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ABSTRACT: Mutations in the cardiac ryanodine receptor type 2 A
(RyR2) have been linked to fatal cardiac arrhythmias such as
catecholaminergic polymorphic ventricular tachycardia (CPVT).
While many CPVT mutations are associated with an increase in
Ca’" leak from the sarcoplasmic reticulum, the mechanistic details
of RyR2 channel gating are not well understood, and this poses a
barrier in the development of new pharmacological treatments. To
address this, we explore the gating mechanism of the RyR2 using
molecular dynamics (MD) simulations. We test the effect of
changing the conformation of certain structural elements by
constructing chimera RyR2 structures that are derived from the
currently available closed and open cryo-electron microscopy
(cryo-EM) structures, and we then use MD simulations to relax the
system. Our key finding is that the position of the S4—SS linker (S4SSL) on a single subunit can determine whether the channel as a
whole is open or closed. Our analysis reveals that the position of the S4SSL is regulated by interactions with the U-motif on the same
subunit and with the S6 helix on an adjacent subunit. We find that, in general, channel gating is crucially dependent on high percent
occupancy interactions between adjacent subunits. We compare our interaction analysis to 49 CPVT1 mutations in the literature and
find that 73% appear near a high percent occupancy interaction between adjacent subunits. This suggests that disruption of
cooperative, high percent occupancy interactions between adjacent subunits is a primary cause of channel leak and CPVT in mutant
RyR2 channels.

Bl INTRODUCTION clear mechanism that describes channel gating has remained a
The cardiac ryanodine receptor type 2 (RyR2) is a gated roadbl?;ﬂ;o in the development of new pharmacological
channel protein that ylays a central role in cardiac excitation— agents. ™ o .
contraction coupling.”” During electrical excitation, a transient, Structural biologists have been trying to understandz the
local increase in cytosolic Ca** ions triggers RyR2 channels to mechanism of RyR channel gating for over 20 years."”' ™
open, releasing additional Ca%* ions from the sarcoplasmic Since 2018, several high resolution cryo-electron microscopy
reticulum (SR). The released Ca** ions diffuse into the cell and (cryo-EM) structures of ryanodine receptors have been made
trigger cell contraction, which is rezponsible for the mechanical available in both the closed and open states of the
pumping of blood in the heart.”" After opening, the RyR2 channel,”*****® and key structural elements that may be
channel must close for the SR to refill before releasing Ca** involved in ryanodine receptor channel gating have been
ions in the next heartbeat.’ identified.’’ ~***” Despite these advances, the exact mechanism
Defects in RyR2 channel gating have been linked to fatal of RyR2 channel gating remains unclear. One way to explore
cardiac arrhythmias such as cagecholaminergic polymorphic the mechanism of channel gating is to use computational
ventricular tachycardia (CPVT).°”"* Single-cell studies reveal analysis techniques on the known cryo-EM structures. A few

that many CPVT mutations are associated with a persistent
leak of Ca®* ions from the SR, and this has been attributed to
an increase in the open probability of the RyR2.'*™'® Further
studies have shown that an increased RyR2 open probability -
promotes Ca®" waves within cells, and these waves induce Rec?we‘l: May 2, 2022
electrical excitations that can cause cardiac arrhythmias.'”"® Rev1§ed: October 6, 2022
However, detailed mechanisms by which the mutations lead to Published: November 16, 2022
a higher open probability of the RyR2 are not known. The key

role of the RyR2 in serious diseases such as CPVT has

identified the RyR2 as a potential drug target, but the lack of a

recent molecular dynamics (MD) studies have focused on
channel gating in the transmembrane region of the ryanodine
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receptor type 1 (RyR1) channel.’* " However, due to the
long-timescale dynamics of the open-to-closed transition, the
microsecond timeframe of an all-atom MD simulation is
typically not long enough to observe a gating event. To
overcome this limitation, several methods have been
introduced to either apply a force directly to the system, or,
alternatively, recent methods were developed that change
certain structural elements within the system at the onset of
the MD simulation to induce the transition. After this change is
introduced, unbiased MD is carried out for ~1 us to allow the
system to fully adjust to the change.*' ™ Our approach took
inspiration from a study by Nury et al.*” on the channel gating
of a nicotinic receptor homologue.”” In this study, an
instantaneous change in pH was introduced to the open
state of the channel protein to induce the channel to close. It
was shown that there was a quick adjustment to the pore radius
that effectively closed the channel within 50 ns. This was
followed by a slow twist for ~450 ns and a slow relaxation up
to the 1 ys simulation run time. The results were in agreement
with prior studies that had employed similar methods, and the
final structure was shown to be consistent with known data on
the crystal structure of the closed state of the nicotinic receptor
homologue.”’

Here, we examine the effects of conformational changes,
point mutations, and the role of cooperativity on the gating
mechanism of the RyR2 channel. We do this using chimera
RyR2 structures that can be induced to transition between the
open and closed states of the RyR2 channel using MD
simulations. These chimera structures contain features of
individual closed- and open-state RyR2 subunits that are
instantaneously blended into a single, four-subunit channel
structure at the onset of the MD simulation. MD simulations
based on our chimera RyR2 models predict that changes in the
conformation and positioning of the S4—SS linker (S4SSL)
within a single RyR2 subunit can lead to cooperative channel
closing of the entire four-subunit channel by adjusting the
radius of the central, hydrophobic gate. To model changes in
the S4SSL on channel gating, we also introduced a known
CPVT point mutation that is located within the S4SSL
(H4762P)>"” into a closed subunit within our chimera model,
and we show how this single point mutation can lead to
defective channel closing that is associated with channel leak
and CPVT. Additionally, an analysis of our MD trajectories
identified the key high percent occupancy interactions between
the S4SSL, U-motif, and the S6 helix. This analysis revealed
that there is a shift in key high percent occupancy interactions
between adjacent subunits that are involved in cooperatively
closing the RyR2 channel. We compared our high percent
occupancy interaction analysis to 49 CPVT1 mutations in the
literature and found that 73% of these mutations are within the
range of a high percent occupancy interaction site that appears
at a subunit—subunit interface. These data suggest that
disrupting high percent occupancy interactions between
adjacent subunits is a general mechanism that can lead to
channel leak and CPVT in mutant RyR2 channels.

B METHODS

Preparation of RyR2 Systems for MD. Two RyR2
structures were downloaded from the protein data bank: RyR2
in the closed state (PDB ID: 6]18) and RyR2 in the open state
(PDB ID: 6JIY).>**’ These represent cryo-EM structures of
the porcine RyR2 system with resolutions of 3.6 and 3.9 A for
the closed and open states, respectively. The PDB files were
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edited to contain residues 4099—4206, which was a portion of
the cytosolic central domain that included the U-motif, and
residues 4485—4963, which contained the transmembrane
channel domain and a portion of the C-terminal domain, in
each of the four subunits for both RyR2 systems (Figure 1).

~ S6 helix

Figure 1. Computational model of the RyR2 system. A computational
model of the closed (4C) RyR2 system containing a portion of the
central domain (residues 4099—4206) and the transmembrane
channel domain (residues 4485—4963) is shown. Key structural
elements such as the U-motif (residues 4167—4184, black), the S4SSL
(residues 4746—4766, green), and the S6 helix (residues 4839—4889,
blue) are highlighted in the first subunit (gray). The extent of the
membrane region is roughly indicated by two horizontal black lines,
and the cytosolic and luminal regions are indicated by C and L,
respectively. This image of the channel is an average structure taken
over the last 100 ns of a 1 ys MD simulation. Water molecules, DPPC
lipids, and counterions have been omitted from this image for clarity.
The image of the RyR2 channel was produced using UCSF Chimera
X 14.

These represented the largest protein structures that we could
include in our model; as also pointed out in a recent study on
RyR1 by Heinz et al,’” the full regulatory region of the RyR2
channel (residues 1—4098) spreads out laterally, which
drastically increases the computational cost of the explicit
solvation of this system. Aside from the atomic coordinates for
each of the four subunits containing the sequence of amino
acid residues given above, all other information in the original
PDB file was deleted. We note that within the transmembrane
domain (residues 4485—4963), two disordered segments
(residues 4524—4556 and 4672—4694) were missing in each
subunit in the original PDB files, and as a result, are also
missing in our model systems. An additional residue, 4523, was
missing in each subunit in the PDB file for the open state
(PDB ID: 6JIY).

The residues at the terminal ends of each subunit were
assigned to be standard charged amino acids. The residue ends
of the internal missing sequences were connected together to
form peptide bonds that were relaxed to a normal bond length
by the end of the 1 ys MD simulation (Figure S1). Standard
protonation states in Amber that correspond to a pH of 7 were
used for all residues. We note that the aforementioned missing
regions would be very difficult to model accurately due to their
large size of 280 and 23—33 missing residues. As pointed out
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previously by Heinz et al. in their recent study on the RyR1
channel,” the missing regions contain intrinsically disordered
structural elements, which would explain their lack of
appearance in the original cryo-EM structures. Overall, the
compromises made to our models were similar to those made
by Heinz et al; in that study, a 300-residue region was omitted
in the channel domain, and the ends of the missing sequence
were tied together.50 However, it is important to note that the
regions of interest that we are studying in this work are not
located in the vicinity of these missing regions.

We also note that the residue numbers used throughout this
paper are from the canonical human RyR2 residue numbering
sequence (isoform 1, identifier: Q92736-1) provided on the
Uniprot database®’ (Figure S2), while the residue numbers
listed within the original PDB files refer to a porcine residue
numbering sequence and are one higher than the canonical
RyR2 numbering system we use here (i.e., residue G4864 will
be listed as G4865 within the PDB file and residue H4762 as
H4763 within the PDB file, etc.). The total number of residues
in our closed-state model system (4C) was 2124 (531 residues
per subunit), while that in the open-state model system (40)
was 2120 (530 residues per subunit).

Each RyR2 system was placed inside an explicit membrane
model using the CHARMM-GUI membrane builder’* and was
converted for use with the Amber Lipid 14 force field as
described in the Amber lipid membrane tutorial.**> For the
closed 4C system, the membrane and RyR2 channel were
placed in an ~114 X 113 X 158 A’ box with the protein—
membrane system centered on the z-axis. The luminal side of
the membrane contained 121 dipalmitoylphosphatidylcholine
(DPPC) lipids, while the cytosolic side contained 103 DPPC
lipids. DPPC lipids are a standard lipid type that is commonly
used in MD simulations. For the open 40O system, an ~126 X
126 X 153 A® box was similarly constructed. In this system,
168 DPPC lipids were added on the luminal side, and 139
DPPC lipids were added on the cytosolic side. A 0.15 M
aqueous KClI solution with a TIP3P water model was used to
fill the rest of the box for both systems using the CHARMM-
GUI membrane builder.”> We note that the number of lipids
and the solvent box size were the maximum values that we
were able to input while still obtaining a usable structure from
the CHARMM-GUI membrane builder. In particular, a limit
was placed on the number of residues we could obtain while
still obtaining a viable membrane model for the 40 system,
and so we reduced the maximum number of residues in our 4C
system to match those used in the 40 system.

