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Summary
Using single particle electron cryomicroscopy, several helices in the membrane-spanning region of
RyR1, including an inner transmembrane helix, a short pore helix, and a helix parallel to the
membrane on the cytoplasmic side, have been clearly resolved. Our model places a highly conserved
glycine (G4934) at the hinge position of the bent inner helix and two rings of negative charges at the
luminal and cytoplasmic mouths of the pore. The kinked inner helix closely resembles the inner helix
of the open MthK channel, suggesting that kinking alone does not open RyR1, as proposed for K+

channels.

Introduction
The Ca2+ release channel (also known as the ryanodine receptor, RyR) belongs to a family of
intracellular, integral membrane Ca2+ channels and is the largest known ion channel. In
mammals, three different RyR isoforms have been identified. They are encoded by distinct
genes and share ~70% sequence homology (Rossi and Sorrentino, 2002). This sequence
homology accounts for the many functional similarities between RyRs. RyR1 is found
primarily in skeletal muscle tissue and mediates the gated release of Ca2+ from sarcoplasmic
reticulum (SR) stores into the cytoplasm during excitation-contraction (E-C) coupling. RyR1
has been subjected to the most detailed structure-function analysis of the RyRs due to its high
concentration in the SR membrane and the relatively simple procedure for its purification from
skeletal muscle. The functional channel is composed of four subunits, each ~565 kDa,
constituting a single homotetrameric cation-selective channel pore in the SR membrane (Lai
et al., 1989). Mutations in this channel are associated with several human muscular genetic
diseases, such as malignant hyperthermia (MH), a pharmacogenetic disorder, and central core
disease (CCD), an autosomal dominant myopathy (Guis et al., 2004; Quane et al., 1993).

Extensive efforts have been made to study the 3D structure of the detergent-solubilized RyR1
by using electron microscopy of both single particles (Radermacher et al., 1994; Serysheva et
al., 1995, 2005) and 2D crystals (Yin et al., 2005). Though these structural determinations were
done at low resolution, they have provided a wealth of information concerning conformational
changes associated with opening and localization of binding sites of various cellular effectors
(Liu et al., 2004; Orlova et al., 1996; Samso and Wagenknecht, 2002; Wagenknecht et al.,
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1997). However, substantial questions remain, and the detailed molecular mechanism that
underlies RyR1 gating has not yet been resolved. We now report a 9.6 Å resolution structure
of RyR1 in a closed conformation, in which a number of membrane-associated α helices can
be directly observed. To our knowledge, this represents the first single particle reconstruction
at subnanometer resolution providing direct and unambiguous visualization of α helices in the
membrane-spanning region.

Results
3D Structure

RyR1 was purified to homogeneity from rabbit skeletal muscle, and a standard [3H]ryanodine
binding assay was performed to confirm its functional and structural integrity (Chu et al.,
1990; Meissner and el-Hashem, 1992). Figure 1A shows a typical image of ice-embedded
RyR1 recorded on a 4k × 4k CCD camera. The image contrast is relatively high, and the
particles are randomly oriented within the vitreous ice, producing particle views in a wide range
of orientations. The final reconstruction is shown in Figures 1B and 1C. This density map
exhibits an immense amount of structural detail, which, lacking crystal structures of any RyR
domain, must be interpreted through visual analysis combined with computational tools
designed to interpret subnanometer resolution maps (Jiang et al., 2001). At this resolution, only
α helices that are sufficiently separated from adjacent densities can be unambiguously
identified (Chiu et al., 2005). This manuscript presents a functional interpretation of the
structural features seen in the membrane-spanning region of this reconstruction.

