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Background: Global structural changes occur in the ryanodine receptor (RyR) upon ligand activation.

Results: Different ligands induce different conformational changes in the clamp region of RyR.

Conclusion: Conformational changes in the clamp region of RyR are ligand-dependent.

Significance: RyR possesses multiple, ligand-dependent gating mechanisms associated with distinct structural changes.

Global conformational changes in the three-dimensional
structure of the Ca>* release channel/ryanodine receptor (RyR)
occur upon ligand activation. A number of ligands are able to
activate the RyR channel, but whether these structurally diverse
ligands induce the same or different conformational changes in
the channel is largely unknown. Here we constructed a fluores-
cence resonance energy transfer (FRET)-based probe by insert-
ing a CFP after residue Ser-2367 and a YFP after residue Tyr-
2801 in the cardiac RyR (RyR2) to yield a CFP- and YFP-dual
labeled RyR2 (RyR2g,, »367.cEp/Tyr-2801-veR)- Both of these inser-
tion sites have previously been mapped to the “clamp” region in
the four corners of the square-shaped cytoplasmic assembly of
the three-dimensional structure of RyR2. Using this novel FRET
probe, we monitored the extent of conformational changes in
the clamp region of RyR2., »367.cpp/Tyr-2801-vEP induced by var-
ious ligands. We also monitored the extent of Ca®>* release
induced by the same ligands in HEK293 cells expressing
RyYR2g,, 5367-crp/Tyr-2801-yep- We detected conformational
changes in the clamp region for the ligands caffeine, amino-
phylline, theophylline, ATP, and ryanodine but not for Ca>*
or 4-chloro-m-cresol, although they all induced Ca®* release.
Interestingly, caffeine is able to induce further conforma-
tional changes in the clamp region of the ryanodine-modified
channel, suggesting that ryanodine does not lock RyR in a
fixed conformation. Our data demonstrate that conforma-
tional changes in the clamp region of RyR are ligand-depen-
dent and suggest the existence of multiple ligand dependent
RyR activation mechanisms associated with distinct confor-
mational changes.
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The ryanodine receptor (RyR)* Ca®* release channel plays an
important role in excitation-contraction coupling in muscles
and Ca®" signaling in neurons and various non-excitable cells
(1, 2). RyR is located in the sarcoplasmic or endoplasmic retic-
ulum (ER) and mediates the release of Ca®>* from these intra-
cellular stores (1, 3). The activity of RyR is tightly controlled by
various physiological ligands to ensure proper sarcoplasmic
reticulum/ER Ca®" release (3, 4). RyR can also be modulated by
a number of pharmacological ligands (5, 6). Altered RyR regu-
lation by physiological ligands or abnormal RyR response to
pharmacological ligands has been linked to muscle disorders
such as heart failure, cardiac arrhythmias, and malignant
hyperthermia (5, 7-11). Despite its important physiological and
pathophysiological significance, the molecular mechanism of
ligand modulation of RyR is largely undefined.

Functional and biochemical studies have demonstrated that
many physiological and pharmacological ligands induce Ca>*
release by directly interacting with RyRs (3, 5, 6). A fundamen-
tal unresolved question is how this large array of ligands with
diverse structures activates the RyR channel. It is thought that
RyR contains ligand-specific binding sites and that ligand bind-
ing to these sites induces conformational changes in the chan-
nel that consequently lead to the opening of the channel gate
and Ca®" release (12—17). Considerable efforts over the past
decades have been focused on the understanding of ligand-in-
duced conformational changes in RyR. Ikemoto and co-work-
ers (12, 13, 16) labeled RyR with a thiol-reacting fluorescent
probe and showed that channel ligands such as Ca®>" and ATP
changed the fluorescence intensity of the labeled RyR, suggest-
ing ligand-induced conformational changes in RyR. Consistent
with these biochemical studies, cryo-electron microscopy
(cryo-EM) and single particle image analysis also revealed
major structural rearrangements in the three-dimensional
structure of RyR upon binding of ryanodine and Ca®>" or bind-
ing of a non-hydrolyzable analog of ATP, AMP-PCP, and Ca*"

*The abbreviations used are: RyR, ryanodine receptor; cryo-EM, cryo-electron
microscopy; 4-CmC, 4-chloro-m-cresol; ICM, intracellular-like medium;
SOICR, store-overload induced Ca" release; ER, endoplasmic reticulum;
AMP-PCP, adenosine 5'-(B3,y-methylene)triphosphate; KRH, Krebs-Ringer
Hepes; CFP, cyan fluorescent protein; YFP, yellow fluorescent protein.
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to the channel (14, 15, 18, 19). Particularly, large conforma-
tional changes were observed in the transmembrane domain
and in the four corners of the square-shaped cytoplasmic
assembly, also known as clamp regions, in the three-dimen-
sional architecture of RyR. Substantial structural rearrange-
ments in the clamp region, the central cytoplasmic region, and
the transmembrane domain were also detected when RyR was
activated by another channel ligand, PCB 95 (17). Hence, these
studies clearly demonstrate that conformational changes occur
in RyR upon ligand binding.

An increasing body of evidence suggests that the clamp
region consists of several key structural domains that are cru-
cial for channel regulation and gating. It has recently been pro-
posed that the clamp region contains the phosphorylation
domain of RyR (20). Consistent with this prediction, residue
Tyr-2801 in the cardiac RyR (RyR2), close to the Ser-2808 phos-
phorylation site, has been mapped to the clamp region (21). The
central disease-causing mutation hotspot and one of the diver-
gent regions (DR2) have also been localized to this region (22,
23). Based on the spacing of the dihydropyridine receptor
(DHPR) arrangement in tetrads and that of the homotetrameric
RyR, the clamp region has also been implicated in the activation
of RyRs by DHPRs during excitation-contraction coupling in
skeletal muscle (15, 24 —26). The clamp region also harbors the
binding sites for the chloride intracellular channel 2 (CLIC2)
and the natrin toxin, a cysteine-rich secretory protein isolated
from snake venom, both of which have been shown to modulate
the activity of RyR (27, 28). Thus, studying conformational
changes in the clamp region is likely to yield important insights
into the mechanism of ligand-dependent gating of RyR.

