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Abstract

The cardiac muscle ryanodine receptor (RyR2) functions as a calcium release channel in the heart.
Up to 40 mutations in RyR2 have been linked to genetic forms of sudden cardiac death. These
mutations are largely clustered in three regions of the sequence of the polypeptide: one near the N
terminus, one in the central region, and the third in the C-terminal region. The central region includes
11 mutations, and an isoleucine-proline motif (positions 2427 and 2428) in the same region is
predicted to contribute to the binding of FKBP12.6 protein. We have mapped the central mutation
site in the three-dimensional structure of RyR2 by green fluorescent protein insertion, cryoelectron
microscopy, and single-particle image processing. The central mutation site was mapped to a
“bridge” of density that connects cytoplasmic domains 5 and 6, which have been suggested to undergo
conformational changes during channel gating. Moreover, the location of this central mutation site
is not close to that of the FKBP12.6-binding site mapped previously by cryoelectron microscopy.

Heart disease is the world’s leading cause of death, accounting for 38% of all deaths in the
United States in 2002. Each year, ~900,000 people die from heart disease, and many millions
more suffer from and eventually succumb to heart diseases such as coronary heart disease,
stroke, heart failure, high blood pressure, cardiomyopathy, and arrhythmias (1). Sudden cardiac
death is the sudden, abrupt loss of heart function; about half of all deaths from heart disease
are unanticipated, occurring instantly or shortly after symptoms appear and, unfortunately,
before emergency medical treatment can be administered. Sudden cardiac deaths account for
19% of deaths in children between 1 and 13 years of age, and 30% of those between 14 and
21 years (1). Many sudden cardiac death victims have no diagnosed heart disease, and post-
mortem examinations reveal no morphologic abnormalities to explain the death (2). Recently,
mutations of the cardiac muscle ryanodine receptor (RyRZ; known as RyR?2) have been
associated with heart failure and sudden cardiac death (3—11). Molecular genetic analysis
demonstrated that mutations in the cardiac muscle RyR gene may be associated with ~14% of
these sudden cardiac death cases (11).
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RyR2 functions as a calcium release channel in the heart, where it plays a crucial role in
excitation-contraction coupling. Influx of CaZ* through the cardiac L-type voltage-gated
Ca?* channel (dihydropyridine receptor (DHPR)) on the plasma membrane triggers RyR2 to
release a large amount of Ca2* from the sarcoplasmic reticulum into the cytoplasm. The
resulting increase in cytoplasmic CaZ* activates the myofilaments to generate cardiac muscle
contraction (12). Aberrant release of calcium ions via RyR2 can lead to electrical instability,
abnormal cell growth, and irregular heartbeat and can in turn lead to heart disease. To date, 40
naturally occurring mutations in RyR2 have been linked to genetic forms of sudden cardiac
death (3-11). Of these, 34 mutations have been linked to catecholaminergic polymorphic
ventricular tachycardia (CPVT) (3,4,7-11), and six have been linked to arrhythmogenic right
ventricular dysplasia type 2 (ARVD2) (5,6). CPVT is a genetic arrhythmogenic disorder
characterized by stress-induced, bidirectional ventricular tachycardia that may degenerate into
cardiac arrest and cause sudden cardiac death (3). ARVD2 is an autosomal dominant
cardiomyopathy characterized by partial degeneration of the myocardium right ventricle,
electrical instability, and sudden death, and it is most frequently found in juveniles and athletes

().

The mechanism by which a single-point mutation among the ~5000 amino acids of RyR2
affects normal heart function and causes sudden cardiac death remains elusive. These mutations
are largely clustered in three regions of the RyR2 primary sequence: one near the N terminus,
one in the central region, and the third in the C-terminal region (see Fig. 1). Intriguingly, these
three regions are homologous to the three malignant hyperthermia (and related central core
disease) regions in the skeletal muscle RyR (known as RyR1): the N-terminal region comprises
the first 614 amino acids of RyR1; the central region is located between amino acids 2163 and
2458; and the C-terminal region is between amino acids 4800 and 4900 (13).