To study RyR2 channel gating, we constructed several
chimera RyR2 systems containing a mixture of structural
elements from the closed 4C and open 40 model systems. The
first chimera system consisted of replacing the first open
subunit in our 40 model system with the first closed subunit
from our 4C model system (1C30). The two subunits were
isolated from their respective PDB files, and an alignment of
the first closed subunit from 4C to the first open subunit from
40 was performed using UCSF Chimera 1.15.>* The aligned
first subunit from 4C was then inserted in place of the first
open subunit in 40, and this model system was used as the
starting point for the 1C30 MD simulation. We note that the
solvation box and lipid composition match the 40 system, as
the only difference between 40 and 1C30O is the swapping of
the first subunit in the RyR2 structure. While we were not free
to create an arbitrarily large membrane model and solvation
box size for our 40 system, we should note that any possible
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artifacts near the perimeter of our membrane would affect all of
our systems equally, since the lipid composition and simulation
box size in 40 and 1C30 were identical. We also note that the
portion of the system that we were interested in was located in
the central transmembrane domain, which was well within the
simulation boundaries of our systems.

During the alignment process, we noticed that the first
closed 4C subunit aligned surprisingly well with the first open
40 subunit, with an overall RMSD between the two subunits
of about 3.2 A. The biggest observable difference between the
two aligned subunits occurred near the center of the pore in
the transmembrane domain. This corresponded to a kink in
the residue sequence 4746—4766, a sequence that included the
S4SSL (Figure 2). To test the effect of changing the

S4S5L (closed)

Figure 2. Initial alignment of the first closed RyR2 subunit with the
first open RyR2 subunit. An alignment from the initial models of the
first subunit in the closed 4C RyR2 model system (tan) and the first
subunit in the open 40 RyR2 model system (light blue) before
minimization and MD simulations were carried out. The S4SSL
(residues 4746—4766) is highlighted for the closed RyR2 model
system (blue) and for the open RyR2 model system (red). The
alignment of the two subunits was performed using UCSF Chimera
1.15, while the images were visualized using UCSF Chimera X 1.4.

conformation of the S4SSL (residues 4746—4766) on the
final state of the channel, we aligned the first closed RyR2
subunit with the first open RyR2 subunit as described above.
Then, we deleted the residues corresponding to residues
4746—4766 in the first closed subunit from the 4C system and
replaced them with residues 4746—4766 from the first open
subunit in the 40 system. We avoided using modeling software
at this stage because we wanted to preserve the remainder of
the original conformation of the closed subunit and the
original conformation of the S4SSL region from the open
subunit as much as possible. To minimize potential issues
using a direct substitution, we chose the extent of the S4SSL
region to be long enough for the edges to be in similar
positions between the closed and open states (Figure 2). The
final structures after minimization were examined by a
thorough manual inspection to confirm that there were no
unphysical binding contacts present. This model system was
used as the starting point for a MD simulation (1C30-open-
S4SSL).

We further tested for the effect of the H4762P mutation
using Modeller 1.17°>° to introduce the mutation into the

https://doi.org/10.1021/acs.jpcb.2c03031
J. Phys. Chem. B 2022, 126, 9790—9809


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c03031/suppl_file/jp2c03031_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c03031?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c03031?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c03031?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c03031?fig=fig2&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c03031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

Table 1. RyR2 Model Systems”

model
4C all four subunits in the closed conformation
40 all four subunits in the open conformation
1C30

1C30-open-S4S5L
1C30-H4762P
1C30-HID

1C30-open-S4SSL-HID
three subunits open

1C30-open-S4SSL-H4762P
open

initial state before the MD simulation

one subunit in the closed conformation, other three subunits open

one subunit in the closed conformation except for the S4SSL (open conformation), other three subunits open

one subunit in the closed conformation except for the H4762P mutation, other three subunits open

one subunit in the closed conformation except for H4762 (HIE) changed to (HID), other three subunits open

one subunit in the closed conformation except for the S4SSL (open conformation) and H4762 (HIE) changed to (HID), other

one subunit in the closed conformation except for the S4SSL (open conformation) and the H4762P mutation, other three subunits

“A description of all eight RyR2 model systems is provided along with their abbreviated designations. The 4C model is based on a closed-state
model of the RyR2 system (PDB ID: 6JI8). The closed subunit used in the chimera (1C30) systems is the first subunit from the 4C model. The
40 model is based on the open-state cryo-EM model of the RyR2 system (PDB ID: 6]IY). The other three subunits used in the chimera systems

are subunits 2—4 in the 40 model.

first subunit of each of the two chimera systems described
above (1C30-H4762P and 1C30-open-S4SSL-H4762P, re-
spectively). One possible issue with basing our conclusions on
this particular point mutation is that a change in the state of
the channel might be due to more subtle issues with the
positioning of protons within the histidine residue rather than
a defect brought about by replacing the histidine residue as a
whole with a proline residue. To check the stability of our
chimera system with respect to more subtle changes made to
its structure, we examined the smallest change we could make
to the H4762 residue in the first subunit from the 4C structure.
This was accomplished by switching the H4762 protonation
state from the epsilon position to the delta position for two
additional runs (1C30-HID and 1C30O-open-HID). A
summary of all eight RyR2 systems along with their
abbreviated designations is provided in Table 1.

MD Simulation Protocol. We employed the Amber 19
software suite’>® for our MD simulations. Addition of
hydrogen atoms and terminal residue designations were
handled by Leap using the default residue types in Amber.
We employed a standard MD protocol where the basic
simulation settings for each step have been made available to
the general public in the Amber Lipid Membrane Tutorial.”> A
nonbonded cutoff of 10.0 A was employed throughout. Before
starting MD, a 10,000-step minimization was carried out using
5000 steps of steepest descent followed by 5000 steps of
conjugate gradient on each system. The following MD
simulations all employed a 2 fs timestep with the SHAKE
algorithm®” applied to all hydrogen atoms. The system was
heated from 0 K to ~100 K for 5.0 ps using the Langevin
thermostat in the NVT ensemble. The system was then heated
from 100 to 303 K for 100 ps by employing the Langevin
thermostat in the NPT ensemble while using anisotropic
pressure scaling and a pressure relaxation time of 2.0 ps.
Density equilibration was then carried out for 500 ps, and
finally, trajectory data was collected for an additional 1 ys.

After each MD simulation was complete, 1000 equally
spaced frames (1 frame/ns) from the original trajectory were
retained for analysis of the RMSD as a function of time
(Figures S3 and S4). For diagnostic purposes, we also looked
at the minimum radius calculated using the Hole software over
the course of the trajectory (Figures SS and S6). In this new
trajectory, all solvent molecules such as water, lipids, and
counterions were removed, leaving only the RyR2 channel to
be analyzed. For the subsequent channel pore radius and
RMSD structure analysis, we analyzed an average structure
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produced from the last 100 frames of this new trajectory, which
corresponded to an average over the last 100 ns of the 1 us
MD simulation. This was accomplished using cpptraj in the
Amber software suite.””*® A rms fit of all 100 frames to the first
frame was first carried out to remove global translational and
rotational degrees of freedom, and the atomic coordinates were
subsequently averaged to produce a single average structure
file. While this average structure may appear distorted in
regions where the structure is highly flexible, this approach
allows for a simple comparison between different ensembles of
systems in terms of their well-ordered structural elements while
using just a single structure to aid in the visualization process.

Pore Radius Analysis. We analyzed the RyR2 channel
pore radius profile using the Hole software.”” For six out of our
eight model systems, we specified a cutoff radius of 10 A when
calculating the extent of the channel pore. For two of our
systems (40 and 1C30-open-S4SSL), we increased the cutoff
radius to 12 A, as the radius of the pore went just over 10 A in
a portion of the channel domain on the cytosolic end.

RMSD Structure Analysis. We also examined the RMSD
of the structures in comparison to the original closed 4C
system, which was arbitrarily chosen to be our reference
system. This was accomplished using Match Maker with the
default settings in UCSF Chimera 1.15 to align each structure
using the best aligned pair of chains with reference to the
closed 4C system.” The RMSD of the fit was then reported
within the software. For analyzing isolated substructural RyR2
elements, a PDB file was constructed containing only the
specific residue sequence on all four subunits; residues not
included in the sequence from each of the four subunits in the
original PDB file were deleted.

To compare the alignment of a certain residue sequence in
the absence of other structural elements of the RyR2, each
PDB file was first modified to contain only the listed residues
in all four subunits that were being compared. We had to
include all four subunits in each comparison because the area
and pore radius of the hydrophobic gate within each structure
determine the observed state of the channel, and this area is
not defined in the comparison unless all four subunits are
included. To correlate our structural comparisons with the
global state of the channel, we therefore must maintain the
relationship of all four subunits together in three-dimensional
space in all of our comparisons. The alignment was performed
using UCSF Chimera 1.15, where the best aligned pair of
chains was used as the alignment criterion.”* After the
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Figure 3. Pore radius profiles of RyR2 systems. A numerical plot of the pore radius as a function of the z-coordinate is provided for the structures of
the eight RyR2 model systems. The single structure analyzed in these plots was obtained by averaging across 100 snapshots sampled every 1 ns over
the last 100 ns of the MD simulation. The pore radius profiles of the original closed 4C and open 40O systems are given in panel (A), the pore
radius profiles of the chimera systems 1C30, 1C30-open-S4SSL, and 1C30-H4762P are given in panel (B), the pore radius profile of the chimera
system 1C30-HID is given in panel (C) along with the 1C30 system for ease of comparison, and the pore radius profiles of chimera systems
1C30-0pen-S4SSL-HID and 1C30-open-S4SSL-H4762P are given in panel (D) along with the 1C30-open-S4SSL system for ease of comparison.
To facilitate comparisons between the various systems, the origin of the z-axis was adjusted for all eight systems so that the zero point corresponded
to the hydrophobic gate. Positive z-values indicate the luminal side of the channel and negative values appear on the cytosolic side. Visualizations of

the channel and pore for these plots are available in Figures S7—S10.

alignment, the software reported the overall RMSD for the fit
of the entire four-subunit structure.