Although cryo-EM studies revealed ligand-induced struc-
tural rearrangements in the clamp region, little is known about
the ligand dependence of these conformational changes and
their correlation with function. In this study we employed the
fluorescent resonance energy transfer (FRET) approach to
determining conformational changes in the clamp region of
RyR2 upon binding with various ligands in live cells. The
ligand-induced conformational changes were then correlated
with the extent of Ca®* release induced by the same ligand. To
monitor conformational changes in the clamp region, we con-
structed a FRET probe in the clamp region by inserting a CFP
after residue Ser-2367 and a YFP after residue Tyr-2801; both of
these insertion sites have been previously mapped to the clamp
region by cryo-EM (21, 23). Using this novel FRET probe, we
found that caffeine, ATP, and ryanodine induced conforma-
tional changes in the clamp region and Ca®" release in HEK293
cells, whereas Ca®>" and 4-chloro-m-cresol (4-CmC) induced
Ca®" release but caused no detectable conformational changes
in the clamp region. Our results indicate that conformational
changes in the clamp region are ligand-dependent and that RyR
can be activated by different mechanisms associated with dif-
ferent conformational changes in the channel structure.

EXPERIMENTAL PROCEDURES

Construction of the CFP- and YFP-dual-labeled RyR2—The
cloning and construction of the 15-kb full-length cDNA encod-
ing the mouse cardiac RyR2 has been described previously (29).
The RyR2 g, 5367 crp and RyR2+,, 540, yep CDNAs were con-
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structed according to the previously described procedures (21, 23).
To generate the cDNA construct of RyR2,, 5367 crp/yr-2801-vEPS
the full-length RyR2 cDNA containing Ser-2367-CFP in pcDNA3
was released by the Nhel-NotI restriction digestion and subcloned
to the pBluescript vector. A cDNA fragment containing Tyr-2801-
YFP was introduced into RyR2g,, »44-_cpp Via the Sphl restriction
sites to form the full-length RyR2 containing both Ser-2367-CFP
and Tyr-2801-YFP. The full-length RyR2g,, 5367 crp/yr-2s01-vEP
construct was then transferred from pBluescript to pcDNA3 or
pcDNAS for transient transfection or generation of stable cell
lines. The truncated RyR2, RyR2-(1-4770), was generated as
described previously (30). The BsiWI (8864)-Notl (vector)
DNA fragment from the RyR2-(1-4770) construct was used to
replace the corresponding fragment in the full-length
RyR2(Wt)ser-2367-crp/ryr-2so1-yrr CDNA to yield the RyR2-(1-
4770)ser-2367-CEp/Tyr-2801-vep CONstruct. The sequences and the
orientation of the inserted CFP or YFP cDNA were verified by
DNA sequencing analysis.

Cell Culture, DNA Transfection, and Caffeine-induced Ca’"
Release Assay—HEK293 cells were maintained in Dulbecco’s
modified Eagle’s medium as described previously (31).
HEK293 cells grown on 100-mm tissue culture dishes for
18-20 h after subculture were transfected with 12 ug of
RyR2(wt) or RyR2g., »367.crp/Tyr-2801-yep UsiNg calcium phos-
phate precipitation. Measurements of free cytosolic Ca>" con-
centrations in the transfected HEK293 cells using the fluores-
cent Ca’>" indicator dye Fluo 3-AM were carried out as
described previously (32). Briefly, the cells grown for 18 -20 h
after transfection were washed 4 times with phosphate-buft-
ered saline (PBS) (137 mm NaCl, 8 mm Na,HPO,, 1.5 mm
KH,PO,, and 2.7 mm KCI) and incubated in Krebs-Ringer
Hepes buffer (KRH; 125 mm NaCl, 5 mm KCl, 1.2 mm KH,PO,,
6 mM glucose, 1.2 mm MgCl,, 2 mm CaCl,, and 25 mMm Hepes,
pH 7.4) without MgCl, and CaCl, at room temperature for 40
min and then at 37 °C for 40 min. After being detached from
culture dishes by pipetting, cells were collected by centrifuga-
tion at 1000 rpm for 2 min in a Beckman TH-4 rotor. Cell pellets
were washed twice with KRH buffer and loaded with 10 um Fluo
3-AM in KRH buffer plus 0.1 mg/ml BSA and 250 um sulfinpyr-
azone at room temperature for 60 min followed by washing
with KRH buffer 3 times and resuspended in 150 ul of KRH
buffer plus 0.1 mg/ml BSA and 250 uMm sulfinpyrazone. The
Fluo-3 loaded cells were added to 2 ml (final volume) of KRH
buffer and challenged with various concentrations of caffeine in
a cuvette. Fluorescence intensity of Fluo-3 at 530 nm was meas-
ured in an SLM-Aminco series 2 luminescence spectrometer
with 480-nm excitation at 25 °C (SLM Instruments, Urbana,
IL).

Generation of Stable, Inducible HEK293 Cell Lines—Sta-
ble, inducible HEK293 cell lines expressing RyR2(wt) or
RyR2g., »367-crp/Tyr2801.vEP Were generated using the Flp-In
T-REx Core kit from Invitrogen. Briefly, Flp-In T-REx-293
cells were co-transfected with the inducible expression vec-
tor pcDNA5/FRT/TO containing the mutant cDNAs and the
pOG44 vector encoding the Flp recombinase in 1:5 ratios using
the calcium phosphate precipitation method. The transfected
cells were washed with PBS 24 h after transfection followed by a
change into fresh media for 24 h. The cells were then washed
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again with PBS, harvested, and plated onto new dishes. After
the cells had attached (~4 h), the growth medium was replaced
with a selection medium containing 200 wg/ml hygromycin
(Invitrogen). The selection medium was changed every 3—4
days until the desired number of cells was grown. The hygro-
mycin-resistant cells were pooled, aliquoted, and stored at
—80 °C. These positive cells are believed to be isogenic because
the integration of RyR2 cDNA is mediated by the Flp recombi-
nase at a single FRT site.

