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Abstract 20 

RyR1, an enormous, approximately 2.2 MDa, tetrameric calcium-release channel in the 21 

sarcoplasmic reticulum (SR) of skeletal muscle, is essential for excitation-contraction coupling. 22 

Pathogenic mutations in RyR1 cause RyR1-related myopathies. ARM210 (S48168), a Rycal-23 

class drug, has shown promise in treating RyR1-related myopathies in a recently concluded 24 

phase 1b clinical trial. Structural studies revealed that ARM210 binds to the peripheral RY1&2 25 

domain of RyR1, stabilizing it in a closed state to prevent aberrant SR Ca2+ leak. Here, we 26 

investigate ARM210’s mechanism of action at the atomistic level using extensive all-atom (~2.5 27 

million atoms) explicit-solvent molecular dynamics simulations totaling 36.6 µs. Simulations 28 

revealed a long-range allosteric pathway in the wild-type RyR1 that propagates over 200 Å, 29 

linking the RY1&2 domain to the pore-forming S6 helices of adjacent protomers and enabling 30 

pore opening. Subsequently, we demonstrated that ARM210 binding stabilizes the RY1&2 31 

domain in a closed conformation, rigidifying the cytosolic shell and activation core and disrupting 32 

the allosteric network necessary for pore dilation. These findings describe a plausible mode of 33 

action for how ARM210 stabilizes RyR1 in a closed state by modulating long-range allostery. 34 

Furthermore, we show that this allosteric regulatory network is perturbed by the oxidative stress-35 

mimicking C3892D mutation near the Ca2+ activator site, identified via mass spectrometry, live-36 

cell fluorescence microscopy, and electrophysiology.37 
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Introduction 38 

Ryanodine receptors (RyRs), situated in the sarco-/endoplasmic reticulum (SR/ER) membrane 39 

release calcium (Ca2+) ions during excitation-contraction coupling in skeletal and cardiac 40 

muscle1–4. RyR1 is mainly a skeletal isoform, while RyR2 and RyR3 are cardiac and brain-41 

associated isoforms, respectively, though all appear in multiple cell types.5. In skeletal muscle, 42 

the dihydropyridine receptors (DHPRs), Cav1.1 voltage-gated Ca2+ channels, in the T-tubule 43 

membrane sense membrane potential changes and undergo conformational changes, which 44 

subsequently via a mechanical coupling activate the RyR1 channels6. Half of the RyR1 channels 45 

interact with clusters of four DHPRs, while the remaining half of RyR1 channels situated between 46 

these clusters are activated through a mechanism known as coupled gating, independent of 47 

DHPRs association7–10. RyR2 is activated by the influx of Ca2+ through a CaV1.2 triggering a 48 

mechanism termed Ca2+-induced Ca2+-release (CICR)11. 49 

RyR activation and the subsequent downstream Ca2+ signaling are regulated by various ligands 50 

and protein interactions. Small molecules, ATP, Ca2+, and caffeine are key activators (cofactors) 51 

which play an agonistic role in pore opening, whereas the plant alkaloid ryanodine serves as a 52 

specific RyR channel modulator locking the channel in a half-open state at low concentrations 53 

and blocking it at high concentrations12,13. RyRs interact with several other transmembrane 54 

proteins, such as triadin and junctin, and soluble proteins, including calmodulin, calstabin, 55 

calsequestrin, phosphatases and kinases14–16. RyR1 binds calmodulin-1 (Cm1), which activates 56 

the channel at low cytosolic Ca2+ concentrations (< 1 μM) but inhibits it at elevated levels (> 1 57 

mM) following intracellular Ca2+ release17. Calstabin-1 (FKBP12) interacts with RyR1, while its 58 

homolog calstabin-2 (FKBP12.6) binds RyR2; both stabilize the closed state, regulate coupled 59 

gating between neighboring RyRs, and modulate the pore opening18,19. Calstabins dissociate 60 

from RyR channels under pathological conditions such as inherited myopathies, and heart 61 

failure, and aging where post-translational modifications of RyRs (e.g., phosphorylation, 62 

oxidization) increase their off-rate 20–22. This leads to SR Ca2+ leak into the cytosol and aberrant 63 

downstream Ca2+ signaling23,24, and has been linked to muscular dystrophy25, myopathies26, 64 

heart failure21,23,27–29, diabetes30, Huntington’s disease31, and Alzheimer’s disease32. To 65 

counteract this, benzothiazepine derivatives termed Rycals were developed to stabilize RyRs 66 

and prevent Ca2+ leaks. Recently, the ARM210 (S48168) molecule, a Rycal, showed safety, 67 

tolerability, and possible efficacy in a phase 1b clinical trial (120 and 200 mg daily for 28 days) 68 



	 4	

in adults with RYR1-related myopathy33. This drug has also shown potential to repair leaky RyR2 69 

channels, and a phase 2 clinical trial for heart failure is being planned34. 70 

 71 

Figure 1: Structural features of the RyR1 channel. a) Side view and b) top view of tetrameric 72 

RyR1, with one protomer shown in surface and the others in cartoon representation. The 19 73 

domains of RyR1, together with the associated proteins calmodulin-1 and calstabin-1, are color-74 

coded. Three cofactors, ATP, caffeine, and Ca2+, occupy the activation core, while the Rycal 75 

ARM210 drug, cooperatively bound with ATP, is located in the RY1&2 domains, illustrated in the 76 

van der Waals representation (PDB: 7TZC)35. Ca2+ ions coordinated by calmodulin-1 are also 77 

shown. d) Domains of the activation core and channel regions with bound cofactors. The right 78 

panel highlights the Ca2+-binding site, showing residues from the CSol and CTD domains and 79 

the C3892 mutation site. e) Comparison of closed (PDB: 5TB3) and open (PDB: 5TA3) RyR1 80 

structures, illustrating conformational movements during pore opening36. 81 

Single-particle cryo-electron microscopy (cryo-EM) studies have resolved near-atomic 82 

structures of RyR1 in both the open and closed states36–41. RyR1 is a homotetramer, with each 83 

protomer comprising three regions: the cytosolic shell, activation core, and transmembrane (TM) 84 
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channel; and three regions further divided into 19 domains (Fig. 1a, b)36,39,41–44.  Recently, the 85 

structures of RyR2 and RyR3 have been determined, which reveal a conserved framework45–47. 86 

Dilation of the pore requires three activators, or co-factors, Ca2+, ATP and caffeine36. In the open 87 

state, Ca2+ binds at the CTD-CSol interface, caffeine at the CTD-S2S3 interface, and ATP (or 88 

adenine analogues) at the CTD-S6c-TaF junction (Fig. 1c)36,48. Opening involves bending of S6 89 

helices at the glycine hinge (G4934), a rotation that displaces the hydrophobic gate residue 90 

(I4937) away from the lumen, and large-scale domain rearrangements (Fig. 1d). Additional 91 

regulators include calmodulin-1, which binds via four Ca2+ ions, and calstabin-1, both located in 92 

the cytosolic shell. The Rycal ARM210 binds cooperatively with ATP in the peripheral RY1&2 93 

(Repeat12) domain of RyR135, with a similar mode in RyR245,46. These findings clarify how 94 

ARM210 engages RyRs but raise the key question of how drug binding at the most distal RY1&2 95 

domain transmits long-range allosteric stabilization of the pore in the closed state. Elucidating 96 

this mechanism will be critical for optimizing next-generation RyR-targeted therapeutics.  97 

This study aims to elucidate how ARM210 allosterically modulates the function of the RyR1 98 

channel at the atomistic level using all-atom explicit solvent molecular dynamics (MD) 99 

simulations. Previous MD studies have explored the dynamics of the RyR channel in both its full 100 

native and truncated forms, examining gating (opening) mechanism49–51, ion permeation52–55,  101 

mutations effect on pore gating56, and interactions with calmodulin and DHPR channels10,57. 102 

