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1. ABSTRACT

Nearly all available information on the three-
dimensional structure of the ryanodine receptor (RyR) class
of intracellular calcium release channels has come from
electron microscopy. This review focuses on results that
have been obtained by cryo-electron microscopy of
purified, detergent-solubilized receptors in combination
with single-particle image processing. This approach has
led to the most detailed 3D models of RyRs, which are
currently at resolutions of 20-30 A. All three of the known
genetic isoforms show essentially identical architectures at
this resolution: a large, 4-fold symmetric, cytoplasmic
assembly that accounts for greater than 80% of the
receptor’s mass and is composed of at least 10 discrete,
loosely packed domains, and a transmembrane region
whose dimensions lead us to conclude that very little of
RyR'’s protein mass is present on the lumena side of the
sarco/endoplasmic  reticulum. Three-dimensiona
reconstructions determined for RyRs that have been
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exposed to conditions that promote either open or closed
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states show subtle differences, some of which are located in
the cytoplasmic assembly, at sites more distant than 100 A
from the ion channel in the transmembrane region. Severa
of the ligands (FK506-binding protein, calmodulin,
dihydropyridine receptor) that interact in vivo with the
skeletal RyR have been, or are in the process of being,
mapped to various locations on the cytoplasmic assembly.

B

2. INTRODUCTION

Ryanodine receptors (RyRs), which comprise a
class of intracellular calcium channels, are the largest ion
channels known. In mammals, RyRs are homotetramers of
net molecular mass 2.2-2.3 X 10° Daltons, the precise value
depending on the particular genetic isoform, of which three
have been characterized (1, 2). Isoform 1 (RyR1) is highly
enriched in skeletal muscle, isoform 2 (RyR2) is enriched
in cardiac muscle, and isoform 3 (RyR3), as well as RyR1
and RyR2, are found at lower levelsin avariety of tissues.

c

cytoplasmic face side view

Figurel. Three-dimensional architecture of RyRL.
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Solid body representations of RyR1 determined by cryo-electron

microscopy and 3D reconstruction. The cytoplasmic assembly is shown in green and the transmembrane region is in pink.
Numerals have been assigned to each of the domain-like structures that comprise the cytoplasmic assembly. Three orientations
are shown. (A) View onto the SR face. This surface contains the transmembrane region. (B) View onto the opposite face from
that in (A). Thisisthe surface that would interact with the T-tubule in skeletal muscle. The white shadowing indicates one of the
four equivalent areas with high probability of interaction with the DHPR. (C) A side view, obtained by rotating the viewsin (A),
(B) by 90° about the horizontal. Scale bar, 100 A. Adapted from (13).

Being both very large and integral membrane proteins,
RyRs present specid challenges to the determination of their
three-dimensiona structures. Probably the method of choice
for detailed structurd characterization of RyRswould be X-ray
crystallography, but this technique requires highly ordered
crystals, which are not easily obtained for membrane proteins
or for large protein assemblies. Furthermore, in sriated
muscle, and possibly in other tissues as well, RyRs form
specific interactions with other proteins to form gigantic
signal-transducing assemblies of such complexity that there is
little hope of isolating them, much less of determining their
structure at the atomic level.

In the past decade, cryo-electron microscopy (cryo-
EM) of isolaled macromolecules, in conjunction with
computerized single-particle image processing, has emerged as
apowerful methodology for determining the three-dimensiona
sructures  of large, multi-component  proteins  and
ribonucleoproteins (3-7). Cryo-EM has eiminated the
artifacts associated with chemica fixation, dehydration, and
contrast enhancement by heavy metdls that have plagued EM
in the padt, but it has necessitated averaging large numbers of
images to compensate for the low signa-to-noise ratio inherent
in micrographs of native, ice-embedded proteins (8). Unlike
other gtructura techniques where “smdler is better,” this
goproach is best suited for large assemblies of
macromolecules. Probably its most appreciated advantages are

that crystals are unnecessary and that rather small quantities of
specimen are required (e.g., less than amicrogram of proteinis
required to make a single grid, which can provide sufficient
data to determine a 3D structure to moderate resolution). The
main limitation of the approach is that atomic resolution,
athough possible in principle, is difficult to attain, and for
studies of RyR, the best resolution to dateis 20 A (9) and most
published studies report resolutions of about 30 A.