Single cell Luminal Ca®* Imaging of HEK293 Cells—Lumi-
nal Ca®* levels in HEK293 cells expressing RyR2(wt) or
RyR2g., »367-cEp/Tyr-2801-veP Were measured using single cell
Ca®* imaging and the FRET-based ER luminal Ca>*-sensitive
cameleon protein D1ER as described previously (33). The cells
were grown to 95% confluence in a 75 cm? flask, split with PBS,
and plated in 100-mm tissue culture dishes at ~10% confluence
18~20 h before transfection with DIER cDNA. After transfec-
tion for 24 h, the growth medium was then changed to an
induction medium containing 1 pug/ml tetracycline (Sigma).
After being induced for ~22 h, in intact cell studies, the cells
were perfused continuously with KRH buffer containing 1 mm
CaCl, and caffeine at various concentrations (1, 3, 5, and 10
mwm), aminophylline (10 mm), or theophylline (10 mm) at room
temperature (22 °C). In permeabilized cells studies, the cells
were first permeabilized by 50 wg/ml saponin in an incomplete
intracellular-like medium (incomplete ICM containing 125 mm
KCl, 19 mm NaCl, and 10 mm HEPES, pH 7.4, with KOH) for
3—4 min. The cells were then switched to a complete ICM
(incomplete ICM plus 2 mm ATP, 2 mm MgCl,, and 0.05 mm
EGTA, and 200 nM free Ca>*, pH 7.4, with KOH) for 5— 6 min to
remove the saponin in the buffer. The permeabilized cells were
then challenged with caffeine (10 mm), 4-CmC (1 mm), ATP (5
mwm), Ca®>" (1 um), or ryanodine (100 um) plus caffeine (10 mm).
Images were captured by a QuantEM 512SC camera every 2 s
using the NIS-Elements AR software. The cells were excited at
430 nm, and the emission was split into 465- and 535-nm beams
by a dual view device (Photometrics) placed in a Nikon eclipse
Ti microscope equipped with the QuantEM 512SC camera.
D1ER signals were determined from the ratios of the emissions
at 535 = 30 nm (YFP) and 465 * 30 nm (CFP).

Measurements of FRET Signals from the Ser-2367-CFP/Tyr-
2801-YFP FRET Pair—FRET signals from the Ser-2367-CFP/
Tyr-2801-YFP FRET pair were measured using two
approaches. In the first approach we determined the acceptor-
donor emission ratio, i.e. the emission ratio of YFP and CFP
fluorescence after CFP excitation only in intact or permeabi-
lized HEK293 cells expressing RyR2g,, 5367 crp/yr-2801-vep 28
described above for measuring ER luminal Ca** using D1ER.
To increase the expression level of RyR2g.., 367 cep/ryr-2801-vER
and thus the fluorescence signals, HEK293 cells were induced
by 1 ug/ml tetracycline for 2 days. In the second approach,
HEK293 cells grown for 24—48 h after transfection with
RyR2g., 1367 CEp/Tyr-2801-ver Were washed 3 times with KRH
buffer without MgCl, or CaCl, and examined on a Leica TCS
SP5 confocal laser scanning microscope with a 63X/NA1.4 oil-
immersion objective lens (34). Cells were kept at 37 °C using a
water-heated stage incubator. To test the impact of RyR2
ligands on FRET, buffer in the cultured dishes was exchanged
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by peristaltic pumps. We utilized the acceptor photobleaching
method to detect and measure FRET signals in the live cells.
Briefly, CFP and YFP were excited with separate laser channels
of 458 and 514 nm, respectively. Emission fluorescence inten-
sity data were obtained at 465—495 nm (CFP) and 520 -550 nm
(YEP). We used a 700-Hz line frequency scan speed with bidirec-
tional scan mode in combination with an image format of 1024 X
1024 pixels, which can record one image every 754 ms. Repeated
scans (30— 60) with maximum laser intensity at 514 nm were used
to photobleach YFP, which lasted about 23-45 s, and the FRET
efficiency was calculated according to the equation,

lCFPpost - lCFPpre
= ( (Eq. 1)

>X100%

l CFPpost

where Icpp,,. and Iepp,o are the respective background-cor-
rected CFP fluorescence intensities before and after photo-
bleaching YFP (35). The photobleaching, fluorescence intensity
measurements and FRET efficiency calculation were controlled
automatically by the software Leica Application Suite
Advanced Fluorescence (LAS AF).

[PH|Ryanodine  Binding—HEK293 cells expressing
RyR2g., 2367-crp/Tyr-2801-vep fOr 2 days were collected in a
50-ml tube and permeabilized by 50 ug/ml saponin in an
incomplete ICM buffer for 3 min. After saponin was washed
off, the cells were apportioned equally into two 50-ml tubes.
The two tubes of cells were incubated in a complete ICM
buffer with or without 100 uM ryanodine plus 10 mm caffeine
for 10 min. The ryanodine-treated or non-treated cells were
washed with the complete ICM buffer to remove caffeine
and free ryanodine. The washed cells were solubilized with
the lysis buffer containing 25 mm Tris, 50 mm HEPES, pH 7.4,
137 mm NaCl, 1% CHAPS, 0.5% egg phosphatidylcholine, 2.5
mM DTT, and a protease inhibitor mix (1 mm benzamidine, 2
pg/ml leupeptin, 2 ug/ml pepstatin A, 2 ug/ml aprotinin,
and 0.5 mm PMSF) on ice for 15 min. Cell lysate was obtained
after removing the unsolubilized materials by centrifugation
in a microcentrifuge at 4 °C for 2 min. Equilibrium [*H]ry-
anodine binding to cell lysates was performed as described
previously (32) with some modifications. [*H]Ryanodine
binding was carried out in a total volume of 600 pl of binding
solution containing 60 ul of cell lysate, 500 mm KCIl, 25 mm
Tris, 50 mMm Hepes, pH 7.4, 30 um Ca>", 10 mm caffeine, 5 nm
[*H]ryanodine, and a protease inhibitor mix at 37 °C for 20
min. The binding mix was diluted with 5 ml of ice-cold wash-
ing buffer containing 25 mm Tris, pH 8.0, and 250 mm KCl
and immediately filtered through Whatman GF/B filters pre-
soaked with 1% polyethyleneimine. The filters were washed
three times, and the radioactivities associated with the filters
were determined by liquid scintillation counting. Nonspe-
cific binding was determined by measuring [*H]ryanodine
binding in the presence of 50 uMm unlabeled ryanodine. All
binding assays were done in duplicate.