α Helices in the Membrane-Spanning Region
Five rod-like densities have been visually and quantitatively identified as helices in the
membrane-spanning portion of the channel (Figures 2A and 2B). It is conceivable that
additional helices exist in this region but cannot be unambiguously identified at this resolution.
A group of two central rod-like densities, labeled 1 and 2, in each subunit lies near the 4-fold
axis of the channel (Figures 2A and 2B and Figure 4A). Putative helix 1 is ~45 Å long. The
lower half of this helix is noticeably kinked and bends away from the 4-fold central axis. The
apparent tilt of helix 1 with respect to the membrane normal is ~30° above, and ~50° below,
the kink. The helices form a large, funnel-like cavity with an apparent diameter of ~30 Å at
the luminal side of RyR1, possibly serving as the channel entrance. The funnel tapers toward
the cytoplasm, where it has an apparent diameter of ~15 Å. Putative helix 2 is ~22 Å long and
has an apparent tilt of ~50° with respect to the membrane normal (Figures 2A and 2B). It points
toward the channel’s 4-fold axis to form an apparent opening of ~7 Å with the corresponding
helices from the other three subunits. Thus, the putative Ca2+ permeation pathway would run
parallel to the channel’s central 4-fold axis, and the lumenal mouth of the channel is lined by
four copies of helix 2. A central cavity of ~15 Å diameter is found below the ring formed by
four copies of helix 2 (Figure 4A). However, at this resolution, the specific size of any apparent
opening or cavity depends on the isosurface display threshold.

Helix 3 (~22 Å) lies parallel to the plane of the membrane surface (Figures 2A and 2B), likely
at the interface between the lipid bilayer and the cytosol. Two rod-like densities shown as
purple helical ribbons in Figures 2A and 2B are designated as helices 4 and 5. These two small
helices (~18 Å) have various inclination angles with respect to the membrane.

RyR1 must span the membrane an even number of times since both its N terminus and C
terminus lie on the cytoplasmic side of the membrane (Grunwald and Meissner, 1995; Marty
et al., 1994). The most recent model suggests that a RyR1 monomer spans the membrane with
six or eight transmembrane helices (Du et al., 2004). While it would be possible to speculate
on this important question based simply on the volume of the transmembrane region, our
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structure suggests a more complicated arrangement than a simple arrangement of membrane-
spanning helices. Helices 1 and 2 are found in the central section of the membrane-spanning
region. These helices presumably coincide with the hydrophobic core of the lipid bilayer
(Figure 2B). Sections of the density map cut through different levels normal to the channel
axis in the membrane-spanning region (Figure 3) demonstrate the high-density peaks
composing the transmembrane structure. However, only five peaks of high density can be
traced at successive levels to give a 3D picture of rod-like densities that we interpret as α
helices. When isolated and visualized as isosurfaces, none of the other identified high-density
peaks in the membrane-spanning region of our density map have either the length or the
characteristic shape of an α helix as expected at this resolution (Chiu et al., 2005). It is quite
possible that this large membrane-spanning region has a mixed α/β structure. Aside from helix
1, none of the identified helices in our map have either sufficient length or the proper orientation
to span the membrane.

Sequence Assignment of the Observed α Helices
Comparing our cryoEM structure to the crystal structures of a number of cation channels
(Chang et al., 1998; Doyle et al., 1998; Jiang et al., 2002a, 2003b; Miyazawa et al., 2003), we
find that the arrangement of α helices in our structure strongly resembles the pore structure of
the MthK channel (1LNQ) (Jiang et al., 2002a). For comparison, we also show the
corresponding helices from the KcsA channel (1BL8) (Doyle et al., 1998). This comparison
clearly demonstrates striking similarity to the MthK channel and relatively poor similarity to
the KcsA channel (Figure 4B). This conclusion is further strengthened by the fact that the
configuration of the helices in our structure was assigned completely without reference to any
of the K+ channel structures. This structural similarity supports the assignment of helix 1 as
the inner, pore-lining helix and helix 2 as the pore helix, associated with the channel’s
selectivity filter. The kinking of the inner helix in the MthK channel has been suggested to
open this channel (Jiang et al., 2002b); however, our structure shows a similar kinked inner
helix in the closed conformation of RyR1. While it is possible that subtle structural changes
in RyR1 occur upon detergent solubilization, preventing it from being in a fully closed state,
previous studies showing sub-stantial conformational changes in the presence of activators
would argue against this possibility (Orlova et al., 1996). It seems likely that kinking of the
inner helix is not a sufficient conformational change to cause RyR1 channel opening.