In this review we summarize the maor findings
thus far in elucidating the 3D structure of RyRs by cryo-
EM and single-particle image processing. For readers who
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desire more details on the methodology, as it pertains to
RyRs, arecent review is recommended (10).

3. BASIC FEATURES OF RYR ARCHITECTURE

The first 3D reconstructions from micrographs of
frozen-hydrated, detergent-solubilized RyR1s were
reported in the mid 1990s by our laboratory (11) and
independently by another group at the Baylor College of
Medicine (12). All subsequent studies to date that have
applied 3D cryo-microscopy techniques to RyRs have been
produced by these same two laboratories, which we will
henceforth refer to as the Albany and Baylor groups when
it is necessary to distinguish them. The initial
reconstructions from the two groups, which were obtained
by somewhat different methods (outlined in (13)), had
an estimated resolution of » 30 A and, reassuringly,
showed nearly identical structural features. A surface
representation of the 3D model of Radermacher et al.
(112) isiillustrated in Figure 1 from which it is apparent
that RyR has two main structural components. (a) a
larger structure having a convoluted substructure and
the overall shape of a square prism (280 X 280 X 120
A), and (b) projecting from one of its faces, a smaller, 4-
fold symmetric structure that appears more solid and
less complex in appearance. The larger of these
represents the cytoplasmic region of the receptor,
whereas the smaller represents the transmembrane
portion. The assignment of these cytoplasmic and
transmembrane regions is based, in part, from the
appearance of RyRs in electron micrographs of
specimens in which the receptors remain integrated in
their natural membrane environment (e.g. 14, 15). The
clear fourfold symmetry is consistent with the receptor
being a tetramer.

3.1. Cytoplasmic Assembly/Region
The cytoplasmic assembly of RyR1 appears to
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Figure 2. Comparison of 3D reconstructions of RyR1, RyR2,
RyR3. (A) Shows solid body representations of RyR3 (blue),
RyR1 (green), RyR2 (red) viewed onto the cytoplasmic
surface. Note conservation of domain architecture. (B) RyR3
superimposed with the major differences (yellow) that are
obtained when the 3D reconstruction of RyR3 is subtracted
from that of RyR1. Arrows indicate the main difference which
is tentatively attributed to the D2 region which is asent from
RyR3 (seetext for details). Adapted from (28).

consst of 10 or more discrete globular domains per subunit
that are clearly resolvable due to their separation by solvent-
accessble regions.  Reassuringly, the arrangement of the
various domains, as illustrated by Figure 1, in which each
domain has been assigned arbitrarily a numera (Albany
group), is essentialy identical in al of the reconstructions that
have been reported thus far. The four “3” domains, which form
the sdes of the square dab defined by the cytoplasmic
assemhbly, are the largest of the domains, and the Baylor group
has assigned to them a specid name, the “handles’. A cluster
of domains (numbered 5-10) forms each of the corners of the
cytoplasmic assembly, and the Baylor group has named these
assemblages, the “clamps’. The four “2” domains surround a
central 40-50 A diameter solvent-filled pocket that appears to
extend to the proximal surface of the transmembrane region.
Domain 1 appears to connect the cytoplasmic and
transmembrane structures. Each clamp is connected to the
remainder of the receptor via three interactions: (i) between
domains 5/9 of the clamp and one of the handles, (ii) between
clamp domain 6 and domain 4 which in turn attaches to the
other handle, and (iii) between clamp domain 5 and domain 2.

We emphasize that the subunit boundaries cannot be
discerned in the 3D recongtructions (i.e,, it is not clear how to
gpportion the 4 sets of 10 domains to each of the four
subunits). It is highly likely, however, that the entire
cytoplasmic region is formed from amino acid residues
beginning a the amino-terminus and extending to residues
4,000-4,500. The remainder of the 5,037 resdues that
comprise the RyR1 subunit form the transmembrane region.

