the channel, calculated using HOLE,*® is shown in green for channel regions with a radius above 4 A and in red for those
below 4 A.

See also Figures S1-S3.

Belt of ordered annular lipids is resolved at high lipid modeled (Figures 3 and 4). This is an improvement in comparison
concentration to the published RyR structures, with typically only two lipids
The map of DT-0.05-open resolved multiple elongated densities modeled per protomer,*® and seven lipids in the closely related
into which 72 lipids (18 per protomer named LO-L17) were IP3R channel.'> At the same time, no density for ordered
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Table 1. Statistics of cryo-EM data and models

Sample 0.05% lipids 0.01% lipids

State open primed open primed
Ligands 50uM free Ca?*, 2mM ATP, 5mM caffeine

PDB ID 9HEO 9R80 9HEQ 9RCW
EMBD ID EMD-52085 EMD-53834 EMD-52091 EMD-53924
Data collection

Microscope JOEL CRYOARMS300

Detector Gatan K3

Voltage (kV) 300

Magnification 60,000

Exposure time (S) 2,796

Electro dose (e —/A?) 60

Number of frames 60

Defocus range (pm) 1.5-2.5

Pixel size (A) 0.713 0.727

Symmetry C4

Collected images 22,931 7,480

Used images 12,534 5,840

Final particles (N) 279,776 53,158 80,709 39,983
Global map resolution (A) 3.4 3.6 3.6 3.3
Local maps resolution range (A) 3.3-3.6 3.3-4.4 3.1-3.9 3.0-3.8
Model refinement

Refinement package Phenix v 1.20.1

Initial model used - -

Model resolution [AZ], FSC =0.5 3.3 3.6 3.6 3.7
Model composition

Non-hydrogen protein atoms 146,795 145,532 145,448 144,636
Protein residues 18,240 18,224 18,208 18,204
Ligands 88 56 56 40
B-factors mean [A2]

Protein 122.60 111.24 133.08 151.62
Ligand 112.87 110.75 142.02 85.74
R.M.S deviations

Bond lengths @A) 0.004 0.003 0.004 0.005
Bond angles (°) 0.909 0.773 0.814 0.831
Validation

Molprobity score 1.78 1.64 1.63 1.74
Clashscore 11.73 10.31 10 10.87
Poor rotamers (%) 0.44 0.59 0.70 0.83
Ramachandran plot

Favored (%) 96.84 97.45 97.47 96.89
Allowed (%) 3.14 2.50 2.44 3.11
Disallowed (%) 0.02 0.04 0.09 0.00

CHAPS molecules, which are steroid derivatives featuring flat
structures composed of four fused rings easily distinguishable
from phospholipids, was observed despite high CHAPS concen-
tration (molar ratios CHAPS:lipids were in the range 250:1-5:1).
Even though DT-0.05-open map had lower resolution than the
maps solved at lower lipid concentrations (DT-0.001-primed or
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ND-primed), the lipid densities were better defined and had un-
ambiguous connectivity (Figure 4; Video S1). The lipids, modeled
as POPC according to the lipid added during the protein prepa-
ration, cover nearly completely the concave regions of the trans-
membrane domain formed between the 4-helical voltage
sensor-like helical bundles (S1-S4) (Figure 3).
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Figure 2. Fraction of open RyR1 in different lipid mimetics

The open fractions of RyR1 were calculated by counting the number of par-
ticles assigned to the open conformation relative to the total particle count in
the high-resolution maps (Table S1). From left to right, ND: RyR1 in nanodiscs,
DT: RyR1 in CHAPS micelles supplemented with POPC at indicated concen-
trations, and LP: RyR1 reconstituted into POPC liposomes.

ND and LP datasets are from a study by Li et al.?” See also Tables S1 and S2;
Figures S4-S6.

The modeled lipids are organized in two layers around the sur-
face of the membrane-embedded RyR1 region. The annular
layer of lipids interacts directly with RyR1 (Figures 3, 4A, and
4B) and accounts for 13 lipids and lipid fragments. Among the
lipids with modeled head groups, 3 are located on the luminal
(Figures 3A and 3C) and 9 on the cytoplasmic leaflet. The second
layer of lipids comprises 5 lipids and lipid fragments that fill the
concave surface of the trans-membrane domain with 3 cyto-
plasmic and 2 luminal lipids (magenta in Figures 3 and 4).

