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Abstract

RyR1 is an intracellular calcium channel with a central role in muscle contraction. We obtained a
three-dimensional reconstruction of the RyR1 in the closed state at a nominal resolution of ~10 A
using cryo-EM. The cytoplasmic assembly consists of a series of interconnected tubular structures
that merge into four columns that extend into the transmembrane assembly. The transmembrane
assembly, which has at least six transmembrane a-helices per monomer, has four tilted rods that can
be fitted with the inner helices of a closed K* channel atomic structure. The rods splay out at the
lumenal side and converge into a dense ring at the cytoplasmic side. Another set of four rods emerges
from this ring and shapes the inner part of the four columns. The resulting constricted axial structure
provides direct continuity between cytoplasmic and transmembrane assemblies, and a possible
mechanism for control of channel gating through conformational changes in the cytoplasmic
assembly.

The ryanodine receptor isoform 1 (RyR1) is a large homotetrameric intracellular calcium
channel of skeletal muscle. Its opening releases Ca2* stored in the sarcoplasmic reticulum (SR)
into the myoplasm, and this increase of cytoplasmic Ca2* triggers the interaction of actin and
myosin that causes contraction of the muscle fibers. Ca?* release by RyR1 is a tightly controlled
process. RyR1 opening is directly triggered by activation of the dihydropyridine receptor
(DHPR), which acts as the voltage sensor in the cell membrane (sarcolemma), and initiates the
process known as excitation-contraction coupling. Other cytoplasmic environmental variables
(Ca?*, Mg2* and ATP concentrations, and redox conditions), as well as some ligands
(calmodulin (CaM) and FK-506 binding protein 12 kDa (FKBP12)) modulate key RyR1 gating
parameters (channel-open probability and mean open time). These variables act through the
high- and low-affinity cation-binding sites, nucleotide-binding sites, redox sensors and CaM-
and FKBP12-binding sites in RyR1, respectively 1.2 Most of the mass of the RyR1 tetramer
is exposed to the cytoplasm, carrying out the task of receiving and coordinating all of the
cytoplasmic inputs, and translating them into a signal that is transmitted to the gate in the
transmembrane domain. Considerable progress in the elucidation of RyR1’s structure in the
last decade3 has allowed investigators to begln delineating the area of DHPR interaction on
the perlpheral domains of RyR1 (refs. 4/ ) to find the areas of apo- and Ca?*-CaM
interaction®:7 and to begin to define the structural changes associated with gatlng8 9 However
the resolution of these three-dimensional reconstructions (between 33 and 14 A; refs.

) has been insufficient both to provide information about the signaling pathway between
cytoplasmic and transmembrane assemblies and to provide a basic architecture of the
transmembrane assembly.
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The transmembrane assembly of RyR seems to have a complex structure. Based on hydropathy
plots it has been estimated that there are between 4 and 12 transmembrane helices per
subunit!2:13, The TM9 segment in the 10-transmembrane model was later identified as a
lumenal segment using site-specific antibodiesl4. More recently, sequence alignments of the
RyR, IP3R and K* channels including KcsA have identified the selectivity filter signature motif
in RyR and IP3R15v16. Together with mutational studies, the TM10 segment of RyR has been
proposed as the inner helix of the ion pore16‘20, and a theoretical model for the pore-forming
region of RyR was builtl”. The structure of the bacterial K* channel KcsA, determined at
atomic resolution?L, consists of four pairs of membrane-spanning a-helices arranged around
a four-fold symmetry axis. In the closed state the inner helices form a right-handed bundle,
giving a characteristic inverted tepee appearance that constricts the pore diameter near the
intracellular membrane surface. On the extracellular side of the channel, short pore helices and
lumenal loops connect the inner and outer helices and form the selectivity filter.

We carried out cryo-EM of RyR1 at increased resolution to better understand RyR’s
intraprotein signaling and to resolve substructure within the transmembrane assembly. Our
three-dimensional map at a nominal resolution of ~10 A allows a better understanding of the
cytoplasmic assembly organization, and reveals four dense rod-like structures organized as a
tepee and other secondary structure elements as constituents of the transmembrane assembly.
This allowed us to directly compare RyR with the K* channel atomic model and to propose a
general model on RyR signal integration and gating.