For RyR2, the central region mutations include S2246L, V23061, E2311D, P2328S, N2386l,
A2387P, Y2392C, A2403T, R2474S, T2504M, and L2534V. An isoleucine-proline motif
(positions 2427 and 2428) in the same region is predicted to be involved in binding FKBP12.6
(FK506-binding protein of 12.6 kDa), a protein thought to regulate RyR2 channel gating
(14). Tiso et al. (15) have suggested that central region mutations in CPVT and ARVD2
influence the binding of FKBP12.6 to RyR2, which causes the closed state of mutant RyR2 to
become destabilized so that unusually large amounts of Ca2* are released from the sarcoplasmic
reticulum into the cytoplasm, leading to faster heart beat and sudden death.

To explore the structural basis of central region mutations in sudden cardiac death, we identified
the location of a central mutation site in the three-dimensional structure of RyR2. We inserted
a green fluorescent protein (GFP) tag after Ser-2367, near the middle of the central region
(RYR2s2367-6Fp)- RYR252367-crp €Xpressed in human embryonic kidney (HEK) 293 cells
functions as a caffeine- and ryanodine-sensitive calcium release channel. Purified
RyR2g2367-grp Was studied by cryoelectron microscopy (cryo-EM), and a three-dimensional
structure was reconstructed by single-particle image processing. The location of the inserted
GFP tag was determined by comparison with the reconstruction of wild-type (wt) RyR2
(RyR2,,1). The inserted GFP tag (and consequently, Ser-2367) was mapped to the “bridge”
between cytoplasmic domains 5 and 6. These domains have been suggested to undergo
conformational changes during channel gating. Thus, our data suggest that disease-associated
RyR2 mutations located in the central region alter the conformational changes that normally
occur during channel gating. Moreover, the three-dimensional location of this central mutation

2The abbreviations used are: RyR, ryanodine receptor; DHPR, dihydropyridine receptor; CPVT, catecholaminergic polymorphic
ventricular tachycardia; ARVD2, arrhythmogenic right ventricular dysplasia type 2; GFP, green fluorescent protein; HEK, human
embryonic kidney; cryo-EM, cryoelectron microscopy; wt, wild type; PIPES, 1,4-piperazinediethanesulfonic acid; CHAPS, 3-[(3-
cholamidopropyl)dimethylammonio]-1-pro-panesulfonic acid; GST, glutathione S-transferase.
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site is not close to the FKBP12.6-binding site mapped previously, suggesting that the
isoleucine-proline motif is unlikely to be the FKBP12.6-binding site.

EXPERIMENTAL PROCEDURES

cDNA Construction of RyR2s,367-GFp

The cloning and construction of the 15-kb cDNA encoding the mouse cardiac muscle RyR
(known as RyR2) have been described previously (16). The DNA encoding GFP flanked by
Gly-rich linkers and an Ascl site (see Fig. 1) was obtained by PCR as described previously
(17). The Ascl site was introduced into the central mutation region of RyR2 after Ser-2367 in
the sequence by overlap extension by PCR. The “outer” primers were as follows: forward, 5'-
ACC AGT GGC TCC GGG CGC GCC CTT GAT ATA GAA GAG GAG-3'; and reverse, 5'-
TTC TAT ATC AAG GGC GCG CCC GGA GCC ACT GGT TGG AGA-3'. The Ascl
fragment containing GFP and the linkers was then subcloned into full-length RyR2,,. after
Ser-2367. The sequences of all PCR fragments were verified by DNA sequencing.

