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Bi-directional signaling between ryanodine receptor type 1
(RyR1) and dihydropyridine receptor (DHPR) in skeletal muscle
serves as a prominent example of conformational coupling. Evi-
dence for a physiological mechanism that upon depolarization of
myotubes tightly couples three calcium channels, DHPR, RyR1, and
a Ca”®" entry channel with SOCC-like properties, has recently been
presented (Cherednichenko, G., Hurne, A. M., Fessenden, J. D., Lee,
E. H,, Allen, P. D., Beam, K. G., and Pessah, 1. N. (2004) Proc. Natl.
Acad. Sci. U. S. A. 101, 15793-15798). This form of conformational
coupling, termed excitation-coupled calcium entry (ECCE) is trig-
gered by the «, .-DHPR voltage sensor and is highly dependent on
RyR1 conformation. In this report, we substitute RyR1 cysteines
4958 or 4961 within the TXCFICG motif, common to all ER/SR
Ca®* channels, with serine. When expressed in skeletal myotubes,
C4958S- and C4961S-RyR1 properly target and restore L-type cur-
rent via the DHPR. However, these mutants do not respond to RyR
activators and do not support skeletal type EC coupling. Nonethe-
less, depolarization of cells expressing C4958S- or C4961S-RyR1
triggers calcium entry via ECCE that resembles that for wild-type
RyR1, except for substantially slowed inactivation and deactivation
kinetics. ECCE in these cells is completely independent of store
depletion, displays a cation selectivity of Ca®>*>Sr*>* ~Ba>*, and is
fully inhibited by SKF-96365 or 2-APB. Mutation of other non-
CXXC motif cysteines within the RyR1 transmembrane assembly
(C3635S, C4876S, and C4882S) did not replicate the phenotype
observed with C4958S- and C4961S-RyR1. This study demonstrates
the essential role of Cys*®*® and Cys**®" within an invariant CXXC
motif for stabilizing conformations of RyR1 that influence both its
function as a release channel and its interaction with ECCE
channels.

Calcium is a universal intracellular signal responsible for regulating
many cellular processes including cell proliferation, hormonal secre-
tion, and muscle contraction (1, 2). Most eukaryotic cells generate spa-
tially and temporally encoded intracellular signals through the coordi-
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nated release of Ca>* from endoplasmic reticulum (ER)*/sarcoplasmic
reticulum (SR) stores and by extracellular Ca®" entry across the plasma
membrane. Inositol 1,4,5-trisphosphate receptors (IP;Rs) and ryano-
dine receptors (RyRs) dynamically control the release of Ca*" from
intracellular stores. In addition, there is evidence showing conforma-
tional coupling between RyRs and L-type voltage-gated Ca®" channels
(DHPR; Refs. 3 and 4; store-operated Ca>* channels (SOCCs; Ref. 5), or
Ca’*-activated K*-channels (6, 7). SOCCs are essential calcium entry
pathways for regulating Ca®" signals and replenishing ER/SR stores of
both nonexcitable and excitable cells (8 —10). Several theories have been
proposed to account for the activation of store-operated Ca®" entry
(SOCE), including the involvement of a diffusible second messenger
(11) and rapid vesicular translocation (12, 13). Ca*" entry pathways
evoked by physiological stimulation of phosphatidylinositol 4,5-
bisphosphate or elements of the DAG limb of the phosphoinositide
pathway such as arachidonate also appear to directly modulate Ca**
entry by a mechanism that is independent of store depletion (14, 15).
Evidence for the conformational coupling hypothesis, whereby activa-
tion of Ca* entry is tightly coupled to changes in the conformation of
RyRs and IP4Rs, has also been provided in both non-excitable and excit-
able cells (5, 16 -20).

In skeletal muscle, a specialized form of conformational coupling
occurs between DHPR and RyR1. Skeletal excitation-contraction (EC)
coupling (an orthograde signal from DHPR to RyR1) results in release of
Ca®" from the SR without a requirement for entry of extracellular Ca**.
Additionally, a retrograde signal from RyR1 to the DHPR regulates the
magnitude of the inward Ca®* current carried by the DHPR (3, 21-24).
Block of RyR1 with micromolar ryanodine causes a substantial (2-nm)
shift in the relative positions of the four DHPRs within each tetrad,
indicating that ryanodine induces large conformational changes in the
RyR1 cytoplasmic domain and that the a;-DHPR-RyR1 complex acts
as a physically coupled unit (25). Within the DHPR, a 45-amino acid
stretch of the a,¢ II-11I loop (corresponding to Leu”*°-Leu”®*) and the
C-terminal of B,, are both important for bi-directional signaling (26),
and several regions of RyR1 are important for interacting with the
DHPR (27-29). In addition to bi-directional signaling engaged during
EC coupling, there are Ca>* entry mechanisms involving yet unidenti-
fied SOCC in muscle cells (see Ref. 30, for review). The activation of
SOCC in myotubes has been linked to two distinct mechanisms. One