3.2. Transmembrane assembly/region

When viewed along the 4-fold symmetry axis and
onto the face that contains it (Figure 1A), the
transmembrane region appears square in overall shape, but
it is rotated by about 40 degrees from the square outlined
by the cytoplasmic assembly. When RyR1 is viewed from
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the side (Figure 1C), the transmembrane region frequently
appears tapered, with the end that is connected to the
cytoplasmic region having a larger diameter, »120 A, than
the other end. The transmembrane assembly’s length is
about 70 A, more than sufficient to traverse a membrane
bilayer. The shape of the transmembrane region varies
between independently determined reconstructions. As
will be seen below, some of this variability is likely due to
differing functional states of the receptor, but other
uncharacterized factors are also involved. One possibility,
for which there is some evidence (unpublished
observations, Albany group), is that the transmembrane
assembly’s orientation with respect to the cytoplasmic
assembly varies among the receptors that contribute to a
reconstruction, resulting in this part of the reconstruction
being less reliably resolved in some reconstructions.

In some 3D reconstructions of RyRs a 20-30 A-
diameter column of low density (indicating solvent
accessibility) extends along the 4-fold symmetry axis of the
transmembrane region (e.g., Radermacher et al. (11)).
When treated with ryanodine, which according to
functional analyses locks the receptor in an open or
partially open state, this region becomes better defined, and
it appears to form a channel across the transmembrane
region (16). It has been argued that this channel
corresponds to the wider regions of the ion-conducting
pathway of RyR1. This argument is supported by analogy
to the known structure of the potassium channel from
Sreptomyces lividans (17), which is aso a tetramer and
may be structurally homologous to RyR in the region of the
transmembrane pore (18-20).

We suggest that the location of the ion-conducting
pore or pores should be regarded as an open question, and
that aternative “multi-barreled” models cannot be excluded
at present (21). The single-pore model does not readily
account for the four discrete, evenly spaced
subconductance states that numerous laboratories have
observed for RyR1 and RyR2 (22, 23). Possibly, four
independent (but allosterically coupled) pores are present in
the transmembrane region but are not resolvable at the
resolutions attained in 3D reconstructions, and the centrally
located low-density region is either not involved in ion
conduction or represents only part of a pathway that
branches to form four “subpores’. It is worth remarking
that the recently determined atomic models for aguaporin
family members, also homotetramers, revea functional
transport pathways in each of the subunits, and a larger,
centrally located gap between the four subunits that is not
involved in transport (24-26). Finaly, some recent
reconstructions of RyR1 determined in our laboratory show
low-density substructure in the transmembrane region that
could be consistent with four pores per receptor (27).

4. COMPARISON OF RYR ISOFORMS

Not surprisingly, given the >60% sequence identity
among the three mammaian RyR isoforms, 3D
reconstructions of RyR2 and RyR3 (Figure 2A, left and
right panels) are nearly identical to that of RyR1
(Figure2A, middle panel) in the 30-40 A resolution range
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Figure 3. Comparison of putatively open and closed states
of RyR3. (A) Solid body representation of closed RyR3
depicted in solid gray with open RyR3 superposed in
transparent blue. Arrows denote regions where the surface
of open RyR3 extends significantly beyond the surface of
closed RyR3. (B) Open RyR3 (left) and Closed RyR3
(right) displayed at two density thresholds. The higher
threshold (solid, darker blue) illustrates how the mass
density shifts between the open and closed forms,
particularly in the transmembrane region. Dotted line
indicates an elongate region of density that splays outward
in the open relative to the closed states. Scale bar, 100 A.
Adapted from (28).

(28, 29). RyR3 differs significantly from RyR1 in aregion
at the distal edge of domain 6 (Figure 2B) at each of the
clamps. This difference corresponds to »10 kDa of protein
mass that is present in RyR1 but absent in RyR3.
Intriguingly, the sequence of RyR3 shows a deletion of 104
residues (1303-1406) relative to RyR’s sequence. Thus, it
seems likely that domain 6 bears this region of the
sequence, which has been referred to as divergency region
2 (D2), one of three regions within RyR sequences that is
highly variable among the three isoforms (30).