Expression and Purification of RyR2g5367.GFp

HEK?293 cells were maintained in Dulbecco’s modified Eagle’s medium as described
previously (18). HEK293 cells grown on 100-mm tissue culture dishes for 18-20 h after
subculture were transfected with 6-12 pg of RyRs367.cep CDNAS using Ca2* phosphate
precipitation (18). The transfected HEK293 cells were detergent-lysed in lysis buffer (25 mwu
Na-PIPES (pH 7.2), 140 mm NaCl, 5 mw EGTA, 2.5 mw dithiothreitol, 1% CHAPS, 0.5% egg
lecithin, and protease inhibitor mixture (2 mm benzamidine, 4 ug/ml leupeptin, 2 pg/ml
pepstatin A, 4 ug/ml aprotinin, and 0.75 mu phenylmethylsulfonyl fluoride)) and incubated on
ice for 1 h. Insoluble material was removed by sedimentation, and sucrose (400 mw final
concentration) and NaCl (400 mw final concentration) were added to the supernatant.
Glutathione-Sepharose beads (100 pl) containing 400 pug of bound glutathione S-transferase
(GST)-FKBP12.6 fusion protein were added to the cell lysate supernatant. The mixture was
incubated at 4 °C with rotation for 2 days. The beads were collected by centrifugation and
washed four times with lysis buffer containing 0.5% CHAPS and 0.25% egg lecithin. The
RyR2 proteins were eluted from the beads by incubation with 100 mw glutathione in 25 mw
Na-PIPES (pH 7.2), 400 mv NaCl, 400 mw sucrose, 1 mu EGTA, 0.2 mm CaCly, 2.5 mM
dithiothreitol, 0.4% CHAPS, 0.16% egg lecithin, 200 mm Tris/HEPES (pH 7.4), and protease
inhibitor mixture for 15 min. The eluate was aliquoted, frozen in liquid nitrogen, and stored at
—90 °C.

Ca?* Release Measurement, [3H]Ryanodine Binding Assay, SDS-PAGE, and Immunoblotting

The free cytosolic Ca2* concentration in the transfected HEK293 cells was measured with the
fluorescent Ca2* indicator dye fluo-3 as described previously (18). Equilibrium [3H]ryanodine
binding to purified RyR2 proteins was carried out at various Ca* concentrations as described
previously (19). The purified RyR2 proteins were denatured in Laemmli sample buffer and
subjected to SDS-6% polyacrylamide mini-gel electrophoresis. Immunoblotting with anti-RyR
antibody (clone 34C) or anti-GFP antibody (catalog no. PA1-980) (Affinity BioReagents,
Golden, CO) was performed as described previously (20).

Cryo-EM and Image Processing

Purified RyR2s,367.grp Was diluted 5-10-fold with EM dilution buffer (20). Grids were
prepared for cryo-EM according to standard methods. Micrographs were recorded using low-
dose protocols on a Philips EM420 microscope, equipped with a low-dose kit and a Gatan 626
cryo-transfer holder with 100-kV operating voltage, in a defocus range between 2.0 and 2.5
um and at a magnification of x38,600x (£2%) as verified by a tobacco mosaic virus standard.
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Each exposure corresponded to an electron dose of ~10 e /A2, Micrographs were checked for
drift, astigmatism, and presence of Thon rings by optical diffraction. Selected electron
micrographs were digitized on a Zeiss imaging scanner (Z/I Imaging Corp., Huntsville, AL)
with a step size of 14 um. Images were processed using the SPIDER/WEB software package
(21). Images of RyR2 proteins in the 4-fold symmetric orientation were aligned by cross-
correlation methods, and two-dimensional averages were computed (22). Three-dimensional
reconstructions were obtained from images of particles lying in all available orientations by
the projection matching procedure (23). The final three-dimensional reconstructions of
RyR2, and RyR2g5367-grp Were computed from 5434 and 4105 particles, respectively, to
ensure that the particle orientations covered the entire angular space and that each view would
be represented by almost equal numbers of particles. Four-fold symmetry was enforced in both
the two-dimensional averages and the three-dimensional reconstructions. The final resolutions
were estimated to be 34 A by Fourier shell correlation (with a cutoff of 0.5) for RyR2,,; and
33 A for RyR25,367.cEp. The three-dimensional difference map was calculated by subtraction
of the volume of RyR2,; from that of RyR25,367.GFp-

Construction, Expression, Functional Characterization, and Purification of RyR2g2367-Grp

To gain insight into the structural basis of RyR2 malfunction caused by central region
mutations, we mapped the location of a central mutation site in the three-dimensional structure
of RyR2. A chimeric cDNA of RyR2 with GFP inserted in the middle of the central mutation
region, after Ser-2367, was constructed (Fig. 1). cDNAs of modified RyR2 proteins with GFP
insertions were expressed in HEK293 cells.