Here, we advance the field by conducting an all-atom MD simulation of the full RyR1 channel 103 

over an extensive timescale of 36.6 µs, which required 25 million CPU hours. First, we simulated 104 

the wild-type RyR1 channel in the presence of three cofactors, ATP, caffeine, and Ca2+ bound 105 

within the activation core, and two regulatory proteins, calmodulin-1 and calstabin-1. This 106 

revealed long-range allosteric communication spanning over 200 Å along the RyR1 channel, 107 

beginning from the peripheral RY1&2 drug-binding domain in the cytosolic shell to the pore-108 

forming S6 helices. To probe the mechanism of ARM210, we simulated the previously described 109 

RyR1 complex with drug and ATP bound to RY1&2, uncovering how drug binding reshapes local 110 

and global RyR1 dynamics, and in turn, the allosteric network necessary for pore opening. 111 

Furthermore, to assess the impact of oxidative stress on RyR1, we studied the cysteine 112 

oxidation-mimicking C3892D mutation near the cofactor Ca2+ binding site (Fig. 1c), identified 113 

through mass spectroscopy, live cell fluorescent microscopy, and single-channel 114 

electrophysiology experiments. The simulation of the ARM210-C3892D RyR1 complex showed 115 
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that this mutation further perturbs the allosteric network and weakens binding of Ca2+ as well as 116 

coordination among the associated domains, potentially causing unregulated channel opening.  117 

Results 118 

RyR1 C3892 as a key residue mediating oxidation-induced Ca2+ leak. Oxidation of RyR1 119 

increases its open probability under resting conditions, causing sarcoplasmic reticulum (SR) 120 

Ca2+ leak. RyR1 is highly redox-sensitive, with over 90 cysteine residues per protomer, 21 of 121 

which exist as free thiols available for redox modifications58. Using mass spectrometry, we 122 

identified cysteine residues oxidized upon in vitro treatment of purified RyR1 with 50 μM H₂O₂, 123 

affecting primarily eight residues (Fig. 2a, Supplementary Table 1). Higher H₂O₂ concentrations 124 

caused substantial RyR1 aggregation and were not analyzed (Fig. S1a in Supplementary 125 

Information, SI). Notably, four cysteines were near critical regulatory sites: one near the Rycal 126 

binding site (C906) and three near the Ca2+ binding site (C3733, C3892, C3973), likely impacting 127 

activation and channel gating (Fig. 2a). Previously it was shown that residue C906 participates 128 

in ARM210 binding35, and the mutation C906A does not prevent the oxidation-induced leak but 129 

partially impairs Rycal protection, consistent with its role in drug binding35.  130 

To evaluate the functional relevance of the Ca2+ site cysteines, we generated single-point 131 

alanine mutants (C3733A, C3892A, C3973A) in HEK293 cells, treated them ± H₂O₂, and isolated 132 

microsomes. H₂O₂ significantly increased open probability (Po) in wild-type and all mutants 133 

except C3892A, highlighting its central role in oxidation-induced leak (Fig. 2b, Fig. S1b–c in SI). 134 

We then analyzed Ca2+ leak of wild-type RyR1 and mutant channels and the protective effect of 135 

ARM210 by measuring the SR Ca2+ store content using live cell fluorescent microscopy. H₂O₂ 136 

reduced SR Ca2+ stores of cells expressing wild-type but not in RyR1-C3892A mutant channel, 137 

and ARM210 prevented depletion in wild-type (Fig. 2c). Mutation of C3892 to aspartic acid 138 

(C3892D) mimicking oxidation increased basal Po and depleted SR Ca2+ stores, indicating a 139 

gain-of-function modification and that this residue is crucial in the redox regulation of channel 140 

gating (Fig. 2b–c, Fig. S1b–c in SI). Therefore, we hypothesize that oxidation to sulfenic, sulfinic, 141 

or sulfonic acid or aspartate substitution at C3892 alters electrostatics near the Ca2+ binding site, 142 

affecting Ca2+ coordination and inducing conformational changes that affect pore opening. 143 

These findings suggest that the Ca2+ binding domain may serve as a redox sensor for oxidative 144 

stress, with many functional oxidative residues positioned nearby to enable rapid modulation of 145 
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RyR1 activity by adjusting its affinity for binding and coordinating Ca2+ ions. We tested this 146 

hypothesis using all-atom molecular dynamics simulations. 147 

 148 

Figure 2: Identification of C3892 as the key residue mediating oxidation-induced Ca2+ leak. a) 149 

Table listing the main cysteine residues oxidized in purified RyR1 following H₂O₂ treatment, as 150 

determined by mass spectrometry. b) Open probability (Po) of wild-type (WT) RyR1 and cysteine 151 

mutants (C3733A, C3892A, C3973A, C3892D) in the absence and presence of H₂O₂. ***p < 152 

0.001 c) Sarcoplasmic reticulum Ca2+ content measured by caffeine-induced Ca2+ release (F/F₀) 153 

in HEK293 cells expressing WT RyR1, C3892A, or C3892D in the absence and presence of 154 

H2O2 or following Rycal ARM210 treatment. **p < 0.01 compared to WT RyR1 (n > 30). 155 
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Extensive molecular dynamics simulations of full-length RyR1. Previous RyR1 molecular 156 

dynamics simulation studies often relied on truncated transmembrane models, and even full-157 

length simulations rarely exceeded a few hundred nanoseconds10,49–55,57. In this work, full-length 158 

RyR1 simulations were performed under three conditions: i) with three activators, ATP, Ca2+, 159 

and caffeine bound to the activation core, representing optimal pore opening conditions; ii) with 160 

ARM210 and ATP cooperatively bound to the peripheral RY1&2 domain, stabilizing the closed 161 

channel; and iii) identical to (ii) but with the C3892D mutation in the CSol domain at the Ca2+ 162 

binding site, which potentially disrupts ARM210 action and promotes SR Ca2+ leak. For each 163 

system, three independent trajectories totaling 12.2 µs were generated. 164 

ARM210 remains bound to the RY1&2 domain but adopts multiple binding states. To 165 

assess binding stability, we measured ligand occupancy within the binding cavity, representing 166 

the fraction of time each molecule remained bound (Fig. 3a). ARM210 largely remained bound 167 

in the RY1&2 domain, with only occasional dissociation events in both wild-type and mutant 168 

RyR1. ARM210 quickly departed from its initial cryo-EM binding pose and sampled alternative 169 

poses within the binding pocket, showing minimal coordination with the residues seen in the 170 

structural model (Fig. S2a in SI). Notably, the resolution of the drug-binding domain was lower 171 

(3.1 Å) than the overall structural (2.45 Å) in the reported structure35, suggesting that the reported 172 

pose may not be perfectly accurate. While W882 was confirmed as a critical contact residue for 173 

ARM210 binding35, density ambiguity prevents clear assignment of other interacting residues. 174 

Our analyses revealed that several additional hydrophobic residues engage ARM210 with 175 

comparable frequency (Fig. S3a in SI). Moreover, upon ATP release, ARM210 also contacted 176 

ATP-binding residues W996 and H993. 177 

Similarly, ATP molecules cooperatively bound with ARM210 in the RY1&2 domain rapidly drifted 178 

from their initial poses, adopting alternative poses with reduced coordination to the original 179 

residues before exiting the pocket (Fig. 3a, and Fig. S2a in SI). In addition to the confirmed W996 180 

contact35, several basic residues R886, R897, R1000, and R1020 were also implicated in ATP 181 

binding (Fig. S3b in SI). The three cofactors (ATP, caffeine, and Ca2+) in the activation core 182 

displayed distinct stabilities: ATP remained bound throughout all simulations, Ca2+ was generally 183 

stable but occasionally dissociated, and caffeine exhibited the weakest binding, often 184 

dissociating from the pocket (Fig. 3a, Fig. S2b in SI). Detailed analyses of these interactions are 185 

provided in section S2 of SI. 186 
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 187 