“The abbreviations used are: ER, endoplasmic reticulum; RyR, ryanodine receptor;
DMEM, Dulbecco’s modified Eagle’s medium; EC, excitation-contraction; ECCE, exci-
tation-coupled calcium entry; SOCE, store-operated Ca?* entry; CPA, cyclopiazonic
acid; SR, sarcoplasmic reticulum; DHPR, dihydropyridine receptor; CmC, 4-chloro-m-
cresol; CPM, 7-diethylamino-3-(4’-maleimidylphenyl)-4-methylcoumarin.
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form of Ca®" entry, unmasked in the presence of the SERCA pump
blockers thapsigargin (TG) (31) or cyclopiazonic acid (32) is activated
subsequent to chronic store depletion and appears be closely related to
SOCE commonly described in non-excitable cells. A second mecha-
nism, termed excitation-coupled Ca>* entry (ECCE) was recently
described in skeletal myotubes (33). Unlike SOCE, the expression of
both a,s-DHPR and RyR1 are essential for engaging ECCE. ECCE is
triggered by membrane depolarization, whereas SOCE is inhibited by
membrane depolarization (17). a;s-DHPR serves as the voltage sensor
for triggering the activation of ECCE, and the conformational state of
RyR1 dramatically influences the behavior of ECCE in response to
membrane depolarization. For example, the fully blocked RyR1 confor-
mation assumed in the presence of micromolar ryanodine significantly
slows the inactivation of the ECCE during a maintained depolarization
(33). Initial experiments with ryanodine-treated myotubes indicate that
ECCE, unlike SOCE, does not appear to depend on appreciable deple-
tion of SR stores to be fully engaged.

Elements of structure within RyR1 important for regulating either
ECCE or SOCE are not known. Cysteine residues are integral for induc-
ing and maintaining the three-dimensional conformation in proteins by
forming critical inter- and intramolecular disulfide bond linkages. The
RyR is known to contain several classes of cysteine residues with differ-
ent chemical reactivities. Much attention has been focused on the role
of extremely reactive cysteine residues as key structural components
contributing to redox modulation and nitrosylation of the channel com-
plex (see Refs. 34 and 35). Recently seven hyper-reactive cysteines of
RyR1, including the nitrosylation site Cys>**®
chemical labeling and mass spectroscopic techniques (36). Located in
the cytoplasmic tail of all RyR and IP4R isoforms is a highly conserved
TXCFICG motif with two invariant cysteine residues (Cys*® and
Cys*®! in RyR1). Although this motif conforms to the CXXC consensus
known to confer redox sensitivity to thiol/disulfide oxidoreductases
(37), the contribution of Cys***® and Cys**®' to RyR1 conformation and
function are unknown.

In the present study, we report that two mutated RyR1s (C4958S or
C49615) target properly to junctions after expression in 1B5 or primary
myotubes, as indicated by the restoration of retrograde signaling to the

, were identified using

a;5-DHPR. However, cells expressing these proteins lack EC coupling
because the mutant release channels fail to activate, even in response to
direct agonists. Nonetheless, C4958S- and C4961S-RyR1 maintain their
ability to engage ECCE, which demonstrates that ECCE occurs in the
absence of SR store depletion that would result from SR Ca®* release.
Interestingly, the inactivation of ECCE with C4958S- or C4961S-RyR1 is
substantially slower than with wild-type RyR1. These data further dif-
ferentiate ECCE from classic SOCE and show that cysteines 4958 and
4961 near the C terminus function both to maintain conformations
necessary for RyR1 channel function and to influence conformational
activation of ECCE.

EXPERIMENTAL PROCEDURES

¢DNA Cloning—Cys***® and Cys**®! were mutated to serine using
primer extension-driven site-directed mutagenesis in a Clal(14,203)-
Xbal (vector) fragment of RyR1 using a QuikChange® (Stratagene, CA)
kit, and sequenced in both directions to confirm the mutation and the
absence of any other random mutations. The primers used to create
either mutation (note: mutated sequence is indicated in lowercase)
are: forward 5'-GAGACCAAAa/tGCTTCATCa/tGCGGGATTG-3/,
reverse 5'-CTCTGGTTTt/aCGAAGTAGt/aCGCCCTAAC-3" with
the first substitution yielding C4958S and the second yielding C4961S.
The mutated fragments were then ligated back into the full-length RyR1
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constructs in pHSVprPUC HSV amplicon vector (38) or into both the
pCDNA3 and the pCI-neo mammalian expression vectors (39). A sim-
ilar method was used to create the C3635S, C4876S, and C4882S
mutations.

Culture of 1B5 and Primary Mouse Skeletal Myotubes—IB5 myo-
genic cells (40) were cultured in Dulbecco’s modified Eagles medium
(DMEM) containing 20% (v/v) fetal bovine serum, 2 mm L-glutamine,
100 units/ml penicillin-G, and 0.1 ug/ml streptomycin sulfate (Invitro-
gen, Life Technologies, Inc.) at 37 °C in 10% CO,, 5% O, For Fura-2
ratio fluorescence imaging measurements, cells were grown on collagen
(calf skin; Calbiochem) coated 72-well polystyrene plates (Nalge Nunc
International, Rochester, NY) or 96-well u-clear plates (Greiner, Fred-
erick, MD). Once dividing cells were ~50% confluent, they were stim-
ulated to differentiate into myotubes over a period of 6—8 days in
growth factor-deprived medium consisting of DMEM containing 2%
(v/v) heat-inactivated horse serum (HIHS), 2 mm L-glutamine, 100
units/ml penicillin-G, and 0.1 ug/ml streptomycin sulfate at 37 °C in
10% CO,, 10% O,.