The lipid interactions with RyR1 were analyzed using the pro-
tein-ligand interaction profiler.*? In total, 49 residues per proto-
mer interact with lipids (Figure 4); all are conserved between rab-
bit and human RyR1. The annular lipids interact extensively with
the protein via hydrophobic interactions and several putative po-
lar contacts with amino acid residues located at the interface be-
tween hydrophobic and polar surfaces of the transmembrane
domain (Figure S7). Lipids from the second layer, on the other
hand, interact only with annular lipids except for L3 and L15
that may form a hydrogen bond with Y4912 and N4787, respec-
tively (Figure 4B). Among the residues interacting with lipids, mu-
tations R4824C (R4825 in humans), A4845V (A4846 in humans),
and F4859 deletion (F4860 in humans) have been associated
with CCD, whereas the mutation A4845V was linked to myotonic
dystrophy type 144*° (Figure S7).

To understand the role of lipids in stabilizing the open RyR1
conformation, we compared the density of lipids between the
maps obtained from detergent-solubilized RyR1 prepared with
different lipid concentrations and RyR1 reconstituted into nano-
discs and liposomes. For this, we computed the correlation co-
efficient between the map and lipid model (only maps resolved to
better than 4.0 A were considered) (Figure S8). The DT-0.05-
open map had the best resolved lipid densities. At lower lipid
concentrations, densities for five annular lipids (LO, L1, L6, L9,
and L14) were well resolved, four other lipids (L5, L12, L8, and
L16) were completely absent, while remaining lipid densities
were weaker and fragmented, but their positions were un-

¢? CellPress

changed. The densities for the second-layer lipids were weak
in the DT-0.05-open map and not resolved at lower lipid concen-
trations. This suggests that increasing lipid concentration leads
to populating lipids in the weaker binding sites around the
trans-membrane domain, forming a lipid-bilayer-like structure
between the S1-S4 lobes. Surprisingly, lipid densities in ND-
primed and RyR1 primed state reconstruction determined by
Melville et al.** were weak and comparable to the lipids in the
DT-0.001-primed map (Figure S8), including five better-resolved
lipids. This may stem from either reduced lipid dynamics in
CHAPS micelles or higher lipid bilayer perturbation in nanodiscs
and curved liposomes.

Structural adaptation of lipids upon the primed-to-open
transition

The conformational changes in RyR1 transmembrane domain
during transition from primed to open state include a ~2-degree
outwards rotation of S1-S4 lobes and expansion of the cyto-
plasmic side of pore-forming S5-S6 helices with an amplitude
ofaround 3 A (Video S2). To understand the involvement of lipids
in this transition and their possible role in stabilizing the open
state conformation, we compared the RyR1-lipid interactions
between the DT-0.05-open state and DT-0.05-primed states.
Most of the resolved lipids and protein-lipid interactions are
conserved between these states (Figure 5A). Only minor struc-
tural rearrangements in lipids L2, L7, L16, and L17 were
observed. The lipid positions adapt to the altered membrane-
exposed surface of the transmembrane domain without major
changes in the protein-lipid interaction pattern (Figure 5B;
Video S2).

Fraction of open channels correlates with the
dimensions of the bilayer-mimicking belt

An additional insight into the properties of lipid bilayer mi-
metics was obtained from the analysis of the shape of the
belt observed in the cryo-EM maps around the membrane
domain of RyR1. This hydrophobic belt originates from the
lipid bilayer mimetics and reflects its geometry. We compared
the sizes of the nanodiscs, micelles, and liposomes for nine
density maps (Figure 6A). The maps were low-pass filtered
to a resolution of 8 A, and the density levels were set to
enclose identical volumes of the cytoplasmic domains of the
RyR1 reconstructions.

The nanodisc belt had the smallest diameter of 142 A (average
value of three measurements; other diameters were calculated in
the same way). For detergent-solubilized RyR1, the micelle sizes
increased with lipid concentration from ~149 A at 0.001% to
159 A at 0.05% POPC, respectively. The density of liposome-re-
constituted RyR1 had a diameter of ~156 A (Figure 6) and re-
flected a geometrically consistent region of liposomes around
the transmembrane domain.