Figure 3: Ligands binding and domain dynamics of the RyR1 channel. a) Occupancy of ARM210 188 

and cofactors within their binding pockets, where 1 indicates continuous binding and 0 indicates 189 

absence. b) Probability distribution of backbone RMSD for cytosolic shell region (left) and the 190 

activation core plus channel regions (right) across the three simulated systems. c) Average 191 

backbone RMSD of all RyR1 domains and regulatory proteins (calmodulin-1, Cm1; calstabin-1, 192 
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Cs1) in the three systems. Domains and proteins are grouped by spatial location in four regions: 193 

cytosolic shell 2, cytosolic shell 1, activation core and transmembrane channel, highlighted by 194 

background shading, and also shown over the RyR1 protomer on right panel. RY1&2 domain is 195 

shown multiple times on both panels, with repeated RMSD values on the plot. d) Left: opening 196 

of the RY1&2 domain in the absence of ARM210 and ATP, comparing the initial closed state 197 

(pink) to the later opened state (green) in the simulation. The angle between residues E888, 198 

L1046 and V1001 increases from 50 to 85°. Right: RY1&2 domain remains closed when 199 

ARM210 and ATP are bound. e) Probability distribution of the RY1&2 domain angle (#), as 200 

defined in the panel d, for the three simulated systems. 201 

ARM210 binding rigidifies the cytosolic shell of RyR1. Across the three systems, the 202 

cytosolic shell showed larger fluctuations, with root mean square deviation (RMSD) values 203 

reaching ~18 Å, compared to ~9 Å for the activation core plus transmembrane regions (Fig. 3b). 204 

Notably, cytosolic shell deviations were reduced in the presence of ARM210, with similar RMSD 205 

values for both wild-type and mutant channels. In contrast, the absence of the drug led to 206 

pronounced oscillations, suggesting that ARM210 binding stabilizes the cytosolic shell. The 207 

activation core and transmembrane channel regions displayed greater deviation in the presence 208 

of the drug, particularly in the wild-type channel, but the underlying cause remains unclear. 209 

Next, we assessed the RMSD of RyR1 domains along with the regulatory proteins calmodulin-210 

1 and calstabin-1 (Fig. 3c). For this analysis, RyR1 was divided into four regions: cytosolic shell 211 

1, cytosolic shell 2, activation core, and transmembrane, according to the spatial arrangement 212 

of associated domains and proteins, where the drug-binding RY1&2 domain from a neighboring 213 

protomer is also included. The RY1&2 domain interacts with cytosolic shell 2 region of the 214 

adjacent protomer, and in the absence of ARM210, these regions exhibited large fluctuations, 215 

explaining elevated cytosolic shell RMSD in Fig. 3b. Most importantly, the RY1&2 domain 216 

showed the highest fluctuation among all components, highlighting its potential role in regulating 217 

RyR1 dynamics. In contrast, the cytosolic shell 1 (excluding RY1&2), activation core, and 218 

transmembrane regions displayed no consistent RMSD trends. A few domains within the 219 

activation core (SCLP, CSol, CTD, and TaF) oscillated slightly more in the drug-bound wild-type 220 

system, contributing to the modest RMSD increase in the activation core and transmembrane 221 

regions (Fig. 3b), but these fluctuations were far less pronounced than those in the cytosolic 222 

shell. 223 



	 11	

ARM210 restricts opening of the RY1&2 domain. The RY1&2 domain exhibits significantly 224 

higher mobility than other regions of RyR1 (Fig. 3c). In the absence of ARM210, it undergoes 225 

substantial conformational changes, opening in a “jaw-like” manner, whereas binding of ARM210 226 

and ATP stabilizes the domain in a closed state (Fig. 3c, Movie S1). To quantify this behavior, 227 

we measured the angle # defined by residues E888, L1046, and V1001. Starting from ~50° in 228 

the cryo-EM state, the RY1&2 domain shifted towards ~85° without the drug. In contrast, with 229 

ARM210, this domain predominantly remained near 50° in both wild-type and mutant RyR1, 230 

occasionally closing further towards 0°, a behavior never observed in the drug-free state.  231 

ARM210 binding and C3892D mutation modulate RyR1 domain dynamics. Upon activation 232 

by the cofactors, RyR1 undergoes extensive global conformational changes. Two primary 233 

motions occur during the closed-to-open transition: (i) translational shifts, where regions or 234 

domains move up or down along the pore axis, and (ii) rotational motions, where regions or 235 

domains rotate clockwise or anticlockwise relative to the membrane plane (a plane orthogonal 236 

to the pore axis), as viewed from the cytosolic side. Comparison of closed and open cryo-EM 237 

structures indicates that cytosolic shell regions 1 and 2 move downward toward the pore, while 238 

the activation core and transmembrane region shift upward (Fig. S4a–b in SI). Additionally, the 239 

cytosolic shell and activation core rotate anticlockwise, whereas the transmembrane region 240 

exhibits a slight clockwise rotation (Fig. S4c–d in SI). In our simulations, most regions and 241 

domains display both translational and rotational movements in both directions; because full 242 

dilation of the pore was not achieved in any system, we will focus on average domain movements 243 

for comparative analyses among the three systems.  244 
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 245 

Figure 4: Translational and rotational dynamics of RyR1 during MD simulations. a) Left: 246 

Translational displacement of the cytosolic shell 2 region along the pore axis (%-axis) between 247 

closed to open cryo-EM states (PDBs: 5TB3, 5TA3), showing downward (-%) shift. Right: 248 

Average translational movements of the four structural regions (cytosolic shell 1, cytosolic shell 249 

2, activation core, and transmembrane) relative to the initial 0 Å position across three simulated 250 

systems. b) Left: Average translational movements of all domains and regulatory proteins 251 

(calmodulin-1 and calstabin-1) relative to the initial 0 Å position across three systems. Right: 252 

Translational displacement of the CTD domain along the pore axis during closed-to-open 253 

transition in cryo-EM states, showing a downward shift. c) Left: Anticlockwise rotation of the 254 

cytosolic shell 2 region during pore opening in cryo-EM states (negative rotation in &'-plane). 255 

Right: Average rotational motions of the four RyR1 regions relative to the initial 0° across three 256 

simulated systems. d) Left: Anticlockwise rotation of the CTD domain during the closed-to-open 257 

transition in cryo-EM structures. Right: Average rotational motions of all RyR1 domains and 258 

regulatory proteins, referenced to initial 0° orientation, compared across three simulated 259 

systems. 260 

In wild-type RyR1 without ARM210, the cytosolic shell regions 1 and 2 along with several 261 

associated domains (BSol, JSol, RY3&4, NTDC, SPRY1/2/3/) and the regulatory protein 262 
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(calstabin-1) had a more pronounced downward shift compared to both wild-type and mutant 263 

channels in the presence of ARM210, in agreement with the channel being in the primed state 264 

due to the presence of activating cofactors (Fig. 4a & c). ARM210 binding induced a modest 265 

upward shift in the wild-type protein, whereas the mutant exhibited a substantially larger upward 266 

displacement for these cytosolic domains. This upward shift is in agreement with the 267 

conformational changes observed by cryo-EM for RyR2 variants in the presence of ARM21045,46. 268 