RyR2,, expressed in HEK293 cells has been shown to function as a Ca2* release channel
(17). We measured intracellular Ca?* release of RyR2gs2367.gep Using the fluorescent Ca2*
indicator dye fluo-3 acetoxymethyl ester. As shown in Fig. 2a, HEK293 cells transfected with
RyR2s2367.crp CDNA displayed multiple Ca 2* release events in response to repeated
stimulation by caffeine, an activator of RyR2. The addition of ryanodine led to a slow increase
in fluorescence and diminished the response to multiple caffeine stimulations. This is most
likely the result of modulation by ryanodine, which is known to bind to only the open state of
the channel and to dramatically increase the channel open probability. As a consequence, the
ryanodine-modified channel no longer responded to further caffeine stimulation. These results
suggest that RyR2s,367.gep IS sensitive to caffeine and ryanodine modification. Similar
Ca?" release responses to caffeine and ryanodine have also been observed in HEK293 cells
transfected with RyR2,,; (17).

The functional properties of the purified RyR2s,367.grp proteins were further characterized
by [3H]ryanodine binding studies. Fig. 2b shows [3H]ryanodine binding to purified
RYR2s2367.Grp in the presence of a wide range of Ca2* concentrations. Analysis of the Ca2*
dependence of [3H]ryanodine binding by the Hill equation yielded an ECsq of 0.11 + 0.005
um (mean + S.E., n = 3). We also determined the specificity of [®H]ryanodine binding to the
purified RyR2s,367.crp proteins. Binding was carried out in the presence of 50 nu [3H]
ryanodine in an attempt to saturate the binding and 100 pw Ca%* to maximally activate the
channel. Under these conditions, we obtained a binding specificity of 518 + 51 pmol of [3H]
ryanodine/mg of protein (n = 4), which is similar to those reported previously for the purified
RyR2 and RyR1 proteins (24,25). These results suggest that the insertion of GFP after Ser-2367
does not grossly alter the structural and functional properties of RyR2.

The expressed RyR2s,357.gep protein was purified in a single step from detergent-solubilized
cell lysates by affinity chromatography (glutathione-Sepharose) using GST-FKBP12.6 as the
affinity ligand (17). Evidently, the insertion of GFP after Ser-2367 did not restrict the binding
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of GST-FKBP12.6 to RyR2. The purified protein was analyzed by SDS-PAGE and
immunoblotting. A single high molecular mass band, which migrated at a slightly slower rate
compared with RyR2,,; (as expected, due to the addition of GFP), was detected in the purified
sample of RyR2g,367.grp (Fig. 2¢). This band was recognized by both the anti-RyR and anti-
GFP antibodies. On the other hand, the purified RyR2,, protein was recognized by the anti-
RyR antibody, but not by the anti-GFP antibody.

Three-dimensional Localization of a Central Mutation Site

The purified RyR2,,: and RyR2s,367.grp Samples were diluted to a suitable concentration,
applied to carbon-coated EM grids, blotted, rapidly frozen, and imaged by electron microscopy.
Fig. 3 shows a typical electron micrograph in which individual RyR2s2367.gep channels are
visible.

Image processing was performed using the SPIDER/WEB software package (21). Fig. 4 (a
and b) shows two-dimensional averages of RyR2g2357-gep and RyR2,,, respectively,
computed using images of selected particles that were lying with their 4-fold symmetry axes
oriented perpendicular to the carbon support film; these images were aligned by cross-
correlation methods (22). Subtraction of the two-dimensional average of RyR2,,; from that of
RyR2s2367-cEp Provides a difference map that should resolve the projected location of the GFP
insertion and perhaps also conformational differences between the two averaged projection
structures. The brightest white areas shown in Fig. 4c correspond to the most significant
positive densities, which represent protein mass present in RyR2g2357-gep, but absent from
RyR2,,t. These regions are located near the center of the “clamp” structures that form the
corners of the square-shaped receptor (26). From previous three-dimensional reconstructions,
we know that the domains that lie in the vicinity of the inserted GFP tag are domains 5-8 (see
the three-dimensional reconstruction in Fig. 5). Statistical analysis (Fig. 4d) of the difference
between the two averaged images indicated that these regions show significant differences at
a confidence level of >99.9% (27). These differences almost certainly correspond to the
additional mass contributed by the GFP insertion in RyR2g»367.gpp. This interpretation is
confirmed, and GFP is more precisely mapped in the three-dimensional reconstructions
described below.

