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The three-dimensional structure of the cardiac mus-
cle ryanodine receptor (RyR2) is described and com-
pared with its skeletal muscle isoform (RyR1). Previ-
ously, structural studies of RyR2 have not been as
informative as those for RyR1 because optimal condi-
tions for electron microscopy, which require low levels
of phospholipid, are destabilizing for RyR2. A simple
procedure was devised for diluting RyR2 (in phospho-
lipid-containing buffer) into a lipid-free buffer directly
on the electron microscope grid, followed by freezing
within a few seconds. Cryoelectron microscopy of RyR2
so prepared yielded images of sufficient quality for anal-
ysis by single particle image processing. Averaged pro-
jection images for RyR2, as well as for RyR1, prepared
under the same conditions, were found to be nearly
identical in overall dimensions and appearance at the
resolution attained, '30 Å. An initial three-dimensional
reconstruction of RyR2 was determined (resolution '41
Å) and compared with previously reported reconstruc-
tions of RyR1. Although they looked similar, which is
consistent with the similarity found for the projection
images, and with expectations based on the 66% amino
acid sequence identity of the two isoforms, structural
differences near the corners of the cytoplasmic assem-
bly were observed in both two- and three-dimensional
studies.

Ryanodine receptors (RyRs)1 are the major calcium release
channels associated with the sarcoplasmic reticulum in stri-
ated muscle (for recent, reviews, see Refs. 1–5), and they are
the largest ion channels known. The major receptor isoforms
from skeletal (RyR1) and heart (RyR2) muscle are composed of
four copies of a very large protein subunit (565 kDa) that has
66% amino acid sequence homology between the two isoforms.
In addition to the large subunit, RyR1 and RyR2 are each
associated with much smaller (12 kDa), isoform-specific mod-
ulatory polypeptides, also present in four copies per receptor,

which have been identified as FK506-binding proteins (6–8). A
third RyR isoform, RyR3, is expressed in a wide range of
tissues, including mammalian brain and skeletal muscle. In
fact, all three isoforms are expressed in multiple cell types.

In both skeletal and cardiac muscle, RyRs are thought to
play a central role in excitation-contraction coupling by releas-
ing Ca21 into the myoplasm, and by mediating signal trans-
duction between the plasma membrane/transverse- (T) tubule
system and the sarcoplasmic reticulum. Dihydropyridine re-
ceptors (DHPRs), which are membrane-spanning voltage sen-
sors in the plasma membrane/t-tubule system, communicate
with the RyRs in the apposing junctional face membrane of the
sarcoplasmic reticulum. Together, the RyRs and DHPRs are
thought to form the major components of the signal transduc-
ing apparatus of excitation-contraction coupling. RyRs are
present at specialized regions of the sarcoplasmic reticulum,
the junctional face membranes of the terminal cisternae, which
are closely apposed to the t-tubule. RyRs possess large cyto-
plasmic assemblies that span the '12 nm gap between the two
membrane systems and had been visualized in electron micro-
graphs of thin-sectioned muscle (9) long before their identifica-
tion as RyRs (10–12).

As for the RyR, different isoforms of the DHPR are also
present in heart and skeletal muscle, and current evidence
suggests that the DHPR and RyR together are responsible for
the different mechanisms of E-C coupling in the two types of
muscle (13, 14). In skeletal muscle, DHPRs are thought to be
physically coupled to RyRs and control their activity by a con-
formational coupling mechanism. In contrast, cardiac DHPRs
function as voltage-regulated Ca21 channels that control RyR
activity by a Ca21-induced Ca21 release mechanism.

Several lines of evidence have shown that the single channel
properties of RyR1 and RyR2 that have been incorporated into
lipid bilayers are similar but not identical. For example, differ-
ences are present between the two isoforms regarding their sen-
sitivities to Ca21 activation/inactivation and Mg21 inhibition
(15).