The activation core and the transmembrane regions, taken as whole, displayed a net upward 269 

movement in all three systems (Fig. 4a). At the domain level, however, approximately half of the 270 

domains moved upward while the others shifted downward (Fig. 4c). Whereas wild-type RyR1 271 

showed no major differences between the drug-free and drug-bound states, the mutant in drug-272 

bound form revealed a distinct behavior: the Ca2+-binding CSol and CTD domains, both critical 273 

regulatory sites, with CSol also harboring the mutation, along with the S2S3 domain exhibited 274 

greater downward shifts. Similarly, within the transmembrane region, the S6c helices shifted 275 

downward more prominently in the mutant compared to wild-type systems. These findings are 276 

consistent with the fact that the Rycal drug preferentially affects the leaky (mutant and/or PMT 277 

modified) channels compared to the wild type non-leaky channels. This contributes to the lack 278 

of off target activities of the Rycal drugs. 279 

Compared to the translational shifts, notable differences were observed in rotational dynamics 280 

across the systems. In wild-type RyR1, cytosolic shell regions 1 and 2 displayed substantial 281 

clockwise rotations of 2.8° and 2.3°, respectively, which were reduced to 1.3° and 0.8° upon 282 

ARM210 binding (Fig. 4d). In the mutant, ARM210 further limited rotation of cytosolic shell 2 283 

(0.9°), while cytosolic shell 1 remained similar to the drug-bound wild-type (0.8°). At the domain 284 

level, nearly all cytosolic domains, except RY3&4, showed pronounced clockwise rotation in the 285 

absence of drug, which were consistently suppressed upon ARM210 binding in both protein 286 

variants (Fig. 4f). The previously described “jaw-like” opening of the RY1&2 domain in the 287 

absence of ARM210 can be interpreted as a clockwise rotation of half the domain (Fig. 3d). This 288 

movement subsequently propagated clockwise rotational motion throughout the cytosolic shell. 289 

Importantly, RY1&2 opening in one protomer induces rotation in the cytosolic shell of the 290 

neighboring protomer. Conversely, ARM210 binding prevents RY1&2 opening and thereby 291 

rigidifies the entire cytosolic shell. These findings highlight RY1&2 as a critical regulator that 292 



	 14	

synchronizes rotational dynamics across protomers, especially in cytosolic shell regions (see 293 

Movie S1). 294 

Variations in rotational dynamics were also evident in the activation core. In wild-type RyR1, the 295 

activation core rotated approximately 1.6° clockwise, which was reduced to 0.5° upon ARM210 296 

binding, while in the drug-bound mutant it rotated slightly in the anticlockwise direction (-0.1°), 297 

see Fig. 4d. At the domain level, most activation core domains rotated clockwise, except the 298 

CTD, which rotated anticlockwise (-0.5°) in wild-type RyR1 (Fig. 4f). Similar to its effects on the 299 

cytosolic regions, ARM210 binding in both protein variants restricted rotation of several 300 

activation core domains (SCLP, CSol, EF1&2), while others (CTD, S2S3, TaF) reversed 301 

direction entirely. Among these, the CTD domain, closely interacting with the mutation-bearing 302 

CSol domain, was particularly notable, showing enhanced anticlockwise rotation (-1.6°) in the 303 

drug-bound wild-type protein and an even larger shift in the mutant (-2.7°). Likewise, S2S3 and 304 

TaF domains also exhibited similar exaggerated anticlockwise motion in the mutant, suggesting 305 

that the C3892D mutation induces aberrant behavior in activation core dynamics. In contrast, 306 

movements in the channel region domains were more limited and largely random across all 307 

systems. 308 

RY1&2 domain allosterically regulates RyR1 pore opening. Allosteric communication in 309 

proteins involves networks of coupled dynamics, where perturbations, such as drug binding or 310 

mutations at one site, propagate conformational changes to distant regions through correlated 311 

motions, thereby enabling signal transmission. To investigate correlated motions in the wild-type 312 

RyR1 without drug, we constructed a correlation matrix based on the center-of-mass 313 

displacements of all domains and regulatory proteins (calmodulin-1 and calstabin-1) in the &'-314 

plane. Each matrix element represents the Pearson correlation coefficient between domain pairs 315 

(Fig. 5a-b). As noted earlier, domain rotations in the &'-plane depend on the opening of the 316 

adjacent protomer’s RY1&2 domain. Accordingly, the RY1&2 domain from a neighboring 317 

protomer was included in the analysis, and correlations were computed exclusively from &'-318 

plane motions to capture this inter-protomer coupling. 319 

We see strong intra-regional correlations across all four regions of wild-type RyR1. Domains 320 

within the cytosolic shell 2 region display particularly strong correlations, followed by cytosolic 321 

shell 1 and the activation core, with weaker correlations in the transmembrane region. In 322 
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contrast, inter-regional correlations are more selective: the cytosolic shell 2, activation core, and 323 

transmembrane regions (excluding the pore domain) are strongly coupled, whereas the cytosolic 324 

shell 1 region shows minimal connectivity with other regions. Inclusion of the neighboring 325 

protomer’s RY1&2 domain reveals that it further reinforced the correlated network linking 326 

cytosolic shell 2, the activation core, and the transmembrane region (Fig. 5c). These results 327 

indicate that motions originating in the RY1&2 domain of one protomer allosterically propagate 328 

through cytosolic shell 2, into the activation core, and ultimately reach the pore-forming S6c 329 

helices of the adjacent protomer. We propose that this long-range allosteric pathway (Fig. 5d), 330 

extending over a distance greater than 200 Å, is essential for driving pore dilation. 331 

 332 

Figure 5: Correlated motions of RyR1 domains and regulatory proteins. a) Selected RyR1 333 

domains are shown with displacement vectors representing center-of-mass shifts in the &'-plane 334 

relative to their initial positions. These vectors were used to compute correlation coefficients 335 

between domain pairs. b) Pearson correlation coefficient matrices depicting inter-domain 336 

correlations within RyR1 and the bound regulatory proteins calmodulin-1 and calstabin-1 across 337 

the three systems. The drug-binding RY1&2 domain from the adjacent protomer (protomer 1) is 338 

also included. c) Correlation coefficients between RY1&2 domain of protomer 1 and all other 339 
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domains/proteins of protomer 2, extracted from the first row of matrices in panel b, compared 340 

across the three systems. d) Network representation of correlations from panel c for wild-type 341 

RyR1 without drug. Solid lines indicate strong correlations (> 0.3), and dotted lines indicate 342 

weaker correlations. Positions i and ii highlight domains from where weaker correlations were 343 

observed in the drug-bound wild-type and mutant proteins, respectively. 344 

ARM210 disrupts the allosteric network required for pore opening. In the ARM210-bound 345 

wild-type RyR1, the overall correlation matrix closely resembles that of the drug-free state, but 346 

with the slightly reduced intra-regional correlations across all four regions (Fig. 5b, Fig. S7 in SI). 347 

Inter-regional correlations are more strongly affected, showing a marked decline relative to the 348 

unbound system. Notably, the correlation between the neighboring protomer’s RY1&2 domain 349 

and the cytosolic shell 2 region of the current protomer remains robust, similar to the drug-free 350 

state; however, the correlation weakens substantially beyond the activation core (Fig. 5c, Fig. 351 

S7 in SI). In particular, beyond the CSol domain within the activation core, correlations 352 

diminished sharply, suggesting that allosteric propagation is disrupted from this junction. These 353 

findings indicate that ARM210 binding prevents the RY1&2 domain from effectively transmitting 354 

its motion through the downstream allosteric network, particularly from the CSol, thereby 355 

blocking the cascade of conformational changes that would otherwise reach the S6c helices 356 

(Fig. 5d). Consequently, ARM210 stabilizes the pore in a closed conformation, a result 357 

supporting its role as an allosteric modulator of RyR1 that prevents a pathological leak of Ca2+ 358 

in the mutant and PTM modified channels. 359 

The C3892D mutation disrupts the allosteric network and displaces Ca2+ and the CTD 360 

domain. The correlation matrix of the ARM210-bound C3892D RyR1 mutant resembles that of 361 

the drug-bound wild-type protein, but with the further weakened intra- and inter-regional 362 

correlations (Fig. 5b, Fig. S7 in SI). While the RY1&2 domain maintains a strong correlation with 363 

the cytosolic shell 2 domains of the neighboring protomer, this correlation rapidly collapses 364 

beyond the first activation core domain, SCLP (Fig. 5c–d). This indicates that the C3892D 365 

mutation in the CSol domain exacerbates the disruption of the allosteric signaling pathway 366 

already impaired by the ARM210 binding. In theory, such an amplified breakdown of 367 

communication should further stabilize the closed state and suppress pore opening. 368 