Three-dimensional reconstructions were obtained by a projection matching procedure (23).
Fig. 5a shows surface representations of the three-dimensional reconstruction of
RyR2s,367.gep in three principal orientations. The reconstructed structure consists of two
major components: a large cytoplasmic assembly composed of at least 10 distinct domains
(labeled 1-10) (26) and a smaller transmembrane assembly (labeled TA). For the reconstruction
of RyR2s2367-cep, the final resolution was estimated to be 33 A (see “Experimental
Procedures™). Overall, the three-dimensional reconstruction of RyR2g237.cpp is Very similar
to that of the RyR2,,; (17), but close examination revealed some small differences. The most
noticeable difference was found in the region between domains 5 and 6; specifically, the
volume of the bridge linking domains 5 and 6 in RyR2s,367.gep appears to be larger than the
corresponding bridge volume in RyR2,,+. To more precisely delineate the differences, we
generated a three-dimensional difference map by subtracting the three-dimensional volume of
RyR2,,; from that of RyR2g2367.gep. The difference regions are displayed in green and
superimposed on the three-dimensional reconstruction of RyR2,,:. This difference map clearly
indicates one significant difference, located in each bridge connecting domains 5 and 6 in the
cytoplasmic assembly. The GFP tag was inserted into each RyR2 monomer, and because RyR2
is a homotetramer composed of four identical monomers, the difference would be expected to
repeat four times in the three-dimensional difference map.

We are confident that these differences are directly attributable to the excess mass contributed
by the GFP insertion in RyR25367.grp because they are the only significant differences that
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appear when the three-dimensional difference map is displayed at a density threshold nearly
the same as that used to image RyR2s2357-grp and RyR2,y;. Furthermore, the calculated volume
of each of the four difference features in Fig. 5b corresponds to a molecular mass of 28 kDa,
assuming a protein density of 1.37 g/cm3; this value agrees well with the molecular mass of
GFP (26). Other minor differences (located in both the clamp and handle domains in the
cytoplasmic assembly as well as in the transmembrane assembly) can be regarded as less
significant in terms of both volume and density and are unlikely to correspond to the inserted
GFP tag. Reassuringly, the locations of the GFP sites in the three-dimensional reconstruction
are consistent with the projected locations of the major differences seen in the two-dimensional
analysis (Fig. 4). In summary, the central mutation region, as indicated by the inserted GFP
tag, is located on the bridge between domains 5 and 6 in each of the clamp regions of RyR2.

DISCUSSION
The Central Mutation Region Is Not near the FKBP12.6-binding Site

FKBP12 (FK506-hinding protein of 12 kDa) binds tightly to the skeletal muscle RyR (known
as RyR1) and modulates RyR1 channel gating by stabilizing the closed state and by promoting
transitions between the closed and open states (eliminating subconductance states) (28). A
highly homologous protein (FKBP12.6) binds to the cardiac muscle RyR (known as RyR2)
and stabilizes RyR2 in a similar manner (29,30). An isoleucine-proline motif (positions 2427
and 2428) in the RyR2 sequence has been shown to be the binding site for FKBP12.6, and a
similar motif is also found in the RyR1 sequence (Val-Pro at positions 2461 and 2462) (14).
Ser-2808 has been identified as a site of phosphorylation in RyR2 (31). Marx et al. (14) have
shown that hyperphosphorylation of RyR2 by protein kinase A at this site causes dissociation
of the FKBP12.6 subunit from RyR2 and that such dissociation affects RyR2 functioning,
thereby contributing to the ventricular arrhythmias that often occur during heart failure.
Similarly, the mutations in RyR2 that cause CPVT and ARVD?2 are thought to weaken the
affinity of RyR2 for FKBP12.6 (30).

The FKBP12-binding site was previously mapped to a region at or near the junction of domains
3 and 9 in the three-dimensional structure of RyR1 (32), as indicated by magenta dots in Fig.
6a. Recently, the FKBP12.6-binding site has been mapped to a similar region in the three-
dimensional structure of RyR2. It is important to know that the three-dimensional location of
Ser-2367, as indicated by the localization of the inserted GFP tag, is not close to the FKBP12.6-
binding sites. The distance between the central mutation location and the FKBP12.6-binding
sites is >80 A. Thus, it appears unlikely that the mutations in the central region disrupt the
binding of FKBP12.6 through disruption of the structure of RyR2 in the immediate vicinity of
the FKBP12.6-binding site. If the FKBP12.6/RyR2 interaction is weakened by such mutations,
this weakening may occur by means of an allosteric effect acting over tens of angstroms.