To help understand the different mechanisms of E-C cou-
pling it is essential to characterize the structural differences of
the two RyR isoforms, as well as those of the DHPR, and to
relate these differences to functional consequences. With re-
gard to the RyR, the overall sequence identity of RyR1 and
RyR2 is 66% (16–20), but three subregions show much less
homology and are, therefore, likely to be responsible for the
functional differences of the two isoforms. Mutagenesis of these
regions together with functional expression in cultured myo-
cytes will clarify which regions are responsible for the different
properties of RyR1 and RyR2 (14).

The three-dimensional architecture of solubilized RyR1 has
been investigated by cryoelectron microscopy and single-parti-
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cle image processing methods (21–28, 31). Although the reso-
lution of such studies has been limited to 30–40 Å, numerous
structural details have been resolved for RyR1, and for RyR1
complexed with some of the proteins with which it interacts in
vivo (25).

To further understand the structural basis of the differing
mechanisms of E-C coupling in heart and skeletal muscle, we
have attempted to characterize RyR2 by electron microscopy.
Until recently these studies have been unsuccessful owing to
structural instability of RyR2 as compared with RyR1. Here we
describe a procedure for imaging of RyR2 by cryoelectron mi-
croscopy, and provide the first three-dimensional reconstruc-
tion of RyR2.

MATERIALS AND METHODS

Preparation of RyRs—Cardiac RyR2s were purified from dog heart
ventricles (12) by sucrose density gradient centrifugation (10, 29). The
pooled peak fractions containing RyR2 were in a buffer containing 0.02
M Tris-HCl (pH 7.4), 1 M NaCl, 2 mM dithiothreitol, 4 mg/ml leupeptin,
0.5% CHAPS, 0.25% soybean phospholipid (SBL), and '20% sucrose.
For optimal electron microscopy it was necessary to concentrate the
receptor, which was accomplished by adsorption to heparin-agarose (11)
at reduced NaCl (0.2 M, which was attained by dilution of the pooled
peak fractions into NaCl-free buffer), followed by elution into the gra-
dient buffer supplemented with 1.0 mg/ml pepstatin, 100 mM phenyl-
methylsulfonyl fluoride, and lacking sucrose (buffer A). RyR1 was pu-
rified from rabbit skeletal muscle as described previously (10, 25, 29),
and the final buffer was modified to contain 1% CHAPS and 0.5% SBL.

Preparation of Grids for Cryoelectron Microscopy—The following pro-
cedure was followed for collecting the microscopy data used to deter-
mine the two-dimensional projection averages. RyR2 in buffer A was
diluted so that the final concentrations of CHAPS and SBL were 0.5%
(w/v) and 0.25% (w/v), respectively, and EGTA was present at 1 mM to
maintain the receptor in a closed state. All other buffer components
were the same as for buffer A. To avoid prolonged exposure to lipid-free
conditions, 0.5 ml of RyR2 (0.25–0.50 mg/ml) was diluted 10-fold into 4.5
ml of buffer B (same as buffer A except that SBL was absent), on the
grid. The grid was then immediately rinsed by holding the specimen
side on a drop of buffer C (same as buffer A, except that no SBL was
present and [CHAPS] 5 0.5%). For purposes of comparison, grids of
RyR1 were prepared using the identical procedure. The procedure em-
ployed for obtaining the data used for computing the three-dimensional
image reconstruction differed by the absence of EGTA in the buffers.

Cryoelectron Microscopy—Grids were transferred while under liquid
nitrogen to a Gatan (model 626) cryoholder. Micrographs were recorded
with the objective lens underfocussed by 1.8–2.0 mm at a nominal
magnification of 38,000 3 and with a net electron dose estimated at 10
e2/Å2, using a Philips EM420 transmission electron microscope
equipped with a goniometer stage and low dose kit, and operated at 100
kV. Specimen temperatures were maintained at 2176 6 2 °C.