The improved resolution of our present three-dimensional reconstruction, 10.3 A (Fourier shell
correlation (FSC) cutoff criterion at 0.15; ref. 22) and 13.6 A (FSC cutoff criterion at 0.5; ref.
23) (Fig. 1a), was achieved using several improvements over our previous single-particle
cryo-EM preparation and analysis7’24: (i) the purified RyR1 was applied to electron
microscope grids and imaged in ice suspended over holes in the carbon support, which
increased the randomness of RyR1 views, and hence the isotropy of the resolution ( Fig. 1b);
(ii) the contrast transfer function (CTF) correction was applied; and (iii) a larger data set (36,000
particles) was used. The ability to distinguish secondary structure in parts of the macromolecule
indicates that it is more appropriate to use the higher-resolution estimate2°:26, The overall
structure agrees with previous three-dimensional reconstructions of RyR1 (ref. 3), exhibiting
a large square prism (corresponding to the cytoplasmic assembly27'28) connected to a smaller,
square tapering prism (transmembrane assembly). The substantially higher resolution reveals
a more scaffold-like structure for the cytoplasmic assembly (Fig. 2). The overall dimensions
are 275 x 275 x 100 A3 for the cytoplasmic assembly, 115 x 115 x 60 A3 maximum dimensions
for the tapering transmembrane assembly, with a space of 14 A between these two structures
that is spanned by intra-assembly columns (see below). The two square prism structures have
a rotation of ~38° with respect to each other (Fig. 2b). This three-dimensional structure, in
which the RyR1s were prepared in buffer containing submicromolar Ca2*, should correspond
to RyR1 in the closed state29,

Cytoplasmic assembly interconnectivity

The “clamp’ domains, which define the corners of the cytoplasmic assembly, can now be seen
to be formed by two separate structures: a flat tubular structure that loops around the outer
corners of the square prism (domains 8a-8-7), and a smaller elongated and tapering structure
that extends by the side of the square toward its corner (domains 9-10) (Fig. 2). A slight
threshold increase reveals that domains 9-10 constitute a self-standing elment that protrudes
toward domain 8a (Fig. 2d). Domain 10, at the tip, is thinner and characterized by a pronounced
kink (Fig. 2b, Fig. 2d). The T-tubule facing surface of this reconstruction is also formed of
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tubular structures, with the rhomboid structure defined by domains 2-4-5-6 at its corners as the
main feature (Fig. 2a). The rhomboid structure appears to be connected to most of RyR1’s
domains (Fig. 3a—Fig. 3d). Further inter-relation among domains seems to occur in regions
where separate bulks of mass appear in close proximity. There are at least three such regions
per subunit. The pairs of domains involved are: 2-4a’ (4a from the adjacent rhomboid structure),
5-6 and 10-8a (indicated by circles in Fig. 2a,Fig. 2d).

Domain 3, the flat, slab-shaped ‘handle’ domain, defines each side of the square cytoplasmic
assembly. The crevice, which is bounded by domains 3, 4, 8a and 8, seems to define a tilted
canyon that extends from the SR side to the T-tubule side (Fig. 2c). This reconstruction has a
new distinct domain (labeled as domain 11) that protrudes from the central part of the
cytoplasmic assembly, on the SR-proximal side.

With our increased resolution, a region of separation between the cytoplasmic and
transmembrane assemblies can now be distinguished. Four discrete, thick columns ~14 A in
height span the gap (Fig. 2c). These columns are formed from the SR-proximal part of the cyto
plasmic assembly (Fig. 3a—Fig. 3d). The columns are not of uniform density, but rather a
peripheral branch and an internal branch of higher density are apparent (see Fig. 3¢,Fig. 3f).

Transmembrane assembly substructure

The four peripheral branches of the columns merge, defining the external boundaries of the
transmembrane assembly prism structure (Fig. 3e and Fig. 4a). The four inner branches, shaped
as thin bent rods, merge into a ring of high density inside the transmembrane assembly, on the
cytoplasmic side (Fig. 4a). Directly underneath the ring, another set of four high-density rods
emerges toward the luminal side forming a tepee structure (Fig. 4a). These, and other dense
structures visible on the side view slices of the transmembrane assembly, define a central cavity
in the lumenal part of the transmembrane assembly (vestibule) and four peripheral cavities
(Fig. 3f and Fig. 4c). The mouth of the presumed ion channel is separated from the vestibule
by a constricted region (Fig. 3f).