In the open state, the size of the micelle increased by 6 + 4 Ain
accord with the outward rotation of the voltage-sensor-like lobes
(the diameter of the modeled trans-membrane domain increased
by ~5 Afrom 13110 136 A). As lipid concentration increased, the
grooves between S1-S4 lobes were less pronounced, and the
overall shape of the micelle became rounder (Figure 6A), consis-
tent with the binding of lipids in the grooves between S1-S4
lobes. Taken together, these data indicate that the fraction of
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Figure 3. Lipids modeled in the RyR1 structure

(A and B) Side and top views of the POPC modeled into the DT-0.05-open map. The annular layer lipids are colored in cyan and the second-layer lipids in magenta.
The RyR1 structure is presented as a cartoon and lipids are shown in ball-and-stick representation.
(C) An enlarged view of the modeled lipids. The second layer (right ) is separated from the first (left ) for better visualization.

(D) Lipid positions relative to RyR1 surface colored by hydrophobicity.
See also Figures S7 and S8.

open RyR1 particles correlates with the size of the belt,
mimicking lipid bilayer. The size of the belt in LP datasets is likely
less representative due to the continuous and strongly curved
geometry of the liposomes.

DISCUSSION

Gating of the ion channel is a stochastic process; thus, even in
the closed state, RyR1 shows rare transient spikes of conduc-
tivity.">* Channel activators modulate the frequency of
conductivity spikes and their length.*” Cryo-EM captures sta-
tistically averaged conformations, which are expected to
reflect the time-averages of open and closed channel states
measured by single-channel electrophysiology. There is an
agreement between electrophysiology and cryo-EM regarding
the existence of two principal channel conductivity states:
closed pore conformation that allows no current flow, and
open pore conformation in which the hydrophobic gate
formed by side chains of 14937 is open to a well-defined diam-
eter that facilitates ion flow with a certain resistance. Where
cryo-EM data consistently disagree with electrophysiology
for RyR1 is the estimates of channel open probability, which
is lower when estimated from cryo-EM data than observed
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in single-channel recordings. The underlying reasons for this
discrepancy remain unknown.

In this work, using cryo-EM, we determined the open fractions
of RyR1 solubilized in CHAPS with added 0.01% and 0.05% of
POPC, which complements three other datasets: one with
0.001% POPC, one reconstituted into lipid nanodiscs, and
another into POPC liposomes.

All RyR1 preparations used in this study were complexed with
Nb9657, which binds to and alters the conformation of the RY12
domain at the periphery of the 270 A cytoplasmic crown.®’
Recent studies suggested that, despite its remote location
from the gate, the RY12 domain is an allosteric site.***® Addi-
tionally, sub-stoichiometric occupancy of endogenous co-puri-
fied FKBP12 may influence the fraction of the open conforma-
tion.*® Density analysis shows that Nb9657 and FKBP12 were
bound with comparable occupancies across the five lipid mi-
metics discussed in this work, except for the ND and LP data-
sets, which had 10%-20% higher FKBP12 occupancy.

An example of lipid bilayer mimetics’ effect on the opening of
RyR1 has been documented: solubilized in Tween 20, RyR1 can
be purified in a stable form, but the channel remains closed in the
presence of activators.’® Here, we show that for RyR1 solubi-
lized in CHAPS, the open channel fraction is modulated by lipids
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Figure 4. Details of RyR1-lipid interactions

Panels show the interaction of individual lipids with RyR1 and lipid densities. Lipids are grouped according to the type of interactions with the protein:
(A) hydrophobic and putative hydrogen bonds, (B) hydrophobic interactions only, (C) putative hydrogen bonds only, and (D) lipids that do not interact with the
protein. The interactions were analyzed using the PLIP web service.’” The interacting residues are shown as sticks. The lipid number is indicated in the top left
corner, and the color code is as in Figure 3. The lipid densities, displayed as gray mesh, were visualized in ChimeraX v1.9 using the surface zone command with a
carving radius of 3.5 A. The densities of neighboring lipids or residues within 3.5 Awere manually removed with Map Eraser, and a density threshold between 0.3

and 0.52 was applied.
See also Figure S8.