Image Processing—The suitability of the micrographs for image proc-
essing was checked by optical diffraction for image defects (astigma-
tism, specimen charging, and drift) and appropriate defocus (31). Se-
lected micrographs were digitized using a Perkin-Elmer PDS 1010A
flatbed scanning microdensitometer (Orbital Sciences, Pomona, CA)
with a step size of 20 mm corresponding to 5.3 Å on the object scale. The
SPIDER software package (30) was used for all image processing. The
procedures used for averaging images of receptors in the 4-fold sym-
metric orientation and for determining difference images have been
previously described (23, 31).

It was found that micrographs of RyR2 contain images of apparently
well preserved receptors in many different orientations, thereby obvi-
ating the requirement of tilting the specimen grid (37, 38). RyR1 in the
present experimental conditions shows a strong propensity for the
orientations displaying 4-fold symmetry and would require tilting the
specimen grid to determine a three-dimensional reconstruction, in
agreement with our earlier structural analysis of RyR1. Therefore, for
RyR2 we employed a method of three-dimensional reconstruction ap-
plicable to macromolecules that display multiple orientations on the
specimen grid that was developed by Penczek et al. (32). In this method,
experimental images of the macromolecule are matched to images that
are computed by projecting a pre-existing three-dimensional model over
a sampling of all possible orientations, and a three-dimensional recon-
struction is determined from the experimental images based upon the
assigned viewing directions. By iterating the procedure using the out-

put of the previous iteration as the input model for the current one, any
bias caused by the initial model is reduced.

We have applied this algorithm to micrographs of frozen hydrated
RyR2 using a previous reconstruction of RyR1 as the starting model
(31). This starting model was thus used as template structure to com-
pute 48 reference projections so as to cover the entire angular space
evenly. Initially, a set of 4,143 images of individual receptors (“experi-
mental projections,” e.g. see Fig. 1A) were cross-correlated with this
reference set of 48 quasi-evenly spaced projections. This was done to
classify the total number of orientations present in the complete exper-
imental data set. The projection angles of the experimental projections
were assigned as those corresponding to the reference projection yield-
ing the highest cross-correlation coefficient. Those images showing the
highest correlation with the reference projections were retained for
further consideration and refinement of orientation parameters. From
these images an initial reconstruction was computed which used 1264
reference projections derived from the starting model. Subsequent iter-
ations were correlated with 1264 projections derived from current re-
construction of RyR2. As a check on the success of the orientational
assignments, experimental projection images that were assigned to a
given reference projection were rotationally and translationally aligned
to one another so that an averaged image could be computed (e.g. Fig.
1B) and compared with the matching projection computed from the
final three-dimensional reconstruction (e.g. Fig. 1C). The final recon-
struction was computed from 600 particle images, and additional aver-
aging was attained by enforcing 4-fold symmetry. To display the three-
dimensional reconstruction of RyR2, a threshold was chosen as
described previously (31). The final resolution was estimated by Fourier
shell correlation with the cut-off value of 0.5 (33). A nominal resolution
of 41 Å was obtained.

RESULTS AND DISCUSSION

Electron Microscopy of RyR2—Initial attempts to image
RyR2 by cryoelectron microscopy using the same procedures as
were employed previously for RyR1 (21–23) were unsuccessful;
nearly all of the RyR2 complexes appeared to be distorted or
aggregated (Fig. 1A), and few images displaying the expected
4-fold symmetry were apparent. For these studies the receptors
were isolated in a buffer containing detergent (0.5–1.0%
CHAPS), but lacking phospholipid. Similar results by the neg-
ative staining technique have been reported (34). Since earlier
studies demonstrated an irreversible loss in ryanodine binding
activity upon removal of phospholipid from purified RyR2 (12,
35), we surmised that the omission of lipids might be respon-