Paradoxically, experimental observations reveal that the mutant pore occasionally becomes 369 

leaky, with an opening probability of 0.2 compared to 0.04 in the wild type (Fig. S1c in SI). This 370 
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suggests that the mutation not only destabilizes the allosteric network but may also cause 371 

perturbations in the structural positioning of key elements. 372 

This prompted us to further investigate how the C3892D mutation alters Ca2+ affinity and the 373 

coordination of the associated CSol and CTD domains. In the wild-type RyR1, Ca2+ occupancy 374 

near residue C3892 is negligible, but in the mutant it rises to approximately 0.35 (Fig. 6a). This 375 

shift reduces Ca2+ interactions with its native coordinating residues, E3893, E3967, T5001, and 376 

E5002, within the CSol and CTD domains. As a result, Ca2+ is displaced, weakening the 377 

interactions at CSol-CTD interface, and driving the CTD domain away from the CSol domain 378 

(Fig. 6b–c). Consistent with this finding, the CTD domain in the mutant shows a pronounced 379 

downward displacement toward the pore and exaggerates anticlockwise rotation compared to 380 

both drug-free and drug-bound wild-type proteins (Fig. 4c–f). Together, these findings indicate 381 

that the CTD domain becomes misaligned, escaping regulatory influence of the surrounding 382 

cytosolic shell and activation core. This miscoordination propagates directly to the adjacent S6 383 

helices, key elements in pore dilation, thereby compromising gating dynamics. 384 
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 385 

Figure 6: Effects of the C3892D mutation on Ca2+ binding, coordination of domains, and pore 386 

opening. a) Ca2+ occupancy near the binding-pocket residues of the CSol and CTD domains 387 

across three simulated systems. b) Probability distributions of the CSol–CTD interdomain 388 

distance for the three systems. c) Representative snapshot showing displacement of Ca2+ 389 

toward the mutated C3892D residue in the CSol domain, leading to weakened Ca2+ coordination 390 

and displacement of the CTD domain. The translucent structure represents the initial 391 

configuration; the opaque structure depicts the later structure. d) Average pore-radius profiles 392 

along the RyR1 pore axis for all three systems, compared with the cryo-EM closed-state 393 

structure (PDB: 5TB3)36. e) Cryo-EM structures illustrating S6 helix opening during the closed-394 

to-open transition, highlighting expansion at the cytoplasmic side (S6c), quantified as angle (! 395 

(translucent = closed state, opaque = open state). f) Probability distributions of (! for the three 396 

systems, with vertical lines marking the closed and open cryo-EM reference states. 397 

S6c helices open more extensively in the C3892D mutant bound to ARM210. Pore dilation 398 

in RyR1 is mediated by bending and distortion of the four S6 helices, particularly from the central 399 

hinge at G4934 to the cytosolic-facing region known as the S6c domain. Average pore-radius 400 

profiles across all three systems reveal a notable increase in the radius at the S6c region (Fig. 401 

6d). Among these, the wild-type channel without ARM210 displays slightly greater dilation than 402 

both drug-bound systems. Between the two drug-bound systems, however, the mutant exhibits 403 

noticeably larger dilation than the wild type, explaining the gain-of-function properties observed. 404 
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To quantify this effect, we measure the angle ((!) between the opposing S6c helices, which 405 

increases from ~70° in the closed state to ~85° in the fully open state according to cryo-EM 406 

structures (Fig. 6e). Across simulations, the largest angular changes were observed in the wild-407 

type protein without drug (Fig. 6f, Fig. S5 in SI). Notably, in the presence of ARM210, the mutant 408 

channel exhibits a modest but consistent increase in (! compared to the drug-bound wild type, 409 

suggesting that the pore is pushed toward dilation more readily in the mutant. 410 

These observations reinforce the earlier conclusion that dysregulation of the CTD domain 411 

destabilizes the closed state by accelerating opening of the S6c helices in the mutant. This is 412 

consistent with experimental findings showing that the mutant has a higher open probability (0.2 413 

vs. 0.04 in the wild type; Fig. S1c in SI). Finally, it is worth noting that while the S6c helices 414 

undergo significant bending and partial opening, the luminal-facing S6l helices, as expected, 415 

exhibit only minimal angular changes, and dilation at the hydrophobic gate is not achieved in all 416 

simulations (Fig. S6 in SI). 417 

Discussion 418 

New insights into the role of cofactors and drug in RyR1 dynamics. Engagement of all three 419 

activators (Ca2+, ATP, and caffeine) at the CTD interfaces initiates a structural reorganization of 420 

the RyR1 activation core domain, referred to as "priming", that facilitates subsequent pore 421 

dilation36,59. Across all simulations, ATP and Ca2+ consistently displayed strong binding affinities 422 

and coordination patterns closely resembling those observed in cryo-EM structures. In contrast, 423 

caffeine exhibited relatively weak affinity, frequently dissociating from its binding pocket (Fig. 3a, 424 

Fig. S2 in SI). These computational findings align with the experimental data showing that the 425 

RyR1 open probability is <0.25 under conditions of Ca2+ alone or ATP with caffeine, but 426 

increases to >0.9 when all three activators are present 36,59,60. This underscores the critical 427 

requirement for both high-affinity cofactors, ATP and Ca²⁺, to drive the conformational 428 

rearrangements that couple interacting domains and stabilize the primed state. Caffeine, while 429 

a weaker ligand, further reinforces this primed conformation, effectively lowering the energetic 430 

barrier to pore dilation and sustaining channel opening. 431 

Each peripheral drug binding RY1&2 domain of RyR1 can accommodate either one ARM210 432 

molecule together with one ATP, or alternatively two ADP molecules35. In our simulations, 433 

ARM210 predominantly remained bound within the RY1&2 pocket; though it diffused locally and 434 



	 20	

adopted multiple poses distinct from the one displayed in the cryo-EM map (Fig. 3a, Fig. S2 in 435 

SI). ATP displayed similar mobility within the pocket but was more prone to slipping out of the 436 

binding site. Given the previously reported low resolution of this region35, it is likely that the cryo-437 

EM–annotated binding poses are not fully accurate. Considering that ARM210 and ATP share 438 

structural similarity, and that two ADP molecules can occupy the pocket with one positioned 439 

where ARM210 binds, it is plausible that ARM210 and ATP may occasionally exchange binding 440 

positions. 441 

ARM210 predominantly occupied the RY1&2 domain during simulations, inducing pronounced 442 

changes in its dynamics and, consequently, in the entire cytosolic shell. In the absence of 443 

ARM210 and the associated ATP, the RY1&2 domain opened rapidly (within ~100 ns) in a jaw-444 

like motion (Fig. 3). While the half of the domain adjacent to the ATP-binding site remained 445 

relatively stable, the other half, which accommodates ARM210, underwent substantial 446 

displacement. This opening slightly exceeded that reported in previous structures by ~10°–15° 447 

and persisted for the majority of the simulation40,42–44. In contrast, the presence of ARM210 and 448 

ATP maintained the RY1&2 domain in a closed state, consistent with the cryo-EM structures35,45. 449 