Statistical Analysis—All values shown are the mean * S.E.
unless indicated otherwise. To test for differences between
groups, we used Student’s ¢ test (2-tailed) or one-way analysis of
variance with a post hoc test. A p value <0.05 was considered to
be statistically significant.
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RESULTS
Construction of a FRET Probe in the Clamp Region of RyR2

The clamp region located at the corners of the square-shaped
three-dimensional structure of RyR has been shown to display
major structural rearrangements when the channel transitions
from the closed to the open state (14, 15, 18, 19). The clamp
region thus represents a potential location for building a FRET-
based probe for sensing the conformational changes in RyR. We
have previously mapped the three-dimensional locations of a
number of GFPs inserted into different sites in the primary
sequence of RyR2 (21-23, 36-39). Two of these GFPs, one
inserted after residue Ser-2367 (Ser-2367-GFP) and the other
after residue Tyr-2801 (Tyr-2801-GEP), were located close to
each other (30 A center to center) in the clamp region (21, 23).
Thus, Ser-2367 and Tyr-2801 represent two suitable sites for
inserting a pair of fluorescent proteins to build a FRET probe in
the clamp region. To this end we inserted a CFP after residue
Ser-2367 (Ser-2367-CFP) and a YFP after residue Tyr-2801
(Tyr-2801-YFP) to generate the dual CFP- and YFP-labeled
RyR2, RyR2s., 5367-cep/Tyr-2s01-vep (Figs. 1, A and B). Fig. 1C
shows that RyR2g., 5367 crp/Tyr-2s01.vep fOrms a functional
Ca®" release channel in HEK293 cells with a caffeine response
similar to that of RyR2(wt). Note that the level of Ca®>* release
induced by 2.5 or 5.0 mm caffeine is lower than that induced by
the prior addition of 1.0 mm caffeine due to ER Ca®* store
depletion caused by the preceding cumulative additions of caf-
feine. To assess whether RyR2g., 5367 cep/ryr-2801-vep 1S Capable
of producing FRET, we determined its FRET efficiency by
measuring the fluorescence intensity of CFP (donor) before and
after bleaching YFP (acceptor) in live cells. As expected based
on their close proximity in the three-dimensional structure of
RyR2, HEK293 cells expressing RyR2s., 2367 cEp/Tyr-2801-vER
displayed a significant level of FRET with a FRET efficiency of
14.4 = 1.1% (n = 20) (Fig. 1D, a and ¢).

RyR is a homotetramer consisting of four identical sub-
units. It is possible that the FRET signal observed in
RyR2g., »367-crp/Tyr-2801.yep results from the interaction
between Ser-2367-CFP and Tyr-2801-YFP in the same RyR2
subunit (intra-subunit interaction) or between Ser-2367-
CEP in one subunit and Tyr-2801-YFP in the neighboring
subunit (inter-subunit interaction). To distinguish an intra-
subunit from an inter-subunit interaction between the
donor and acceptor in a FRET probe in tetramic RyRs, we
have previously developed a co-expression approach (34). Using
the same approach, we constructed RyR2 fusion proteins with a
single insertion of Ser-2367-CFP (RyR2., 53¢, cpp) OF a single
insertion of Tyr-2801-YFP (RyR2yy, 540, yep) and co-expressed
RyR2g., 2367.cep and RyR2p 500, yep in HEK293 cells. Fig. 1D
shows that, unlike cells transfected with RyR2s.., 5367 crp/ryr-2801-vER
HEK293 cells co-transfected with RyR2g,. »367.cpp and
RyR21y, 5g01-yep displayed no detectable FRET signals (Fig. 1D,
b and c¢). In other words, there is no detectable interaction
between Ser-2367-CFP of one subunit and Tyr-2801-YFP of the
neighboring subunit, indicating that the FRET signal in
RyR2g., 5367 cEp/Tyr-2801-vep results from intra-subunit interac-
tions. Thus, collectively, our results indicate that Ser-2367-CFP/
Tyr-2801-YFP pair is a functional, intra-subunit FRET probe.
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FIGURE 1. Construction and characterization of a novel FRET pair Ser-
2367-CFP/Tyr-2801-YFP in RyR2. A, a schematic illustration of the linear
sequence of RyR (open box) shows the three major hotspots (pink boxes)
where disease-causing mutations frequently occur (CPVT, catecholaminergic
polymorphic ventricular tachycardia; ARVD2, arrhythmogenic right ventricu-
lar dysplasia type 2; MH, malignant hyperthermia; CCD, central core disease).
The locations of Ser-2367-CFP (cyan box), Tyr-2801-YFP (yellow box), the Ser-
2808 and Ser-2814 phosphorylation sties, the cytosolic Ca>* sensor, and the
pore-forming segment (circles inside the open box) are also indicated. The
inserted CFP and YFP are flanked by short glycine-rich linkers. B, shown are
locations of Ser-2367-CFP (cyan spheres) and Tyr-2801-YFP (yellow spheres) in
the three-dimensional architecture of RyR (left, top view; right, side view) based
on the previous three-dimensional reconstructions of the RyR2¢,, »3¢7.cep and
RyR2+y, 5801-grp fUsion proteins (21, 23). The distance between CFP and YFP is
30 A. The clamp region (red dashed ellipse) and subdomains (red numbers) are
indicated. C, Caffeine induced Ca?™ release in HEK293 cells transfected with
RyR2(wt) (a) or RyR2se,.2367-crp/myr-2801-vee (D). Transfected HEK293 cells were
loaded with fluo-3 AM. The fluorescence intensity of the fluo-3-loaded cells
was monitored continuously before and after the sequential additions of
increasing concentrations of caffeine (0.025 to 5 mm). D, confocal images
show cyan fluorescence of the donor CFP and yellow fluorescence of the
acceptor YFP before (top panels) and after (bottom panels) photobleaching of
a small area (indicated by a green ellipse) in HEK239 cells transfected with
RYR2scr.2367-crp/1yr2s01-vep (a) O co-transfected with RyR2s., 5367.crp and
RyR21y,2801-vep (é) and the corresponding FRET efficiencies (c). The scale
barrepresents 10 um. Data shown are the mean = S.E. (n = 20).*,p < 0.01.
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The Ser-2367-CFP/Tyr-2801-YFP FRET Probe Is a Dynamic,
Functional Conformation Sensor

We next determined whether this intra-subunit FRET probe
(Ser-2367-CFP/Tyr-2801-YFP) is capable of sensing conforma-
tional changes in RyR2. We activated RyR2s,, »367-cEp/ryr-2801-vEP
with various concentrations of caffeine to alter the conformational
and functional state of the channel and continuously monitored
the FRET signal by determining the fluorescence ratio of YFP
and CFP upon CFP excitation. We reasoned that if caffeine
activation of RyR2 leads to conformational changes in the
clamp region, it would alter the relative positions of Ser-2367-
CFP and Tyr-2801-YFP and thus their FRET signals. Indeed, as
shown in Fig. 24, caffeine reduced the FRET signal in HEK293
cells expressing RyR2g., 367 cep/ryr-as01-yep il @ concentra-
tion-dependent manner. The effect of caffeine on FRET is
reversible. Upon caffeine wash-off, the FRET signal recovered
to a level similar to that before caffeine treatment.