Our results contribute to the growing body of evidences that disfavor the proposal that RyR2
Ile-2427 and Pro-2428 contribute to the binding site for FKBP12.6 (33-37). The site of the
GFP insertion studied here is only a distance of 59 residues from the lle-Pro motif in the primary
sequence, but the rather large distance between this site and the actual FKBP12.6-binding site
as found by three-dimensional cryo-EM (~80 A) makes it unlikely (although not impossible)
that lle-2427 and Pro-2428 contribute directly to the binding site for FKBP12.6. Other recent
studies have also raised doubts about the role of these residues in the FKBP12.6/RyR2
interaction. A C-terminal truncation analysis demonstrated that a region between positions
1815 and 1855, near divergent region 3, is essential for FKBP12.6 interaction (33). Consistent
with this finding, we used cryo-EM to map a GFP insertion at Thr-1874 (in the middle of
divergent region 3) to domain 9, which is adjacent to the FKBP12.6-binding site (33). ACPVT-
linked RyR2 mutant in the central region (S2246L) also displays normal RyR2-FKBP12.6
binding (34). Moreover, in contrast to a previous report (14), recent studies have found that
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protein kinase A phosphorylation of Ser-2808 in RyR2 does not result in dissociation of
FKBP12.6. FKBP12.6 can bind to both Ser-2808-phosphorylated and non-phosphorylated
RyR2 and to the recombinant and native forms of RyR2 (35). The RyR2 mutants at this
conserved phosphorylation site (52808D and S2808A) retain the ability to bind FKBP12.6
(36).

Based upon the above discussion, the disease-causing mutations in RyR2 may alter RyR2
function in ways that do not directly involve FKBP12.6. The three-dimensional location of the
central mutation site is in the clamp region, a place where the RyR undergoes significant
conformational changes when it switches between the closed state and open states (38,39): the
connected domains 5 and 6 and domains 9 and 10 separate when the RyR transitions from the
closed state to the open state, and domain 6 also appears to flip upward (39). The three-
dimensional location of a central mutation site suggests that mutations in the central region
may alter the conformational changes that normally occur during channel gating (see below).

Mutation-prone N-terminal and Central Regions Interact with One Another

As stated above, disease-linked mutations in RyR1 and RyR2 are concentrated in three regions
of the primary sequence. The two mutation hot spots that lie in cytoplasmic regions, viz. the
N-terminal and central regions, are well separated in the primary sequence (>1500 amino
acids). According to the hypothesis proposed by Ikemoto and Yamamoto (40), these two
regions occur in domains that physically interact with each another, and changes in the strength
of their interaction affect channel gating. Briefly, the interactions between the N-terminal and
central regions (zipping domains) stabilize the RyR in the closed state, and reduction in the
affinity of the interaction causes separation of the regions (unzipping) and thereby induces the
RyR to open more frequently and to release greater than normal amounts of Ca?* into the
cytoplasm. In healthy muscle, the unzipping action is produced by the activation signals
received by the RyR (Ca?* influx via the cardiac muscle DHPR or conformational changes in
the skeletal muscle DHPR upon plasma membrane depolarization). Mutations in the N-
terminal or central regions are proposed to weaken the normal interdomain interactions,
resulting in unzipping and hyperactive channels.

Here, we have mapped a central mutation site to the clamp region of RyR2. But where is the
N-terminal mutation region, and are the N-terminal and central regions in close contact in the
three-dimensional structure? Evidence from two studies indicates that the N-terminal mutation
region is indeed located in the clamp regions, most likely adjacent to the central mutation
region. (i) The N terminus of the brain RyR (known as RyR3) was labeled with GST and was
mapped to the clamp region by cryo-EM (23). As shown in Fig. 6b, GST (red) is located in
the center of the clamp region, next to the central mutation region (green dots). (ii) Serysheva
et al. (41) used homology modeling to predict the three-dimensional structure of RyR1
sequence 216-572, which contains much of the N-terminal mutation region, and they fitted
the predicted structure into clamp domain 5 of the three-dimensional architecture of RyR1
(shaded yellow in one clamp structure in Fig. 6b). Domain 5 is adjacent to the central domain
GFP insertion that we have mapped. Thus, two independent lines of evidence imply that the
N-terminal and central mutation domains are adjacent to one another in the three-dimensional
structure of the RyR, a spatial relationship consistent with the domain/domain zipping/
unzipping hypothesis of Ikemoto and Yamamoto (40).