Notably, the domain occasionally closed even further following ATP release. 450 

The cytosolic extensions of the S6 helices (S6c) undergo bending, bowing, and distortion 451 

originating from the gating hinge (G4934), accompanied by a rotation that reorients the 452 

sidechains of the hydrophobic gate residue, I4937, away from the lumen to permit Ca2+ passage 453 

during transition to the open state36,39,61. Similar bending and bowing of the S6c helices were 454 

observed across all simulations. The wild-type RyR1 channel frequently adopts this open-like 455 

conformation of S6c helices in the absence of ARM210, indicating that the channel reaches the 456 

dilated state more readily without the drug (Fig. 6). In the C3892D mutant, S6c helices achieved 457 

an open-like state even in the presence of ARM210, suggesting that the mutation perturbs 458 

channel dynamics. Notably, no movement or opening of the hydrophobic gate residue I4937 was 459 

observed, as the bending and bowing of S6c did not propagate to the hinge residue G4934; 460 

significant motion was limited to the distal S6c region (G4941–T4956). These findings indicate 461 

that distal S6c rearrangements can occur with or without drug binding, but full pore opening 462 

requires propagation of motion to the central S6 region, including the hydrophobic gate and the 463 

hinge, which represent the rate-limiting steps. 464 
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Mechanism of allosteric regulation in RyR1. Although full pore dilation was not achieved in 465 

any of our simulations, the conformational changes in the peripheral regions of RyR1 provided 466 

significant insights into correlated motions and the allosteric pathways. Differences in the 467 

flexibility and opening of the RY1&2 domain in response to drug binding were found to modulate 468 

the dynamics of the entire cytosolic shell. In the absence of ARM210, the opening of the RY1&2 469 

domain, manifested as the displacement of the ARM210-interacting region, can be visualized as 470 

a clockwise rotation from the cytosolic viewpoint (Fig. 4). This rotation initiates a domino effect 471 

across the cytosolic shell of the adjacent protomer, inducing a coordinated clockwise rotation of 472 

all domains and associated proteins, including calmodulin-1 and calstabin-1, and resulting in 473 

highly correlated movements. Such synchronized motion mirrors the closed-to-open state 474 

transition observed in cryo-EM structures36,39. The RY1&2 motion exhibits strong correlation with 475 

half of the cytosolic shell in the neighboring protomer, designated as cytosolic shell 2, which 476 

comprises BSol, RY3&4, JSol domains, and calmodulin-1. These correlated motions further 477 

extended, though more weakly, to the activation core domains (SCLP, CSol, EF, TaF, S2S3, 478 

CTD) and the transmembrane S6c domain, while correlation with cytosolic shell 1 (NTD-A/B/C, 479 

SPRY1-3, RY1&2) remained minimal (Fig. 5, Fig. S7 in SI). Similar patterns were observed in 480 

three-dimensional correlated motions, including translation along the %-axis and rotation in the 481 

&'-plane (Fig. S8 in SI).  482 

Based on these observations, we propose an allosteric pathway that facilitates pore dilation in 483 

wild-type RyR1 (Fig. 7, left panel). Initially, the tetrad of Cav1.1 voltage-gated Ca2+ channels 484 

activates RyR1 via interacting with the RY3&4 domains10. This activation signal, amplified by the 485 

dynamic behavior of the RY1&2 domain from the neighboring protomer, is transmitted 486 

downstream to the transmembrane pore region. Extensive opening of the unoccupied RY1&2 487 

domain triggers correlated rearrangements through the cytosolic shell 2 region, then to the 488 

activation core, and ultimately to the pore-forming S6c helices in the adjacent protomer. In the 489 

presence of the three activators (ATP, Ca2+, and caffeine) bound to the activation core, these 490 

allosteric signals facilitate pore dilation, allowing Ca2+ release from the sarcoplasmic reticulum 491 

into the cytoplasm. This long-range allosteric pathway, spanning approximately 200 Å from the 492 

RY1&2 to S6c across protomers, underpins the functional regulation of RyR1 channel gating. 493 
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 494 

Figure 7: Schematic representation of the allosteric network and the sequence of events in wild-495 

type RyR1, ARM210-bound RyR1, and ARM210-bound C3892D mutant RyR1. The diagrams 496 

highlight how dynamic changes in the drug-binding RY1&2 domain propagate through the RyR1 497 

protein, triggering a cascade of conformational rearrangements that ultimately modulate the 498 

opening or closing of the channel pore. 499 

Allosteric modulation of RyR1 dynamics by ARM210. The cooperative binding of ARM210 500 

and ATP within the RY1&2 domain induced profound local and global changes in RyR1 501 

dynamics. This interaction rigidified the RY1&2 domain, stabilizing it in a closed conformation 502 

and, in turn, reinforcing the rigidity of the entire cytosolic shell35,46. Translational and rotational 503 

motions of the activation core and channel regions were also markedly altered compared to the 504 

drug-free state. These effects are particularly evident in the correlated motions analysis, where 505 

RY1&2 movements strongly correlate with the cytosolic shell 2 region but showed weak 506 

correlation with the activation core and channel regions of the adjacent protomer (Fig. 5, Fig. S7 507 

in SI). Notably, beyond the CSol domain of the activation core, correlations weaken substantially, 508 

indicating a dampening of downstream signal transmission following ARM210 binding. From 509 

these observations, we propose the mechanism of ARM210-mediated allosteric regulation of 510 

RyR1 (Fig. 7, middle panel). Upon activation by Cav1.1 channels through the RY3&4 domains, 511 

the ARM210-occupied RY1&2 domain obstructs the transmission of conformational signals to 512 

the transmembrane region. The inability of RY1&2 to open locks the cytosolic shell into a highly 513 

rigid state, suppressing coordinated rearrangements within cytosolic shell 2, the activation core, 514 

and the channel region of the neighboring protomer. Consequently, the allosteric signal 515 

originating from the RY1&2 and RY3&4 domains is attenuated as it passes through the CSol 516 
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domain and fails to effectively reach the pore-forming S6c helices. Thus, ARM210 binding 517 

stabilizes the closing of the pore, even in the presence of all three activators within the activation 518 

core. 519 

Mutation-driven disruption of ARM210-mediated allosteric regulation in RyR1. Cysteine 520 

oxidative modifications have been shown to alter the gating behavior of ryanodine receptors, 521 

leading to dysregulated Ca2+ release and impaired channel function25,62–64. Among the three 522 

cysteine residues (C3733, C3892, C3973) located near the Ca2+ cofactor binding site, oxidation 523 

of C3892 has the greatest impact on channel gating, as shown by the C3892D mutation, which 524 

mimics the oxidized state. In simulations, ARM210 binding to the C3892D mutant RyR1 525 

produced effects similar to those in the wild type, including reduced RY1&2 domain opening and 526 

rigidification of the cytosolic shell in the adjacent protomer (Figs. 3 and 4). However, critical 527 

differences emerged: correlated motions between the RY1&2 domain and components of 528 

cytosolic shell 2 (e.g., JSol, calmodulin-1) were already weakened, and correlations with the 529 

activation core and channel regions were almost completely lost (Fig. 5, Fig. S7 in SI). 530 

Importantly, the mutated residue in the CSol domain pulled the bound activator Ca2+ more tightly 531 

toward itself, disrupting the coupling between CSol and CTD and causing the two domains to 532 

drift apart (Fig. 6). This displacement induced excessive rotations and translational shifts in the 533 

CTD and surrounding domains (S2S3, TaF), which in turn promoted further opening of the S6c 534 

helices. 535 

From these observations, we propose a mechanism for how the C3892D mutation alters 536 

ARM210-mediated allosteric regulation (Fig. 7, right panel). Upon activation by Cav1.1, ARM210 537 

binding in the RY1&2 domain still restricted downstream allosteric signaling, but the degree of 538 

inhibition was far weaker than in the wild-type. The RY1&2 domain remained closed, yet its 539 

coupling to cytosolic shell 2, the activation core, and channel regions was severely 540 

compromised, with correlations essentially disappearing from the first activation core domain 541 