in a broad range under otherwise identical conditions. When lipid
concentration was varied 50-fold between 0.001% and 0.05%,
the fraction of open RyR1 increased from 16% to 84%. In this
range, the CHAPS:POPC molar ratio changes from 250:1 to
5:1, such that the starting point represents nearly pure CHAPS
micelles, whereas at high lipid concentration, about 20% of the
molecules in a detergent micelle are POPC. The addition of lipids
to detergent solution reduces the contrast of protein particles in
the electron micrographs, and, therefore, is usually avoided dur-
ing preparations of cryo-EM grids. As we show in this study, it
might be desirable in specific cases, such as the studies of the
open conformation of RyR1.

Two observations provided insights into possible mechanisms
by which lipids shift the primed-open equilibrium toward the
open state. First, at higher lipid concentration, the number and
occupancy of ordered lipids increase significantly. Two layers

of nearly complete bilayer-like structure fill the grooves between
the voltage-sensor-like domains of RyR1. These are also the re-
gions where the largest conformational changes occur on the
cytoplasmic leaflet of the membrane domain around the trans-
membrane helices S5, S6, and the amphipathic S4S5L helix.
Compared to lipids, detergent molecules are less hydrophobic,
have different geometry, charge distribution, and shape.*’
Consequently, detergent micelles are much more “wet” than
lipid bilayers. The binding of lipids to the transmembrane surface
renders its immediate environment more hydrophobic, thereby
stabilizing the open state. This suggestion is supported by the
second observation that the size of the micelles also increases,
providing a more hydrophobic environment to the transmem-
brane domain.

We observed the stabilization of the open state using a model
lipid, POPC, which is a rough approximation of the SR
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Figure 5. Structural differences in lipid positions between primed and open states
(A) Comparison of lipid models between the DT-0.05-open (gray) and DT-0.05-primed states (colored as in Figure 3).
(B) Detailed view of lipid rearrangements. The structures were aligned on the pore region (residues 4,820-5,037). Only the lipids resolved in the open and the

primed state are shown.
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Figure 6. Maps of hydrophobic belts for RyR1 reconstituted in various lipid bilayer mimetics
(A) Density maps of RyR1 in various lipid bilayer mimetics. From left to right: ND, DT-0.001, DT-0.01, DT-0.05, and LP. The first two rows display side and bottom
views of the primed state maps, and the third and fourth rows present side and bottom views of the open state maps.

(B) The diameter of the bilayer-mimicking belt for the maps shown in (A).

membrane that also contains phosphatidylethanolamine (PE),
phosphatidylserine (PS), sphingolipids, and phosphatidylinositol
as principal lipid species.”® Although we expect that the
observed effect is rather generic, since membrane protein func-
tion is generally independent of lipid composition,®' except for
signaling,®’ future experimental studies of the channel opening
in various lipids will be needed to understand the contribution
of different lipid types to the observed effect.

When RyR1 was reconstituted into lipid nanodiscs®’ or lipo-
somes,>* the lipids were less well resolved than in the
DT-0.05-open map. And the fraction of the open conformation