5. CONFORMATIONAL STATES OF RYR1 AND
RYR3

Functional studies have established that open
conformations of RyR1 are favored by the presence of Ca®*
(optimal at about 0.1 mM) and millimolar ATP. Channel
closing is favored by the absence of nucleotide and
submicromolar Ca?*. The plant alkaloid ryanodine, binding
to its high (nanomolar) affinity site, locks the receptor in an
open state whose conductance is »40% that of the open
state achieved with Ca2* and nucleotide. The Baylor group
compared a 3D reconstruction of RyR1 determined under
conditions that favor the closed state with that obtained in
the presence of ryanodine (16). Subsequently,
reconstructions of RyR1 in the presence of activating levels
of Ca&" and nucleotide were reported (31), and more
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recently the Albany group has determined 3D models of
RyR3 under similar conditions (28). A caveat to al these
studies is that they were performed on detergent-solubilized
receptors, whereas functional gating anayses of the
receptors are necessarily done on receptors in their native
bilayer environment. Cryo-EM and 3D reconstruction of
bilayer-associated RyRs have thus far not been feasible.

Reassuringly, the differences between the 3D
reconstructions of the putatively open and closed states of
the RyR1 (31) are remarkably similar to those reported for
RyR3 (28). The results obtained for RyR3 are shown in
Figure 3. In Figure 3A, the closed form is shown as a solid
gray-colored body, and the open form is superimposed in
transparent blue. Thus, wherever the receptor appears blue
in color, the structure of the open form is outside of the
envelope defined by the closed form; conversely where the
receptor is gray, the envelope of the closed form is outside
of that of the open form. In Figure 3B, the open (left) and
closed (right) structures are shown simultaneously at two
density threshold levels: a semitransparent blue defines the
molecular boundaries, and a higher threshold in a darker
shade of blue is used to better reveal the nature of the
structural differences between the two states, particularly in
the transmembrane region.

The following are regarded as the most significant
differences between open and closed RyR3 and RyR1:

1. The transmembrane assembly appears to rotate about the
fourfold symmetry axis by a few degrees for RyR3 (Figure
3A). This was seen for RyR1 in the ryanodine-induced
open state, but it was not evident in the C&* Inucleotide-
induced open state.

2. Columnar regions of high density within the
transmembrane region appear to splay apart in the open
relative to the closed states (dotted lines in Figure 3B),
thereby creating alower density running down the center of
the transmembrane region. This effect was strongest for
the ryanodine-modified RyR1. As discussed earlier, this
region may or may not represent the pathway followed by
ions when the receptor opens.

3. The transmembrane region is dightly taller when viewed
from the side in the open vs. closed state (Figure 3A,
rightmost arrow in right panel)

4. In the clamps, the height of domains 6 and 10 appear to
increasein height by »15 A.

5.A dlight weakening of the density that connects domains
9 and 10 occurs in the open relative to the closed state.
This effect is more apparent in the RyR1 reconstructions
than in those of RyR3, and it isnot clear in Figure 3.

Most unexpected among the differences between
open and closed RyRs were the changes in the clamps,
which are separated by well over 100 A from some of the
changes that occur in the transmembrane region. As is
discussed in more detail below, the clamps are likely
involved in interactions between the dihydropyridine
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Figure 4. Ligand binding locations on RyR1. (A) Location of FKBP12 (fuchsia). (B) Location of both forms of CaM: apoCaM
(transparent orange) and Ca?*-CaM (solid yellow) (C) Location of IpTx, (purple). The three 3D difference maps are superposed

onto a common 3D reconstruction of RyR1 in absence of any ligand.

receptor (DHPR) and RyR1 that appear to be essential for
excitation-contraction (E-C) coupling in skeletal muscle
(32). The changes in the clamp structure that accompany
channel gating may be related to this communication
between the two receptors.

6. INTERACTION SITESOF RYR MODULATORS

A magor application of 3D cryo-EM is to
characterize the modes of interaction between
macromolecular assemblies and the proteins with which
they functionally interact in situ. Among the ligands of
RyR1 are the 12-kDa FK506-binding protein (FKBP12),
camodulin, the dihydropyridine receptor, calsequestrin,
and the two integral membrane proteins of the sarcoplasmic
reticulum (SR), triadin and junctin (33). The Albany
group has investigated complexes of RyR1 with FKBP12,
camodulin, and an analog of the DHPR. The experiments
are conceptualy very simple: RyR and ligand are mixed in
vitro under conditions favoring complex formation, the
mixture is diluted if necessary, and then applied to
specimen grids and frozen for EM in the usua way. If
necessary, a control reconstruction is done of RyR lacking
the ligand but otherwise identical. Finaly, the
reconstructions of the RyR with and without ligand are
quantitatively compared by subtracting the corresponding
voxels of the control from the experimental reconstruction
to generate a 3D difference map.