Preparation of primary cultures of skeletal myotubes from wild-type
and dyspedic (lacking RyR1) mice has been described previously (41).
Wild-type and dyspedic primary myoblasts were grown on 100-mm
tissue culture-treated Corning dishes and cultured in Ham’s F-10 nutri-
ent medium containing 20% (v/v) fetal bovine serum, 2 mm L-glutamine,
5 ng/ml fibroblast growth factor (rhFGF; Promega, Madison, WT), 100
units/ml penicillin-G, and 0.1 ug/ml streptomycin sulfate at 37 °C in
10% CO,, 5% O, For Fura-2 imaging cells were plated onto 96-well
p-clear plates (Greiner) coated with MATRIGEL (BD Biosciences) or
collagen. Upon reaching ~80% confluence, the cells were differentiated
into myotubes over a period of 3-5 days using DMEM containing 2%
(v/v) HIHS, 2 mM L-glutamine, 100 units/ml penicillin-G, and 0.1 ug/ml
streptomycin sulfate at 37 °C in 10% CO, 10% O,.

Transduction of Skeletal Myotubes with cDNAs—For Ca®" -imaging
studies, differentiated 1B5 and primary dyspedic myotubes were trans-
duced with helper virus-free herpes simplex virus-1 amplicon virions
(1 X 10° to 3 X 10° infectious units/ml) (38) containing the cDNA
encoding for either wild-type RyR1, C4958S- or C4961S-RyR1 in anti-
biotic-free DMEM containing 2% HIHS for 1 h at 37 °C, 10% CO,, 10%
O,. After 1 h, the virus-containing medium was replaced with differen-
tiation medium, and the cells were used for imaging experiments 24 — 48
h post-transduction.

For measurement of whole cell currents, a single nucleus of each
myotube (6-7 days after initial plating) was microinjected with 0.3
g/l of either C4958S-, or C4961S-RyR1 pCDNA3 or RyR1-pCI-neo
and 0.2 ug/ul of an expression plasmid (42) for the surface antigen CD8.
Approximately 48 h later, the medium was removed from injected myo-
tubes and replaced with external recording solution (see below) con-
taining beads coated with CD8 antibody (Dynabeads M-450, Dynal AS,
Oslo, Norway), which allowed identification of cells that were express-
ing CD8, and thus candidates to express the RyR construct of interest.
Alternatively, the RyR cDNA was injected together with 0.04 pg/ul
cDNA for green fluorescent protein (43). After 48 h, the CD8- or GFP-
positive myotubes were used for experiments.

Whole Cell Measurements of Ca>* Currents and Transients—The
whole cell technique was used for the simultaneous measurement of
Ca®" currents and transients (44). Patch pipettes were pulled from
borosilicate glass and had resistances of 1.6-2.0 M{) when filled with
internal solution, which contained (in mm) 145 cesium glutamate, 8
MgATP (1 mM free Mg>"), 2 CsCl, 10 HEPES, 10 EGTA, and 0.5
K Fluo-3 (Molecular Probes, Eugene, OR) as the Ca®" indicator. After a
seal was obtained between the patch pipette and a myotube, bath per-
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Primary Myotubes

a123

FIGURE 1. RyR1 point mutant C4958S restores
L-type Ca2™ current, but not EC coupling, in pri-
mary dyspedic myotubes. a, Western blot analy-
sis of 1B5 myotubes virally transduced with
C4958S-RyR1 (lane 2; 20 g of protein) or wild-type
RyR1 (lane 3; 20 ug of protein). Lane T shows 0.5 ug
of rabbit junctional SR protein as control. b, repre-
sentative Ca2" currents at +30 mV from dyspedic
myotubes expressing wild-type RyR1 (top) and
C4958S-RyR1 (middle), and from uninjected dys-
pedic myotubes (bottom). The vertical and hori-
zontal scale bars represent 5 pA/pF and 50 ms,
respectively. ¢, peak Ca®* current-voltage rela-
tionships of dyspedic myotubes (gray circles; n =
10), C4958S-RyR1 expressing myotubes (black cir-
cles; n = 32), and wild-type RyR1 expressing myo- d
tubes (white circles;n = 41).d, representative Ca®*
transients at +40 (black) and +80 mV (gray) for
wild-type RyR1 and C4958S-RyR1. e, peak Ca®* -in-
duced fluorescence increase in myotubes express-
ing wild-type RyR1 (white circles; n = 12) or
C4958S-RyR1 (black circles; n = 8) is plotted against
test potential. The inset is an enlargement of the
C49585-RyR1 data to emphasize the bell shape of
the voltage dependence.
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fusion was used to remove any indicator that had leaked from the
pipette. A period of >5 min was allowed after breaking into whole cell
mode so that Fluo-3 could diffuse throughout the myotube. Ca>* cur-
rents were measured with a Warner PC501 patch amplifier (Hamden,
CT) and transients with a photomultiplier apparatus (Biomedical
Instrumentation Group, University of Pennsylvania, Philadelphia, PA).
Cells were held at —80 mV and control (linear capacitive and leak)
currents were measured by steps to —110 mV. Cell capacitance was
determined by integration of the control current and used to normalize
Ca®" currents (pA/pF). Additionally, the average of 10 control currents
was digitally scaled and subtracted from test currents to correct for
linear components of leakage and capacitative current. The voltage pro-
tocol for test currents consisted of a 1-s prepulse to —30 or —20 mV to
inactivate T-type current, followed by a 50-ms repolarization to —50
mV, followed by a 200-ms step to the test potential, a 125-ms step to
—50 mV, and finally a return to the holding potential. The external
solution used for measuring Ca>* currents contained (in mm) 145
TEAC], 10 HEPES, 10 CaCl,, and 0.003 TTX.

