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Abstract Recent advances in determining the three-dimensional
architecture of the skeletal muscle ryanodine receptor/calcium
release channel (RyR) by cryo-electron microscopy and three-
dimensional reconstruction are discussed. The tetrameric recep-
tor is characterized by a large 4-fold symmetric cytoplasmic
assembly that consists of many domains separated by solvent-
containing crevices and holes. Experimental evidence suggests
that at least one regulatory ligand, calmodulin, binds to sites on
the cytoplasmic assembly that are at least 10 nanometers from
the transmembrane channel.
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1. Introduction

Ryanodine receptors (RyRs) are intracellular calcium release
channels found in a variety of vertebrate tissues (for reviews see
[{1-4]). In mammals, three isoforms of the gene have been iden-
tified, one of which (RyR1), is expressed primarily in skeletal
muscle [5,6]. The skeletal RyRs are located principally at triad
junctions [7-9], specialized regions where the sarcoplasmic
reticulum and transverse tubules are closely apposed [10]. The
transverse tubules are invaginations of the sarcolemma and
contain dihydropyridine receptors which function as voltage
sensors in excitation-contraction coupling [11,12]. RyRs release
Ca®" from the lumen of the sarcoplasmic reticulum to the my-
oplasm in response to nerve impulses that are detected by the
dihydropyridine receptors. The mechanism by which the volt-
age sensors and RyRs communicate with one another is not
understood.

RyRs are unusually large ion channels, both in terms of their
unitary conductances and physical dimensions. They comprise
four large polypeptide subunits, each of molecular mass
565,000 Da in skeletal muscle. Intriguingly, the purified skeletal
RyR also contains four tightly associated copies of a much
smaller protein, FK-506 binding protein, an immunophilin,
whose role in receptor function remains to be clarified [13-16]
The focus of this review is the three-dimensional architecture
of the RyR from skeletal muscle.

Being both structurally complex and integral membrane pro-
teins, RyRs are poor candidates for high resolution structural
characterization by X-ray crystallography or NMR. A power-
ful approach for attacking such structures is the combination
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cryo-electron microscopy of frozen-hydrated macromolecular
solutions and computer analysis to generate three-dimensional
reconstructions [17,18]. Although molecular levels of resolution
are a reasonable goal only when highly-ordered arrays are
available (e.g. two-dimensional crystals), accurate determina-
tions of the structure can be determined at lower resolution
(typically 20-40 A) even from micrographs containing images
of isolated complexes that have little or no symmetry [19-25].
A goal of this review is to demonstrate the utility of three-
dimensional reconstructions of RyRs determined by these
methods for understanding the mechanisms of intracellular cal-
cium release and excitation—contraction coupling in muscle.

Two groups, including our own, have described three-dimen-
sional reconstructions of the rabbit skeletal muscle RyR that
were determined from electron micrographs of frozen-hy-
drated, detergent-solubilized receptors [26,27]. The two recon-
structions appear to be in good agreement, confirming both the
validity of the reconstructions and the two differing methods
of data collection and analysis that were used. The few minor
differences between the two reconstruction could be due to
slightly different resolutions or, since different buffer condi-
tions were used, to real structural differences. Fig. 1A shows
a surface representation of our reconstruction with the approx-
imate position of the bilayer indicated schematically. The recep-
tor in this orientation resembles a mushroom, with the stem and
cap corresponding to the transmembrane and cytoplasmic as-
semblies respectively. Fig. 2A,B shows orientations of the cyto-
plasmic and transmembrane assemblies from which the 4-fold
symmetry of the receptor is readily apparent.

2. The transmembrane assembly

Our model shows a channel-like feature emerging at the
distal end of the transmembrane assembly (Figs. 1b and 2b)
that probably corresponds to the mouth of the ion-conducting
channel (the reconstruction of Serycheva et al. [27] differs from
ours in this region in that a channel does not appear to be
resolved). Near its cytoplasmic end the channel appears to be
blocked by a mass of density we refer to as the ‘plug’ (Figs. 1b
and 2a,d). We have estimated the mass of the transmembrane
assembly (isolated from the RyR as shown in Fig. 2d) to be 360
kDa (90 kDa per subunit) by computing its volume relative to
the whole receptor and scaling to a total mass of 2.3 x 10° for
the RyR. Thus, the estimated mass should not be substantially
affected by errors in magnification or the threshold density
chosen to represent the surface of the receptor.