To assess whether caffeine-induced FRET changes are asso-
ciated with functional changes, we monitored caffeine-induced
Ca®" release in HEK293 cells by determining the ER luminal
Ca®" level using a FRET-based ER luminal Ca>" sensor, D1ER.
We have previously shown that caffeine reduces the ER luminal
Ca®" level at which spontaneous Ca** release occurs (i.e. the
threshold for spontaneous store-overload-induced Ca*>"
release (SOICR)) (33, 40 —42). The threshold for SOICR reflects
the propensity (or functional state) of the RyR2 channel for
spontaneous Ca>* release (40, 41). As shown in Fig. 2, we found
that caffeine concentration dependently and reversibly reduced
the SOICR threshold in HEK293 cells expressing
RyR2s., »367-CEp/Tyr-2801-vEp (Fig. 2B) and RyR2(wt) (Fig. 2C) toa
similar extent (Fig. 2D). Note that the CFP or YFP fluorescence
intensity in HEK293 cells expressing RyR2g., 1367 crp/Tyr-2801-vEP
alone is only ~10% that in cells expressing both D1ER and
RyR2s..,. »367-cEp/Tyr-2801-vrp (data not shown). Thus, the FRET
signal detected in cells expressing both DI1ER and
RyR2g., 2367-cEp/Tyr-2801-vep 1argely reflects that of the DIER
luminal Ca?* sensor. Taken together, these data indicate that
the concentration dependence of caffeine-induced FRET
changes is similar to that of caffeine-induced changes in the
SOICR threshold (Fig. 2D). Hence, caffeine-induced FRET
changes closely correlate with the functional states of the
channel.

To ascertain whether the large N-terminal cytosolic domain
of RyR2 itself is sufficient to confer FRET between Ser-2367-
CFP and Tyr-2801-YFP and its response to caffeine, we deter-
mined the FRET efficiency of a C-terminal-truncated RyR2
containing the same Ser-2367-CFP/Tyr-2801-YFP FRET pair,
RyR2-(1-4770)s., 2367-CEp/Tyr-2801-vep (@ channel lacking the
small pore-forming domain) (30). We found that RyR2-(1-
4770)ser-2367-cep/Tyr-2801-vep Still exhibited significant FRET
(Fig. 2E). However, caffeine did not change the FRET efficiency
of RyR2-(1-4770)s., 5367.cEp/Tyr-2801-yer» Whereas caffeine
reduced the FRET efficiency of RyR2g,, 367 crp/yr-2801-vep i @
concentration-dependent manner (Fig. 2E). Thus, the large
N-terminal domain of RyR2 itself is not sufficient for caf-
feine-induced conformational changes in the clamp region.
It should be noted that caffeine does not affect the fluores-
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FIGURE 2. Caffeine induces correlated structural and functional changes
in RyR2. A, stable, inducible HEK293 cells expressing RyR2s.,.>367-crp/ryr-2801-vrp
were perfused with KRH buffer containing increasing levels of caffeine (0-10
mm) to induce conformational changes in RyR2. A representative recording of
the Ser-2367-CFP/Tyr-2801-YFP FRET signal from a single HEK293 cell is
shown. Changes in the Ser-2367-CFP/Tyr-2801-YFP FRET signal reflect struc-
tural changes in the clamp region of RyR2. Dashed lines indicate steady-state
FRET levels at different concentrations of caffeine. B, stable, inducible HEK293
cells expressing RyR2s., »367.crp/ryr-2801-vrp Were transfected with the FRET-
based ER luminal Ca®"-sensing protein, D1ER. The transfected cells were per-
fused with KRH buffer containing increasing levels of caffeine (0-10 mm). The
trace shows a representative FRET recording from a single HEK293 cell
expressing both D1ER and RyR2s.,.»367-crp/myr-2801-vep- BECaUse the CFP or YFP
fluorescence intensity in HEK293 cells expressing RyR2s, »367-crp/yr-2801-vFp
alone is only ~10% that in cells expressing both the D1ER luminal Ca** sen-
sor and RyR2s., »367-crp/ryr-2801-veps the FRET signals detected largely came
from those of D1ER. These D1ER FRET signals reflect the ER luminal Ca®*
levels. Dashed lines indicate the ER luminal Ca®" levels at which SOICR occurs
(i.e. the SOICR threshold), which reflects the functional state of RyR2. C, single
cell D1ER FRET imaging of stable, inducible, RyR2(wt)-expressing HEK293
cells were transfected with D1ER at increasing levels of caffeine. Dashed lines
indicate SOICR thresholds. D, comparison of caffeine-induced, concentration-
dependent changesin the Ser-2367-CFP/Tyr-2801-YFP FRET signal (structural
changes) with those in the SOICR threshold (functional changes). The extents
of changes in FRET and SOICR at each caffeine concentration were normal-
ized to those at 10 mm caffeine (100%). Data shown are the mean *= S.E. (n =
4-11). There are no significant differences between reductions in FRET and
SOICR threshold under each condition. E, the FRET efficiency in HEK293 cells
expressing  RyR2.,.5367.crp/yr-2801-vep OF @ truncated RyR2, RyR2-
(1-4770)ser-2367-crp/1yr-2801-vees At Various caffeine concentrations (0-10 mm)
was determined using the photobleaching method. Data shown are the
mean * S.E. (n = 30) (¥, p < 0.05; versus 0 mm caffeine).

VOLUME 288+NUMBER 6+FEBRUARY 8, 2013



cence intensity of HEK293 cells transfected with
RyR2g,, »367.crp OF RYR21 550, yp alone or co-transfected
with RyR2g,, 5367.crp and RyR2py, 5501 ypp (data not shown).
The results of these control experiments indicate that caffeine-
induced FRET changes in HEK293 cells expressing
RyR2g,, 1367 cEp/Tyr-2801-yep did not result from a direct effect of
caffeine on the fluorescence of CFP or YFP. Taken together, these
data indicate that the Ser-2367-CFP/Tyr-2801-YFP FRET probe is
capable of sensing functionally correlated conformational changes
in the clamp region of RyR2.

Ligand-dependent Conformational Changes in the Clamp
Region of RyR2

A number of pharmacological and physiological ligands can
activate RyR2, leading to Ca®" release, but the molecular mecha-
nisms of their activation are largely unknown. In the next series of
experiments we took advantage of our newly constructed confor-
mation sensor to study the conformational changes in the clamp
region of RyR2 activated by various ligands.