Using the nomenclature of the 12 transmembrane helix model, it has been suggested that the
ion permeation pathway is formed by the transmembrane helices M9 and M10 (Zorzato et al.,
1990). Helix 1 is likely to correspond to M10, proposed to be the inner, pore-lining helix (Du
et al., 2004; Takeshima et al., 1989). The length of helix 1 (~45 Å) is consistent with 30 amino
acid residues (Figure 4C). In K+ channels, the sequence GXXXXA has been proposed to form
the gating hinge in the inner, pore-lining helix (Jiang et al., 2002b). A similar sequence is found
in RyR1 at residues G4934–A4939 (Welch et al., 2004) in the center of a putative helical
domain (Figure 4C). This allows us to assign G4934 as the kink in helix 1 (Figures 4B and
4C), with I4918–E4948 representing the entire helix.

Helix 2 is likely to correspond to M9, proposed to be the P loop-associated pore helix that
enters the channel from the luminal side of the membrane (Gao et al., 2000; Zhao et al.,
1999). Our assignment of the M9 sequence to helix 2 in our map suggests that the sequence G
(4894)GGIGD(4899), located in the luminal loop between M9 and M10 (Figure 4C), is
analogous to the selectivity filter in K+ channels (TVGYGD) (Jiang et al., 2002b). Mutations
in the 4894–4899 sequence of RyR1 alter the conductance of the channel (Gao et al., 2000;
Zhao et al., 1999), supporting the assignment of this sequence as the selectivity filter.
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Functional Interpretation of the Observed α Helices
Given the arrangement of helices 1 and 2 in the 9.6 Å structure of RyR1, there are likely to be
negatively charged rings formed by acidic residues on both the luminal and cytosolic sides of
the channel pore structure. The sequence (Figure 4C, charged residues indicated by an asterisk)
indeed supports this proposition. The presence of negative charges at both pore mouths is a
common feature of cation-selective channels. A high density of negative charges is likely to
attract the permeant cations and repel intracellular anions from the immediate vicinity of the
pore.

Helix 3 is oriented parallel to the plane of the membrane on the cytoplasmic side of the
membrane-spanning region (Figures 2A and 2B). We have identified two possible candidates
for this helix. If this sequence is N-terminal to the pore helices, it might represent the helix
previously designated as 4a/4b (amino acids 4300–4363) (Du et al., 2004), which has been
suggested to be either a transmembrane hairpin or a helix that does not span the membrane but
associates with the cytosolic membrane leaflet. Deleting this putative helix did not abolish
either dihydropyridine receptor (DHPR) activation of RyR1 (orthograde coupling) or the ability
of RyR1 to increase DHPR Ca2+ channel activity (retro-grade coupling). However, cells
expressing RyR1 with this region deleted had larger L-type currents and Ca2+ transients and
were more sensitive to voltage-gated release than cells expressing with wild-type RyR1,
suggesting that this sequence may inhibit channel opening. Another possible assignment of
helix 3 would be a sequence at the carboxyl-terminal tail of RyR1, connected to the inner helix
on the cytoplasmic side of the SR membrane. Since this is the most likely region to be involved
in channel gating, this helix might contribute to a gating ring. While our kinked structure in
the inner helix suggests that kinking alone does not open RyR1, a gating ring of some sort may
still play a role in channel opening. RyR1 can be opened either by the movement of DHPR in
the t-tubule membrane, mechanically triggering a change in RyR1 conformation, or by Ca2+

binding. Ca2+-induced expansion of a cytoplasmic gating ring is thought to drive kinking of
the inner helix, in turn opening the MthK channel (Jiang et al., 2002b). A similar gating ring
mechanism has also been proposed for the cyclic nucleotide-gated channel, HCN (Zagotta et
al., 2003). A detailed understanding of the mechanism of channel gating will require
comparable structural studies of RyR1 under additional physiological conditions.