FIG. 1. Evaluation of three-dimensional reconstruction algo-
rithm performance. A, selected experimental images representing 4
of the 48 evenly spaced orientations obtained from the starting model
(see “Materials and Methods” for details). B, images obtained by aver-
aging all of the experimental images that were assigned to the same 4
orientations. C, projection images computed from the final three-dimen-
sional reconstruction of RyR2. Note similarity to the averaged experi-
mental images in C. D, solid-body representations of the three-dimen-
sional reconstruction of RyR2 in the orientations that produce the
images shown in C when projected along a normal to the plane of the
figure. Scale bar, 100 Å.
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sible for the apparent loss in structural integrity. However,
phospholipid at the levels commonly employed in the purifica-
tion of RyR2, 2.5–5 mg/ml, interferes with cryoelectron micros-
copy by reducing the contrast to unacceptably low levels.

To address this problem we tried isolating RyR2 in the pres-
ence of phospholipid and removing the latter just before elec-
tron microscopy by adsorbing the receptors onto heparin-agar-
ose, and then eluting them into lipid-free buffer. We also tested
the effect of diluting concentrated RyR2 in the presence of
phospholipid into lipid-free buffer within minutes of applying
the sample to electron microscopy grids. Neither of these ap-
proaches increased substantially the frequency of images of
structurally intact receptors. Last, we tried diluting (10–20-
fold) RyR2 in phospholipid containing buffer directly onto a
carbon-coated specimen grid to which lipid-free buffer had been
previously applied, followed within seconds by rinsing, blot-
ting, and freezing (see “Materials and Methods” for details). By
this procedure we obtained a marked increase in the frequency
of isolated (i.e. non-aggregated) RyR2 complexes and also of the
distinctive 4-fold symmetric images (Fig. 2B). The contrast of
RyR2 in these micrographs was still somewhat reduced, due to
the presence of residual lipids, as compared with images of
skeletal muscle receptors observed previously (31), but, as
shown above, the images of RyR2 were suitable for application
of single-particle image processing techniques.

Two-dimensional Image Analysis of RyR2—Images of frozen
hydrated RyR2s in the 4-fold symmetric orientation were se-
lected from micrographs such as that shown in Fig. 2B, and the
particles were aligned by correlation methods. The aligned
images were subjected to correspondence analysis and classifi-
cation techniques, and two principal classes of roughly equal
numbers were identified which correspond to receptors lying
either face up or face down on the carbon support surface of the

microscope grid. The same behavior has been observed previ-
ously for RyR1 (31). Averages of the aligned and classified
RyR2 for each of the two classes were computed, and one of
them is shown in Fig. 3A. The face-up and face-down averages,
which show the three-dimensional density distribution of the
receptor projected along opposing directions of the 4-fold sym-
metry axis, are simply mirror images of each other, and are
otherwise essentially identical. The reproducibility of the aver-
aged images extended to 32 Å as assessed by the Fourier
ring-correlation method (33, 36).

To aid in comparing the structures of RyR2 and RyR1, we
also determined averages of RyR1 in parallel using the same
buffer and imaging conditions as were used for RyR2. For this
study, EGTA (1 mM) was included in the buffers to ensure that
the receptors are in the closed state (28). Examination of aver-
aged RyR2 and RyR1 images shows that they are very similar
(Fig. 3, A and B, respectively), which is not surprising given the
high sequence homology of the two proteins (16–20). Both are
square in overall shape with an edge length of 280–290 Å, and
show the same complex pattern of density distribution that has
been observed previously for RyR1 (22, 31). The three-dimen-
sional architecture of RyR1 is known to a resolution of ;30 Å,
and based upon the similarities of the average projected struc-
tures, some inferences about the three-dimensional architec-
ture of RyR2 are justified. For example, all of the density
outside the dense central region (radii greater than 75 Å) of the
averaged RyR2 image arises from the cytoplasmic portion of
the receptor. Density forming the central region of the aver-
aged RyR2 contains contributions from both cytoplasmic and
transmembrane regions of the receptor.