6.1. FKBP12

FKBP12 is a cis-trans prolyl isomerase that binds
with high affinity to RyR1 (34). Four copies of FKBP12
are bound per RyR1 tetramer and they can be induced to
dissociate upon addition of either of the immuno-
suppressant drugs, rapamycin or FK506 (35). Loss of
FKBP12 appears to destabilize the closed state of RyR1
(36, 37), but the role of FKBP12 in vivo is uncertain.
Marks and co-workers found evidence that FKBP12 is
involved in mediating interactions between RyR1s, which
form arrays in their native environment in muscle (38), and
there is also evidence that FKBP12 plays a role in E-C
coupling. RyR2 aso binds FKBP12 or a close relative,
FKBP12.6 (39), and RyR3 has been reported to bind
FKBP12 (40, 41), athough the functiona effects, if any,
on these isoforms are not clearly defined at present. A
more detailed treatment of the FKBP:RyR2 interaction can

be found elsawhere (A. Marks, 2002) in this volume.

Initial attempts to determine the FKBP12 binding
site on RyR1 by our laboratory failed to detect any loss of
protein mass from isolated RyR1 following treatment with
the drug FK506.  Apparently, the isolated RyR1 was
deficient in bound FKBP12 because if FKBP12 was added
exogenously to RyR1 in the presence and absence of
FK590 (equivalent to FK506), then a highly significant
difference was found that corresponded to excess mass in
the non-drug-treated receptors (42, 43). The volume of the
difference was consistent with that expected for a 12-kDa
protein. Figure 4A shows that this density, which is
attributed to FKBP12, is located adjacent to domain 9
where it joins to domain 3 (handle). Although no
significant conformational changes in RyR1 were
discernible at the rather limited resolution that was attained
in this study, apparently such changes must not only occur,
but they must be far-reaching. This is because the binding
location of FKBP12 is about 120 A from the center of the
transmembrane region, which contains the ion-conducting
pore (or pores) that is (are) modulated by FKBP12.

6.2. Calmodulin

As mentioned in Section 5, RyR is regulated by
Ca”. In addition, RyR is further modulated by CaM,
another protein that is also regulated by Ca®*. CaM’s
structure and function depends on whether Ca?* is bound to
each of its two modules (44, 45). These two forms of CaM
exert opposite effects on the RyR. At submicromolar Ca?*,
CaM (apoCaM) activates partialy RyR1, whereas at
millimolar Ca?*, Ca?*-CaM becomes a partial inhibitor (46-
49). In the Albany laboratory we have localized this 16-
kDa protein on the surface of RyR1, both at millimolar and
submicromolar [Ca?*], by 3D difference mapping. Both
types of CaM bind to the cytoplasmic assembly, with a
stoichiometry of one CaM per RyR1 subunit, in agreement
with current biochemical determinations (50). However,
depending on the Ca?* concentration, CaM localizes at
dightly different sites. Ca?*-CaM binds within the crevice
formed by domains 3 and 5/6 (51, 52), and apoCaM binds
to the externa part of domain 3 (53) (Figure 4B). The
distance between the centers of the binding sitesis 33 +5 A,
with a small area of overlap. This observed overlap is
consistent with the protection found for two trypsin
cleavage sites (after residues 3630 and 3637) by either form
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of CaM (50). In addition, recent results using synthetic
peptides and single-point RyR1 mutants have shown that
the two forms of CaM hind to very close, but distinct sites
(54, 55). The separation between binding sites that we
found is somewhat larger than one would expect from the
separation in sequence (about 5 residues). This apparent
discrepancy can be reconciled by taking into account the
multiple binding possibilities of both CaM modules, e.g. as
discussed in (53), by a RyR1 conformational change
involving the CaM target sequence, or by a combination of
both. The proximity of both CaM binding sites might
support switching of the CaM molecule between them
under the successive Ca?* cycles without necessity of
complete dissociation from the RyR1, thus alowing a
faster response.