was lower. In the liposomes, the open fraction was in the
range 37%-62%.°"*" As has been previously discussed in a
study by Li et al.®” and the aforementioned text, the exact
fraction of open channels may be influenced by the lipid
composition of liposomes, residual amounts of CHAPS,
FKBP12, and the bound nanobody. Lipid bilayer curvature,
particularly pronounced in small-diameter liposomes used
for cryo-EM, might be another factor modulating the open-
primed channel equilibrium®® and explaining the reduced frac-
tion of open RyR1 channels in the liposomes relative to the
CHAPS:POPC mixture.
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Intriguingly, reconstituted into lipid nanodiscs, RyR1 was ex-
pected to be in a lipid bilayer-like environment®*>*; however,
the channel remained fully closed despite various attempts to
open it. RyR1 was reconstituted into lipid nanodiscs using mem-
brane scaffold protein MSP1E3D1 and POPC. To reduce aggre-
gation of the reconstituted RyR1, we added 0.06% fluorinated
octyl maltoside (fOM).®” To open the channel, we attempted to
remove fOM and change the nanodiscs’ lipid composition from
POPC to either SoyPC or a 1:1 mix of POPC and 1,2-dilauroyl-
sn-glycero-3-phosphocholine (DLPC),>° but the channel re-
mained closed. Ryanodine stabilizes RyR1-ND in the fully open
state,'® suggesting that RyR1-ND can be opened but requires
a stronger agonist. Consistently, RyR1-ND had the smallest hy-
drophobic belt among the studied lipid mimetics (Figure 6). The
estimated size of the nanodisc of 142 A is consistent with the ex-
pected diameter of MSP1E3D1-based nanodisc (120-160 A%%),
and its shape suggests that the grooves between voltage-
sensor-like domains are filled with lipids. We can hypothesize
that in the nanodisc, the lipid belt constrained by MSP1E3D1 is
too thin to mimic the bulk of a lipid bilayer. Additionally, direct
MSP-RyR1 interactions may further stabilize the closed pore
conformation. Similar behavior has been observed for ABC
transporters, where nanodiscs restricted conformational states
to those more compact relative to detergent micelles.”® A larger
diameter MSP2N2 (~17 nm>’) was found to be effective in stabi-
lizing the wide conformation of the ATP-Binding Cassette (ABC)
transporter”® and might permit the opening of the RyR1 channel.

The observed dependence of open RyR1 fraction on lipid con-
centration means that quantitative cryo-EM studies of RyR1
modulation should ensure consistency of lipid concentration in
the preparations of cryo-EM samples with and without modula-
tors. Commonly used protein concentrating using porous-mem-
brane-based spin concentrators often concentrates both deter-
gent and lipids,”® and might lead to variability in the final
detergent and lipid concentrations. Alternative RyR1 preparation
protocols that do not involve spin concentrators®” may be
considered.

In summary, this report demonstrates that the open probability
of RyR1 is highly sensitive to the lipid bilayer mimetics and must
be thoroughly controlled during sample preparation for cryo-EM
studies that investigate fine regulation of RyR1 gating by modu-
lators. Adjusting lipid concentration in CHAPS-solubilized RyR1
offers a method to fine-tune RyR1 open fraction, matching the
purpose of specific structural studies.
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Critical commercial assays

Pierce™ 660nm protein assay Thermo Fisher Scientific Cat # 22660

Hispur NI-NTA magnetic beads Thermo Fisher Scientific Cat # 88832

Deposited data

ND Li et al.®” PDB: 8RRX, EMDB: 19468

DT-0.001-primed Li et al.®” PDB: 8RSO, EMDB: 19472

DT-0.001-open Li et al.®” PDB: 8RRW, EMDB: 19467

DT-0.01-primed This study PDB:9RCW, EMDB:53924

DT1-0.01-open This study PDB:9HEQ, EMDB:52091

DT-0.05-primed This study PDB:9R80O, EMDB:53834

DT-0.05-open This study PDB:9HEO, EMDB:52085

LP-primed Li et al., 2024 PDB:8RRU, EMDB: 19465

Experimental models: Organisms/strains

New Zealand albino rabbit (8-12 weeks old) Pel-Freez Biologicals Cat # 41225

Software and algorithms

cryoSPARC Punjaniet al.”® Https://cryosparc.com/; rrid: scr_016501

Relion Kimanius et al.®° https://www3.mrc-Imb.cam.ac.uk/relion/
index.php?title=main_page; rrid: scr_016274

PHENIX Afonine et al.®’ https://www.phenix-online.org/; rrid: scr_014224

COoOoT Emsley at al.®” https://www.ccpem.ac.uk/; rrid: scr_014222

HOLE Smart et al.*® http://www.holeprogram.org/

ChimeraX Pettersen et al.®® https://www.cgl.ucsf.edu/chimerax/; rrid: scr_015872

Other

Ultraufoil holey gold grids Quantifoil R2/1, Cu 300

Graphene oxide Sigma Cat # 900704

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Rabbit tissue used for the purification of RyR1 was New Zealand albino rabbit, 8-12 weeks old, gender unspecified, purchased from
Pel-Freez Biologicals.