Comparison with Previous Structures of RyR1
Recently, a 13.6 Å resolution (based on the 0.5 Fourier shell correlation criterion) cryoEM
structure of RyR1 (Samso et al., 2005), comparable to our previously published 14 Å resolution
structure (Serysheva et al., 2005), was reported. There are some substantial differences in the
conclusions drawn between the present work and that of Samso and coworkers (Samso et al.,
2005). The interpretation of their map suggested, based on simple volumetric constraints, that
the membrane-spanning region contains at least six transmembrane helices. This statement is
consistent with an earlier structural estimate at even lower resolution (Serysheva et al., 1995),
but it remains speculative since this number of α helices has not been unambiguously observed
in the structure. This argument should not be taken as experimental evidence that the number
of transmembrane helices has been determined.

To interpret the density map of the pore region, they relied on the assumption that the RyR1
structure was similar to the KcsA channel (Samso et al., 2005). By visually fitting the KcsA
pore helices into their structure, they identified higher-density regions that were then
interpreted as α helices. The density map reported here (Figures 1B and 1C) at 9.6 Å resolution
permitted identification of five α helices per monomer (Figures 2A and 2B) by a combination
of visual inspection of the map itself and the quantitative analysis provided by the SSEhunter
program (Baker et al., 2005; Jiang et al., 2001). Figure S1 (see the Supplemental Data available
with this article online) shows a view of the central slice of our map in an orientation roughly
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comparable to that in Figures 4A and 4B in Samso et al. (2005). Our density map clearly
exhibits many more structural details in the membrane-spanning region. Although the inner,
pore-lining α helices resolved in our density map form a continuous network toward the
cytoplasmic region through distinct bridging densities, at current resolution these bridging
densities were visualized at much lower display threshold levels than any other identified α
helices, and no secondary structure elements could be unambiguously assigned to these
densities by using SSEhunter (Baker et al., 2005; Jiang et al., 2001). Therefore, our map does
not support the presence of secondary structure elements in the inner branch, as schematized
in Samso et al. (2005). We also found no evidence that the membrane-spanning region is more
resolved than the cytoplasmic region in our density map as reported in the map of Samso et al.
(2005). It should be pointed out that estimation of resolution in specific regions is notoriously
susceptible to masking and other artifacts, leading to local overestimates of resolution. To
confirm the validity of such measurements, the resolution of the remaining portion of the
structure (i.e., the cytoplasmic region) must be determined, and it must be worse than the mean
resolution for the overall structure.

Though the resolution of our reconstruction is 9.6 Å, we still consider unambiguous assignment
of α helices to be marginal (Jiang et al., 2001). In our approach, all of the reported helices
(Figures 2A and 2B) were independently identified both by visual inspection and through use
of SSEhunter (Baker et al., 2005; Jiang et al., 2001) without reference to any of the K+ channel
structures. This method for identifying putative helices in subnanometer resolution cryoEM
maps has been used successfully in a number of previous studies (Jiang et al., 2003a; Schmid
et al., 2004; Zhou et al., 2001). The identified α helices in the cryoEM density maps were either
confirmed by subsequent determination of a crystal structure of the assembly or by matching
them with those in the crystal structures of individual components or homologs (Chiu et al.,
2005; Nakagawa et al., 2003).