6.3. Dihydropyridine receptor

The interaction of RyR with the DHPR deserves
specia attention because of the key role it plays in E-C
coupling in striated muscle. Within myofibers, specialized
regions termed calcium release units (CRUs) occur where
the terminal cisternae of the SR, which contains the RyRs,
and tubular invaginations (T-tubules) of the plasma
membrane, which contain the DHPRs, are close to each
other (56); Protasi, elsawhere in this volume). The close
association of DHPRs and RyRs permits the activation of
the latter by the former in a process known as E-C
coupling. A similar functional coupling between RyR and
DHPR has also been found in neurons (57, 58).

It is widely believed that in skeletal muscle E-C
coupling occurs by a mechanical coupling mechanism (59,
60), whereby depolarization of the cell membrane/T-tubule
induces a conformational change in the DHPR, which
causes additional conformational changes in the RyR1 as a
result of direct interactions between the two. Electron
microscopy of freeze fracture replicas reveaed that CRUs
in skeletal muscle consist of ordered, complementary arrays
of RyR1 and DHPR (14, 61, 62). Groups of four DHPRs
(tetrads) appear to match aternate RyR1s. The relative
geometry of the two proteins suggests that the clamps of
RyR1 (see white shadowed area in Figure 1B) are most
likely to be involved in thisinteraction with DHPRs (13).

DHPR, an L-type Ca?* channel, is a heteromer of
5 different subunits (al, a2, b, d, g (63). The ion-
conducting pore and voltage sensor functions are supported
mainly by the al subunit, which contains 4 homologous
repeats each with 6 predicted transmembrane domains.
The three-dimensiona structure of alb complexes, as
determined by EM and 3D reconstruction, is characterized
by an elongate shape of 12 nm height and 9-10 nm width,
with a central hole (64). Heart and skeletal muscle have
distinct isoforms of al, and the cytoplasmic loop between
the second and third transmembrane repeats (11-111 loop) is
specialy important in mediating the interaction between
RyR and DHPR as well as in determining the type of E-C
coupling (skeletal or cardiac) (65). Other cytoplasmic
regions of the DHPR are probably aso involved in the
interaction with RyR1 (66, 67). The II-I1l loop contains
functionally distinct subdomains, with activating and
inhibiting activities (68, 69). Efforts to map more
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precisely the DHPR:RyR1 interaction have been hampered
by the low affinity between these two proteins, and use of
fixatives has found only moderate success (70).

The Albany group has used Imperatoxin A
(IpTxy), a high affinity peptide mimetic of the activating
region of DHPR’s 1-111 loop (amino acid residues 666-791)
(71), to begin mapping the RyR sites that interact with the
DHPR (72). 1pTx, mimics aregion near the N-terminus of
the I1-111 loop that contains a cluster of basic residues.
This 33-residue peptide toxin enhances binding of
ryanodine to the receptors (73), and induces long-lived
subconductance states (71, 74). Cryo-electron microscopy
and image processing of streptavidin-labeled 1pTx,
incubated with RyR1 showed that 1pTx, binds to the base
of the crevice delimited by domains 3 and 7/8 of the
cytoplasmic assembly (Figure 4C). The relatively large
distance of the IpTx, binding site from the putative ion
channel (~110 A) is indicative of an alosteric mechanism
for activation of calcium release. The distance between the
centers of mass of neighboring IpTx.s is 150 A, a distance
that is compatible with the distance between neighboring
DHPRs of atetrad in the triad junction (14). When RyR1
is viewed from the side (Figure 4C), IpTx, locates amost 5
nm from the T-tubule-face of RyRL. For the basic
sequence of the II-l1l loop to reach this region would
apparently require a fully extended conformation for the
first 15 residues of the 11111 loop that precede it (68). IpTx,
is discussed in more detailed by Valdivia, et a (2002) in
this volume.

An intriguing feature comes from the comparison
of the IpTx, binding site (Figure 4C) with that of both CaM
binding sites (Figure 4B). In particular, the binding site for
IpTx,is very close to that for Ca?*-CaM. If indeed IpTx, is
a marker of the DHPR’s I1-111 loop:RyR1 interaction, then
CaM might play a direct role in the E-C coupling
interaction.