To measure responses to application of cyclopiazonic acid (CPA),
intact cells were loaded with Fluo3-AM as described previously (44).
Fluorescence data were recorded by applying 1-s fluorescence excita-
tion pulses at 0.1 Hz and averaging the fluorescent emission during a
200-800-ms interval centered within each excitation pulse. Baseline
fluorescence (F) was determined prior to the application of CPA and
used to calculate the normalized change in fluorescence, AF/F.
Response latency was determined as the time from application of CPA
until the first data point exceeding the baseline by greater than two
standard deviations. The effects of CPA, which was applied in rodent
Ringer containing (mm) 145 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 10 HEPES
(pH 7.4 with NaOH), were tested on only a single myotube per culture
dish.
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Ca®" and Mn”* Imaging—Differentiated 1B5 or primary myotubes
were loaded with the Ca”>* -sensitive dye Fura-2-AM (5 um) at 37 °C for
20 min in imaging buffer (in mm) 125 NaCl, 5 KCl, 2 CaCl,, 1.2 MgSO,,
6 dextrose, and 25 HEPES, pH 7.4 supplemented with 0.05% bovine
serum albumin. The cells were then washed with imaging buffer sup-
plemented with 250 uM sulfinpyrazone and transferred to a Nikon Dia-
phot microscope. Fura-2 was excited alternatively at 340 and 380 nm,
using a Delta Ram excitation source and fluorescence images magnified
with X10 or X40 objectives were detected at 510 nm with an IC-300
ICCD camera (Photon Technology International; PTI, Lawrenceville,
NJ). Images were captured, digitized, and stored on computer using
ImageMaster software (PTI). Ratiometric (340/380) data were collected
from regions of 5 to 15 individual cells. Agonists were dissolved in imag-
ing buffer and perfused into wells containing the myotubes. When high
KCl concentrations were used (>40 mm), the concentration of Na* was
lowered accordingly to preserve osmolarity. In some experiments the
chloride product was kept constant by substitution of potassium meth-
ane sulfonate, and was not found to influence the myotube parameters
measured in the present study.

In some experiments, the manganese quench method was employed
(45-47). Mn*>" enters the cell through plasma membrane channels but
cannot be removed via the ATPase pumps. After loading the cells with
Fura-2-AM the extracellular solution was replaced with Ca**-free
imaging buffer containing a final concentration of 0.5 mm Mn*". Fura-2
was excited at 360 nm and emission measured at 510 nm with a X10 or
X40 objective. After recording a baseline decrease in fluorescence
intensity (due to Mn>" quenching the dye), cells were then depolarized
with KCl and the new rate of quench observed. For electrical field stim-
ulation, two platinum electrodes were fixed to opposite sides of the well
and connected to an AMPI Master 8 stimulator. Myotubes were loaded
with Fura-2 and stimulated with 25-ms, 6-V pulses over a range of

VOLUME 280+-NUMBER 44 -NOVEMBER 4, 2005

9002 ‘S JaqWIBAON U0 Ag 610°2g[Mmm WOl papeojumod


http://www.jbc.org

The Journal of Biological Chemis

e

RyR1 Cys Mutations Unmask ECCE

Primary Myotubes

(a) 1B5 Myotubes

Q
o

[} 1.6 -
kS 94
o o
& 3 0.8 -
s Cd
3 £04
P Y ¥
s 0.0 1
] c RyR1 C-S Dyp
m—-’ 100 |
S D
o 2 75
° 53
V4 8§ 50
E 25
0.5 AF"Fl 100 sec o

0 -
RyR1 C-S Dyp

FIGURE 2. SR Ca?* stores are similar in myotubes expressing wild-type or C4958S-
RyR1 and in dyspedic myotubes. g, changes in Fluo3 fluorescence in intact, primary
myotubes expressing wild-type RyR1 (white circles) or C4958S-RyR1 (black circles), and in
uninjected dyspedic (gray circles) in response to bath application of 30 um CPA. b, aver-
age, normalized peak fluorescence increases during exposure to 30 um CPA for C4958S-
RyR1 (C-S, black bars; n = 8), wild-type RyR1 (white bars; n = 6), and dyspedic myotubes
(Dyp, gray bars; n = 7). ¢, the latency between the application of CPA and the first detect-
able increase in fluorescence for wild-type RyR1 (white bars; n = 6), C49585-RyR1 (C-S,
black bars; n = 7), and dyspedic myotubes (Dyp, gray bars; n = 6).

frequencies (5-20 Hz). In these experiments, data were acquired at
50-ms intervals by photometry.

Sarcoplasmic Reticulum Membrane Preparation—Differentiated
myotubes transduced with virions containing the cDNA encoding for
C4958S and wild-type RyR1 were washed with ice-cold PBS and scraped
off 100-mm plates using 3 ml of cold harvest buffer (in mm: 137 NaCl, 3
KCl, 8 Na,HPO,, 1.5 KH,PO,, 0.5 Na,EDTA at pH 7.4) and centrifuged
at 500 X g for 5 min. The cell pellet was resuspended in ice-cold hypo-
tonic lysis buffer (1 mm EDTA, 5 uMm leupeptin, 250 uM phenylmethyl-
sulfonyl fluoride, 10 mm HEPES at pH 7.4) and homogenized on ice
using a PowerGen 700D homogenizer (Fisher Scientific) for 3 X 5 s at
14,000 rpm. An equal volume of ice-cold 20% sucrose buffer (10 mm
HEPES, pH 7.4) was added and the homogenization process repeated.
The homogenate was ultracentrifuged at 33,000 rpm for 1 h, at4 °Cina
Ti80 rotor and the crude pellet resuspended in 10% sucrose-HEPES
buffer solution, aliquoted, and stored at —80 °C.