High Percent Occupancy Interaction Analysis. To
identify the key residue—residue interactions at the interface of
the S4SSL with the surrounding protein environment, we used
cpptraj in Amber 19 to report the percent occupancy of heavy
atom (nonhydrogen) contacts that appeared over all 100
frames covering the last 100 ns of our MD trajectory. We used
a standard distance-based cutoff approach where a cutoff
distance of 3.0 A between heavy atoms was specified. This
cutoft value was chosen to be close to the mean cutoff distance
of hydrogen bond donor—acceptor distances in common
protein secondary structures.”’ We took the percent occupancy
of each individual interaction as the number of frames where
that interaction appeared with respect to the total number of
frames analyzed in our trajectory. To identify the most
important interactions involved in binding, we analyze only
those interactions with a percent occupancy >30%, which we
refer to as high percent occupancy interactions. This entire
procedure was repeated to identify the key residue—residue
interactions that appear at the subunit—subunit interface. In
our analysis, we pooled data together from all four subunits for
the three closed-state RyR2 systems (4C, 1C30, and 1C30-
HID) and compared it to the pooled data from all four
subunits for three open-state RyR2 systems (40, 1C30-open-
S4SSL, and 1C30-open-S4SSL-HID). We pooled data for the
two mutant systems (1C30-H4762P and 1C30-open-S4SS5L-
H4762) separately. While the systems were not identical, the
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observed end state for the systems being pooled was the same,
and this approach allowed us to present the high percent
occupancy interaction locations in a very simple way for our
analysis. The full data set for all eight model systems before we
pooled the data is available in Tables S1—S4.

B RESULTS

All 4 S4S5L are required to be in an Open
Conformation in the Open State of RyR2. We first
examined the final state of the closed 4C and open 40 RyR2
model systems that were based on the original cryo-EM
structure files (PDB IDs 6J18 and 6]IY, respectively). As with
the study by Nury et al,”” we observed that most of the
changes in the pore radius occurred by 50—400 ns. This was
typically followed by a slower conformational drift for
400—900 ns and then equilibration for the last 100 ns of the
1 ps simulation (Figures S5 and S6). To assess the
equilibration, RMSD plots are provided in Figures S3 and
S4. It can be seen in Figures S3 and S4 that our systems had
already reached a plateau in the RMSD at ~600 to 800 ns into
the simulation. Based on this observation, a single structure
corresponding to an average of the fully equilibrated structure
over the last 100 ns of the MD simulation was analyzed for
each system. In Figure 3A, we have provided the pore radius
profile of both the 4C and 40 systems using the Hole
software.”” To facilitate comparisons between RyR2 systems,
the origin of the z-axis in Figure 3 was adjusted so that the zero
point corresponded to the hydrophobic gate. In Figure 3,
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Figure 4. Minimum pore radius of RyR2 systems. A comparison of the minimum pore radius is provided for all eight RyR2 model systems. For the
three closed-state systems (4C, 1C30, and 1C30-HID) and one open-state system (1C30-open-S4SSL-H4762P), the minimum pore radius
corresponded to the hydrophobic gate formed by four 14867 residues. For the remaining four open-state systems (40, 1C30-open-S4SSL, 1C30-
open-S4SSL-HID, and 1C30-H4762P), the minimum pore radius is found within the luminal domain, between z = 0 and 25 A (see Figure 3).

positive z-values indicate the luminal side of the channel and
negative z-values appear on the cytosolic side. Visualizations of
both the 4C and 40 models are available in Figure S7A-D.

The 4C model, based on the closed structure of RyR2,
remained closed at the end of the MD simulation. The 4C
model had a minimum pore radius of 0.74 A that was located
at the central, hydrophobic gate of the channel (Figures 3A
and 4). The 40 model, based on the open structure of RyR2,
remained open at the end of the MD simulation and had a
pore radius of 3.4 A at the central hydrophobic gate of the
channel (Figure 3A). For the 40 system, a minimum pore
radius of 3.2 A appeared in the luminal region, at about z =9 A
(Figures 3A and 4).

The 4C and 40 models could be further distinguished from
each other by a pronounced difference in their pore radius
profiles in the cytosolic region, from z = 0 A to about z = —20
A (Figure 3A). It can be seen from Figure 3A that the 40
model maintained a positive difference above the 4C model of
between 2 and 6 A along the pore axis throughout this 20 A
region. Beyond 20 A, the pore radius gradually diminished to
about the same size as 4C by z = —30 A. These distinguishing
features of the open and closed RyR systems in the vicinity of
the central hydrophobic gate have been described previously in
the literature.””*%*>%

We now examine what happened when we substituted the
first subunit from the 4C model in place of the first subunit of
the 40 model (1C30) at the start of the 1 us MD simulation.
The simulation was similar to the 4C and 40O systems in that
we observed that the pore radius had stopped noticeably
changing by 400 ns, and the simulation was extended out to 1
s to further relax the system. This generally remained the case
for all subsequent replicas based on the 1C30 system (see
Figures S3—S6). The pore radius profile of the 1C30 system is
provided in Figure 3B. In comparing Figure 3B to the pore
radius profiles given in Figure 3A, we see that the insertion of a
single closed 4C subunit into a model containing three open-
state 40 subunits closed the entire channel. The 1C30
channel is visualized in Figure S8A,B, demonstrating that the
pore is constricted. In 1C30, a minimum pore radius of 0.84 A
was found at the central hydrophobic gate (Figures 3B and 4).
In Figure 3B, we also note that the pore radius for 1C3O rises
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to about 4 A in the range of 0 to —12 A analogous to the 4C
state (Figure 3A). One difference we observed was that the
pore radius in 1C30 rose more sharply, to about 6 A between
—12 and —30 A, compared to the 4C state, which rose to 6 A
more gradually with distance from the hydrophobic gate.
Nevertheless, the 6 A pore radius in this region for 1C30
(Figure 3B) was still 2—3 A smaller than the 8—11 A pore
radius observed in the 40 state between —10 and —20 A
(Figure 3A).

Having observed that inserting the first subunit of the 4C
system in place of the first subunit in the 40 system could
close the entire channel within a 1 us timeframe, we now
wanted to examine the role of the S4SSL on the first subunit in
controlling this open-to-closed transition. To this end, we
repeated our previous setup for the 1C30 system, but we now
inserted residues 4746—4766 (which included the S4SSL),
extracted from the first 40 subunit, in place of the 4746—4766
residues originally present in the first closed subunit (Figure 2)
before carrying out the 1 ps MD simulation (1C30-open-
S4SSL). The idea was that everything in the first closed
subunit would be in the same initial conformation as in the
1C30 system except for the S4SSL (residues 4746—4766),
which had the same starting conformation as it had in the first
subunit of the 40 system.

Figure 3B reveals that the 1C30-open-S4SSL system
remained open at the end of the 1 ys MD simulation. The
1C30-open-S4SSL system is visualized in Figure S8C,D,
showing clearly that the pore is dilated. A pore radius of 3.0 A
was observed at the hydrophobic gate of the channel. As was
the case with the 40 system, this was not the global minimum;
the global minimum for the 1C30-open-S4SSL system was 2.9
A and appeared at z = ~17 A within the luminal portion of the
channel (Figures 3B and 4). The observed pore radius of 8—11
A between —10 and —30 A for 1C30-open-S4SSL is
comparable to the increased pore radius observed for the 40
system (Figure 3A,B). Since everything except for the S4SSL
(residues 4746—4766) in the first subunit was identical to the
initial configuration of the prior 1C30 system, the 1C30O-
open-S4S5L result suggested that the initial conformation of
the S4SSL played a critical role in determining whether or not
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the RyR2 channel remained open or closed at the end of our 1
p#s MD simulation.

We wanted to test the sensitivity of changes made to the
S4SSL in the first subunit of the 1C30 system by introducing a
smaller change to the S4SSL, at the level of an individual
amino acid residue. For this, we introduced a single CPVT
point mutation, H4762P,%'? into the first closed subunit while
leaving everything else the same as in the preparation of the
1C30 system (1C30-H4762P). In this case, the conformation
of the S4SSL (residues 4746—4766) in the 1C30-H4762P
system would be similar to the initial conformation of the
1C30 system except in the near vicinity of residue 4762, where
the conformation would have to adjust slightly to accom-
modate the point mutation.

Figure 3B reveals that the 1C30-H4762P system remained
open at the end of the 1 ys MD simulation. The 1C30-
H4762P system is visualized in Figure S8E,F, which shows the
dilation of the pore. For 1C30-H4762P, a pore radius of 3.7 A
appeared at the hydrophobic gate. Like the two previous open-
state structures, this did not correspond to the global
minimum, which was 2.7 A and appeared at about z = 7 A
within the luminal region (Figures 3B and 4). The region
between —10 and —20 A was similar to 40 and 1C30-open-
S4SSL as the pore radius rose to a range of 8—11 A in this
region (Figure 3AB).

We further tested the sensitivity by introducing a minimal
change within the S4SSL. The histidine residue at position
4762 has two possible positions for a hydrogen atom, and one
possibility is that this subtle change may be responsible for the
differences we observe, as opposed to a change induced by the
mutation as a whole. To examine this possibility, we changed
only the position of a single hydrogen atom within the
histidine residue at position 4762. The hydrogen atom was
shifted from the epsilon position (HIE) to the delta position
(HID) in the first subunit of the 1C30 model while initially
leaving everything else identical to the 1C30 system (1C30-
HID). In this case, the change in the position of a hydrogen
atom on H4762 was insufficient to change the overall outcome
from the 1C30 simulation, and the channel remained closed at
the end of the 1 s MD simulation, as seen in Figure 3C. The
1C30-HID system is visualized in Figure S9C,D, confirming
that the pore was closed. The 1C30 and 1C30-HID pore
profiles were very similar from —20 to 40 A with a minimum
radius of 0.61 A reached at the central hydrophobic gate in the
latter case. One major difference can be observed between z =
—30 and —60 A in the central domain region containing the U-
motif, where the radius in the 1C30-HID simulation dipped
down between 1 and 6 A. This change did not appear in the
vicinity of H4762, which is located within the transmembrane
domain. This was well below the minimum of 6 A observed in
this region in the original 1C30 simulation. However, the pore
profile from z = —30 to 40 A in the transmembrane domain is
comparable between 1C30-HID and 1C30. Due to our large
system size, our ability to replicate our results in this study was
limited, and so one useful result was that the similarity in our
results in the transmembrane domain between our 1C30-HID
and 1C30 systems showed that the ability of the first subunit
from 4C to induce closing when it replaces the first subunit of
40 was reproducible.