Two additional results from 3D cryo-EM implicate
RyR1's clamps as being involved in binding DHPR. Recall
that the D2 region (RyR1 residues 1302-1404), which may
be involved in the DHPR:RyR1 interaction (75), was
assigned to domain 6, which is found in the clamps (section
5, Figure 2B, Figure 5). Finally, our laboratory has begun
to characterize the interaction of RyR1 with a cloned full-
length 11-111 loop peptide (76), and preliminary results from
cryo-EM are consistent with the 1l-111 loop binding to a
location near that assigned to the D2 region (77).

7. CORRELATION OF RYRI's AMINO ACID
SEQUENCE WITH ITS3D ARCHITECTURE

An atomic structure for RyR seems not to be
forthcoming, but even at the resolutions currently being
attained by 3D cryo-EM it is feasible to determine the
locations of surface-exposed amino acids if they can be
appropriately labeled.  With a sufficient number of amino-
acid localizations it should be possible to largely define
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IpTxA
1076-1112 ¢
D2: 1302-1404

CaM
3611-3642

D1: 4254-4631 Sa5a-A30A
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\
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FKBP
24637

M2-1404

1076-1112

1302-1404

1076-1112
3611-3642
4425-4554

1302-1404

Figure 5. Sequence-structure correlation for RyR1 (tentative). Left side shows schematic representations of RyR1 sequence.
Four transmembrane segments and a luminal loop between M3 and M4 that might form part of the ion pore are shown as
proposed by Balshaw et al. (18), but the actual humber of transmembrane segments may be greater than 4. Regions highlighted
by red segments or dots are proposed to be involved in binding ligands that have been localized by 3D cryo-EM. The name of

the ligand is also indicated in red, adjacent to the residue numbers.

Question marks indicate assignments that are most

speculative. Right side shows solid body representations of RyR1 in cytoplasmic and side views. The locations of the sequence-
specific markers are indicated in red. The transmembrane region is bracketed and its relation to the sequence indicated by the

double-headed red arrow. Seetext for references and details.

how the 5,037 amino acids that comprise the RyR1 subunit
are apportioned among the various domains that are
resolved in the 3D reconstructions. Even at this level of
detail, it will in some cases be possible to evaluate the
plausibility of hypothesized functions for particular amino
acids from biochemistry experiments. For instance, amino
acids of RyR1 that are proposed to interact directly with a
ligand (e.g. calmodulin) should map to a spatially restricted
region on the surface of the receptor that coincides with the
location where the ligand itself is found to bind. If in the
future high resolution structures are determined for cloned,
expressed fragments of the RyR subunit, then having one or
a few of a fragment’s amino acid residues mapped on the
receptor’s surface by 3D cryo-EM will facilitate fitting the
atomic model of the fragment into low-resolution density
maps of the intact receptor.

An antibody of known specificity for a particular
region of the RyR sequence would be a suitable probe for
3D cryo-microscopy. Although a number of sequence-

1470

specific antibodies have been described, our experience has
been that many do not bind with sufficient affinity to
detergent-solubilized RyRs for cryo-EM. A monoclonal
antibody raised against an expressed fusion protein
containing residues 4426-4621 of RyR1 (78) was found by
3D cryo-EM to bind on domain 3, near the transmembrane
region (79). As indicated in figure 5 the antibody most
likely recognizes an epitope contained within the amino-
terminal half of the fusion protein.

For several of the ligands that were described in
section 6, the amino acid residues of RyR that are involved
in binding them are either known or plausible assignments
have been made. Thus, these ligands can serve as
sequence-specific probes. Camodulin, for example, has
been shown by two groups to bind at or very near to Cys-
3635 of RyR1 (54,80). The interaction site for FKBP12
has been mapped to amino acid residues in the immediate
vicinity of Pro-2463, although another study implicated a
site contained within residues 2756-2803 of RyR1 (41).
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More speculative is the site on RyR1 recognized by 1pTX,.
If IpTX, is indeed a mimic of the DHPR's II-I11 loop, then
RyR1 residues 1076-1112 may be involved in the
interaction (81). These localizations are summarized in
Figure5.