Western Blot Analysis—Proteins were denatured in 1:1 in a solution
containing 10% mercaptoethanol and 10% sucrose-HEPES buffer for 30
min at 60 °C before being loaded onto a 3—10% gradient sodium dodecyl
sulfate-polyacrylamide gel and subjected to electrophoresis at 200 V for
45 min. The size-separated proteins were then transferred slowly onto
polyvinylidene difluoride microporous membranes (Millipore, Bedford,
MA) using an electroblotter (Mini Transblot; Bio-Rad) for 16 h at 200 V
followed by a rapid transfer for 1 h at 100 V. The transferred proteins
were then incubated in TTBS buffer (20 mm Tris base, 137 mMm NaCl,
0.05% Tween 20, pH 7.4) containing 5% nonfat dry milk at ambient
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FIGURE 3.RyR1 Cys point mutants (C4958S and C4961S) expressed in dyspedic myo-
tubes are unresponsive to direct RyR agonists but engage Ca®* entry. g, represent-
ative responses are shown for caffeine and CmC applied to 1B5 dyspedic myotubes (n =
175 cells), and 1B5 myotube expressing wild-type RyR1 (RyR1; n = 617 cells), C4958S-
RyR1 (n = 738 cells), or C4961S-RyR1 (n = 208 cells). b, representative response to depo-
larization of primary myotubes expressing C4958S-RyR1 in the presence and absence of
physiological concentration of external Ca™ in the medium (n = 25 cells). Primary myo-
tubes (n = 32 cells) also failed to respond to either caffeine or CmC (data not shown).

temperature for 30 min. The blot was then probed with 34C primary
antibody (1:200 dilution; Developmental Studies Hybridoma Bank,
Iowa City, IA; Refs. 23 and 71) diluted 200 times in TTBS buffer plus 1%
bovine serum albumin at 25 °C. After 1 h the blot was rinsed in TTBS
buffer three times and then incubated with the secondary antibody (goat
anti-rabbit IgG at a 1:20,000 dilution) for 1 h at 25 °C. After a final rinse
step with TTBS, enhanced chemiluminescence techniques (PerkinElmer
Life Science Products) were used to visualize the immunoblots.

RESULTS

C4958S-RyR1 Enhances L-type Ca’* Current, but Lacks EC Cou-
pling—Western analysis of homogenates from myotubes expressing
C4958S- or wild-type RyR1 revealed the presence of one predominant
immunoreactive band whose size was indistinguishable from that of
junctional SR from adult rabbit (Fig. 1a). Similar results were obtained
with preparations of C4961S-RyR1 (not shown). Additional immuno-
cytochemical labeling experiments not shown here indicated that
C4958S- or wild-type RyR1 were distributed within expressing myo-
tubes in punctate rows, consistent with localization to Ca%" release
units at surface membrane/SR junctions (48).

The processing and targeting of C4958S-RyR1 were functionally
tested by whole cell voltage clamp after expression in primary dyspedic
myotubes. In agreement with previous results (3), the expression of
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FIGURE 4. Depolarization triggers Ca>* entry in
myotubes expressing C4958S- or C4961S-
RyR1. g, representative traces of the functional
responses of dyspedic 1B5 myotubes, (n = 33
cells) and of 1B5 myotubes expressing wild-type St\!

RyR1 (RyR1); (n = 30 cells); C49585-RyR1 (n = 35 §° L
cells); and C4961S-RyR1 (n = 34 cells) after stimu- =
lation (5 s) with 10, 20, 40, 60, and 80 mm KCl. b,
summary data of the effect of [Ca®*],, on the
response induced by 80 mm KCl in C4958S-RyR1
(n = 89 cells) and wild-type RyR1 (n = 89 cells) 1B5

myotubes. The calcium responses observed in the ' '
absence of extracellular calcium for C4958S (*,p < 40 80
0.001) were significantly different to that observed
in the presence of calcium. ¢, the functional
responses (measured in terms of relative changes
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wild-type RyR1 greatly enhanced peak L-type Ca®" current density
compared with dyspedic myotubes (—14.1 = 1.5 versus —1.4 * 0.3
pA/pF; Fig. 1, b and c). The wild-type RyR1 also restored skeletal-type
EC coupling in that (i) the depolarization-induced calcium transient
was of comparable size at +40 and +80 mV despite large differences in
the size of the L-type Ca®" current (Fig. 1d) and (ii) the amplitude of the
transient displayed a sigmoid dependence on test potential (Fig. le).
Like wild-type RyR1, C4958S-RyR1 enhanced peak L-type Ca>" current
(Fig. 1, b and c), although to a lesser extent (—5.5 * 0.7 versus —14.1
pA/pF £ 1.5). This enhancement of current supports the idea that
C4958S-RyR1 interacts with the DHPR as a consequence of targeting to
SR junctions with the plasma membrane.