The Central Mutation Region in the Skeletal Muscle RyR Is Implicated in Skeletal Muscle-type
Excitation-Contraction Coupling

The communication between DHPRs in the plasma membrane and RyRs in the sarcoplasmic
reticulum membrane is the key step linking neuron excitation and muscle contraction. In
cardiac muscle-type excitation-contraction coupling, a small amount of Ca2* influx via the
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DHPR triggers RyR2, a mechanism well known as “calcium-induced calcium release” (12).
In skeletal muscle-type excitation-contraction coupling, physical contact between DHPRs and
RyRs is essential because conformational changes occurring in DHPRs following plasma
membrane depolarization directly induce RyR1 proteins to release Ca2*, a mechanism known
as “depolarization-induced calcium release” (42). A region within the cytosolic I1-111 loop of
the DHPR a4-subunit is an important determinant of the interaction between the DHPR and
RyR1 (43), but other regions and subunits of the DHPR may also be important (44). However,
definitive identification of the regions in the RyR1 sequence that are involved in signaling with
the DHPR remains elusive. At least six regions in the sequence of RyR1 have been implicated
as contributing to the DHPR interaction or to skeletal muscle-type excitation-contraction
coupling; these include residues 1076-1112 (45), residues 1303-1404 (containing divergent
region 2) (46), residues 1837-2168 (containing divergent region 3) (47), residues 1924-2446
(containing the central mutation region) (48), residues 2644-3223 (46), and residues 2659—
3720 (49).

These data suggest that the DHPR-interacting regions are spread over a wide region of RyR1
primary sequence, encompassing residues 1076-3720. However, it is possible that some or all
of these dispersed regions become closely apposed spatially in the three-dimensional structure
of RyR1. For example, these diverse regions may all lie in the clamp structures that form the
corners of the cytoplasmic assembly, which have been implicated in RyR1/DHPR interactions
(42,50).

We have localized three of six proposed DHPR-interacting regions in the three-dimensional
structure of RyR2. Although our mappings were obtained for RyR2, they are applicable to
RyR1 because the high degree of sequence identity among the isoforms implies that their
tertiary structures should be very similar. Indeed, the three-dimensional reconstructions that
have been reported for the three RyR isoforms show strict conservation of the domain
architecture of the cytoplasmic region and only a few significant differences at the 2—4-nm
resolution level (17,26,39). In addition to the central mutation region that we mapped to the
bridge between domains 5 and 6 in this study (GFP-modified Ser-2367 in RyR2 corresponds
to Arg-2401 in RyR1, which falls within the critical sequence 1924-2446), we have mapped
divergent region 2 (Thr-1366 in RyR2 corresponds to Thr-1382 in RyR1 in the critical sequence
1303-1404) to domain 6 (20) and divergent region 3 (Thr-1874 in RyR2 corresponds to
Glu-1893 in RyR1 in the critical sequence 1837-2168) to domain 9 (33).

In skeletal muscle, RyR1 proteins self-assemble into two-dimensional ordered arrays at the
terminal cisternae membrane of the sarcoplasmic reticulum. The DHPRs on the plasma
membrane/transverse tubule system also form ordered arrays such that clusters of four DHPR
molecules (“tetrads™) oppose the corners of the RyRs in the adjoining terminal cisternae.
Paolini et al. (50) have defined the relative orientation of the two arrays, and we have
superimposed onto their structural model our three mappings of the putative regions of RyR1
that are involved in interactions with the DHPR (Fig. 6c). Interestingly, the three regions, the
central mutation region (green dots in Fig. 6¢) and divergent regions 2 and 3 (red and cyan
dots, respectively), all lie in the clamps, near the sites where the DHPR and RyR1 interact in
the model of Paolini et al. (50).
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These mutations are largely clustered in three regions of the sequence (gray boxes). The ~500
amino acids (AA) beginning at the C terminus compose the transmembrane domain (TM; yellow
box). The sequences of the three RyR isoforms differ primarily in the three divergent regions
(DR; pink boxes). The proposed Ca?* sensor, the calmodulin-binding site, a phosphorylation
site, the proposed pore-forming segment, and a predicted FKBP12.6-binding site are indicated.
GFP flanked by two glycine-rich spacers was inserted in the middle of the central mutation