An analysis of a RyR1 three-dimensional reconstruction from the same data set in which the
volume was limited to a region comprising the transmembrane assembly, excluding most of
the cytoplasmic periphery, yielded a resolution of 9 A (FSC cutoff at 0.15) and 11.7 A (FSC
cutoff at 0.5). The improved resolution of structural details in this region is probably due to a
higher degree of structural rigidity. Although in general it is estimated that a resolution of 7 A
is required before it is possible to distinguish a-helices26, visualization of a-helices has been
reported at a resolution of 9 A, for example in the case of the inner helices of the acetylcholine
receptor30. This suggests that, considering the structural details seen here, the resolution
measured at the lower FSC cutoff is more appropriate.

Structural homology with the K* channel

We have docked the atomic structure of a closed K* channel, KesA2L, into our three-
dimensional map of the transmembrane assembly of RyR1 (see Methods). There is notable
architectural compatibility between part of the KcsA channel and part of the transmembrane
assembly of RyR1 (Fig. 4b). The central rod-shaped densities of RyR1’s transmembrane
assembly, with their tepee-like arrangement, overlap with the inner helices of KcsA such that
the selectivity filter of the K* channel is oriented toward the lumen of the sarcoplasmic
reticulum and the gate oriented toward the cytoplasm (Fig. 4b). The K* channel inner helices
span from the lumenal mouth to the other face of RyR1’s transmembrane assembly. The central
cavity of the K* channel overlaps with RyR1’s vestibule, whereas the narrow ion selectivity
filter in the K* channel corresponds to the higher density region between RyR1’s vestibule and
lumenal mouth. Closer to the cytoplasmic face, the inner rods of RyR1 merge into the ring-

Nat Struct Mol Biol. Author manuscript; available in PMC 2007 July 20.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Samso et al.

Page 4

shaped density, parallel to the plane of the membrane (Fig. 4a) in a position equivalent to the
gate in the K* channel. The dimensions of the high-density ring of RyR1 are also similar to
those of the KcsA gate (Fig. 4c). The set of four outer helices of the K* channel fitted poorly
with the corresponding region of our structure. Thus, for the docking shown in Figure 4b,
Figure 4c, residues 23-71 corresponding to the outer helix of KcsA were deleted.

Other discrete regions of high density with diameter similar to that of the central rods are
distinguishable in the slices parallel to the membrane (z slices) of the transmembrane assembly
(Fig 4d). Although they too could correspond to cross-sections of other a-helices, they show
less continuity than the central rod structures. We superposed a section of the inner and outer
helices for one of the subunits of the KcsA atomic structure to two neighboring densities in
our density map (Fig. 4d). The fact that the separation between centers is practically equivalent
in both cases supports the possibility that the other discrete densities in the z slices of the
transmembrane assembly three-dimensional map actually correspond to neighboring
individual a-helices. The slightly elongated shape in some of these dense features could
represent a-helices in a tilted orientation. Although at our current level of resolution we cannot
assert with certainty the number of transmembrane-spanning domains in RyR1’s
transmembrane assembly, from the examination of our density map we can predict that in the
region of the transmembrane assembly between the mouth and the dense ring, the number is
not less than six per subunit.

DISCUSSION

Comparison with previous reconstructions

The clamp domain, which forms each of the corners of the cytoplasmic assembly, can now be
seen to be a distinct curved ribbon structure (domains 8a-8-7) that contacts an elongated self-
standing structure formed by domains 9-10. The separation between domains 10 and 8a had
not been observed before. In previous three-dimensional reconstructions domain 10, at the
corners of the structure, appeared connected on either side to both domains 8 and 9 (refs. 3
6‘11), or connected to domain 8 and disconnected from domain 9 (ref. 8). Although this part
of RyR1's structure is farthest away from the channel gate, this region shows conformational
changes associated with channel opening&g.

Domain 3 contains the binding site for FKBP12 (ref. 6). The higher resolution of this model
indicates a more concave surface for this binding site, resembling the shape of a nest, and
suggesting a more intricate interaction between RyR1 and FKBP12 (Fig. 2e). The hollow in
domain 3, which is the binding site for apoCaM7, can be readily identified (Fig. 2e) and appears
to be deeper than in the earlier three-dimensional reconstruction. Ca2*-CaM was found in the
cleft between domains 3 and 7 on the SR-facing side of the receptore. This region shows a
much more complex substructure (Fig. 2e) than was observed in the three-dimensional
reconstruction where this ligand was mapped. With the ability to identify the binding sites for
CaM at higher resolution, the change of CaM position under different Ca2* concentrations
seems more likely to be due to a physical change of location than to a movement of the binding
site.