A difference image (Fig. 3C), formed by subtracting the RyR1
average (Fig. 3B) from the RyR2 image (Fig. 3A), shows some
regions of both positive and negative differences in density
between the two isoforms. Much of the statistically significant
difference (Fig. 3D), in terms of area, is near the corners of the
receptor (regions labeled “a,” “b,” “c,” and “d”). Three-dimen-
sional reconstruction has shown that the corner regions, also
referred to as “clamps,” comprise a cluster of 5 or more domains
in the cytoplasmic portion of the receptor (27, 31). Some
smaller regions of difference are also apparent in Fig. 3C cor-

FIG. 2. Cryoelectron microscopy of cardiac RyR2. Portions of
micrograph recorded with the specimen grid not tilted. A, micrograph of
RyR2 prepared in the absence of lipids showing aggregates (arrow) and
image of distorted receptors. B, cryoelectron micrograph of well pre-
served cardiac channels prepared in the presence of phospholipids and
diluted into lipid-free buffer (see “Materials and Methods”). A few of the
particles are marked with arrows. Scale bar, 1000 Å.

FIG. 3. Averaged images of cardiac and skeletal muscle ryan-
odine receptors (RyR2 and RyR1) in one of the two 4-fold sym-
metric orientations (face-up).A, average of RyR2 (n5 231). B, average
RyR1 (n5 232). C, difference image obtained by subtracting image B from
image A. The main differences at outer radii are indicated by a, b, c, and
d. D, map of statistically significant differences (shown in white), which
correspond to regions where the differences shown in C exceed the stand-
ard error of the difference by a factor of 3 or more, corresponding to
significance level of p 5 98% (see Ref. 41). Scale bar, 100 Å.
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responding to the central regions of the averaged receptor
images, and could correspond to differences in either the
cytoplasmic or transmembrane regions of the receptor. An
error analysis of the difference image indicated that the
larger differences are of high statistical significance (p ,
0.001). Two independent difference images showed similar
distributions in the clamp regions of the receptors, but the
differences at lower radii (,75 Å) showed more variability, and so
we are more confident that the differences at high radii do indeed
correspond to genuine structural differences between the two
isoforms.

Three-dimensional Reconstruction—An initial reconstruc-
tion of RyR2 has been determined by a projection matching
algorithm (32). The three-dimensional structure of RyR2 is
shown in Fig. 4A, represented as a solid surface in three ori-
entations. Corresponding views of RyR1 from previous work
(31) are shown in Fig. 4B. Both reconstructions were low-pass
filtered to match the limiting resolution of 41 Å obtained for
RyR2, which is lower than was obtained for RyR1 (31). Proba-
bly the lower resolution of RyR2 is due to the lower signal-to-
noise ratio of RyR2 resulting from the presence of residual
lipids on the electron microscope grid, and by the paucity of
non-4-fold symmetric views of RyR2 available for inclusion in
the reconstruction. Improvements in the resolution of ryano-
dine receptor reconstructions by the projection matching tech-
nique (32) will likely require significantly larger data sets to
compensate for these effects. Additionally, micrographs will
have to be recorded at several values of objective lens defocus.
Following this strategy, a resolution of about 15 Å has been

attained for another non-crystalline macromolecular complex,
the prokaryotic ribosome.2

The similarity of the RyR1 and RyR2 reconstructions is
their most striking feature (Fig. 4). Both consist of a trans-
membrane assembly and a larger cytoplasmic assembly com-
prising multiple domains (numbered in Fig. 4), all of which
are present in both isoforms. Again, this similarity is not
surprising in view of the high degree of sequence conserva-
tion between RyR1 and RyR2 (18, 19).