Conclusions
The 3D structure of RyR1 in a closed conformation has been determined by single particle
electron cryo-microscopy at 9.6 Å resolution. This resolution is measured by using the 0.5
cutoff (Böttcher et al., 1997; Ludtke et al., 2004) of the Fourier shell correlation (FSC). Based
on the 0.33 FSC criterion, our map would have a resolution of ~8 Å. Interpreting secondary
structure elements at this resolution must be performed cautiously. We have identified five
densities in the membrane-spanning region with the characteristic features of α helices expected
at this resolution (Chiu et al., 2005). At higher resolution, additional helices in this region are
likely to be detected. The observation that the pore helices of RyR1 closely match those of
MthK strongly supports the reliability and the interpretation of our map. One puzzling issue is
that the RyR1 structure was determined in a putatively closed conformation, while that of MthK
was in a putatively open conformation. These observations raise the possibility that the
observed kinking of the inner helix cannot solely be responsible for the opening of the RyR1
pore. Additional structures of these ion channels in well-defined conformational states at
subnanometer resolutions will need to be determined to unambiguously determine the detailed
mechanisms of pore opening.

Experimental Procedures
Channel Purification

RyR1 was solubilized with CHAPS from SR membranes of rabbit fast twitch skeletal muscle
(Callaway et al., 1994) and was purified according to the procedure established previously
(Serysheva et al., 1999). The identity and structural integrity of the protein preparations was
confirmed by SDS-PAGE and Western blotting with RyR1-specific antibodies. Functional
integrity of the purified channels was verified by using a standard [3H]ryanodine binding assay
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(data not shown) (Chu et al., 1990; Holmberg and Williams, 1990; Meissner, 1986; Meissner
and el-Hashem, 1992; Pessah and Zimanyi, 1991).

Cryo-Specimen Preparation and Imaging
Purified channels, to which 1 mM EGTA was added to maintain them in their closed
conformation (Serysheva et al., 1995; Smith et al., 1988), were plunge frozen on Quantifoil
holey grids (Quantifoil Micro Tools GmbH, Jena). Images were recorded at 60,000×
magnification on a JEM2010F electron microscope with a Gatan liquid nitrogen cryoholder
and a Gatan 4k × 4k CCD camera (Booth et al., 2004). The specimen dose was ~15 electrons/
Å2 per image frame.

Image Processing and 3D Reconstruction
Particles were selected from individual CCD frames, and contrast transfer function parameters
were determined by using standard methods in EMAN (Ludtke et al., 2004). Unlike our
previous studies on a continuous carbon substrate (Serysheva et al., 2005), ice-embedded
particles have a uniform distribution of orientations (Figure 5), providing isotropic resolution.
Refinement of the structure is a reference-based iterative process, which has been described
previously (Ludtke et al., 2004). Briefly, projections of an initial 3D model, which need not
bear any resemblance to the final structure, are generated by using a uniform distribution of
orientations, with angular sampling sufficient to obtain a structure of the desired resolution.
Individual raw particles are classified by aligning and comparing each to each projection image
producing a set of particles associated with each projection. Each of these sets of particles is
then iteratively aligned to each other to produce a class average. The orientations of these class
averages are known by reference to the projections used to classify the particles, allowing them
to be reconstructed, producing a new 3D model. This model is then used as a reference for the
next cycle of refinement. Iterative reconstruction with 28,036 particles from 869 CCD frames
was continued until convergence was achieved. The reprojections of the final 3D reconstruction
agree well with the class averages and the corresponding raw particle images, a key indicator
of a successful bias-free reconstruction (Figure 6). The Fourier shell correlation coefficient
(van Heel, 1987) was computed between two in-dependent reconstructions based on even and
odd halves of the particle data. The final resolution at convergence is 9.6 Å (Figure 7) based
on the 0.5 threshold (Böttcher et al., 1997; Ludtke et al., 2004) of the Fourier shell correlation.
To evaluate model bias, the structure was rerefined from randomly generated starting models,
and the results were compared. The observed helices remained in these other reconstructions.
So, while this resolution is not adequate to clearly observe all helices, the five presented here
are self-consistent.