Aminophylline, Theophylline, and 4-CmC—In addition to
caffeine, other pharmacological ligands, such as aminophylline,
theophylline, and 4-CmC, have been shown to activate RyR2
and induce sarcoplasmic reticulum Ca®" release (42—44). To
determine whether different pharmacological ligands may
have different effects on RyR2 conformation, we assessed the
impact of aminophylline, theophylline and 4-CmC on FRET
and the ER luminal Ca®" level in HEK293 cells expressing
RyR2g., 5367 crp/Tyr2801-vER- Fig. 3 shows that, like caffeine,
aminophylline and theophylline reduced both the FRET level and
the SOICR threshold, indicating that these two RyR2 agonists
induce Ca*>* release and conformational changes in the clamp
region (Fig. 3, A, B, and E). Interestingly, we found that 4-CmC did
not cause any significant changes in the FRET signal, butit induced
Ca®" release (Fig. 3, C, D, and E).

ATP and Ca”*—ATP and Ca>* are two physiological ago-
nists of RyR2 (3). To assess the effect of cytosolic ATP and Ca>"
on the conformation and function of RyR2, we perfused permea-
bilized HEK293 cells expressing RyR2s.., 1367 crp/yr-2801-vep With
an ICM or with ICM plus 5mm ATP or 1 um Ca®". As shown in
Fig. 4, ATP reversibly reduced both the FRET signal and the
SOICR threshold (Fig. 4, A, B, and E), indicating that, like caf-
feine, ATP is able to induce conformational changes in the
clamp region and concomitant intracellular Ca>" release. Sur-
prisingly, elevating cytosolic Ca*>* to 1 um induced little or no
FRET changes in the RyR2g., 367 crp/Tyr-2801-yEP-€XPressing
cells, but it did reduce the SOICR threshold (Fig. 4, C, D, and E).
Further elevation of cytosolic Ca®>* to 10 um did not induce
significant changes in FRET (1.93 = 1.20% of that induced by 10
mwm caffeine, n = 4). Thus, unlike caffeine and ATP, cytosolic
Ca®" activates the RyR2 channel without inducing major con-
formational changes in the clamp region. Furthermore, we deter-
mined the impact of ATP, Ca®", and 4-CmC on the FRET effi-
ciency in HEK293 cells expressing RyR2,, 5367 crp/yr-2801-vEP:
Similarly, we found that ATP reduced the FRET efficiency,
whereas Ca®" and 4-CmC had no effect on the FRET efficiency
(Fig. 4F). Taken together, these observations indicate that the
activation of RyR2 by caffeine, aminophylline, theophylline,
and ATP is associated with substantial conformational changes
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FIGURE 3. Effect of aminophylline, theophylline, and 4-CmC on the structure
and function of RyR2. A, HEK293 cells expressing RyR2s., »367.crp/myr-2801-vep
were perfused with KRH buffer without or with caffeine (10 mm), aminophyl-
line (10 mwm), or theophylline (10 mm). A representative single cell recording of
the Ser-2367-CFP/Tyr-2801-YFP FRET signal is shown. Dashed lines indicate
steady-state FRET levels. B, shown is a representative single cell luminal Ca>*
recording of D1ER-transfected HEK293 cells expressing RyR2s,.2367-crp/myr-2801-vp
in the KRH buffer without or with caffeine, aminophylline, or theophylline.
Dashed lines indicate the SOICR threshold. C, HEK293 cells expressing
RYR2e,.2367-crp/Tyr-2801-vrp Were permeabilized and perfused with the ICM
buffer without or with caffeine (10 mm) or 4-CmC (1 mm). A representative
single cell recording of the Ser-2367-CFP/Tyr-2801-YFP FRET signal is shown. D, a
representative single cell luminal Ca>* recording of D1ER-transfected, permea-
bilized HEK293 cells expressing RyR2s.,.>367-crp/ryr-2801-vep iN ICM without or with
caffeine or 4-CmC. Dashed lines indicate the SOICR threshold. E, shown is a com-
parison of changes in the Ser-2367-CFP/Tyr-2801-YFP FRET signal (structural
changes) with those in the SOICR threshold (functional changes) induced by caf-
feine, aminophylline, theophylline, or 4-CmC. The extents of changesin FRET and
SOICR were normalized to those at 10 mm caffeine (100%). Data shown are the
mean * S.E.(n = 5-11) (*, p < 0.01; FRET versus SOICR).
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Reduction in FRET and
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in the clamp region of RyR2, whereas the activation of RyR2 by
cytosolic Ca®" and 4-CmC is not. Thus, different ligands acti-
vate RyR2 and induce Ca®* release by different mechanisms
associated with distinct conformational changes.

Ryanodine Keeps the Channel Open but Does Not Lock RyR in
a Fixed Conformation

It is well known that ryanodine binds to the open state of RyR
and keeps the channel in an open, subconductance state (5, 6,
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FIGURE 4. Differential effects of cytosolic ATP and Ca* on the conforma-
tional dynamics of RyR2. A, HEK293 cells expressing RyR2s. »367.crp/myr-2801-vFp
were permeabilized and perfused with ICM without or with caffeine (10 mm)
or ATP (5 mm). A representative single cell recording of the Ser-2367-CFP/Tyr-
2801-YFP FRET signal is shown. B, shown is a representative single cell luminal
Ca®" recording of D1ER-transfected, permeabilized HEK293 cells expressing
RYR2se,.2367-crp/Tyr-2801-vepe IN the ICM buffer with or without caffeine or ATP.
The SOICR threshold is indicated by a dashed line. C, HEK293 cells expressing
RYR2ser.2367-crp/Tyr-2801-vrp Were permeabilized and perfused with ICM with-
out or with caffeine (10 mm) or Ca®* (1 um). A representative single cell record-
ing of the Ser-2367-CFP/Tyr-2801-YFP FRET signal is shown. Note that unlike
ATP, Ca?* induced no changes in FRET. D, a representative single cell luminal
Ca®" recording of D1ER-transfected, permeabilized HEK293 cells expressing
RYR2se, 2367-crp/myr-2801-vep iN the ICM buffer without or with caffeine or Ca*" is
shown. The dashed line indicates the SOICR threshold. E, shown is a compar-
ison of changes in the Ser-2367-CFP/Tyr-2801-YFP FRET signal (structural
changes) with those in the SOICR threshold (functional changes) induced by
caffeine, ATP, or Ca>*. The extents of changes in FRET and SOICR were nor-
malized to those at 10 mm caffeine (100%). Data shown are the mean = S.E.
(n = 7-14) (*, p < 0.01; FRET versus SOICR). F, shown is FRET efficiency in
permeabilized HEK293 cells expressing RyR2s., »367-crp/ryr-2801-vep IN ICM
without or with ATP, Ca?™, or 4-CmC. Data shown are the mean * S.E. (n =
20-30). *, p < 0.01; versus ICM.