Closer inspection of the reconstructions reveals some differ-
ences in the size or shape of certain domains (indicated by
arrows in Fig. 4). In particular, differences appear in the corner
(clamp) regions of the cytoplasmic assembly where domains 8,
9, and 10 appear somewhat larger, whereas domain 7 is some-
what smaller in RyR2 relative to RyR1. The region between
domains 5 and 6 appears to be connected by a bridge of density
in RyR1 (Fig. 4B, left panel) that is absent, or weaker, in RyR2
(cf. left panels of Fig. 4, A and B); however, this bridging density
has been found to vary among reconstructions of RyR1, and so
the significance of this difference is unclear (31). The detailed
appearance of three-dimensional reconstructions represented
as surfaces can be strongly dependent on the threshold chosen
to represent them, and therefore we show in Fig. 5 the RyR1
and RyR2 reconstructions superimposed with the regions of
greatest difference obtained by subtracting the two reconstruc-
tions. Fig. 5A shows the RyR1 reconstruction with differences
attributable to extra density present in RyR2, and Fig. 5B

2 J. Frank, personal communication.

FIG. 4. Three-dimensional surface representation of RyR2 (A) and comparisonwith RyR1 (B). Leftmost vertical group of A and B shows
the t-tubule face of the receptors along the 4-fold axis. This is the surface that would face the cytoplasm and the apposing transverse tubule in a
dyad-triad junction. The middle group shows a view along the 4-fold axis onto the surface that would interact with the sarcoplasmic reticulum, and
the rightmost group shows RyR2 and RyR1 in a side view (normal to 4-fold axis). Arrows point to obvious differences between RyR2 and RyR1. The
putative structural domains are labeled with numerals 1–10. TA, transmembrane assembly. Scale bar, 100 Å.
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shows RyR2 superimposed with differences corresponding to
additional density in RyR1. Many of the differences that ap-
pear in the corner regions are consistent with the interpreta-
tions made above comparing RyR1 and RyR2 reconstructions
directly; for example, the excess density that is present in RyR1
between domains 5 and 6 is a prominent feature of Fig. 5B (left
and right panels), whereas domains 8 and 9 appear to contain
more density in RyR2 (Fig. 5A, middle panel).

Unfortunately, it is difficult to assess the statistical signifi-
cance of the differences observed for the three-dimensional
reconstructions (39). However, as discussed above, an analysis
of the statistical significance of the differences between the
two-dimensional averaged projection images of RyR1 and RyR2
is feasible (Fig. 3D). In support of the significance of the differ-
ences between RyR1 and RyR2 in the clamps, it should be noted
that they occur in the regions of the structure that also showed
the largest differences in the averaged projection images dis-
cussed in the previous section. Furthermore, the regions within
each clamp showing the greatest differences in the two-dimen-
sional projection averages of RyR1 and RyR2 (in Fig. 3, C, D the
regions labeled a, b, c, and d) correlate well, both in position
and sign, with the differences in the three-dimensional recon-
structions. For example, the region of difference labeled “b” in
Fig. 3, C and D indicates an excess mass in RyR2 relative to
RyR1; in the three-dimensional reconstructions the excess
mass in domain 8 of RyR2 relative to RyR1 (Fig. 4, far right
panels, and Fig. 5) lies in the region defined by region b in the
two-dimensional difference map. Similarly, the extra density in
RyR1 corresponding to the region between domains 5 and 6
(Figs. 4 and 5, left panels) and domain 7 (Figs. 4 and 5, middle
panels) correlates in location with the region labeled a in the
difference map of the averaged projections (Fig. 3C).

Interestingly, the clamp regions are thought to interact with
the dihydropyridine receptor in skeletal muscle (25), and so
differences in these regions may contribute to the differing
mechanisms of excitation-contraction coupling in skeletal and

cardiac muscle. Comparative analysis of the amino acid se-
quences of RyR isoforms has identified two highly divergent
regions in the portion of the sequence that forms the cytoplas-
mic assembly (16, 40). Future studies employing sequence-
specific probes in conjunction with three-dimensional recon-
struction should allow unambiguous correlations of sequence
and three-dimensional structure, which in turn should aid in
understanding the functional differences observed for the RyR
isoforms.
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