region after Ser-2367 (green oval).
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FIGURE 2. Biochemical characterization of RyR257367-GEpP

a, Ca?* release activity detected following the addition of the RyR2 activator caffeine (Caff;
'=0.25 mm, C =2.5 mw) or ryanodine (Ryd; R =50 uM) to RyR2s,367.grp CDNA-transfected

HEK?293 cells as measured by fluo-3 acetoxymethyl ester fluorescence intensity; b, [3H]

ryanodine binding to the purified RyR2s,367.cEp proteins at various Ca 2* concentrations; c,

SDS-PAGE and Western blot of purified RyR2,,; (lanes 1) and RyR2g5,367.Grp (lanes 2).

CBB, Coomassie Brilliant Blue.
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FIGURE 3. Cryo-EM of RyR252367-GEP

A portion of a cryoelectron micrograph of the purified RyR2g,357.grp proteins embedded in
a thin layer of vitreous ice is shown. The tetrameric structure of RyR2g2367-grp is well
preserved. Several individual RyR2sy367.ep particles are circled. Scale bar = 600 A.
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FIGURE 4. Two-dimensional averages of RyR2,,t and RyR25367-GFP

a, two-dimensional average of RyR2s,367.grp (N = 251 particle images) in the “bottom” view.
b, two-dimensional average of RyR2,,; (n = 269 particle images) in the same view. c, difference
map obtained by subtraction of b from a. The “top” and bottom views of RyR2 (both 4-fold
symmetric) are the most frequent orientations assumed by RyR2 particles on EM grids; the
bottom view depicted here represents the projection of the receptor as seen from the lumen
side of the sarcoplasmic reticulum. The largest positive differences shown in ¢, corresponding
to the additional masses due to the GFP insertions, are seen as bright white areas in the clamp
domains (circled). d, map of statistically significant regions of difference obtained by the t test
displayed at a >99.9% confidence level. The width of each frame is 544 A.
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FIGURE 5. Three-dimensional localization of GFP inserted at Ser-2367

a, a surface representation of the three-dimensional reconstruction of RyR2g»367-grp is shown
in green. b, a difference map (RyR2s2367-grp — RYR2yt) Shown in green is superimposed on
the three-dimensional reconstruction of RyR2,,; (blue). Each of the green regions of the
difference map corresponds to a GFP insertion in the central mutation region of a RyR2 subunit.
The three-dimensional reconstructions in both panels are shown in three views: left, top view
from the cytoplasmic surface that in situ would face the transverse tubule membrane; middle,
bottom view that would face the sarcoplasmic reticulum lumen; right, side view. The side view
shows that RyR2 has a small transmembrane assembly (TA) and a large cytoplasmic assembly
as the main mass of the protein. The numerals 1-10 on the cytoplasmic assembly indicate the
distinguishable domains according to previous nomenclature (26).
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FIGURE 6. Relationship of Ser-2367 to other landmarks on the RyR three-dimensional
architecture

a, Ser-2367 is not close to the FKBP12.6-binding site in the three-dimensional structure of
RyR. The binding sites of FKBP12 and FKBP12.6 have been mapped to the same location on
the three-dimensional structures of RyR1 and RyR2 (magenta dots) (32). b, Ser-2367 lies
adjacent to the N terminus and the N-terminal region mutation hot spot. The GST tag fused to
the N terminus of RyR3 was mapped to the center of the clamp region (red) (23), and a region
containing much of the N-terminal mutation region was mapped to domain 5 (yellow in one
clamp structure) according to the work of Serysheva et al. (41). c, Ser-2367 is located in the
clamp region, which is proposed to contact the DHPR. DHPR tetrad arrays are shown as
semitransparent dark rings, which are superimposed on the RyR1 ordered arrays (from Paolini
et al. (50)); the centers of the tetrads are shown in yellow. Green, red, and cyan dots represent
the central mutation region and divergent regions 2 and 3, respectively.
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