In our open-state chimera system, 1C30-open-S4SSL, we
tested for the effects of repositioning the hydrogen atom within
residue 4762 and the H4762P mutation as we did for the
closed-state 1C30 system. We first replicated the 1C30-open-
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S4SSL system except for changing the hydrogen atom from
epsilon to delta at position 4762 (1C30-open-S4SSL-HID).
As seen in Figure 3D, this change did not appreciably change
the outcome from the 1C30-open-S4SSL simulation as both
channels remained open at the end of 1 us. A visualization of
the 1C30-open-S4SSL-HID system is given in Figure S10C,D,
confirming that the pore was dilated in comparison to the 4C,
1C30, and 1C30-HID systems. A pore radius of 3.2 A was
observed at the central hydrophobic gate in 1C3O-open-
S4SSL-HID, and the pore radius profile was comparable with
1C30-0open-S4SSL between z = —40 and 40 A. There were a
few notable differences in the 1C30-open-S4SSL-HID system
compared to the 1C30-open-S4S5L system. The 1C30-open-
S4SSL-HID system showed a dip of 2—4 A in its pore radius
between —40 and —50 A in the central domain region
containing the U-motif, in comparison to the 1C30-open-
S4SSL system, and there was a similar dip in the minimum
pore radius to 2.1 A that appeared at z = 24 A (Figures 3D and
4). Neither change appeared in the vicinity of H4762, which is
located within the transmembrane domain. However, the pore
profile as a whole is more comparable to the open-state
systems in Figure 3D than to the closed-state systems in Figure
3C. We conducted one final MD simulation where we
introduced the H4762P mutation into the 1C30O-open-
S4SSL system (1C30-open-S4SSL-H4762P). The pore profile
of the 1C30-open-S4S5L-H4762P system is given in Figure
3D. The 1C30-open-S4S5L-H4762P system is visualized in
Figure S10E,F, confirming that the pore was dilated. As shown
in Figure 3D, the end result was more comparable to 1C30-
open-S4S5L and 1C30-open-S4SSL-HID than to the closed-
state systems in Figure 3C. The 1C30-open-S4SSL-H4762P
had a minimum pore radius of 2.0 A, which was located at the
hydrophobic gate at z = 0 A (Figures 3D and 4). This was also
the smallest minimum pore radius of the five open-state
systems (Figure 4). Nevertheless, the rise in the pore radius
between z = 0 and —40 A in the pore profile in Figure 3D was
more comparable to the other open-state systems than to the
closed-state systems in Figure 3C. In addition, the similarity in
the transmembrane domain between these various systems
shows that our results for the open-state chimera systems are
also reproducible.

S4S5L in a Closed Conformation Determines the
Closed State of RyR2. In addition to analyzing the pore
radius profile of each RyR2 structure, we also compared how
well the conformation of each structure aligned with the
conformation of the closed 4C structure. Our goal was to see
which global structural elements were conformationally similar
between closed-state systems when compared to the open-state
systems. We note that the RMSD analysis used to determine
equilibrium in Figures S3 and S4 cannot be used for this
purpose as the trajectory for each system in Figures S3 and S4
is referenced to the first frame of its own trajectory and not to a
common reference point. Here, we arbitrarily chose the 4C
system to use as our common reference point for all structures.

To compare the alignment of a certain residue sequence in
the absence of other structural elements of the RyR2, each
PDB file was first modified to contain only the listed residues
in all four subunits that were being compared. To correlate our
structural comparisons with the global state of the channel, we
must maintain the relationship of all four subunits together in
three-dimensional space in all of our comparisons. The
alignment was performed using UCSF Chimera 1.15, where
the best aligned pair of chains was used as the alignment
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Table 2. RMSD Values of RyR2 Structural Features”

full model central domain transmembrane S4SSL S6 helix
4099—4963 4099—4206 4485—4963 4731-4781 4746—4766 4839—4889 4859—4869
4C 0.0 0.0 0.0 0.0 0.0 0.0 0.0
40 7.2 5.0 5.7 8.5 S.1 3.0 0.3
1C30 5.0 6.1 8.0 1.1 0.7 1.5 0.3
1C30-open-S4SSL 8.7 4.7 39 5.0 6.1 2.7 0.3
1C30-H4762P 8.4 6.4 5.9 6.1 5.2 2.1 0.2
1C30-HID 6.2 7.2 3.6 0.5 0.4 1.6 0.1
1C30-open-S4SSL-HID 6.3 54 5.8 4.3 3.4 1.1 0.3
1C30-open-S4S5L-H4762P 72 5.8 7.5 34 5.6 3.5 0.2

“The RMSD values of an alignment of various structural features in each model system with reference to the 4C system are shown. Only the stated
residue sequence on each of the four RyR2 subunits was retained for each comparison; the remaining residues were removed from the PDB files
before the alignment. The residue sequences correspond to: (1) our full model (residues 4099—4206 and 4485—4963), (2) the central domain/U-
motif region (residues 4099—4206), (3) the transmembrane domain region (residues 4485—4963), (4) a Sl-residue region that included the
S4SSL (residues 4731—4781), (S) the S4SSL region that was transposed from the open to the closed state subunits when producing the 1C30-
open-S4SSL chimera models (residues 4746—4766), (6) a S1-residue region along the S6 helical bundle that included the central hydrophobic gate
(residues 4839—4889), and (7) an 11-residue portion of the S6 helical bundle that included the central hydrophobic gate (4859—4869). A visual
comparison of the aligned structures for the S4SSL (residues 4731—4781) is provided in Figure S11. The alignment and RMSD values were
obtained using UCSF Chimera 1.15.
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Figure S. Number of S4SSL high percent occupancy interactions observed in the closed and open RyR2 systems. The number of high percent
occupancy interactions involving the S4SSL (residues 4746—4766) observed by residue number within our three closed (4C, 1C30, and 1C30-
HID) and three open (40, 1C30-open-S4SSL, and 1C30-open-S4SSL-HID) RyR2 systems is given. The number of interactions at a given residue
position within the S4SSL is given in panel (A), while the number of interactions at each residue position that the S4SSL interacted with is given in
panel (B). In producing this figure, we pooled data from all four subunits in the three closed RyR2 systems (4C, 1C30, and 1C30-HID) and
compared it to the pooled data from all four subunits in three open RyR2 systems (40, 1C30-open-S4SSL, and 1C30-open-S4SSL-HID). In panel
(B), residue numbers for regions within the U-motif, S4SSL, and the S6 helix that we focus on in our discussion are highlighted along the x-axis.
The full set of high percent occupancy interaction data is available in Tables S1 and S2.

Table 2 gives the RMSD values reported for an alignment of

criteria.”* After the alignment, the software reported the overall various structural elements of the eight RyR2 models with
RMSD for the fit of the entire four-subunit structure. respect to the 4C system. In Table 2, the determination of the
9797 https://doi.org/10.1021/acs.jpcb.2c03031
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open or closed state is clearly correlated with the conformation
of residues within the S4SSL (residues 4731—4781, and in
particular, within residues 4746—4766). For the larger S4SSL
structure corresponding to residues 4731—4781, the two
closed chimera systems had the smallest RMSD values in
comparison to 4C of all of the chimera structures, with RMSD
values of 1.1 and 0.5 A for the 1C30 and 1C30-HID systems,
respectively. The next smallest RMSD belonged to the 1C30-
open-S4SSL-H4762P system that had an RMSD of 3.4 A.
When the S4SSL structure was narrowed to just the 4746—
4766 residues, similar results were obtained, with the two
lowest RMSD values of 0.7 and 0.4 A again belonging to the
two closed-state chimera systems. We also note in Table 2 that
the correlation with the observed state of the system is much
stronger for the conformation of the S4SSL structure than it is
for other structural elements that we examined.

Figure S11 gives a visual depiction looking down from the
cytosolic end of the loop formed from the S4SSL (residues
4731—4781) for each model RyR2 system with respect to the
4C system. In Figure S11, it can be observed that there is a
subtle twist in the relative position of the four-subunit S4S5L
gating loop that occurs upon channel opening as described
previously by Peng et al.”> and Nury et al.*’ This twist in
Figure S11 can be used to distinguish the closed-state
structures from the open-state structures, as the four helices
that stick out from the central loop of the closed-state chimera
structures align better with the original 4C loop in Figure S11B
than with the open-state chimera structures in Figure S11C,D.

However, the subtlety of this twist in our chimera structures,
and the fact that our comparisons do not isolate the key
residue—residue interactions that determine the key conforma-
tional changes on each individual subunit, made it difficult to
visually determine which elements of the S4SSL conformation
in a given subunit were responsible for the observed differences
between the various closed and open RyR2 systems. For
example, we were looking for a noticeable kink induced by the
H4762P mutation on the first subunit that brought the
conformation of the S4SSL in the 1C30-open-H4762P system
into agreement with the 40 system, but the various chimera
systems in Figure S11 all appeared very similar to each other.
This similarity suggested that a more detailed analysis at the
level of individual residue—residue binding interactions was
required. For this, we switched to a different method that we
had used previously to study residue—residue binding
interactions in the RyR2-CaM system.”

S4S5L Interacts with the S6 Helix and the U-Motif. To
provide a more detailed analysis of the interactions of the
S4SSL with its surrounding environment, we located the
primary residue—residue interactions involved in the binding
of the S4SSL on a given subunit to its surrounding protein
environment within the RyR2. We then compared these
interactions in the closed- and open-state RyR2 systems. Using
the last 100 ns of our 1 us MD trajectory, for each frame, we
identified each heavy atom (nonhydrogen) contact within a 3.0
A distance cutoff between a S4SSL residue (within residues
4746—4766) and another residue within the RyR2 structure.
We calculated the percent occupancy of each individual
residue—residue interaction as the number of frames where
that interaction appeared with respect to the total number of
frames analyzed in our trajectory. To identify the most
important interactions involved in binding, here we only
analyze those interactions with a percent occupancy >30%,
which we refer to as high percent occupancy interactions. In
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Figure 5, we pooled data together from all four subunits for the
three closed-state RyR2 systems (4C, 1C30, and 1C30-HID)
and compared it to the pooled data from all four subunits for
the three open-state RyR2 systems (40, 1C30-open-S4SSL,
and 1C30-open-S4SSL-HID). This was done to simplify the
analysis of Figure 5, as our goal here was merely to identify the
key interaction locations. To allow for a deeper analysis of
variations between binding interactions on the individual
subunits and between the different systems used in our
analysis, the full data set of the high percent occupancy
interactions that were used to construct Figure 5 has been
provided in Tables S1 and S2.

Figure SA reveals that, within the S4SSL (residues 4746—
4766), there were certain key residue locations where the high
percent occupancy interactions were most readily found in
both the open and closed RyR2 systems. The four most
prominent interactions in both the closed and open states were
K4751, R4754, S4759, and N4763. Additionally, S4758,
H4762, and Q4766 were prominent interactions in the open
state, but not in the closed state. Of these sites, the most
prevalent high percent occupancy interaction site is N4763 in
both the open and closed systems. We note that N4763 is
located directly adjacent to H4762 in the S4SSL.

Figure SB shows the key residues located elsewhere in the
RyR2 that were bound to the S4SSL residues listed in Figure
SA. In Figure 5B, we can identify two key binding domains
where the majority of high percent occupancy interactions
were found in both the closed and open systems. These are
residues located within the U-motif (residues 4167—4184) and
within the S6 helix (residues 4865—4882). When comparing
the closed and open RyR2 systems, we see that the biggest
difference occurred in binding to the S6 helix. In the closed-
state systems, prominent high percent occupancy interactions
between the S4SSL and the S6 helix appeared between
residues 4865—4869 within the S6 helix, with the most
prominent being at D4868. Interactions also appeared between
these residues in the open-state systems, but a noticeable
increase in the number of high percent occupancy interactions
between the S4SSL and the S6 helix was observed between
residues 4870 and 4880 within the S6 helix in the open-state
systems compared to the closed-state systems. The most
prominent of these interactions was residue R4874, toward the
middle of this region, which was considerably more common
to find in the open systems versus the closed systems.