45, 46). It is unclear, however, whether ryanodine locks RyR in a
fixed conformation. To address this question, we determined
whether caffeine could still induce conformational changes in a
ryanodine-bound channel. To this end we first perfused the per-
meabilized HEK293 cells expressing RyR2g., 1367 crp/Tyr-2801-vEP
with caffeine (10 mm) to open the channel and then with caffeine
(10 mwm) plus ryanodine (100 um) to allow ryanodine binding to
the caffeine-opened channels. These caffeine and ryanodine-
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FIGURE 5. Impact of ryanodine on the structure and function of RyR2.
A, HEK293 cells transfected with RyR2s., 2367-crp/Tyr-2801-vep Were permeabi-
lized and perfused with ICM, caffeine (10 mm), and caffeine (10 mm) plus ryano-
dine (100 um) followed by wash-off with ICM. The cells were then perfused
with caffeine (10 mm) again followed by wash-off with ICM. The illumination
was turned off during part of the long incubation with caffeine plus ryanodine
to minimize photobleaching. A representative single cell recording of the
Ser-2367-CFP/Tyr-2801-YFP FRET signal is shown. B, shown is a representative
single cell luminal Ca®* recording of D1ER-transfected, permeabilized
HEK293 cells expressing RyR2s.,.>367.crp/ryr-2801-vep- The cells were perfused in
the same way as that described in panel A. Note that the ER Ca®" store
remained depleted after the addition of ryanodine. C, shown is a comparison
of the changesin the Ser-2367-CFP/Tyr-2801-YFP FRET signal and those in the
SOICR threshold under various conditions: a, caffeine (10 mm) (control); b,
caffeine (10 mm) plus ryanodine (100 um), ¢, after wash-off; d, re-application of
caffeine (10 mm). The extents of changes in FRET and SOICR threshold were
normalized to those in the control (100%). Data shown are the mean = S.E.
(n = 4-8). %, p < 0.01; FRET versus SOICR; #, p < 0.01 versus before or after
caffeine treatment. D, HEK293 cells expressing RyR2se, »367-crp/Tyr-2801-vFP
were permeabilized and perfused with ICM (a), caffeine (10 mm) (b), caffeine
(10 mwm) plus ryanodine (100 um) (c) followed by wash-off (d). The FRET effi-
ciency under each of these conditions was determined by the photobleach-
ing method. Data shown are the mean = S.E. (n = 30).*,p < 0.01; versus ICM.

treated cells were then perfused with the ICM buffer to remove
caffeine and unbound ryanodine in order to reveal the effect of
bound ryanodine, which is known to remain bound to RyR2. As
shown in Fig. 5 A, caffeine reduced the FRET signal. Caffeine
plus ryanodine caused a small further reduction in FRET. After
removing caffeine and unbound ryanodine, the FRET signal
recovered partially to a level that is significantly lower than the
FRET level before caffeine treatment (Fig. 5C). To confirm that
ryanodine remained bound to RyR2 after wash-off with the
ICM buffer, we performed [*H]ryanodine binding (see “Exper-
imental Procedures”). We found that the amount of [*H]ryano-
dine binding to cells pretreated with 100 uM non-labeled ryano-
dine plus 10 mm caffeine is only 1.21 = 0.08% (mean = S.E., n =
3) that of control cells without ryanodine pretreatment. Thus,
most of the RyR2 channels were bound with ryanodine after
pretreatment with 100 um ryanodine plus 10 mM caffeine and
remained bound with it after wash-off with the ICM buffer.
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Therefore, the reduced FRET signal detected after wash-off
with ICM (Fig. 5C) likely reflects the ryanodine-induced
conformational changes in the ryanodine-bound channels.
We also determined the FRET efficiencies in permeabilized
RyR2g,, 1367 CEp/Tyr 2801 vER-€XPressing cells in the absence or
presence of caffeine or ryanodine or after wash-off (Fig. 5D).
Similarly, we found that caffeine or caffeine plus ryanodine
reduced the FRET efficiency to a similar extent and that the
FRET efficiency after removing caffeine and unbound ryano-
dine is lower than that before caffeine treatment (Fig. 5D).
These data indicate that the bound ryanodine reduced the
FRET signal or caused conformational changes in the clamp
region but to a lesser extent than caffeine (10 mm). Importantly,
a subsequent addition of caffeine to the ryanodine-treated cells
could still reduce the FRET signal (Fig. 5, A and C). Thus, caf-
feine is still able to induce conformational changes in the ryano-
dine-bound RyR2 channel.

The impact of caffeine and ryanodine on RyR2 function is
shown in Fig. 5B. Consistent with their known actions, caffeine
caused store Ca®" depletion. The addition of ryanodine in the
presence of caffeine caused a small further reduction in store
Ca®" (Fig. 5B). The store Ca®" level remained depleted after
removing caffeine and unbound ryanodine (Fig. 5, B and C).
These observations are in agreement with the view that ryano-
dine interacts with the caffeine-opened RyR2 and keeps the
channel in the open state, leading to store Ca®>" depletion.
Taken together, these results indicate that ryanodine induces
conformational changes in the clamp region of RyR2 and that
the ryanodine-induced conformation can still be altered by
caffeine.

DISCUSSION

RyR represents the largest known ion channel being com-
posed of four identical subunits with a molecular mass of ~2.3
MDa (3). Its gigantic three-dimensional structure consists of a
large cytoplasmic assembly and a smaller transmembrane
domain (47-49). It has long been appreciated that global con-
formational changes are involved in the gating and regulation of
the RyR channel (12-17). Abnormal conformational changes in
RyR are believed to underlie a common cause of RyR-associated
diseases (16, 50, 51). However, the molecular basis of confor-
mational changes in RyR remains incompletely understood. In
the present study, we built a FRET-based probe to assess the
conformational changes in the corner region of the large
square-shaped cytoplasmic assembly, also known as the clamp
region, of the three-dimensional architecture of RyR2 (14, 15,
19). Using this novel conformation sensor, we demonstrate for
the first time that ligand-induced Ca>" release via activation of
RyR2 is not always correlated with conformational changes in
the clamp region, suggesting the existence of multiple mecha-
nisms of RyR2 activation associated with unique conforma-
tional changes.