METHOD DETAILS

Rabbit skeletal SR membranes isolation

The method used for SR membrane isolation here is adapted from a previously described protocol.'® All steps were conducted on ice
or at 4°C. Around 120 g of muscle tissue from a male New Zealand White rabbit of 8 weeks old was diced into ~1 cm® cubes and
homogenized in 1.6 L ice-cold buffer (20 mM Tris-maleate pH 7.0, 100 mM NaCl, 0.3 M sucrose, 1 mM EGTA, 2 mM DTT, and a cock-
tail of inhibitors: 4 mM leupeptine, 1 mM benzamidine, 0.1 mM aprotinin, 1 mM pepstatin, 2 mM calpain | inhibitor and 1 mM phenyl-
methylsulphonyl fluoride (PMSF)) using a Waring blender. The homogenization was performed in bursts with a duration of 30 s each
until the homogenized suspension appeared pink and smooth. Then the suspension was centrifuged for 30 min at 7,000 rpm, in a
Beckman JA-10 rotor. The supernatant was filtered through two layers of cheesecloth, and 0.5 M KCI was added and stirred for
at least 10 min. The extract was centrifuged at 40,000 rpm for 30 min in a Beckman 45Ti rotor. The pellet was resuspended in buffer
containing 20 MM MOPS, pH 7.4, 1 mM EGTA, 2 mM DTT, 0.6 M KClI, 0.3 M sucrose, and cocktail of inhibitors to a final volume of
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80-100 mL using a glass homogenizer and centrifuged at 40,000 rpm for 30 min in Beckman 45Ti rotor. The pellets were homoge-
nized in the resuspension buffer to a concentration of around 10 mg/mL, frozen in liquid nitrogen, and stored at —80°C. Protein con-
centration was determined by Pierce 660 nm protein assay (Thermo Fisher Scientific).

Preparation of Nb-containing periplasmic extract

The nanobody was cloned into the phage-display vector pMESy4, facilitating the expression of Nbs with a 6xHis-tag. Overexpression
of Nbs occurred overnight following induction with 1 mM Isopropy! p-D-1-thiogalactopyranoside (IPTG) in Escherichia coli WK6
strain, initiated once the cell density reached OD600 of 0.8. Cells were harvested by centrifugation at 5,000 rpm for 15 min using
a Beckman JA-10 rotor. The cell pellet was lysed by adding 4 mL of lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA,
0.1 mg/mL lysozyme, 20% sucrose, 50 pg/mL DNase, and 1 mM PMSF) per 1 g of pellet, followed by a 30 min incubation at 4°C.
Periplasmic extract was obtained by centrifugation at 10,000 rpm for 15 min using a Beckman JA-20 rotor. MgCl, (5 mM) was added
to the extract, followed by filtration through a 0.45 pm Millipore filter and supplementation with 20% sucrose before storage at —80°C
in aliquots.

Nanobody-based affinity ryanodine receptor 1 purification

Every step of the purification was performed at 4°C or on ice. 0.5 mL of SR membranes (10 mg/mL) was solubilized by 375 pL sol-
ubilization buffer (20 mM MOPS pH7.4, 1 M NaCl, 10% sucrose, 2 mM TECP, 4% CHAPS 0.8% POPC, and a cocktail of protease
inhibitors) for at least 30 min following 30 min ultracentrifugation at 40,000 rpm in Beckman 50.4 Ti rotor. Then, the supernatant was
incubated with nanobody-loaded magnetic beads for 30 min and washed with SBL buffer (similar to solubilization buffer except for
0.7 M NaCl, 0.8% CHAPS, 0.2% POPC, and 200 pM EGTA). Nanobody-loaded magnetic beads (HisPur Ni-NTA Magnetic Beads,
Thermo Fisher Scientific) were prepared by incubating 135 pL washed magnetic beads with 135 pL Nb9657-His periplasmic extract
for 15 min. Magnetic beads were equilibrated and washed with SBL buffer by adding 270 uL SBL buffer. The first elution was done by
incubating 65 pL elution buffer 1 (SBL buffer with 500 mM Imidazole) with magnetic beads for 5 min. At the second purification step,
65 pL of eluate was diluted with 600 puL SBL buffer, and the mix was incubated for 30 min with another 135 pL of Nb9657 loaded mag-
netic beads. After incubation, the beads were washed three times with SBL buffer.