Unlike wild-type RyR1, however, expression of 4958S-RyR1 failed to
restore skeletal type EC coupling. Although depolarization-induced
transients were sometimes observed, they appeared to reflect Ca**
entry via the DHPR because they were absent at +80 mV (Fig. 1d), were
of small amplitude, and showed a bell-shaped dependence on test
potential (Fig. le). To test whether a lack of SR Ca*>* stores was respon-
sible for this absence of skeletal-type EC coupling, the filling state of the
stores were assessed by exposing intact myotubes to the SERCA pump
blocker CPA. The resulting increase in cytoplasmic Ca®* had a similar
magnitude in myotubes expressing wild-type RyR1, myotubes express-
ing C4956S-RyR1 and in control dyspedic myotubes (Fig. 2, a and b),
suggesting that SR Ca>" content was similar in the three types of cells.
Comparable results were obtained when 200 nM thapsigargin was
applied in an external solution containing 10 nm Ca®" to 1B5 myotubes
expressing wild-type or C4958S-RyR1 (data not shown). The latency of
the response to CPA in myotubes expressing wild-type RyR1 was about
2-fold shorter than in dyspedic myotubes and C4958S-RyR1-expressing
myotubes (Fig. 2¢), most likely because RyR1 channels capable of active
release accelerated the loss of Ca®" from the SR. Myotubes expressing
C4961S-RyR1 exhibited L-type Ca>* currents and lack of EC coupling
that were indistinguishable from those described for C4958S-RyR1
(data not shown).

ECCE in Myotubes Expressing C4958S- or C4961S-RyRI1—Dyspedic
1B5 myotubes have been shown to lack detectible expression of any of
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FIGURE 5. C3635S- and C4876S-RyR1 do not produce the same phenotype as CXXC
mutants. Dyspedic 1B5 myotubes were transduced with cDNA to express C3635S- (a) or
C4876S-RyR1 (b) mutations. Cells expressing C36355-RyR1 responded to both depolar-
ization by a brief (2 s) pulse of K* (40 mm) and to caffeine in a dose-dependent manner.
By contrast cells expressing C4876S-RyR1 did not respond to K*, caffeine, or CmC (20 s
each). Cells did respond to the Ca?* ionophore ionomycin (lon; 2 um). Expression of RyR1
protein was verified by immunocytochemical staining with monoclonal antibody 34C
(not shown). Data shown are a representative trace from at least n = 5 cells for each
experiment.

the RyR isoforms but to express all of the other proteins essential for
skeletal EC coupling (40). As expected, transduction of dyspedic 1B5
myotubes with wild-type RyR1 cDNA restored intracellular Ca®"
responses to direct activators caffeine and 4-chloro-m-cresol (CmC)
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FIGURE 6. K* depolarization induces Mn2* ‘ '
entry in 1B5 and primary myotubes. Represent-
ative traces are shown for 1B5 (a) and primary (b)
myotubes. Depolarization with 80 mm KCl did not 5s 10s
cause detectable quench of Fura-2 in dyspedic [ ] ——— 1 L 1
1B5 (a, n = 40 cells) or primary myotubes (b, n = 35 =] e —— ]
cells). However, depolarization resulted in Mn?* D di RVR1 C4958S-RyR1
entry in wild-type RyR1-expressing 1B5 (a, n = 36 yspedic Yy y

cells) or primary myotubes (b, n = 45 cells), as well
as in C4958S-RyR1 expressing 1B5 (a, n = 41 cells) b
or primary myotubes (b, n = 32 cells). In the cells

expressing wild-type RyR1, the Mn?*-quench sig-
nal may have been partially obscured by a Fura-2
response to Ca®* release as a consequence of skel-
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Primary Myotubes

etal-type EC coupling. I 10s
b
\
5s 10s
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] [ ] |———=——|
Dyspedic RyR1 C4958S-RyR1
(Fig. 3), but 1B5 myotubes expressing C4958S- or C4961S-RyR1 failed Primary myotubes
to respond to either agonist (Fig. 3). Like 1B5 cells, primary myotubes a Dyspedic countsr 228
expressing the cysteine mutant also failed to respond to these concen- (x10%)
trations of caffeine or CmC (data not shown). However primary myo- M
tubes (Fig. 3b) and 1B5 myotubes (Fig. 4a) expressing the mutant RyRs
responded vigorously to depolarization elicited by addition of 80 mm K* oV, 5tz BV, 10Hz

to the external medium with a large Ca®" transient not seen in the
absence of external Ca®" (Fig. 3b).

Depolarization-triggered Ca>* entry was further studied with 1B5
myotubes. Untransduced 1B5 myotubes failed to respond to a 60 s depo-
larization elicited by addition of 40 or 80 mM K™ to the external medium
(Fig. 4a, Ist trace), whereas myotubes expressing wild-type RyR1
responded to depolarization with a Ca>* transient both in the presence
([Ca®"],, = 2 mm; Fig. 4a, 2nd trace) and absence ([Ca®"],, = 10 nm and
7 uM; Fig. 4b, black bars) of extracellular Ca?", consistent with restora-
tion of skeletal type EC coupling. Like primary myotubes, 1B5 myotubes
expressing either C4958S- or C4961S-RyR1 responded with a robust
Ca®" transient to K" depolarization (Fig. 44, 3rd and 4th traces). How-
ever this depolarization-induced Ca®" transient could be completely
abolished by removal of Ca>* from the external medium indicating that
it was dependent on sarcolemmal Ca>" entry (Fig. 4b, open bars; data for
C4958S-RyR1 shown). The magnitude of depolarization-triggered Ca**
response observed with C4958S- or C4961S-RyR1 expressing myotubes
was dependent on the degree of depolarization (i.e. the external K*
concentration), and cells expressing either mutant appeared to have a
higher threshold for their response to depolarization than that needed
to trigger EC coupling in myotubes expressing wild-type RyR1 (Fig. 4, a
and ¢). The increase in intracellular Ca®" observed with C4958S-RyR1-
expressing cells differed from that in cells expressing wild-type RyR1 in
that it rose more slowly, declined much less during the depolarizing
stimulus, and decayed more slowly after K* was removed (Fig. 4d).
Collectively, these data show that although substitution of Cys***® or
Cys**®! with serine produces RyR1 channels that cannot be activated to
produce Ca*>" release from the SR, these proteins target to junctions
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FIGURE 7. Electrical pulse trains rapidly enhance Mn?™* entry in primary myotubes
expressing C4958S. Mn?* quench of Fura-2 fluorescence was measured using photom-
etry as described under “Experimental Procedures.” a, dyspedic myotubes fail to respond
to electrical pulse trains, whereas in b cell expressing C4958S-RyR1 rapidly respond to
initiation and termination of the pulse train and the rate of Mn2™" entry (slope indicated
by dashed lines) was dependent on the frequency of the pulses. Data shown are repre-
sentative of measurements made on at least five separate cells.