Domain 11 and the four columns are features that were seen in a previous three-dimensional
reconstruction?, but not described in detail. The high-density rods forming the inner branches
of the columns and in the central region of the transmembrane assembly have never been
described before. These structures have much higher density than the surrounding mass, which
makes them apparent by a simple increase in threshold. This characteristic, together with the
good agreement with the inner helices of the K* channel structure, strongly suggests that these
features correspond to true secondary structure.
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Intraprotein signaling

The several points of intra- and/or intermonomer interconnection are a notable feature of RyR.
On the outer surface, the rhomboid structures are continuous with the clamp and the handle
domains (Fig. 2). In the interior, there is a fusion of domains 2 and 4a’ from adjacent
‘rhomboids’ and this mass is subsequently merged with domain 3. Each of these merged
structures becomes a column of density (Fig. 3). This complex domain arrangement may
facilitate the transmission of signals so that a signal received by one domain is, by design,
transmitted to the other subunits, and facilitate allosteric cooperative responses®+—

In addition to this domain interconnection, there are three regions where separate bulks of mass
are in very close proximity. The pair of domains 10-8a seems to be separated in our three-
dimensional reconstruction. Another region where separate domains in close proximity change
their relative positioning upon gating is the pair of domains 5-6. These domains have appeared
to be either connected through a bridge of density, or separate, with domain 6 more stretched
toward the T-tubule®:9. There is a third region with similar structural characteristics, involving
the pair of domains 2-4a". It is conceivable that regions with protein surfaces in very close
proximity can support a scenario for RyR1's intraprotein regulation whereby changes in the
cytoplasmic environment could promote, or inhibit, interdomain contacts, and in this manner
endorse signaling-related conformational changes such as have been suggested for the domain
zipping and unzipping hypothesi535’36.

Altogether, it seems that RyR’s cytoplasmic structure, with its characteristic domain network,
may facilitate the coordination of incoming signals from the surface sensors and provide a basis
for the hierarchy of the different inputs. In addition, this scaffold-like structure might provide
the elasticity needed to allow a rapid return to a ‘basal’ state of energy.

For ligands or modulators that bind to the cytoplasmic portions of the receptor to cause the
receptor to gate, all the information gathered by the cytoplasmic assembly must somehow be
codified and transmitted to the gate. From our new data we would suggest that this transmission
is through the four columns of density that merge into the transmembrane assembly. Thus, it
seems that these columns constitute an important component in the orthograde RyR1 signaling
between cytoplasmic and transmembrane assemblies (for example, depolarization-induced
Ca?*-release and modulation by cytoplasmic factors). The angle between cytoplasmic and
transmembrane assemblies has been shown to change conformation when the channel
gates&g. It seems likely that upon activation, the four columns undergo a twist that results in
the observed rotation between cytoplasmic and transmembrane assemblies.

Gating of the ion pore

The good fitting of the central rod-like densities of RyR1’s transmembrane assembly with the
K* channel inner helices presented here suggests that the RyR ion pore has a common
architecture with that of the K* channels. According to the model of the main functional aspects
of RyR that are supported by the new features observed here (Fig. 5), the central high-density
rods of the transmembrane assembly represent the inner helices of the RyR ion channel, the
dense region under the lumenal mouth represents the selectivity filter, and the high-density
ring represents the ion gate. Although the possibility of an overall organization of RyR’s pore
similar to the K* channel has been proposed beforel 720, this is the first time that rod-like
densities suggestive of a-helices have been directly seen within RyR1 allowing overlay of the
atomic model of the K* channel with RyR1.

The emerging model has the four transmembrane inner helices, one contributed by each
subunit, forming a tepee structure that frames the ion pore. The inner helices are splayed out
surrounding a central cavity (vestibule) that is separated from the mouth by a constricted tunnel,
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presumably formed by one short pore helix from each subunit, and lined by the Ca2* selectivity
filter. On the cytoplasmic side of the transmembrane assembly the inner helices converge into
a ring that makes up the ion gate. In RyR, the putative gate is facing the cytoplasm, and the
selectivity filter is facing the sarcoplasmic reticulum lumen.