(SCLP) onward. This loss of communication arose from mutation-induced mispositioning of Ca2+ 542 

and destabilization of the CTD, which propagated unregulated motions into the S6c helices and 543 

surrounding channel elements. Consequently, the mutant channel exhibited dysfunctional 544 

dynamics, occasionally permitting pore dilation driven only by ATP and caffeine. We hypothesize 545 

that while ARM210 retains some allosteric influence, it is significantly less effective at stabilizing 546 

the C3892D mutant RyR1 in the closed state. 547 
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Next-generation Rycals. This study highlights that targeting the conserved RY1&2 domain, 548 

shared across all RyR isoforms, represents a highly promising strategy for treating RyR-549 

mediated diseases. For the development of next-generation RyR-based therapeutics, the key 550 

objective should be to stabilize the RY1&2 domain in its tightly closed conformation for longer 551 

periods. This would more effectively block downstream allosteric signaling and prevent 552 

pathological channel leakiness. In our view, future molecules should be optimized not only for 553 

strong interactions with the RY1&2 binding pocket residues but also with ATP or the ATP-binding 554 

pocket. Such dual optimization would allow the compound to have higher affinity in the RY1&2 555 

domain, both in the presence and absence of ATP within the pocket. 556 

Material and Methods 557 

RyR1 purification and oxidation 558 

RyR1 was purified from rabbit skeletal muscle following a protocol previously described by Marks 559 

lab35,65. All steps were performed on ice unless otherwise stated. Rabbit back and thigh muscles 560 

were harvested, snap-frozen in liquid nitrogen immediately after euthanasia, shipped on dry ice, 561 

and stored at −80°C (BioIVT).  20 g of skeletal muscle tissue was resuspended in 150ml buffer 562 

A (10 mM tris-maleate pH 6.8, 1 mM EGTA, 1 mM benzamidine hydrochloride, 0.5 mM AEBSF) 563 

and homogenized in a Waring blender for 3 minutes. The suspension was centrifugated at 564 

11,000 x g for 10 min, and the supernatant was filtered through cheesecloth to remove debris. 565 

Following centrifugation at 36,000 x g for 30 min, the pelleted membrane fraction was solubilized 566 

in 8 mL of buffer B (10 mM HEPES pH 7.4, 0.8 M NaCl, 1% CHAPS, 0.1% phosphatidylcholine, 567 

1 mM EGTA, 2 mM DTT, 0.5 mM AEBSF, 1 mM benzamidine hydrochloride, one protease 568 

inhibitor tablet (Pierce)) followed by homogenization using a glass tissue grinder (Kontes). The 569 

homogenate was diluted with buffer C (buffer B without NaCl) at a 1:1 ratio following 10 more 570 

strokes of homogenization. After centrifugation at 100.000 x g for 30 min to remove CHAPS-571 

insoluble material, the supernatant was filtered (0.22 µm) and then loaded onto a HiTrap Q HP 572 

column (1 mL, GE Healthcare) previously equilibrated with buffer D (10 mM HEPES pH 7.4, 400 573 

mM NaCl, 0.2% CHAPS, 1 mM EGTA, 0.5 mM TCEP, 0.01% 1,2-dioleoyl-sn-glycero-3-574 

phosphocholine (DOPC, Avanti), 0.5 mM AEBSF, and 1 mM benzamidine hydrochloride). After 575 

washing with six column volumes of buffer D, the immobilized protein on the HiTrap Q HP column 576 

was eluted with a linear gradient from 480 to 520 mM NaCl using a linear mix of buffer D and 577 
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buffer E (buffer D with 600 mM NaCl). RyR1-containing fractions were incubated for 30 minutes 578 

with H2O2 at concentrations of 50, 100, 150, and 250 µM before immediately separating them 579 

on 4-12% gradient SDS-PAGE and sent for mass spectrometry analysis to in-house Columbia 580 

Proteomics Shared Resource (HICCC). 581 

Mass spectrometry 582 

Protein gel slices were excised and subjected to in-gel digestion as previously described66, with 583 

minor modifications. Digested peptides were collected and further extracted from gel slices in 584 

extraction buffer (1:2 ratio by volume of 5% formic acid: acetonitrile) at high speed, shaking in 585 

an air thermostat. Peptides were separated within 80 min at a flow rate of 400 nl/min on a 586 

reversed-phase C18 column with an integrated CaptiveSpray Emitter (25 cm x 75µm, 1.6 µm, 587 

IonOpticks). Mobile phases A and B were with 0.1% formic acid in water and 0.1% formic acid 588 

in ACN. The fraction of B was linearly increased from 2 to 23% within 70 min, followed by an 589 

increase to 35% within 10 min and a further increase to 80% before re-equilibration. The 590 

timsTOF Pro was operated in PASEF mode67 with the following settings: Mass Range 100 to 591 

1700m/z, 1/K0 Start 0.6 V·s/cm2, End 1.6 V·s/cm2, Ramp time 100ms, Lock Duty Cycle to 592 

100%, Capillary Voltage 1600V, Dry Gas 3 l/min, Dry Temp 200°C, PASEF settings: 10 MSMS 593 

Frames (1.16 seconds duty cycle), charge range 0-5, active exclusion for 0.4 min, Target 594 

intensity 20000, Intensity threshold 2500, CID collision energy 59eV.  A polygon filter was 595 

applied to the m/z and ion mobility plane to select features most likely representing peptide 596 

precursors rather than singly charged background ions. Acquired PASEF raw files were 597 

analyzed using the MaxQuant environment v.2.0.1.0 and Andromeda for database searches at 598 

default settings with a few modifications67. MaxQuant was set up to search with the reference 599 

human proteome database downloaded from UniProt. The following modifications were used for 600 

protein identification and quantification: Carbamidomethylation of cysteine residues (+57.021 601 

Da) was set as static modifications, while the oxidation of methionine residues (+15.995 Da), 602 

deamidation (+0.984) on asparagine and glutamine were set as a variable modification. Results 603 

obtained from MaxQuant. Sequence coverage was obtained with the software Scaffold 5. 604 

Generation of RyR1 mutants and transfection of HEK293 cells 605 
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Constructs containing RyR1 mutants were obtained by mutating fragments of rabbit RYR1 using 606 

the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent). Forward primers to introduce the 607 

mutations were (mutated codon in parentheses, changed nucleotide in bold), 608 

C3733A: TCATGGCCAAGAGC(GCC)CACCTGGAGGAGG, C3892A: 609 

GATTTCTGCAGCTGCTC(GAT)GAGGGGCACAACAACG, C3973A: 610 

CATCCAGGGCCCC(GCC)ACCGGGAACCAG, and 611 

C3892D: GATTTCTGCAGCTGCTC(GCT)GAGGGGCACAACAACG. The reverse primers for 612 

each construct were reverse complementary to the primers above. Mutated fragments were 613 

subcloned into a full-length rabbit RYR1 construct in pcDNA3.1 vector using BsiWI and ClaI 614 

restriction enzymes, except for C906A where HpaI enzyme was used. Subcloning was confirmed 615 

by sequencing. HEK293 cells were grown with Dulbecco’s Modified Eagle Medium (DMEM) 616 

supplemented with 10% (v/v) fetal bovine serum (Invitrogen), penicillin (100 U/ml), streptomycin 617 

(100 μg/ml), and 2 mM L-glutamine in 100-mm dishes for microsomes and in 35-mm glass 618 

bottom dishes with 14-mm microwell for fluorescent microscopy. HEK293 cells were transfected 619 

with 25 mg per dish of cDNA using PEI MAX (Polysciences) at a 1:5 ratio68. Cells were collected 620 

or analyzed 48 hours after transfection. To induce oxidation of RyR1 channels, HEK293 cells 621 

expressing the mutant RyR1 channels were incubated with H2O2 1mM for 30 minutes before 622 

washing out with culture media. 623 

Mutant RyR1 microsomes preparation and single channel recordings 624 

Microsomes from HEK293 cells expressing the mutant RyR1 channels were prepared by 625 

sonicating cell pellets in lysis buffer [10 mM tris (pH 7.0), 150 mM NaCl, 20 mM NaF, and 626 

protease inhibitors (Roche)]. The homogenate was centrifuged at 8000g for 20 min at 4°C, and 627 

the resulting supernatant was centrifuged at 37,000g for 40 min at 4°C. The final pellets, 628 

containing the microsomes, were resuspended in lysis buffer with addition of 250 mM sucrose, 629 