We note that we have omitted the two open-state mutant
systems from Figure S (1C30-H4762P and 1C30-open-
S4SSL-H4762P). This was done so that we could compare the
raw interaction counts for each residue using the same number
of systems in Figure S (three closed and three open). A similar
analysis is provided for the two mutant systems in Figure S12.
The trends of the two mutant systems are qualitatively similar
to what was observed in the other three open systems. Notably,
the shift toward an increased number of interactions in the S6
helix (residues 4870—4880) region in the open systems in
Figure 5 is clearly present in the mutant systems in Figure S12
as well.

Additionally, we note that one limitation of pooling data for
Figure SB was that there was no longer a distinction between
the S4SSL on one subunit and another residue on the same
subunit (an intra-subunit interaction) and residue locations
between the S4SSL on one subunit and a residue on an
adjacent subunit (an inter-subunit interaction). This was why
we saw a few interactions listed in Figure SB for residues
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Figure 6. High percent occupancy S4SSL interactions in the 4C and 4O systems. S4SSL residues involved in high percent occupancy interactions
are given for 4C (A) and 40 (B). The S4SSL (residues 4746—4766) is colored green, with H4762 colored orange. A portion of the S6 helix
(residues 4859—4869) is colored purple, with 14867 colored yellow. Key interactions outside of these two regions are colored magenta when they
appear on subunit 1. A portion of the adjacent subunit 2 (residues 4869—4879) is given in gray, while high percent occupancy interactions with
subunit 2 are labeled (s2) for clarity. Both structures for 4C and 40 represent an average structure over the last 100 ns of the 1 ys MD simulation.
This image was produced using UCSF Chimera X 1.4.
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Figure 7. Number of inter-subunit high percent occupancy interactions observed in the closed and open RyR2 systems. The number of inter-
subunit high percent occupancy interactions (>30% occupancy) listed by residue number that were observed within our three closed (4C, 1C30,
and 1C30-HID) and three open (40, 1C30-open-S4SSL, and 1C30-open-S4SSL-HID) RyR2 systems is given. To limit the number of
interactions along the x-axis for this plot, an additional restriction was made where only residue locations where either the closed or open systems
had an interaction appear at least three times were included in this plot. In producing this figure, we pooled data from all four subunits in the three
closed RyR2 systems (4C, 1C30, and 1C30-HID) and compared it to the pooled data from all four subunits in three open RyR2 systems (40,
1C30-open-S4SSL, and 1C30-open-S4SSL-HID). Residue numbers for regions within the U-motif, S4SSL, and the S6 helix that we focus on in

our discussion are highlighted along the x-axis. The full set of high percent occupancy interaction data is available in Tables S3 and S4.

K4751, T4752, and Q4766, all of which were a part of the
S4SSL sequence. In these cases, these were residues involved in
interactions that took place between the S4SSL on one subunit
and the S4SSL on an adjacent subunit. The same was also true
in general of the shift in binding from residues 4865—4869 to
the additional interactions appearing within residues 4870—
4880 in the open systems. Frequently, these new interaction
partners in the 4870—4880 sequence in the open-state systems
were on a different subunit than the S4SSL it was partnered
with. Intra- and inter-subunit interactions for each interaction
pair are clearly distinguished in the data tables given in Tables
S1 and S2.

As an illustrative example, in Figure 6, we examine the key
high percent occupancy interactions that appeared within the
first subunit of the 4C system (Figure 6A) and within the first
subunit of the 40 system (Figure 6B). In the first subunit of
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the closed 4C system, the key high percent occupancy
interactions that were identified were three intra-subunit
interactions between the S4SSL and the S6 helix. These were
$4759—A4869, N4763—L1486S, and N4763—D4868 (Figure
6A). We note that these three interactions were located in a
group directly adjacent to a proposed hinge residue G4864 on
the S6 helix.”® Of these, the only polar—polar sidechain
interaction was N4763—D4868, and both of these residues
were listed as very prominent interactions in Figure 5. D4868
also appeared directly adjacent to residue 14867 on the S6
helix, which is the residue that forms the hydrophobic gate.
These intra-subunit high percent occupancy interactions were
found on all four subunits in the 4C system, and no high
percent occupancy inter-subunit interactions were identified
for the 4C system (Table S1). Together, these interactions
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demonstrate the direct intra-subunit coupling of the S4SSL to
the S6 helix in the closed 4C system.

The high percent occupancy interactions were noticeably
different in the first subunit in the open 40 system. In the 40
system, we found more prominent S4SSL and S6 helix
interactions in the 4870—4880 region, with intra-subunit
interactions S4758—Q4876 and H4762—E4872 replacing the
intra-subunit S6 helix interactions observed in the first subunit
of the 4C system. In addition, the S4SSL formed two inter-
subunit interactions to residues within the S6 helix (residues
4870—4880) region on the second adjacent subunit, with
N4763—R4874 and K4765—Q4877 (Figure 6B). Importantly,
the intra-subunit N4763—D4868 interaction in the closed 4C
system had now been replaced with the inter-subunit N4763—
R4874 interaction on the S6 helix of the adjacent subunit in
the open 40 system.

We also note that in the first subunit of 40, there were two
additional intra-subunit high percent occupancy interactions
between the S4SSL and the U-motif. These were K4751—
E4167 and R4754—D4175 (Figure 6B). In general, inter-
actions between the U-motif and S4SSL were commonly
observed in both closed and open subunits as can be seen in
Figure S, but these interactions were more frequently seen in
the open state as opposed to the closed state.

Key Inter-Subunit Interactions on the S6 Helix are
Disrupted in the Open State. Given the observation that
there were no high percent occupancy inter-subunit
interactions for the 4C system between the S4SSL and its
protein environment (Table S1), whereas several inter-subunit
interactions appeared between the S4SSL and the S6 helix in
the 40 system (Table S1), we decided to examine the high
percent occupancy interactions between any residue in a given
subunit and its surrounding protein environment at the
subunit—subunit interface, ignoring any intra-subunit inter-
actions that occurred within the subunit itself. As with Figure
S, in Figure 7, we pooled the high percent occupancy
interaction data together from all four subunits for the three
closed RyR2 systems (4C, 1C30, and 1C30-HID) and
compared it to the pooled data from all four subunits for three
open RyR2 systems (40, 1C30-open-S4SSL, and 1C30-open-
S4SSL-HID). A similar analysis for the two mutant systems
(1C30-S4SSL-H4762P and 1C30-open-S4SSL-H4762P) is
provided in Figure S13. To fit the high percent occupancy
interactions within the limited space on the x-axis in Figure 7,
we also imposed an additional condition where only residues
that had at least three high percent occupancy interactions in
either the closed or open systems were included in this plot.
To examine variations between the interactions within
different subunits in different systems, the full set of high
percent occupancy interactions at the subunit—subunit inter-
face is provided in Tables S3 and S4.

Comparing Figure S with Figure 7, we see in Figure 7 that
there is a noticeable increase in inter-subunit interactions
involving residues 4762—4766 within the S4SSL in the open-
state systems in comparison to the closed-state systems. This
was very similar to the trend seen in Figure SA, where the
open-state systems had a larger number of contacts for most
residues in the 4762—4766 sequence compared to the closed-
state systems. The peak heights in the two figures are different
because Figure SA reported on both intra-subunit and inter-
subunit high percent occupancy contacts, whereas Figure 7
showed only inter-subunit high percent occupancy contacts.
The good agreement between the two suggested that in the
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transition from the closed to the open state, new contacts were
formed within the 4762—4766 sequence of the S4S5L and its
surrounding protein environment (Figure SA), and many of
these interactions occurred between the S4S5L on one subunit
and residues on an adjacent subunit (Figure 7).

Figures S and 7 also featured many prominent peaks that
appeared on the S6 helix (within residues 4860—4890).
However, whereas Figure 5B showed a noticeable increase in
the number of high percent occupancy interactions between
the S4SSL and the S6 helix (residues 4860—4890) in the open-
state systems in comparison to the closed-state systems, Figure
7 shows a noticeable net decrease in inter-subunit high percent
occupancy interactions in the S6 helix (residues 4860—4890)
for the open-state systems in comparison to the closed-state
systems. This implied that when new S4SSL contacts were
formed with the S6 helix (residues 4860—4890) in the open-
state systems, many inter-subunit contacts in the closed-state
systems that involved the S6 helix (residues 4860—4890) were
disrupted, leading to a net decrease in inter-subunit
interactions for the S6 helix region in the open-state systems
when compared to the closed-state systems.

B DISCUSSION
S4S5L Plays a Critical Role in RyR2 Channel Gating.

Using chimera structures that contain elements of the currently
available closed and open RyR2 cryo-EM structures, we have
tested the effect of making changes to certain structural
elements within a single subunit of the RyR2 tetramer on the
state of the channel as a whole. In our 1C30 model, the
replacement of an open-state subunit with a single closed-state
subunit was able to induce the other three open-state subunits
to form a closed channel structure (Figures 3 and 4). This
suggests a high degree of cooperativity between subunits in
channel closing. Our models further predict that changes in the
conformation of the S4SSL in a single subunit are critical for
determining if the channel is open or closed.

Previous groups have suggested that the S4SSL plays a
prominent role in ryanodine receptor channel gating.
Ramachandran et al. proposed that the S4SSL directly controls
channel gating in the skeletal muscle ryanodine receptor type 1
(RyR1) channel.” It had been well documented that the
S4SSL was critical to channel gating for voltage-gated
potassium (K*) channels,””™®" and the authors suggested
that RyR channels shared a conserved ion channel gatin%
mechanism with both the sodium (Na*) and K* channels.”
However, at that time, the highest-resolution cryo-EM RyR1
structure was limited to ~10 A, which was too low to observe
the fine details of the channel pore. Our MD simulations
directly support this notion that the S4SSL is a critical
component in RyR2 channel gating, and the use of higher-
resolution cryo-EM structures allows us to further examine the
key structural elements involved in the gating process.

Residues 4758—4766 in the S4S5L Alter Binding to
the S6 Helix in Channel Gating. Figures 5—7 show that
there is a general shift in the binding within the S4SSL
(residues 4758—4766) toward the central S6 helix in the open
state versus the closed state. In the closed state, residues on the
S4SSL generally bind to the S6 helix within residues 4865—
4869 on the same subunit, but residues 4758—4766 in the
S4SSL increasingly bind to the S6 helix (residues 4870—4880)
on an adjacent subunit in the open state. In the process where
the S4SSL forms new contacts with the S6 helix in the open
state, some of the inter-subunit contacts in the S6 helix
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(residues 4870—4880) that were present in the closed state are
broken, opening the channel. The evidence for this is that
there is a net loss of contacts in the 4870—4880 region of the
S6 helix in the open state in comparison to the closed state
(Figure 7). The importance of S6 helix residues near and
within this sequence (D4868, E4872, R4874, and E4878) to
channel gating of RyR2 was established experimentally in
mutation studies by Peng et al.*”

The use of MD simulations has allowed us to identify the
most important residue—residue interactions involved between
the S4S5L and the S6 helix in the closed and open RyR2
systems (Tables S1 and S2). The most prominent of these
were interactions involving residues N4763 or Q4766 and
residues D4868 and N4874 on the S6 helix (Figure 5). The
N4763—D4868 interaction most commonly appeared as an
intra-subunit contact between the S4SSL and the S6 helix
(Figure 6A), and this interaction was frequently present in
both the open and closed systems (Tables S1 and S2). Given
that the D4868 residue is near the hydrophobic gate (14867)
and gating hinge (G4864) residues, it seems feasible that this
interaction is the primary interaction coupling changes in the
conformation of the S4SSL to the hydrophobic gate and the
gating hinge.