Second elution was performed by incubating the beads with 60 pL of elution buffer 2 (SBL buffer with 2 mM ATP, 5 mM caffeine,
and 50 pM free Ca®* and 500 mM imidazole), followed by separating the beads from the eluate using a magnetic stand. The elution 2
was then applied to the homemade spin column equilibrated in desalting buffer 1 (elution buffer 2 without imidazole) and centrifuged
for 1 min at 1000 x g to remove imidazole. After the first desalting step, 50 pL of eluate was incubated with 60 pg of Mb9657 for at least
1h. The desalting was repeated using desalting buffer 2 (similar to desalting buffer 1, the NaCl concentration was 0.2 M with either
0.2% CHAPS and 0.05% POPC or 0.2% CHAPS and 0.01% POPC).

Preparation of cryo-EM grids

Home-made graphene oxide grids were prepared as described elsewhere.®” The cryo-EM samples were prepared using a CP3 cry-
oplunge system (Gatan). A 4 pL aliquot of the protein solution was applied to the carbon side, while 1 pL of desalting buffer without
detergent and lipids was added to the copper side of the grid. Blotting from both sides was performed for 1.2 s using Whatman glass
microfiber filter paper GF/A at 91% relative humidity. The grids were plunge-frozen in liquid ethane at —175°C and then stored in
liquid nitrogen.

Data collection

Cryo-EM images were acquired using a JEOL CryoARM300 microscope, with an in-column Q energy filter and a cold field emission
gun operating at 300 kV.%* Images were collected on a K3 detector (Gatan). Movies comprising 60 frames at a nominal magnification
of 60,000x were automatically captured using SerialEM 3.0.8.°° The energy filter slit was set to a width of 20 eV. Each frame had an
exposure time of 2.796 s, with an average dose per frame of 1 electron per square angstrom (1 e’/,&z), and defocus values ranging
from —1.5to —2.5 um. The pixel sizes ranged from 0.73 Ato0.76 A. A cross-shaped pattern was used to collect 25 images per single
stage position (5 per hole), with three holes along each axis.®®

Cryo-EM data processing

For all datasets, motion correction was performed using MotionCor2.°” Contrast Transfer Function parameters were estimated using
CTFFIND-4.1.%® Subsequently, all images were imported into cryoSPARC (version 4.6.2)°° for further processing. Particle picking
was conducted with the template picker using 2D templates created from already processed datasets. Following particle picking,
all particles were extracted into boxes of 168 pixels, with a pixel size of 2.92 A. Multiple rounds of 2D classification were then per-
formed to select particles for subsequent processing (Figures S1 and S2).

For the ND-0.01 dataset, 128,894 particles were selected after 2D classification to generate an initial model with C1 symmetry. A
total of 127,957 particles were re-extracted into 336-pixel boxes with a pixel size of 1.46 A. These particles were refined into a
consensus 3D map with C4 symmetry, achieving a resolution of 3.6 A. The particles were imported into Relion v4.0.1°° for polishing
and 3D classification.

During the 3D classification, particles were divided into six classes using a mask focused on the transmembrane region (Figure S1)
to separate the open and primed states. Classes 1, 2, 4, and 5 represented the open conformation, comprising 80,709 particles.
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Class 3, containing 14,320 particles, corresponded to the primed conformation, while particles contributing to class 6, with poor den-
sity, were discarded. The open and primed state particles were imported back into cryoSPARC v4.6.2 for refinement using the
NU-Refinement procedure. The consensus maps of the open and primed states were reconstructed to resolutions of 3.6 A and
3.3 A, respectively.

To improve the density of flexible domains, four local refinements were performed using local masks (Figure S1). Mask 1 covered
TaF, TM, and CTD domains, mask 2- JSolA and CSol, mask 3- FKBP and TTD, and mask 4- BSol.

For the open state, local refinement with mask 1 was applied to the 80,709 particles with C4 symmetry. Masks 2, 3, and 4 were used
for local refinement with C1 symmetry on 322,836 particles generated through C4 symmetry expansion of the 80,709 particles. The
resulting local maps had resolutions of 3.1 A (mask 1), 3.2 A (mask 2), 3.1 A (mask 3), and 3.9 A (mask 4).