where they engage a form of depolarization-triggered Ca®" entry
(ECCE) that is independent of SR store depletion.

To test whether the effects of serine substitution were specific to
Cys™® and Cys™®!, RyR1 proteins each possessing a cysteine point
mutation (C3635S, C4872S, or C4882S) within the transmembrane
assembly were constructed. Cys®>*® is essential for the regulation of
RyR1 by NO (49). Nevertheless myotubes expressing C3635S-RyR1
produced a rapid Ca®" transient in response to depolarization with K*,
and responded to caffeine in a dose-dependent manner (Fig. 54). By
contrast, myotubes expressing C4876S-RyR1 (Fig. 5b) or C4882S-RyR1
(data not shown) failed to respond to either stimulus.

Depolarization-triggered cation influx was indirectly measured by
monitoring the quench of intracellular Fura-2 fluorescence by Mn?*,
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FIGURE 8. SOCC-like pharmacology of depolarization-induced Ca2™ influx exhibited by 1B5 myotubes expressing C49585S-RyR1. g, relationship between [cation],, (Ca™,
Sr?*,and Ba?™") and amplitude of cation entry produced by 80 mmK* applied to C4958S-RyR1 transduced 1B5 cells. ECs, values (mm): 0.10 = 0.007 for Ca®*;0.26 = 0.001 for Sr>* and
0.26 = 0.004 for Ba®" b, the effect of the cation channel blockers (1-2 min exposure) Cd?* (0.5 mm) and La®>" (0.3 mm); and SOCC blockers 100 um 2-APB and 20 um SKF-96365 on the
calcium response induced by 80 mm K™ in 1B5 myotubes transduced with C4958S-RyR1 (n = 327 cells). The calcium response observed in the presence of Cd**/La®", 2-APB, and
SKF-96365 for C4958S was significantly different (*, p = 0.02) from that observed in the absence of these channel blockers.

which enters cells via SOCC-like channels in the plasma membrane.
Analysis of Mn>" quench revealed that depolarization of dyspedic 1B5
or primary myotubes did not produce any detectable increase in the rate
of quench of Fura-2 fluorescence from baseline (Fig. 6, @ and b, Ist
traces, respectively). In contrast, depolarization of 1B5 or primary myo-
tubes expressing wild-type RyR1 resulted in rapid activation of Mn**
entry evidenced by a significant increase in the rate of quench of Fura-2
fluorescence. (Fig. 6, a and b, 2nd traces). Thus, ECCE, a depolarization-
induced entry of divalent cations via SOCC-like channels, was a funda-
mental property of myotubes expressing wild-type RyR1. Similarly,
depolarization of myotubes expressing C4958S-RyR1 rapidly activated
the influx of Mn** (Fig. 6, @ and b, 3rd traces). The magnitude and rate
of Mn** entry elicited by 80 mm K* with C4958S cells was very similar
to that observed with myotubes expressing wild-type RyR1 that were
pretreated with a channel blocking concentration of ryanodine (data not
shown). Dyspedic myotubes had no Ca*" release in response to trains of
electrical pulses (Fig. 7a). Cells expressing either C4958S-RyR1 (Fig. 7b)
or C4961S-RyR1(data not shown) responded to electrical depolariza-
tion with an abrupt change in the rate of quench of Fura-2 fluorescence
by Mn>* entry, and the magnitude of the quench rate was directly
related to the frequency of the stimulus (Fig. 7b).

The magnitude of the peak Ca®* transient triggered by K* depolar-
ization in C4958S-RyR1 expressing myotubes was dependent on Ca®”"
concentration in the external medium, and exhibited a threshold and
half-maximal amplitude (ECy,) of 50 and 102 uM, respectively (Fig. 8a).
The relationship between driving force and cation selectivity of ECCE
was further explored using substitutions of Ba>" and Sr*" in the extra-
cellular medium. The ECy, values obtained with Ba>* and Sr>* in the
external medium were 268 and 265 uM, respectively (Fig. 84). The rank
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order of Ca>*>Ba®* = Sr*" for ECCE is consistent with the reported
and SOCC-type channels (45, 50, 51).
Cd** and La>" have been shown to block ion conduction of a broad

literature for I,
variety of Ca>* channels. It was therefore expected that Cd** and La*"
(0.5 and 0.3 mm) would completely inhibit ECCE in 1B5 myotubes
expressing C4958S-RyR1 (Fig. 85). However, the presence of Cd*" and
La*" has no significant effect on EC coupling elicited by K™ depolariza-
tion in myotubes expressing wild type RyR1 (29). Organic blockers of
SOCC include SKF-96356 and 2-APB. At concentrations shown to
block SOCE in non-muscle cells, SKF-96356 (20 um) or 2-APB (100 uM)
completely blocked ECCE in myotubes expressing C4958S-RyR1
(Fig. 8b).