Based on hydropathy profiles of the RyR sequence, two
laboratories have proposed topological models of the trans-
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Fig. 1. Solid-body representations of the reconstructed RyR viewed from a direction parallel to the plane of the bilayer. (a) Complete RyR. (b) RyR
sliced in half to reveal internal structure. A putative location for the bilayer is indicated by the horizontal lines (4 nm spacing between lines).
Abbreviations: TA, transmembrane assembly; CA, cytoplasmic assembly; p, plug; ¢, solvent filled channel; the globular structures comprising the
cytoplasmic assembly (presumably corresponding to structural domains) have been assigned numerals (see [26] for details).

membrane segments of the channel [5,6]. Both models contain
a-helical transmembrane segments derived from carboxyl ter-
minal segments of the sequence, but one model has 10 such
segments distributed throughout the terminal 1/5 of the se-
quence, whereas the other postulates only 4 transmembrane
segments confined to the terminal 1/10 of the sequence. Both
models show few amino acid residues (<175) on the lumenal
side of the membrane, and accordingly, we show in Fig. 1 a
plausible location for the boundaries of the bilayer on the
transmembrane assembly.

Can the three-dimensional reconstruction be used to distin-
guish between the 4- and 10-transmembrane segment models?
The volume occupied by the transmembrane and lumenal parts
of the model corresponds to a molecular mass of about 56 kDa
per subunit; for this purpose we do not consider protein mass
present on the cytoplasmic side of the membrane because, in
addition to the cytoplasmic loops between transmembrane seg-
ments, it could contain contributions of unknown magnitude
from parts of the sequence “upstream’ from the transmembrane
segments. The value of 56 kDa is in much better agreement with
the 10-transmembrane segment model, which predicts a mass
of 43 kDa per subunit for transmembrane and luminal seg-
ments. The 4-helix model predicts a value of only 23 kDa.
Serycheva et al. [27] also favor the 10-transmembrane segment
model based on the apparent mass of the transmembrane as-
sembly in their reconstruction.

The distinctly tapered appearance of the transmembrane as-
sembly (Fig. 1) suggests to us that both of the transmembrane
topology models might be overly simplified. A bundle of 10
close-packed transmembrane helices would have a cross-sec-
tional area of about 1,000 A2 The transmembrane assembly in
our reconstruction has cross-sectional areas of 900, 1,700, and
2,400 A? at the bottom, middle and top of the bilayer as it is
positioned in Fig. 1. One possible interpretation of the increas-
ing cross-sectional area across the bilayer is that the transmem-
brane helices splay apart from the 4-fold symmetry axis on the
cytoplasmic side, and that the volume thereby created between
the helices is filled in by additional peptide, not necessarily
a-helical, from the cytoplasmic loops that connect the trans-
membrane helices or from other parts of the sequence.

3. The cytoplasmic assembly

Probably the most striking property of the cytoplasmic as-
sembly is the large amount of solvent-occupied volume con-
tained within the various channels, holes and grooves that are
present. The protein appears as discrete, interconnected lumps
which we interpret as a loosely packed assemblage of domains.
The functional significance of this organization is not clear; we
have suggested that it might be an efficient design for a scaffold-
ing to withstand the stresses associated with muscle contraction
while still permitting ions to diffuse towards and away from the
mouth of the transmembrane assembly.

The RyR is thought to be regulated and modulated by nu-
merous ligands [1-4]: e.g. transverse tubule components, Ca*",
Mg?**, calmodulin, FK-506 binding protein, adenine nucleo-
tides, phosphorylation. Some of the binding sites for these
ligands are located on the cytoplasmic assembly. For example,
Wagenknecht et al. [28] found that calmodulin, which regulates
the RyR by direct interaction in vitro [29,30], binds to a site on
each subunit (Fig. 2) that is farther than 10 nm from the trans-
membrane channel. If this site is physiologically relevant, then
it seems that very long-range allosteric coupling occurs between
sites on the cytoplasmic assembly and the ion-conducting chan-
nel. The peripheral regions of the cytoplasmic assembly may
also interact with the dihydropyridine receptors. The face of the
RyR that would interact with the transverse-tubule in the
myofiber contains 4 large (diameter =~4.5 nm), symmetrically
situated cavities which extend all the way through the assembly
(asterisks in Fig. 2a). These peripheral cavities are surrounded
by three domains (labeled ‘4’, °5’, ‘6”) that form the most distally
extending parts of the receptor relative to the sarcoplasmic
membrane (Fig. 1a), and, hence, one or more of these domains
are likely involved in forming contacts with t-tubule compo-
nents. An intriguing correlation can be made of the peripheral
cavities in the reconstructed RyR with the electron microscopy
results obtained using the freeze-fracture technique by Block et
al. [9] on the organization of triad junctions. They observed
4-fold symmetric structures termed ‘tetrads’ projecting from the
cytoplasmic surface of the transverse tubule that appeared to
be precisely positioned in arrays so as to interact with the RyRs
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Fig. 2. (a,b) Solid body representations of the RyR viewed from directions that would face the sarcolemmal/transverse tubule and sarcoplasmic
reticulum membrane systems, respectively. (c,d) The cytoplasmic and transmembrane assemblies as separate structures. In (c) the view is tilted by
30 degrees about a vertical axis from that in (b). (d) shows principally the surface of the transmembrane assembly that interacts with the cytoplasmic
assembly. Abbreviations: m, calmodulin binding site; *, peripheral cavities; others as in Fig. 1.