In contrast, in the open-state systems, the N4763—R4874
(Figure 6B) or Q4766—R4874 interactions most commonly
appear as inter-subunit interactions between the S4SSL on one
subunit and the S6 helix on a second subunit (Figure S). It
appears that a shift in the position of the S4SSL relative to the
S6 helix, which allows N4763 or Q4766 to bind to R4874 on
an adjacent subunit, is a primary mechanism that distinguishes
the open state from the closed state (Tables SI and S2). This
interaction between adjacent subunits is likely crucial for
cooperative channel closing, as was observed with the 1C30
system.

N4763 Can Act as a Switch to Control RyR2 Channel
Gating. It had been previously suggested by Peng et al,*
based on a structural comparison of the closed and open RyR2
systems, that N4763 plays a key role in RyR2 channel gating.
In Figure 8, we illustrate a plausible mechanism for how
N4763 can act as a switch to control channel gating. In the
closed 4C system (Figure 8A), N4763 (green spheres) within
the S4SSL (residues 4746—4766, green ribbons) in subunit 1 is
normally out of position to interfere with an inter-subunit
interaction between E4872 (blue spheres) on the S6 helix in
subunit 1 (residues 4839—4889, blue ribbons) and R4874
(orange spheres) on the S6 helix in subunit 2 (residues 4839—
4889, orange ribbons). In all three of our closed-state systems
(4C, 1C30, and 1C30-HID), this inter-subunit E4872—
R4874 interaction is observed as a high percent occupancy
interaction between residues on subunits 1 and 2 (Tables S3
and S4).

In the open 40 system in Figure 8B, a shift in the
conformation and position of the S4SSL helix allows N4763 in
subunit 1 to interact with R4874 in subunit 2, abolishing the
previous inter-subunit interaction between E4872 and R4874.
As a result, the distance between residues E4872 and R4874 on
adjacent S6 helices at the cytosolic end of the channel is
noticeably increased, an effect associated with channel
opening. In all three nonmutant open-state systems, the
N4763—R4874 interaction appears much more frequently at
the subunit 1—2 interface than the E4872—R4874 interaction
(Tables S3 and S4). The situation for the H4762P mutant
systems is more complicated as neither the E4872—R4874
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Figure 8. Residue N4763 on the S4SS5L can act as a switch that
controls RyR2 channel gating. N4763 (green spheres) within the
S4SSL (residues 4746—4766, green ribbons) in subunit 1 is normally
out of position in the closed 4C system in panel (A) to interfere with
an inter-subunit interaction between E4872 (blue spheres) on the S6
helix in subunit 1 (residues 4839—4889, blue ribbons) and R4874
(orange spheres) on the S6 helix in subunit 2 (residues 4839—4889,
orange ribbons). In the open 40 system in panel (B), a shift in the
position of the S4SSL allows N4763 to interact with R4874, replacing
the previous inter-subunit interaction between R4874 and E4872.
Both structures for 4C and 40 represent an average structure over the
last 100 ns of the 1 ps MD simulation. This image was produced using
UCSF Chimera X 1.4.

interaction nor the N4763—R4874 interaction appear as
frequently at the inter-subunit interface. In place of N4763—
R4874, the V4768—R4874 interaction is much more
commonly observed. This is perhaps not too surprising given
that the location of the H4762P mutant is directly adjacent to
the N4763 residue on the S4SSL, and this may have had a
direct impact on its ability to bind to R4874.

Residues 4751 and 4754 Link the S4S5L to the U-
Motif. In addition to residues 4758—4766 in the S4SSL
binding to the S6 helix, the S4SSL has a noticeable number of
high percent occupancy interactions between residues 4748—
4755 (Figure SA) and residues 4167—4184 in the U-motif
(Figure SB). The most prominent interactions that were seen
within this region involved residues K4751 and R4754 within
the S4SSL. The importance of K4751 in RyR2 channel gating
was recently demonstrated by Uehara et al., who showed that
the single point mutation K4751Q was associated with
extensive RyR2 channel leak.”® Two examples of interactions
are the K4751—-E1467 and R4754—D4175 interactions, which
are both visible in Figure 6B. While high percent occupancy
interactions within the U-motif at position D4175 were
common in both the closed and open-state systems, high
percent occupancy interactions involving residue E1467 were
only observed in the open-state systems. In fact, a greater
number of high percent occupancy interactions were observed
throughout the U-motif in the open state as opposed to the
closed state in general (Figure SB). These data suggest that the
U-motif may play a role in shifting the S4SSL from its position
in the closed state to the altered position of the S4SSL that is
observed in the open state.

Indeed, an adjacent domain above the U-motif contains one
of the three Ca®>" binding residues (E4932) that are believed to
form the Ca®' activation site in the RyR2. This observation
suggests an extended mechanism in which the binding of Ca**
to residue E4932 can shift the position of the nearby U-motif
to interact with the S4SS5L at positions K4751 and R4754. This
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Figure 9. Key high percent occupancy interactions between the S4SSL and the U-motif. A closeup of the key high percent occupancy interacting
residues (solid spheres) between the S4SSL (residues 4746—4766, green) and the U-motif (residues 4167—4184, black) is provided for the closed
4C system in panel (A) and the open 40 system in panel (B). Residue E4932, which is one of a trio of residues that coordinate to Ca®* at the
calcium activation site, is shown with red spheres. Both structures for 4C and 4O represent an average structure over the last 100 ns of the 1 ys MD

simulation. This image was produced using UCSF Chimera X 1.4.

interaction would then move the S4S5L upward toward the U-
motif, altering its interactions with the S6 helix. In turn, the
altered S4S5L—S6 helix interactions would lead to the breaking
of inter-subunit interactions in the closed-state S6 helix,
opening the channel. The removal of Ca** could then shift the
U-motif away from the S4SSL, reversing the mechanism and
restoring the closed state. A closeup of the S4S5L and U-motif
in both the closed and open states highlighting these residues
is provided in Figure 9.

We note that a mechanism for RyR2 channel opening was
also suggested by Peng et al.** in which a portion of the central
domain including the U-motif interacts directly with the S6
helix to open the RyR2 channel. We must make it clear that
our results do not rule out this possibility. Our results indicate
that the position and conformation of the S4SSL is indeed
critical to the mechanism of RyR2 channel gating as previously
suggested by Ramachandran et al. for the RyR1 channel,” and
we also observe many high percent occupancy interactions
between the U-motif and the S4SSL. However, it must be kept
in mind that the full physiological allosteric mechanism will
involve several other structural changes in nearby structural
elements such as the S6 helix and other regulatory domains
within the RyR2 that can affect channel gating as well.

In addition, we should point out that we observe structural
disorder in the central domain of the channel pore profiles
between —40 and —60 A (Figure 3), when we compare 1C30
and 1C30-HID for instance, that had no observable effect on
the overall state of the channel. We also did not see a clear
correlation in our RMSD analysis in Table 2 between the
central domain and the state of the channel. These results are
seemingly in contradiction to our key interaction analysis
(Figures S and 7), which shows a clear correlation to the state
of the channel involving certain key interactions within the
central domain that link the U-motif to the S4S5L. However, it
is entirely possible that the flexibility observed in the central
domain as a whole is independent of the well-defined
interactions that are taking place between the U-motif and
the S4SSL locally. We note that allosteric regulatory regions on
proteins are typically disordered, and yet, they are involved in a
predictable change of state despite the high degree of disorder
observed in the regulatory region. This can occur because the
change in state is brought about by a small local change within
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the disordered region, as when binding to a small regulatory
molecule, for instance. In this case, we should consider that the
residues in the U-motif that interact with the S4SSL comprise a
very small portion of the rather large central domain that is
being observed in Figure 3 and the RMSD analysis.

Another possibility is that we may have altered distant
allosteric mechanisms using a structure that is not complete
enough in the region surrounding the central domain, or the
computational method we are using to induce the channel to
close may be overriding the effects of allostery in this system.
Therefore, a definitive role for the U-motif is not clearly
established within the scope of our present study. Further
computational studies using larger, more complete systems,
where additional conformational changes are made directly to
the U-motif and to many other nearby structural elements such
as the S6 helix, must be carried out before the full allosteric
mechanism of RyR2 channel gating can be clearly established
using this methodology. Nevertheless, our current models
reveal that there are key high percent occupancy interactions
between the U-motif and the S4SSL, and this suggests that a
direct coupling between these two domains may play an
important role in the gating mechanism.

Cooperative Effects Induce the S4S5L at Three Inter-
Subunit Interfaces to Adopt a Closed Conformation in
the 1C30 Chimera System. In the previous section, we
proposed a general mechanism for RyR2 channel gating
(Figures 8 and 9) that was based on the identification of key
high percent occupancy interactions (Figures 5 and 7) that
best differentiated our three closed-state systems (4C, 1C30,
and 1C30-HID) from our three open-state systems (40,
1C30-open-S4S5L, 1C30-open-S4SSL-HID). One question
that has yet to be addressed is the degree of cooperativity
between the conformations of the S4SSL on different subunits
in channel gating. As our pore profile results indicated (Figure
3), the substitution of only one subunit from the 4C system,
with the S4SSL initially in a closed conformation, into the
open 40 system, with three subunits initially in an open
conformation, was able to close the entire channel in both the
1C30 and 1C30-HID model systems. That a single subunit in
a closed conformation can induce the entire four-subunit
system to close suggests that channel gating in the RyR2 is
highly cooperative.

https://doi.org/10.1021/acs.jpcb.2c03031
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Figure 10. Conformation of the four-subunit S4SSL structure in the 1C30 chimera RyR2 system indicates cooperative channel closing. The
structure in the vicinity of the hydrophobic gate in the transmembrane domain of the RyR2 is shown for the closed 4C system (A), the open 40
system (B), the closed 1C30 chimera system (C), and the 1C30-open-S4SSL chimera system (D). The isoleucine residue that forms the
hydrophobic center of the channel pore (14867) is depicted using orange VDW spheres for the first subunit and purple VDW spheres for the other
three subunits. The S4SSL (residues 4746—4766) is colored blue in the first subunit of each system while the S4SSL on the other three subunits is
colored green. All images represent an average structure over the last 100 ns of the 1 ys MD simulation. This image was produced using UCSF

Chimera X 1.4.