10 mM Mops (pH 7.4), 10 mM EDTA. Samples were stored at −80°C. Microsomes were fused 630 

to planar lipid bilayers formed by painting a lipid mixture of phosphatidylethanolamine and 631 

phosphatidylcholine (Avanti Polar Lipids) in a 5:3 ratio in decane across a 200 μm hole in 632 

polysulfonate cups (Warner Instruments) separating 2 chambers. The trans chamber (1.0 ml), 633 

representing the intra-SR (luminal) compartment, was connected to the head stage input of a 634 

bilayer voltage clamp amplifier. The cis chamber (1.0 ml), representing the cytoplasmic 635 
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compartment, was held at virtual ground. Asymmetrical solutions used were as follows for the 636 

cis solution: 1 mM EGTA, 250/125 mM Hepes/Tris, 50 mM KCl, pH 7.35; and for the trans 637 

solution: 53 mM Ca(OH)2, 50 mM KCl, 250 mM Hepes, pH 7.35. Microsomes were added to the 638 

cis side and fusion with the lipid bilayer was induced by making the cis side hyperosmotic by the 639 

addition of 400-500 mM KCl. After the appearance of potassium and chloride channels, the cis 640 

side was perfused with the cis solution. At the end of each experiment, 10 μM ryanodine was 641 

added to block and confirm the identity of the RyR1 channels. Single-channel currents were 642 

recorded at 0 mV using a Bilayer Clamp BC-525D (Warner Instruments), filtered at 1 kHz using 643 

a Low-Pass Bessel Filter 8 Pole (Warner Instruments), and digitized at 4 kHz. All experiments 644 

were performed at room temperature (20°C). Data acquisition was performed by using Digidata 645 

1322A and Axoscope 10.1 software (Axon Instruments). The recordings were analyzed using 646 

Clampfit 10.1 (Molecular Devices). 647 

Fluorescent microscopy and sarcoplasmic reticulum calcium content determination 648 

Sarcoplasmic reticulum calcium content determination protocol was adapted from Marks lab69. 649 

For Rycal treatment, cells were incubated overnight with ARM210 (10 μM). HEK293 cells were 650 

incubated with 10 μM fluo-4, AM, in culture media for 30 min at 37 °C and then washed out and 651 

incubated with Krebs solution (140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 11 mM 652 

glucose and 5 mM HEPES, pH 7.4). Imaging experiments were performed at room temperature 653 

(RT; 26 °C). Caffeine was prepared in Krebs solution and added to the cells at 10 mM. Time-654 

series confocal imaging was performed by excitation with a 488-nm light from the argon laser of 655 

a Zeiss LSM 800 inverted confocal microscope (×40 oil immersion lens). Sarcoplasmic reticulum 656 

content for each cell was calculated as F/Fo, being F the peak fluorescence after caffeine 657 

addition and Fo the 30 second average fluorescence of the cell immediately before caffeine 658 

addition. Data were analyzed using ImageJ software and GraphPad Prism. 659 

System preparation for molecular dynamics simulations 660 

Initial systems were built without virtual sites to perform all-atom explicit solvent MD simulations 661 

at a 2 fs timestep, referred to as no-vsites systems. Two setups were generated, consisting of 662 

wild-type and C3892D mutant RyR1 proteins, using the CHARMM-GUI webserver70. The starting 663 

structure was the wild-type RyR1 co-complexed with cofactors, ATP, caffeine, and Ca²⁺ within 664 

the activation core, as well as the drug ARM210 with co-coupled ATP molecules bound in the 665 
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RY1&2 domain (PDB: 7TZC)35. From this structure, the mutant system was generated by 666 

introducing the C3892D mutation across all four protomers using CHARMM-GUI. Both co-667 

complexed proteins were aligned along the z-axis and embedded in a 1-palmitoyl-2-oleoyl-sn-668 

glycero-3-phosphocholine (POPC) bilayer. The systems were solvated with TIP3P water, and 669 

150 mM NaCl was added. The final wild-type and mutant systems contained ~2.47 and ~2.54 670 

million atoms, respectively. A third system lacking ARM210 was derived from the wild-type 671 

ARM210-bound setup by removing the drug and the cooperatively bound ATP molecules, 672 

followed by manual modification of the coordinate and topology files. Parameters for ATP, 673 

ARM210, and caffeine were taken from the CGenFF database71, while the CHARMM36 force 674 

field72–74 was used for proteins, lipids, water, and ions. 675 

To enable longer integration timesteps, all three systems were further converted into vsites 676 

systems75–79 by incorporating virtual sites, allowing a 5 fs timestep. The GROMACS tool 677 

pdb2gmx was used to generate virtual hydrogen sites for proteins, lipids, and ligands, while 678 

water and ions were left unmodified. The resulting vsites systems contained ~2.5 million atoms 679 

for the wild-type and ~2.6 million atoms for the mutant construct. 680 

Molecular dynamics simulations 681 

All systems were energy-minimized and equilibrated in seven stages using the CHARMM-GUI 682 

standard protocol. The first two stages were carried out in the NVT ensemble, followed by the 683 

NPT ensemble in subsequent steps. A v-rescale thermostat80 and a c-rescale berostat81 were 684 

used to maintain the temperature at 310 K and the pressure at 1 bar, respectively. In the first 685 

equilibration stage, harmonic restraints were applied to protein backbone heavy atoms (* = 4000 686 

kJ mol–1 nm–2) and side chain (* = 2000 kJ mol–1 nm–2) of the protein. For lipids, restraints were 687 

applied only to phosphorus atoms (* = 1000 kJ mol–1 nm–2). These restraints were gradually 688 

released across the equilibration stages. By the final stage, systems reached timesteps of 2 fs 689 

(no-vsites) or 5 fs (vsites). Each system was equilibrated for 100 ns. Unbiased production 690 

simulations were then performed under the NVT ensemble at 310 K, with a timestep of 2 fs for 691 

no-vsites and 5 fs for vsites systems. Across all systems and replicates, we achieved a total of 692 

36.6 μs of simulation time (detailed in Table 1). Simulations were performed with GROMACS 693 

v2021.4 package82. For short-range electrostatics and van der Waals interactions, a cutoff of 12 694 

Å was applied, while long-range electrostatics were treated with the particle-mesh Ewald (PME) 695 



	 29	

method83 using a grid size of 1.2 Å. In no-vsites systems, hydrogen-containing bonds were 696 

constrained, whereas all bonds in the vsites systems were constrained using the LINCS 697 

algorithm84. Simulations were executed on the Chicoma supercomputer at Los Alamos National 698 

Laboratory, using 10 computing nodes per run. Each node contained two AMD EPYC 7H12 699 

processors (64 cores each). In total, simulations required ~25 million CPU hours. Trajectory 700 

analysis methods are described in the Supplementary Information.  701 

Table 1. Timescales achieved during all-atom explicit solvent MD simulations of the three 702 

systems, both with and without virtual sites, i.e. vsites and no-vsites systems. Integration 703 

timesteps are indicated in parentheses. 704 

Integration scheme Wild type 
(µs) 

Wild type + ARM210 
(µs) 

C3892d mutant + ARM210 
(µs) 

no-vsites (2 fs) 3.6  5.0  5.0 
vsites (5 fs) 3.6 3.6 3.6 
vsites (5 fs) 5.0 3.6 3.6 
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