The inner branches are also directly connected to the ion gate. The resulting continuity between
these outwardly bending inner branches and the inner helices also has a parallel in the MthK
K* channel. Studies on C-terminal fragments downstream from the inner helices of the MthK
calcium-gated potassium channel have suggested a model for ligand-gated channel opening.
In this model, conformational changes in the RCK domains outside the transmembrane domain
caused by Ca2+ binding are directly coupled to movement of the inner helices that in turn
controls the pore openlng3 In the RyR, the axial continuity of the inner helices and the inner
branches found here (diagram shown to scale in Fig. 5) allows for a simple means to change
the diameter of the central constriction that shapes the ion gate. This would provide a
mechanism to control channel conductivity as the result of a change in conformation of the
large remaining cytoplasmic domain.

Purification of RyR1

RyR1 was isolated from rabbit skeletal muscle as described38 with some modifications.
Briefly, the solubilized sarcoplasmic reticulum vesicles were applied to a Sephacryl S-300 HR
chromatography column (Amersham Biosciences) and the RyR1 peak was further purified on
a5-20% (w/v) sucrose gradient. The RyR1 peak from the sucrose gradients were concentrated
on a HiTrap Heparin HP column (Amersham Biosciences), and eluted with 20 MM Na-MOPS
pH 7.4,0.9 M NaCl, 0.5% (w/v) CHAPS, 2 mM DTT, 2 mM EGTA, 5 ug ml~1 aprotinin, 5
ug mi~1 leupeptin, and 2.5 pg mi~ pefabloc. Purity of the RyR1 fraction was assessed by
SDS-PAGE electrophoresis and specific activity was determined by [*H]ryanodine binding.
DTT was purchased from Calbiochem. All other chemicals with the highest available purity
grade were purchased from either Fisher or Sigma-Aldrich.

Cryo-EM and image processing

To prepare grids for cryo-EM, a 5 pl aliquot of a 2-4 mg ml~2 solution of RyR1 was adsorbed
to a glow-discharged quantifoil holey grid, and the excess of buffer blotted off with Whatman
540 filter paper. The sample was vitrified by plunging the grid into liquid ethane at —180°C
using a custom-made cryo-plunging apparatus. Cryo-EM was carried out on a FEI Tecnai F20
field emission gun microscope operated at an accelerating voltage of 200 kV. The grid was
transferred to the electron microscope using an Oxford cryotransfer holder. Images were
recorded onto Kodak SO-163 film under standard low-dose procedures at a nominal
magnification of either 50,000X or 62,000X. A range of 2.5-4 um underfocus was used.
Micrographs (818) were digitized on a Zeiss SCAI scanner at a step size of 7 um, and
subsequently images were binned down, with a final plxel size of 2.8 A. A total of 36,454
RyR1 particles were selected interactivel I using WEB 39, pefocus parameters for every
particle were calculated using CTFTILT40 , and images were submitted to a projection-
matching refinement scheme starting from an initial three-dimensional model of RyR1 (ref.
7) that was filtered to a resolution of 40 A to avoid bias. Rotation and shift parameters were
refined until they stabilized. At that point, and to minimize the possibility that the alignment
process fell into a local minimum, the volume was low-pass filtered to 20 A and several loops
of search at a large angular step were carried out, followed by several cycles of refinement
until the shifts and rotations stabilized again. To obtain the final reconstruction, this series of
iterations was repeated once more. FREALIGNA1 and SPIDER3® were used. A threshold of
cross-correlation was set to include only the 70% best-correlating particles into the final

Nat Struct Mol Biol. Author manuscript; available in PMC 2007 July 20.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Samso et al.

Page 7

three-dimensional reconstruction. Resolution values of 10.3 and 13.6 A were estimated from
the FSC at a 0.15 threshold22 and at a 0.5 threshold23, respectively. The three-dimensional
structure was filtered to 10.3 A using a B-factor of 500 A2. Except where indicated otherwise,
the three-dimensional map was contoured according to the molecular mass of RyR assuming
aprotein density of 1.22 g cm~3 (ref. 42). Image rendering and manual docking with the atomic
coordinates of the K* channel was carried out with Chimera%3 (‘http://www.cgl.ucsf.edu/
chimera). Manual docking was carried out taking the distinguishable features into account: the
tepee arrangement of the high-density rods, the central cavity, the high-density ring and the
mouth. To fit the two models along the four-fold axis, the selectivity filter of the KcsA was
fitted between the central cavity and the depression of the mouth. In this position, the diameter
of the gate of KcsA accounts for the diameter of the RyR1 high-density ring, and the center of
the cavities of RyR1 and KcsA are in equivalent position. The tepee-like organization of the
high-density rods of RyR1 and the inner helices of KcsA facilitated the fitting around the
four-fold axis. The optimal fitting between both structures as a whole is also the best fitting
for each feature (high density rods, cavity, ring and mouth) considered independently.
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Figure 1.