Ligand-dependent Conformational Changes in RyR—Sub-
stantial structural rearrangements in the clamp region of the
three-dimensional architecture of RyR occur upon channel
activation by an ATP analog, AMP-PCP, or ryanodine in the
presence of high concentrations of Ca** (100 um) (14, 15, 18,
19). Interestingly, Ca®>" alone did not appear to cause signifi-
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cant conformational changes in the clamp region (15). Consis-
tent with these cryo-EM findings, we also detected conforma-
tional changes in the clamp region induced by ATP and
ryanodine but not by Ca®>" alone using our novel FRET-based
conformation probe, confirming the utility and sensitivity of
our FRET approach. However, the reason for the different
effect of Ca®" is unclear. It was suggested that the three-dimen-
sional reconstruction of RyR in the presence of Ca®>* alone rep-
resents the average of a channel population with both the open
and closed states as Ca®>" alone only transiently activates the
channel. On the other hand, the reconstruction of RyR in the
presence of AMP-PCP/Ca** or ryanodine/Ca>" represents
mainly the open state as these ligands fully activated the chan-
nel. However, although Ca®* alone produced little conforma-
tional changes in the clamp region, it induced structural rear-
rangements in the transmembrane domain of RyR to an extent
similar to that observed with AMP-PCP/Ca®™" (15). Thus, these
observations raise a possibility that conformational changes in
the clamp region may be ligand-dependent.

Recently, a higher resolution (~10 A) three-dimensional
reconstruction of RyR has been obtained in the presence of a
potent RyR agonist, PCB 95 together with Ca®>" (50 um) and
FKBP12.6 (17). Substantial differences in the clamp and central
regions in the cytoplasmic assembly and in the transmembrane
domain of RyR were noticed when comparing the three-dimen-
sional reconstruction in the presence of PCB 95/Ca** with
intermediate resolution (~30 A) three-dimensional recon-
struction in the presence of AMP-PCP/Ca*" or ryanodine/
Ca®* (14, 15). These differences were thought to be due to the
low resolution of the early three-dimensional reconstructions.
Alternatively, it is possible that PCB 95/Ca**/FKBP12.6 may
induce different conformational changes in RyR compared with
AMP-PCP/Ca*" or ryanodine/Ca”".

To further assess the ligand dependence of conformational
changes in the clamp region, we used our FRET probe to mon-
itor the conformational changes in the clamp region of RyR
upon binding to various ligands. These ligand-induced confor-
mational changes were then correlated with the functional state
of the channel in the presence of the same ligand. We found that
caffeine, aminophylline, theophylline, ATP, and ryanodine
induced conformational changes in the clamp region and con-
comitant Ca®>" release, whereas Ca®>" and 4-CmC induced
Ca”" release in a manner compatible to that induced by caffeine
and ATP but caused no detectable conformational changes in
the clamp region. Thus, different from caffeine, ATP, and ryano-
dine, Ca®*, and 4-CmC activate RyR and Ca®" release without
inducing significant conformational changes in the clamp
region.

Using a different FRET probe designed to monitor the con-
formational changes between the N-terminal domain and the
central disease mutation hotspot of RyR2, we have previously
shown that caffeine increased the FRET signal, whereas ATP
and 4-CmC reduced it (34). On the other hand, in the present
study we found that both caffeine and ATP decreased the FRET
signal of the clamp FRET probe, whereas 4-CmC showed no
effect. These studies using two different FRET probes indicate
that the conformational changes induced by caffeine, ATP, or
4-CmC are different. Taken together, our FRET analysis and
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cryo-EM reconstructions demonstrate that conformational
changes in RyR are ligand-dependent and suggest that different
ligands may activate the RyR channel via different mechanisms
with distinct conformational changes.

Functional and Structural Impact of Ryanodine on RyR—It is
widely believed that ryanodine locks the RyR channel into an
open, subconductance state and that the ryanodine-modified
channel is insensitive to further modulation by other channel
ligands (5, 6, 45, 46). In contrast, it has been shown that ryano-
dine increases the sensitivity of single RyR2 channels to cytoso-
lic Ca®" activation by ~1000-fold and that single ryanodine-
modified RyR2 channels remain sensitive to modulation by
channel modulators such as Mg>* and caffeine (52, 53). Thus,
functionally, ryanodine does not lock the RyR channel into an
open state. Instead, ryanodine dramatically sensitizes the chan-
nel to cytosolic Ca®" activation. However, it is unclear whether,
structurally, ryanodine locks the channel in a fixed conforma-
tional state. To address this question, we monitored the impact
of caffeine on conformational changes in the clamp region of
RyR2 before and after ryanodine modification. We found that
ryanodine, upon binding, kept the channel open and induced
conformational changes in the clamp region, which is consis-
tent with the structural rearrangements in the three-dimen-
sional architecture of ryanodine-modified RyR observed by
cryo-EM (14). Importantly, we found that caffeine still induced
further conformational changes in the clamp region of ryano-
dine-modified RyR2 channels. These data indicate that
although ryanodine may keep the channel fully open by mark-
edly sensitizing it to Ca®>* activation, it does not lock the recep-
tor conformation into a fixed state.

Generation of Domain-specific FRET Probes for Studying
Conformational Changes in RyR—Cryo-EM and three-dimen-
sional reconstructions have provided important information
on the structural domains or regions that undergo conforma-
tional changes in RyR upon ligand binding. However, because
of the relatively low resolutions of current three-dimensional
reconstructions, the amino acid sequences that are involved in
ligand-induced conformational changes in RyR have yet to be
determined. Furthermore, little is known about the dynamics,
ligand dependence or functional correlations of these confor-
mational changes. An alternative approach to studying confor-
mational changes is the use of domain specific FRET-based
probes. Using GFP as a structural marker, we have previously
mapped a number of specific sites or sequences onto the three-
dimensional structure of RyR (21-23, 36—39). The docking of
crystal structures of RyR fragments into the cryo-EM density
map of RyR has also led to the sequence assignment of some
specific domains (20, 50, 51). These sequence-structure corre-
lations allow us to design and build FRET-based probes in spe-
cific domains or regions of the RyR structure. Using this
approach, we have previously constructed a FRET probe for
monitoring the conformational dynamics involving the N-ter-
minal and central regions of RyR2 (34). In the present study, we
built a FRET probe for studying the ligand dependence and
functional correlation of the conformational dynamics in the
clamp region. Hence, domain-specific FRET probes are an
effective approach for monitoring conformational changes in
RyR. Generation of a network of domain-specific FRET probes
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should allow us to systematically and comprehensively study
the conformational dynamics and ligand gating mechanisms of
RyR.
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