For the primed state, local refinement with mask 1 was performed on 39,983 particles with C4 symmetry. Masks 2, 3, and 4 were
used for local refinement with C1 symmetry on 159,932 particles obtained after C4 symmetry expansion of the 39,983 particles. The
resulting local maps had resolutions of 3.4 A (mask 1), 3.3 A (mask 2), 3.1 A (mask 3), and 3.8 A (mask 4).

The resulting maps were combined in Chimera v1.15 to generate a composite map. Pixel size calibration and model building were
performed on the composite map.

The DT-0.05 dataset was processed similarly (Figure S2). A total of 335,432 particles were selected after 2D classification and used
to generate an ab initio model with C1 symmetry (Figure S2). The particles were re-extracted into 336-pixel boxes at a pixel size of
1.51 A and refined into a consensus 3D map with C4 symmetry.

All particles were imported into Relion v4.0.1 for polishing and 3D classification. Six classes were defined for classification: classes
1, 4, and 5 represented the open conformation and comprised 279,776 particles. Class 6 corresponded to the primed conformation,
comprising 53,158 particles. Classes 2 and 3 were discarded due to poor density. The consensus map of the open state was recon-
structed to a resolution of 3.4 ,&, with local maps achieving resolutions of 3.3 A for masks 1, 2, and 3, and 3.6 A for mask 4. The
consensus map of the primed state was reconstructed to a resolution of 3.6 A with local maps achieving resolutions of 3.3 A for
mask 1, 3.5 A for mask 2, 3.3 A for mask 3, and 4.4 A for mask 4.

FKBP occupancy estimation by 3D classification was performed in cryoSPARC. Particles from the consensus map were C4 sym-
metry expanded. The 3D classification was performed on the expanded particles using a mask covering the FKBP domain (green in
Figure S5). The mask was generated by fitting an FKBP model into the consensus map, generating a map to 8 A resolution using the
Chimera molmap command, followed by application of a threshold of 0.05, map dilation with a radius of 10 pixels, and soft padding of
15 pixels. The 3D classification was performed using a filter resolution of 12 A.The resulting maps were low-pass filtered to 8 Aand
thresholded (threshold level = 2). Particles were counted in classes showing clear FKBP density within the masked region.

To compare the maps with previous work Li et al.,®” the pixel size of the maps was calibrated against the N-terminal domain of the
5TAL structure'® (first 500 residues) by fitting the simulated map of the domain calculated to 6 A resolution into the reconstructed
cryo-EM maps and calculating cross-correlation between the maps in ChimeraX v1.6. The pixel size producing the highest correla-
tion was used for map sharpening in cryoSparc. For map depositions, the pixel size was calibrated relative to the crystal structure of
N-terminal domain 2XOA.%°

Model building and analysis
The initial model of open state PDB: 8RRW and 8RRX for the primed state was used. The initial models were rigid body fit to each map
in Chimera v 1.15,5% then manually rebuilt in Coot 0.98° followed by real-space refinement in Phenix 1.20.1°" using default param-
eters. All models were validated with MolProbity.”® The figures were prepared using ChimeraX-1.7.1.%°

The cross-correlation coefficients between maps and lipid molecules were calculated by fitting the DT-0.05 open model of lipids
and the transmembrane domain of RyR1 into corresponding maps and real-space refining the model in Coot. Next, the models were
refined by the Phenix real-space refinement routine, and cross-correlation coefficients reported by Phenix model-data validation sta-
tistics were plotted.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cryo-EM data collection and refinement statistics are summarized in Table 1. Fractions of open RyR1 were calculated from particle
counts after 3D classification in RELION (Figure 2; Table S2). Quantification of RyR1 pore radius was performed in HOLE and visu-
alized in Excel (Figure S6). Quantification of FKBP and Nb9657 occupancies in cryo-EM maps was performed using OccuPy
(Figure S4). For FKBP, occupancy was also estimated using 3D classification in cryoSPARC (Figure S5; Table S1). Real-space
cross-correlation of lipid models with cryo-EM density was calculated using Phenix (Figure S8).
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