Image processing. (a) Fourier shell correlation curve indicating a resolution of 10.3 A
according to the 0.15 cutoff criterion. (b) Plot of the angular distribution of the particles used
in the three-dimensional reconstruction showing a uniform distribution of orientations of the
vitrified RyR.
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Figure 2.

Isosurface representation of the RyR1 in different views. (a—e) T-tubule view (a), SR view
(b,d), side view (c,e). The SR view in d is slightly tilted with respect to b and contoured at a
slightly higher threshold in order to expose the self-standing structure formed by domains 9-
10 and the separation between domains 10-8a. In e the approximate positions of the binding
sites for FKBP12 (ref. 6), apo caM and Ca2*-CaM® are indicated with surface shadowing.
The clamp, handle, crevice, column (cl) and numeral domain assignations are indicated
throughout. The two polygons highlight the rhomboid disposition of the tubular structures
defined by domains 2-4-5-6 at their corners. The midpoints of three of the sides of the
rhomboids are labeled as domains 2a, 4a and 6a. The full circles indicate areas of close
apposition between neighboring domains 2-4a, 5-6 and 10-8a. Scale bar, 10 nm.
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Figure 3.

Internal structure of the cytoplasmic assembly and the columns. (a—d) Successive sections of
the cytoplasmic assembly seen from the SR face show internal mass arrangements and
interdomain connections. The sectioning plane is blue. The cytoplasmic domains are
interconnected as follows. Below the T-tubule-facing surface domains 2 and 4a’ (from adjacent
rhomboids) fuse (a). At a lower level, domains 2a and 3 interconnect through a second bridge
of density and merge with domains 2-4a’ (b,c). Therefore each structure formed by the fusion
of domains 2-2a-3-4a’ becomes a column of density (d). The four columns of density (cl) in
(d) merge into the transmembrane assembly. (e) Section of RyR1 cut along the plane indicated
by the dashed line in f seen from the SR lumen, displayed at a slightly higher threshold to show
the internal and peripheral regions of the columns. (f) Slice across the side view showing the
two branches of each column. The plane of the cutin e,f is color-coded, with pink corresponding
to denser structures and blue to less dense structures. Scale bar, 10 nm.
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Figure 4.

Substructure of the transmembrane assembly. (a) Central slice of the side view of the
transmembrane assembly shown at high threshold to display the rod-like structures of high
density. The two sets of four rods of high density are connected to the ring of high density.
(b) Fitting of the inner helices of the K* channel atomic structure into the central four rods of
high density of RyR1. The surface representation is in semitransparent color. A mesh with the
surface of RyR1 at a threshold corresponding to RyR1’s molecular mass shows the fitting of
the vestibule with the central cavity of the K* channel. (c) A section of the transmembrane
assembly after a 90° rotation shown at the same threshold as in b shows the fitting of the
high-density ring of RyR1 with KcsA’s gate. (d) Slice of the transmembrane assembly of RyR1
perpendicular to the four-fold symmetry axis with discrete high-density regions. The position
of the slice is indicated by the horizontal dashed line in c. The separation between adjacent
high-density regions is compatible with neighboring a-helices as shown here with the inner
and outer helices of a subunit of the K* channel in dark blue. Scale bars, 5 nm.
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SR membrane

Figure 5.

Schematic of the architecture of the RyR. A section across the RyR (gray) is overlaid with the
higher-density, secondary structure—Ilike elements (black). The distinguishable secondary
structure elements, and their hypothetical function, are indicated. According to the model
proposed here, input from the cytoplasmic assembly would result in a conformational change
of the inner branches of the columns. This conformational change would be transmitted directly
to the pore inner helices and effectively change the diameter of the gate. An outward pulling
of the inner helices in the ring region would open a central path for Ca2* ions to flow through.
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