What has not been addressed to this point is the degree to
which the conformation of the S4SSL in the other three open-
state subunits changed after the subunit containing an S4S5L
in a closed conformation was inserted into the open-state
system in our chimera models, 1C30 and 1C30-HID. There
are two extreme cases to consider. The first possibility is that
the transition to the closed state observed in Figure 8 occurs at
all four inter-subunit interfaces, and not just at the inter-
subunit interface where the initial substitution took place. This
implies that when we examine each inter-subunit interface in
our chimera systems (1C30 and 1C30-HID) at the end of
our MD simulations, the key high percent occupancy
interactions in the S4SSL that we observe at each interface
should resemble the closed-state 4C system by the end of the
MD simulation. The second possibility is that the transition to
the closed state observed in Figure 8 only occurs at one inter-
subunit interface, at the location where the initial mismatch
occurred. This implies that when we examine each inter-
subunit interface in our chimera systems, the change in the key
high percent occupancy interactions in the S4SSL that we
observe should appear only at the interface where the
substitution took place, while the interactions at the other
three inter-subunit interfaces should still resemble those of the
open-state system.
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We can examine the predictions made in these two scenarios
using the key interactions identified in our high percent
occupancy data. Pooling our data together in Figures 5 and 7
makes an analysis of what is taking place at each inter-subunit
interface difficult, but this analysis can be made more explicit
by examining the raw data in Tables S1—S4, which provides a
full listing of each high percent occupancy interaction for every
subunit. As an explicit example, we focus on the high percent
occupancy interactions involving residue R4874, which can be
seen in Figure 5 to be the most prominent residue that
distinguishes the closed state from the open state. In particular,
we focus on interaction N4763—R4874, which was highlighted
as a representative key interaction in the proposed mechanism
shown in Figure 8. As can be verified using Tables S1 and S2,
the N4763—R4874 interaction appeared only once across 12
subunits in the three closed 4C, 1C30, and 1C30-HID
systems. Other interactions involving residue R4874, or
possibly involving nearby residues L4873 or D487S, were
not observed at all in the closed-state systems. This
observation is in agreement with the representative con-
formation of the closed state we show in Figure 8A where an
interaction between residues N4763 and R4874 is not
observed.

https://doi.org/10.1021/acs.jpcb.2c03031
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In contrast, the N4763—R4874 interaction appears six times
in the three open-state systems 40, 1C30-open-S4SSL, and
1C30-open-S4SSL-HID, while close structural variants such as
Q4766—R4874 and H4762—R4874 appeared three and two
times, respectively. Altogether, this makes 11 very similar
interactions involving residue R4874 that were observed across
12 subunits in the three open state 40, 1C30-open-S4S5L,
and 1C30-open-S4SSL-HID systems. In the case of 1C30-
open-S4SSL and 1C30-open-S4SSL-HID systems, other
similar variant interactions that involved nearby residues
L4873 and D487S were also observed in addition to R4874.
These observations are in good agreement with the presence of
the N4763—R4874 interaction in Figure 8B, which was used as
a representative key interaction for the open state.

Hence, our data would seem to suggest that the first
possibility outlined in the discussion above better describes the
cooperative channel closing we observe in the RyR2. If the
second possibility was taking place, we would expect up to six
of our subunits in the 1C30 and 1C30O-HID, which were
initially in the open-state conformation, to frequently display
either the N4763—R4874 interaction or at least to display
other close structural variants involving residue R4874 or other
nearby residues. As can be verified in Tables S1 and S2, only
one of the six subunits in the 1C30 and 1C30-HID systems
still retains an interaction with R4874, and this happens to be a
N4763—R4874 interaction. Nevertheless, the presence of this
one interaction at one inter-subunit interface in a closed
system indicates that an all-or-nothing cooperativity mecha-
nism that requires all four S4SSL to adopt a closed-state
conformation might be too restrictive. Our key interaction data
for R4874 suggests that channel closing may still be possible
when three subunits are in the closed S4S5L conformation,
while the S4SSL at one interface remains in the open-state
conformation. However, due to the presence of so many
structural variants in the vicinity of R4874 that may play
compensating structural roles (Tables S1 and S2), it is difficult
to say with certainty if this is the case based on an analysis of
our high percent occupancy interactions alone.

A visual examination of the global four-subunit S4SSL
conformations in our final MD systems is provided in Figure
10. Figure 10 qualitatively supports the suggestion that S4SSL
conformational changes at only three out of the four inter-
subunit interfaces may be sufficient to close the channel. We
see that the overall conformation of the four-subunit S4S5L in
the 1C30 chimera system in Figure 10C is somewhere
between the conformation of the four-subunit S4SSL closed
4C system in Figure 10A and the conformation of the four-
subunit S4SSL in the two open-state systems, 40 and 1C30-
open-S4SSL in Figure 10B,D, respectively. A careful examina-
tion of the four-subunit S4S5L structure in the 1C30 system
in Figure 10C reveals that three out of the four S4SS5L have
formed a tighter arrangement at the corners, which most
closely resembles the very tightly packed 4C system in Figure
10A. However, it can also be seen that one of the four S4SSL
linkers in Figure 10C is more similar to an open-state
conformation, which suggests that a full transition to the
closed-state conformation of the four-subunit S4SSL config-
uration in 1C30 may not be complete within the 1 us MD
simulation.

Nevertheless, we note that this change in 1C30 was able to
close the channel as indicated by a collapse of the central four
isoleucine residues that form the hydrophobic gate at the
center of the channel pore (Figure 10C). This close
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arrangement of the central isoleucine residues in 1C30 is
clearly comparable to the arrangement of the four central
isoleucine residues in the closed 4C system (Figure 10A). In
contrast, the four central isoleucine residues remain in an open
configuration in the 1C30-open-S4SSL system (Figure 10D),
which closely resembles the open 40 system (Figure 10B).
Since the only initial difference between the two chimera
systems was that 1C30 started with the S4SSL on subunit 1
(blue) in the closed conformation while 1C30-open-S4SSL
started with the S4SSL on subunit 1 (blue) in the open
conformation, we see that the closed conformation of the
S4SSL in only one subunit can affect the packing of at least
three of the S4SSLs around the central hydrophobic gate and
that this conformational change in the four-subunit S4SSL
configuration is capable of closing the central hydrophobic
gate.

Figure 10 also suggests a qualitative explanation for how the
insertion of one subunit can lead to the collapse of an entire
four-subunit S4SSL structure based on the observed symmetry
of the structures. The four-subunit S4SSL structures from the
wild type cryo-EM structures both adopt regular symmetrical
shapes, with the closed 4C system displaying a square shape in
Figure 10A, and the open 4O system displaying a rhombus
shape in Figure 10B. This difference in conformation between
the two S4SSL shapes can be traced back to the conforma-
tional change in the S4S5L between the closed and open states
depicted in Figure 2. In Figure 10A,B, this conformational
change in the S4SSL appears in all four subunits simulta-
neously. When a subunit with the S4SSL in a closed
conformation is inserted into the open state, as in 1C30, the
symmetry of the rhombus is broken, and the overall four-
subunit structure collapses, which closes the channel pore, as
observed in Figure 10C. This collapse does not occur in
1C30-open-S4SSL. When the closed-state subunit was
inserted in 1C30-open-S4SSL, it still contained the S4SSL in
an open conformation, so the rhombus shape needed to
maintain the open state was still preserved at the end of our
MD simulations, as seen in Figure 10D.

Opverall, our results suggest that channel closing of the RyR2
is cooperative, and substitution of only one subunit with the
S4SSL in a closed-state conformation into an open-state
system induces the S4SSL in three out of the four subunits to
adopt a closed conformation. Figure 10 qualitatively suggests
that this cooperativity ultimately emerges from the need to
maintain a rhombus shape in all four subunits in the S4SSL to
keep the central four isoleucine residues from collapsing
inward and closing the channel. However, we note that this
latter observation is qualitative, and a further study that
explores the geometry of the four-subunit configuration of the
S4SSL in more detail is needed. We also note that our present
study of cooperativity leaves several additional open questions
that must be examined more thoroughly in further studies.
Although our data suggest that three inter-subunit interfaces
underwent a transition from the open to closed state, the
minimum number of inter-subunit interfaces that must
undergo a transition from an open-state conformation to a
closed-state conformation to effectively close the channel still
remains an open question. We have addressed this topic
further using a different computational approach in a separate
study [manuscript under review at the time of this
publication]. In addition, the time course of the cooperative
S4SSL inter-subunit transitions still remains to be addressed.
For example, we do not know from our end-state analysis in
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Figure 10 if the conformational changes in the S4SSL at the
various inter-subunit interfaces are occurring sequentially or if
the relevant changes occurred simultaneously, or somewhere in
between these two extremes. As pointed out previously by
Nury et al,*” the time course of channel closing occurs over
two very different timescales, with a rapid initial decrease in the
size of the minimum pore radius followed by very slow
adjustments to the minimum pore radius that occur over the
course of the entire 1 ys MD simulation (Figures S3—S6). The
initial rapid partial pore closing, and the subsequent slow
adjustments to the pore that occur over the entirety of the MD
simulation, make it very difficult to clearly differentiate
between these two possibilities using our present methodo-
logical approach. A closer examination of the time course of
channel gating using more advanced computational techniques
such as time—structure independent component analysis or
tICA® would be an attractive avenue for a future study.

Inter-Subunit High Percent Occupancy Interactions
Correlate with CPVT/LQTS Hotspots. One of the mysteries
about RyR2 channel function involves the observation that
many different single amino acid substitutions are capable of
causing CPVT and/or LQTS symptoms. A listing of 63
possible CPVT1-associated RyR2 mutations was provided by
Medeiros-Domingo et al.® Of these, 49 fall within the residue
sequences included in the eight RyR2 models in our present
study (Figure S2 and Table SS). In our 1C30-H4762P model
system, we found that a single point mutation in a single
subunit could prevent the channel from closing. The H4762
residue was identified in our high percent occupancy
interaction analysis for both the S4SSL bound to the
surrounding protein environment (Figure S) and in our
inter-subunit interaction analysis (Figure 7).

Additionally, we note that the H4762 residue appears in
sequence next to another high percent occupancy interaction
site, N4763. A comparison of the CPVT1 mutations listed by
Medeiros-Domingo et al.’ shows that this is not a unique
situation. Out of the 49 mutant residue locations that appear in
our models, 73% (36) of them were located within five
residues of a residue listed as a high percent occupancy
interaction in our inter-subunit interaction analysis of the three
closed-state systems (4C, 1C30, and 1C30-HID), while 65%
(32) of them fall within three residues of a residue listed as a
high percent occupancy interaction (Table SS). The
correlation between high percent occupancy interactions and
mutation hotspots may even be stronger than these numbers
suggest, as of the 27% of residues that fall outside this range,
many are close in sequence to regions of our models that are
missing residues in comparison to the full-size RyR2 (Table
SS). Hence, overall, there appears to be a strong predictive
correlation between inter-subunit high percent occupancy
interaction sites identified in our MD simulations and nearby
mutations that lead to CPVT or LQTS.