in the adjacent junctional sarcoplasmic reticulum. The center-
to-center spacing between adjacent subunits in the tetrads is
13-14 nm, and the subunits are aligned so as to superimpose
over the corners of the apposing RyRs. If we orient our three-
dimensional reconstruction of the RyR into the triad as pre-
scribed by the model of Block et al., the cytoplasmic portions
of each tetrad subunit would align with, and likely project into,
the peripheral cavities of the apposing RyR. More recently,
strong evidence that the tetrads correspond to dihydropyridine
receptors, the voltage sensors of excitation—contraction cou-
pling, has appeared [31]. If dihydropyridine receptors interact
with the RyRs in the vicinity of their peripheral cavities as we
suggest, then it follows that long-range interactions are in-
volved in the molecular events by which channel gating of the

RyR is regulated by voltage changes across the sarcolemma/
transverse tubule system.

4. Communication between transmembrane and cytoplasmic
assemblies of the RyR

Modulation of calcium release by allosteric effectors acting
at remote sites on the cytoplasmic assembly implies that the
connections between the transmembrane and cytoplasmic as-
semblies must be involved in mediating communication be-
tween the two. In our reconstructions, four symmetrically re-
lated masses of density (labeled ‘1’ in Figs. 1 and 2a,c) join the
two assemblies. Each of these ‘domains’ appears to contact the
transmembrane assembly in at least three locations — two inter-
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actions with adjacent ‘2’ domains and one interaction with the
‘3’ domain. The ‘1’ domains appear to terminate at or near the
‘plug’ which appears to be obstructing the transmembrane
channel (visible at the distal end of the transmembrane assem-
bly in Figs. 1b and 2a,d).

It is tempting to speculate that ligand-induced conforma-
tional changes in the cytoplasmic assembly induce a movement
of the ‘1’ domains, which in turn affect the positioning of the
plug so as to modulate the conductance of the channel. Such
hypothetical schemes should be testable by further structural
studies.

For the near future, we envision modest improvements in the
resolution of three-dimensional reconstructions of the RyR,
but probably not sufficient to resolve secondary structural ele-
ments such as the putative transmembrane helices suggested by
the hydropathy analyses. A preliminary study has indicated
that this level of detail may be sufficient to reveal the nature
of conformational changes accompanying changes in the con-
ductance states of the receptor [32]. Perhaps the most fruitful
line of investigation will involve the three-dimensional mapping
of site-specific macromolecular ligands, because the accuracy
with which such ligands can be localized exceeds substantially
the resolution of the reconstruction. At the present resolution,
~3 nm, it is already feasible to determine the locations of mod-
ulators such as calmodulin with precisions of ~1 nanometer [33].

Acknowledgements: This work was supported by NIH Grant AR40615
(T.W.). The authors gratefully acknowledge the use of the Wadsworth
Center’s research computing core facilities and grants NIH
1R01GM?29169 and NSF BIR9219043 (Joachim Frank).

References

[1] Coronado, R., Morrissette, J., Sukhareva, M. and Vaughan, D.M.
(1994) Am. J. Physiol. 266, C1485-C1504.

[2] Ogawa, Y. (1994) Crit. Rev. Biochem. Molec. Biol. 29, 229-
274.

{3] McPherson, P.S. and Campbell, K.P. (1993) J. Biol. Chem. 268,
13765-13768.

[4] Meissner, G. (1994) Annu. Rev. Physiol. 56, 485-508.

[5] Takeshima, H., Nishimura, S., Matsumoto, T., Ishida, H.,
Kangawa, K., Minamino, M., Matsuo, H., Ueda, M., Hanaoka,
M., Hirose, T., and Numa, S. (1989) Nature 339, 439-445.