The D2 region (RyR1 residues 1302-1404) is aso
tentatively indicated in Figure 5. This assignment was
made on the basis of the comparison of the RyR1 and
RyR3 reconstructions discussed earlier (see also Figure 2).
Recall that the D2 region is missing from the RyR3
sequence, and so we interpreted the excess mass that was
present in the reconstruction of RyR1 relative to that of
RyR3 as corresponding to this region of RyR1's sequence.

Finally, the location of the N-terminus of RyR1 was
inferred to be near the center of the clamp (Figure 5) from a
3D reconstruction of cloned, expressed RyR3 that
contained glutathione transferase fused at the N-terminus
(82). In the future, molecular cloning techniques that
introduce modifications (e.g. insertions) at internal regions
of the RyR sequence may result in an efficient,
comprehensive protocol for determining the locations of
surface-exposed segments of the receptor’ s sequence.

Most of the sequence assignments indicated in
Figure 5 should be regarded as tentative. As more
sequence-specific probes are mapped, it will be possible to
refine the assignments. Nevertheless, even with the limited
data available, a sdlf-consistent model is emerging. It
appears that the amino terminal region of the RyR1 subunit,
residues 1-1,400 at minimum, form each of the clamps
(domains 5-10). The handle (domain 3) contains residues
from the middle of the sequence (3,600- 4,400).
Independent evidence from various sources has established
that probably al of the transmembrane segments are
contained within the 500-1000 carboxy-terminal amino
acid residues (recently reviewed by Williams et al. (20).

8. PERSPECTIVE

8.1. High-resolution

The necessity of a high-resolution structure to
gain a full understanding of how RyRs function cannot be
understated.  Efforts to obtain crystals of intact RyRs
suitable for X-ray crystallography may require years before
success is achieved. Electron crystallography, which
requires two-dimensional crystals, could also yield a high-
resolution structure for RyR, but the 2D crystals that have
been obtained thus far show diffraction only to »25 A
resolution (83).

Whereas cryo-EM and single-particle image
processing techniques can in principle achieve atomic
resolution, this has not yet been achieved in practice.
Currently, the highest resolution reported using these
techniques for complexes that lack high symmetry is 7.5 A,
which was obtained for a 50S ribosomal subunit (84).
Since the first 3D reconstructions of RyR1 were reported in
1994 (11), the resolution of reported reconstructions has
only improved from 30 A to about 20 A (Wah Chiu, Baylor
School of Medicine, persona communication). It is not
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clear why the pace of progress has not been faster, but one
possibility isthat there is some intrinsic disorder in the RyR
molecules which could be remedied by modifying the
sampl e preparation techniques currently being used.

An aternative strategy to achieve atomic resolution
is to crystallize and solve the atomic structures of cloned,
expressed polypeptides corresponding in sequence to
continuous segments of the RyR amino-acid sequence.
Methods have been developed, and are continualy
improving, for fitting atomic models of component proteins
into medium resolution maps obtained by 3D cryo-
microscopy of the complexes containing them (85-87). If
structures from a sufficient number of RyR-derived
fragments could be obtained by X-ray crystallography or
NMR techniques, and docked into RyR 3D maps, then a
determined in this piecemeal manner. Thus far
crystallization of only one RyR1 fragment, corresponding
to a portion of the D2 regions (see Figure 5), has been
reported (88).

8.2. 3D localization of functional/structural sites

The recent demonstration by Liu et al. (83) that
structurally intact, genetically modified RyRs can be
isolated from transfected cultured cells should greatly
accelerate the rate of progress in determining the locations
of functional/structural sites by 3D cryo-EM. Of the
many possible modifications that might prove useful for
this purpose, the one that we are currently testing involves
introducing into the RyR sequence an insertion of amino
acids that form an epitope for a commercialy available
monoclona antibody. If the epitope is inserted into a
surface-exposed region of RyR, then the addition of the
antibody (or Fab fragment) to isolated receptors should
result in the formation of immunocomplexes that can be
solved by cryo-EM and 3D reconstruction. It should be
appreciated that the precision with which labels (e.g. Fab
fragments) can be positioned in the 3D density maps is
severa-fold greater than the resolution of the
reconstruction itself; that is to say, epitope localizations
with a precision approaching 10 A should be achievable
even at »30 A resolution, which is routinely attained for
RyRs.
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