In previous sections, we have described a mechanism for
RyR2 channel opening that involved the breaking of inter-
subunit high percent occupancy interactions in the closed
state. This appears to be carried out in a controlled way in the
wild type; the position of residue N4763 on the S4SSL is
shifted such that it can bind to R4874, which then breaks the
inter-subunit interaction to E4872 associated with the closed
state (Figures S, 7, and 8). The strong correlation between
inter-subunit high percent occupancy interactions and known
CPVT and LQTS mutations suggests that, in general,
disruption of inter-subunit high percent occupancy interactions
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may be a common mechanism of many point mutations that
lead to channel leak and CPVT in the RyR2 system. This
notion is consistent not only with the mutations listed in the
study by Medeiros-Domingo et al.’ but is also consistent with
the disruption of high percent occupancy inter-subunit
interactions at positions 4902, 4950, and 4955 that was
recently reported in association with defective channel closing
by Guo et al,”’ it is consistent with the report of massive
channel leak at position 4751 by Uehara et al,®® and it is
consistent with the results of mutation studies for residues
D4868, E4872, R4874, and E4878 reported by Peng et al.*
These results collectively suggest that maintaining high percent
occupancy interactions between adjacent subunits at key
locations within the RyR2 closed-state system is crucial to
preventing channel leak and CPVT or LQTS.

Study Limitations, Advances, and Future Directions.
The computational methods we used in the present study were
directly based on a protocol developed by Nury et al."” where
the authors used a 1 ps, single-trajectory MD simulation to
study the gating properties of the nicotinic receptor
homologue. The authors were able to show that an
instantaneous change in pH can be introduced to the open
state of the channel to induce the channel to close, and it was
shown that there was a quick adjustment to the pore radius
that effectively closed the channel within 50 ns. This was
followed by a twist of the channel for 450 ns and a slow
relaxation of the channel up to 1 ps. The authors
experimentally validated their protocol by comparing their
end-state model to the known structure of the closed-state
channel.”’

Our present study confirms that the 1 us, single-trajectory
protocol developed by Nury et al. can be used to induce gating
transitions from the open to the closed state of a large
membrane protein system. In our study of the RyR2 receptor,
we observed a very similar short timescale closure of the
channel within 50—400 ns followed by a slower relaxation
period for 500 ns. This was then followed by equilibration of
the channel for ~100 ns (Figures S3—S6). We calculated the
key interactions involved in channel gating from our end-state
models, and we validated our model by comparing our
calculated key interactions with those previously identified in
the experimental literature.

Nevertheless, we note that there are many limitations in our
present methodology that can be improved upon in future
studies. In particular, one of the major limitations of using
single-trajectory MD simulations is that they do not provide a
way to assess the variation or error in the results from our MD
trajectories. Changing from a single-trajectory approach to
using a multitrajectory approach, where several replica systems
are produced for each individual system, would directly address
this issue.

The downside of using a multitrajectory approach is the
greatly increased computational cost. For studies where the
overall system size is small, the total simulation time is
relatively short, and when the number of systems being studied
in small, this increase in computational cost might also be
small, making the multitrajectory approach a better alternative
to using the single-trajectory approach. For this study, the
overall system size is very large, we have a long 1 us total
simulation run time, and eight different unique systems are
analyzed. All of these factors come with a high computational
cost, which is a roadblock to transitioning the method directly
into a multitrajectory study.
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Modifications to our method can be made in future studies
to help alleviate some of this additional cost. For example,
according to our RMSD data, total simulation times can be
lowered well below the 1 ys run time used by Nury et al,, as we
show that most of our systems started to equilibrate at about
600 ns (Figures S3—S6). In addition, the number of systems
that are analyzed can be lowered once the effect of the S4SSL
substitution, for instance, is established by single-trajectory
runs. Advances in technology may also make the multi-
trajectory approach more viable for large systems like this in
the future. Taking this into account, a multitrajectory approach
to assess variation within each system should become an
attractive avenue for a future study of this system.

There are other areas of the method that can also be
improved albeit also with an additional computational cost.
The introduction of instantaneous structural changes to induce
the channel to close leads to an abrupt, direct, rapid closing of
the channel within 50—400 ns. This rapid transition may not
be truly representative of the conformational ensemble of
closing pathways available in the natural state of the channel
protein. Other more sophisticated methods such as targeted
MD may provide for a more gradual transition of channel
closing.”"

As with the study by Nury et al,,*” we focus on the closing of
the open state of the RyR2 channel. The inverse process, the
opening of the closed-state channel would pose a greater
challenge to study using our present approach. The central
channel pore of the closed-state 4C channel is much more
compact overall than the open-state 40 structure (Figure S7).
This leaves less room for introducing structural changes to the
4C system as compared with introducing changes into the 40
system. Substituting in smaller portions of the 40 subunit into
the 4C system, as opposed to the entire subunit, may be one
way to address this issue. A comprehensive understanding of
channel gating will eventually require the study of both closing
and opening processes, especially in situations where the
mechanism for channel gating is not reversible.

In this study, we followed the established single-trajectory
MD protocol, which included providing a global RMSD
analysis of each structure compared to its initial structure file
over the 1 ys timeframe of the MD trajectory (Figures S3 and
S4). All structures exhibited a shift of 5—7 A from their initial
structure file after our structures had started to equilibrate by
around 600 ns. Although we cannot guarantee that additional
changes in the structures will not occur if the simulations were
run longer than 1 ps, we can say that no major transitions were
observed over the last 400 ns of the 1 s MD simulations in
any of our eight different systems.

The final RMSD values between S and 8 A at equilibrium do
indicate that noticeable changes take place between the initial
and final structures during the course of the MD simulation in
all cases. We note that global RMSD values for the final
average systems in Table 2 are also about the same size (5—8
A) when compared to the final average 4C structure. We
additionally observe in Table 2 that RMSD values tend to be
much smaller and correlate more closely with the final state of
the channel, when we examine smaller substructural elements
of the channel, such as the S4SSL or the S6 helix, instead of
larger substructures of the models. The data in Table 2
suggests that the magnitude of RMSD values might depend on
the size of the structures involved in a given comparison, but a
further study would be required to fully establish this notion.
Our RMSD analysis can also be expanded in a future study to
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include comparisons of individual subunits or substructural
elements involved in cooperative channel opening.

For our residue—residue interaction analysis, we pooled our
data together from all four subunits for all three closed systems
(4C, 1C30, and 1C30-HID) and for three open systems (40,
1C30-open-S4SSL, and 1C30-open-S4SSL-HID) in our
analysis in Figures S and 7. We did it this way because
pooling our data was the best solution we could find to
combine data from 24 different subunits and six different
models into a single figure that would fit on the printed page.
However, the downside to this approach is that each system
also has clear variational differences within each subunit and
between models that make each system unique in many ways.
While we do not provide this information in Figures 5 or 7, we
have provided the full data set that was used to construct
Figures S and 7 in Tables S1—S4. A detailed understanding of
all subunit—subunit interactions would have to take into
account not only the locations of key interactions but also how
time-dependent changes in the interaction patterns at the
individual subunit level can affect the cooperative transition
from the open to closed state. This is a long-term goal that
should be a central focus in future studies.

We note that the use of MD simulations provided us with a
way to examine the role of the S4SSL in channel gating by
allowing us to make changes to the original structure files. It
also allowed us to identify and rank key interactions in a
quantitative manner using our high percent occupancy
interaction data as opposed to using a qualitative visual
analysis from a static PDB structure. This has an advantage in
that our structural studies and high percent occupancy
interactions do not rely on human intuition to make
predictions, potentially making them more accurate and
comprehensive than a traditional analysis based on a visual
inspection of the structure. Once a key structural element or a
high percent occupancy interaction is identified, we can return
to a visual inspection of the structure to confirm the
biophysical validity of the result. However, one drawback is
that the MD approach is obviously much more expensive and
labor intensive than a visual analysis. It should also be
considered that the need to adopt an artificial method to
induce the channel to close within a 1 us timeframe and the
incomplete cryo-EM structures can potentially introduce
structural artifacts that may affect the gating transition.
Improved MD studies that use alternative channel closing
strategies and more complete cryo-EM structures would help
address these issues, and in all cases, additional experimental
studies will be necessary to test any new predictions made with
each MD model.

Using our present methodology, we have shown that several
of our key interaction results are in agreement with those
documented previously in the literature. For example, our most
prominent key interaction in the S4SSL was N4763, which was
previously identified from a visual inspection by Peng et al.,*”
while residue K4751 was identified separately by Uehara et
al.®® The computational approach outlined here provided both
key interaction hotspot locations together without the need for
a visual analysis. In addition to these, our results also predict
novel hotspot locations that have not yet been studied. For
example, our results predict that Q4766 in the S4S5L should
play a prominent role in the open to closed transition, but at
present, we have not found an experiment to substantiate this
prediction. This then makes Q4766 a possible mutation target
for a future study. Finally, we emphasize that the agreement
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between the key interactions in our calculated results and in
experimental results from several different groups serves to
validate our method and gives us confidence that our main
results are sound, even if the MD methods that we employed
can be expanded and improved upon.

B CONCLUSIONS

In this study, we have found, using MD simulations of chimera
structures, that the conformation of the S4SSL on a single
subunit is critical to controlling the cooperative gating
mechanism of the wild-type RyR2 channel. Our models
suggest that the mechanism involves establishing new inter-
subunit high percent occupancy interactions between the
S4SSL on one subunit and key residues along the S6 helix on
an adjacent subunit, while breaking key inter-subunit S6 helix
interactions that were present in the closed state. Our models
also suggest that RyR2 channel closing is highly cooperative, as
a change in the conformation of the S4SSL on only one
subunit was able to induce the entire four-subunit channel to
close. This was despite the other three subunits starting in the
open conformation.

Further, when comparing our inter-subunit high percent
occupancy interaction analysis with the literature, we found
that 73% of mutations identified with CPVT1 occur within
close proximity to a high percent occupancy interaction site
identified in the closed-state systems in this study. Thus,
channel leak associated with CPVT appears to be associated
with a general mechanism of inter-subunit interaction
disruption at key locations within the subunit—subunit
interface of the closed state. The loss of these key inter-
subunit interactions allows the subunits to move apart from
each other, effectively leading to the same sort of channel
opening that is induced in a controlled way when the
repositioning of the S4SSL breaks key inter-subunit S6 helix
interactions in the wild type. If this proposition is found to be
generally true in future CPVT-related studies, it suggests that
one possible treatment option would be to design drugs that
intercalate between subunits in the RyR2 system, effectively
increasing the inter-subunit association back to a level more
resembling the wild type. It might even be possible to design a
drug that improves subunit—subunit association irrespective of
the particular mutation within the channel domain that initially
led to a loss of high percent occupancy interactions and CPVT

symptoms.
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