[6] Zorzato, F., Fujii, J., Otsu, K., Phillips, M., Green, N.M., Lai,
F.A., Meissner, G., and MacLennan, D.H. (1990) J. Biol. Chem.
265, 2244-2256.

[7] Inui, M., Saito, A. and Fleischer, S. (1987) J. Biol. Chem. 262,
1740-1747.

T. Wagenknecht, M. Radermacher! FEBS Letters 369 (1995) 43—46

[8] Lai, F.A., Erickson, H.P.,, Rousseau, E., Liu, Q.Y. and Meissner,
G. (1988) Nature 331, 315-319.

[9] Block, B.A., Imagawa, T., Campbell, K.P. and Franzini-
Armstrong, C. (1988) J. Cell Biol. 107, 2587-2600.

[10] Franzini-Armstrong, C. and Jorgensen, A.O. (1994) Ann. Rev.
Physiol. 56, 509-534.

[11] Rios, E., Pizarro, G. and Stefani, E. (1991) Annu. Rev. Physiol.
54, 109-133.

[12] Fleischer, S. and Inui, M. (1989) Annu. Rev. Biophys. Biophys.
Chem. 18, 333-364.

[13] Timerman, A.P., Ogunbumni, E., Freund, E., Wiederrecht, G.,
Marks, A.R. and Fleischer, S. (1993) J. Biol. Chem. 268, 22992
22999.

[14} Timerman, A.P., Wiederrecht, G., Marcy, A. and Fleischer, S.
(1995) J. Biol. Chem. 270, 2451-2459.

[15] Mayrleitner, M., Timerman, A.P., Wiederrecht, G. and Fleischer,
S. (1994) Cell Calcium 15, 99-108.

[16] Brillantes, A.-M.B., Ondrias, K., Scott, A., Kobrinsky, E.,
Ondriasova, E., Moschella, M.C., Jayaraman, T., Landers, M.,
Ehrlich, B.E., and Marks, A.R. (1994) Cell 77, 513-523.

[17] Chiu, W. (1993) Annu. Rev. Biophys. Biomol. Struc. 22, 233~
255

[18] Holmes, K.C. (1994) Structure 2, 589-593.

[19] Radermacher, M., Wagenknecht, T., Verschoor, A. and Frank, J.
(1987) J. Microsc. 146, 113-136.

[20] van Heel, M. (1987) Ultramicroscopy 21, 111-124.

[21] Radermacher, M. (1988) J. Electron Microsc. Tech. 9, 359-394.

[22] Wagenknecht, T., Grassucci, R., Frank, J., Saito, A., Inui, M. and
Fleischer, S. (1989) Nature 338, 167-170.

[23] Frank, J., Penczek, P., Grassucci, R. and Srivastava, S. (1991)
J. Cell Biol. 115, 597-605.

[24] Frank, J. and Radermacher, M. (1992) Ultramicroscopy. 46, 241-
262.

[25] van Heel, M., Winkler, H., Orlova, E. and Schatz, M. (1992)
Scanning Microscopy Supplement 6, 23-42.

[26] Radermacher, M., Rao, V., Grassucci, R., Timerman, A.P,
Fleischer, S., and Wagenknecht, T. (1994) J. Cell Biol. 127, 411~
423,

[27] Serysheva, LI., Orlova, E.V., Chiu, W., Sherman, M. B., Hamil-
ton, S.L. and van Heel, M. (1995) Structural Biology 2, 18-24.

[28] Wagenknecht, T., Berkowitz, J., Grassucci, R., Timerman, A.P.
and Fleischer, S. (1994) Biophys. J. 67, 2286-2295.

[29] Smith, J.S., Rousseau, E. and Meissner, G. (1989) Circulation
Research 64, 352-359.

[30] Yang, H.C., Reedy, M.M., Burke, C.L. and Strasburg, G.M.
(1994) Biochemistry 33, 518-525.

[31] Takekura, H., Bennett, L., Tanabe, T., Bean, K.G. and Franzini-
Armstrong, C. (1994) Biophys. J. 67, 793-803.

[32] Serysheva, L1, Orlova, E.V., Sherman, M.B., van Heel, M., Chiu,
W. and Hamilton, S.L. (1995) Biophys. J. 68, A128.

[33] Wagenknecht, T., Grassucci, R., Berkowitz, J., Timerman, A.P.
and Fleischer, S. (1995) Biophys. J. 68, A51.