Map Visualization and Interpretation
The 3D density map was visualized by using Chimera (Goddard et al., 2005) and AMIRA
(Mercury Computer Systems). Secondary structure elements were detected by using the
improved version of helixhunter (Jiang et al., 2001) called SSEhunter (Baker et al., 2005),
which is available in the AIRS package distributed with EMAN (Ludtke et al., 1999). Helices
were manually placed in the reconstruction (Figure 2). After placement, helices were extracted
for comparison with the pore and inner helices of MthK and KcsA (Figure 4B) without
additional repositioning. The strong agreement between this known structure and our
independently analyzed reconstruction is further validation of the 3D density map and the helix
identification.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Image and Structure of RyR1
(A) 200 kV electron image of RyR1 embedded in ice recorded at 60,000× magnification with
a Gatan 4k × 4k CCD camera on a JEM2010F electron cryomicroscope.
(B and C) Stereoview of the 9.6 Å resolution density map of RyR1 viewed from (B) the
cytoplasmic side along the 4-fold axis and (C) the lumenal side in an oblique orientation. The
bar denotes 500 Å scale in (A) and 100 Å scale in (B) and (C).
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Figure 2. Putative Helices in the RyR1 Membrane-Spanning Region
(A) Stereoview of the membrane-spanning region viewed from the SR luminal side along the
4-fold axis. The densities attributable to α helices are annotated as color ribbons: red, the inner
helix; green, the pore helix; blue and purple, the other helices. Arrows denote the direction of
the slice shown in Figure 4A.
(B) Side view (view normal to the 4-fold axis) of two of the four subunits of RyR1 with
annotated helices showing the relative positions of putative α helices within the SR membrane.
A high contour level is used in (A) and (B) to emphasize the strongest densities interpreted as
α helices. The bar denotes 50 Å scale.
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Figure 3. Cross-Sections through the Membrane-Spanning Region Parallel to the Membrane Plane
(A) Side view of the membrane-spanning region displayed at the threshold level corresponding
to a molecular mass of 2.2 MDa. The levels of sections are indicated with red dashed lines and
are numbered beginning from the luminal side.
(B) Sections of density map normal to the 4-fold channel axis at the levels indicated in (A).
The threshold for continuous contour lines and color coding has been chosen to highlight the
density peaks composing the membrane-spanning region. The positions of the five rod-like
densities in the four selected sections in the membrane-spanning region are indicated with
corresponding numbers. The bar denotes 50 Å scale.
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Figure 4. Interpretation of α Helices around the Putative Pore
(A) A slice of density through RyR1 parallel to the 4-fold axis in the direction indicated by the
arrows in (Figure 2A).
(B) Relative arrangement of pore and inner helices from two opposing subunits of the cryoEM
map of RyR1 (red). X-ray structures of the MthK channel, 1LNQ (cyan), and of the KcsA
channel, 1BL8 (gold), are shown. Two subunits of the RyR1, MthK, and KcsA pore-forming
regions are superimposed and are oriented with the cytoplasmic side facing down.
(C) Sequence of the putative pore-forming region of RyR1 (GI: 134134). Residues with
negative charges are marked with an asterisk. The dashed lines denote our prediction for the
pore-forming helices of RyR1: residues M4879–A4893 correspond to the inner, pore-lining
helix (helix 1); residues I4918– E4948 correspond to the P helix (helix 2). The bar in (A)
denotes 50 Å scale.
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Figure 5. Distribution of Particle Orientations over an Asymmetric Unit Used in the Reconstruction
Brighter dots denote a larger number of particles. This shows a fairly uniform distribution of
particle orientations.
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Figure 6. Results from Image Processing and 3D Reconstruction
(A–C) (A) Selected reprojections of the final 3D structure, (B) corresponding class averages,
and (C) raw particle images. Their apparent match is a key indication of the self-consistency
of the reconstruction. The bar denotes 250 Å scale.
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Figure 7. Fourier Shell Correlation between Reconstructions from Even and Odd Halves of the
Data Set
A threshold of 0.5 is used to assess the resolution of the reconstruction, which is 9.6 Å.
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