Whole Cell Responses to Long Depolarization in Myotubes Expressing
C4958S-RyR1—ECCE appears to involve entry of divalent cations via
SOCC-like ion channels, which should produce an inward ionic cur-
rent. One might expect that 1) the ECCE-associated current would be
small and/or activate relatively slowly, given that the ECCE-associated
Ca®" transient rises slowly, and 2) the ECCE-associated current should
inactivate more slowly in cells expressing C4958S-RyR1 (where Ca*" tran-
sients decay little during maintained depolarizations) than in cells express-
ing wild-type RyR1 (where Ca®" transients decay rapidly during main-
tained depolarizations; see Fig. 4d). Fig. 9a illustrates whole cell Ca®*
currents elicited by strong (+30 mV) 2-s depolarizations. The total Ca®"
current (L-type current plus possible ECCE current) showed a similar
extent of inactivation in cells expressing C4958S-RyR1 as in cells expressing
wild-type RyR1 (Fig. 9b), suggesting that the contribution of ECCE current
was too small to significantly alter inactivation of total current during a 2-s
test pulse. Although there was little difference in the extent of inactivation,
activation was more rapid for C4958S-RyR1 (Fig. 9c).
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As another attempt to measure a current associated with ECCE, cells
were directly depolarized from —80 mV to —20 mV. This test potential
was selected because it was subthreshold for activation of L-type Ca**
current but within the range of potentials expected to result from the
elevated potassium concentrations (40 —80 mwm; Fig. 4¢) and electrical
pulse trains (Fig. 7b) sufficient to induce ECCE. Except for T-type Ca®"
current, no inward current was evidentat —20 mV (Fig. 9). In particular,
the average current near the end of the 6-s test pulse (5984 —5994 ms)
was —0.07 £ 0.23 (n = 5) and —0.03 = 0.06 pA/pF (n = 7) for wild-type
and C4958S-RyR1, respectively.

Store Depletion Also Activates Ca’"* Entry in Skeletal Myotubes—De-
pletion-activated Ca®" entry mediated by activation of SOCCs in skel-
etal muscle has been previously described (17, 30). We tested whether or
not this form of entry also exists in dyspedic 1B5 myotubes and those
expressing wild-type and C4958S-RyR1 by depleting SR Ca*" stores
with 200 nm TG in EGTA-buffered external medium for 30 min. Upon
subsequently elevating the external Ca>" to 2 mwm, a large sustained
Ca®" entry was observed in all three types of cells, consistent with acti-
vation of SOCE (Fig. 10, a—c, Ist traces). As expected, this sustained
phase of the Ca®" rise could be inhibited with either of the SOCE block-
ers 2-APB (52) or SKF-96365 (53) (Fig. 10, a—c, 2nd and 3rd traces,
respectively). Thus, multiple pathways exist for the entry of extracellular
calcium into skeletal muscle cells. Depolarization promotes Ca** entry
via ECCE, T-type Ca>* channels and L-type Ca®>" channels, whereas
store depletion promotes entry via SOCE.

DISCUSSION

SOCE, a form of capacitative Ca%* entry that involves activation of
SOCCs, has recently been described in skeletal muscle cells. Activation
of SOCCs has primarily been achieved by inducing non-physiological
SR store depletion using SERCA pump inhibitors or repeated stimuli
with caffeine in the presence of an external medium with a low Ca**
concentration (17, 30). Evidence for a co-existing mechanism, termed
ECCE, which has properties distinct from SOCE, was recently published
(33). ECCE can be differentiated from SOCE in that: 1) ECCE produces
entry of Ca®" in response to physiological depolarizing stimuli, whereas
SOCE in muscle is inhibited by depolarization (17), 2) activation of
ECCE does not appear to require appreciable store depletion, and 3)
ECCE requires interactions among three different Ca%* channels, a
SOCC-like channel, the o;-DHPR and RyR1 (33), and accordingly
ECCE is absent in dyspedic, RyR-null, myotubes (Fig. 7) and dysgenic,
a;,-DHPR-null, myotubes (data not shown), whereas SOCE is pre-
served in these cell types (Fig. 10).

In the present study, we report that substitution of RyR1 cysteines
4958 or 4961 with serine disables activation of SR Ca®" release in
response to plasma membrane depolarization or to direct RyR1 agonists
such as caffeine. However, C4958S-RyR1 and C4961S-RyR1 are prop-
erly targeted to peripheral junctions and couple with a; DHPR, as
demonstrated by restoration of a significant density of L-type Ca**
current. Moreover, in both primary and 1B5 myotubes, the cysteine-
mutant RyRs are able to support depolarization-induced Ca®" entry via
ECCE, which cannot, therefore, be secondary to depolarization-in-
duced release of the SR Ca** store. Indeed, application of SERCA pump
blockers provides direct evidence that the SR store is statically replete in
myotubes expressing C4958S-RyR1 (Fig. 2).

The importance of RyR1 conformation for ECCE is emphasized by
the observation that Ca>" transients in myotubes expressing C4958S-
RyR1 are sustained during K* depolarizations lasting many seconds,
whereas those in myotubes expressing wild-type RyR1 inactivate rapidly
(Fig. 4d). Thus, the substitution of cysteines within the TXCFICG motif
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FIGURE 9. Activation and inactivation of Ca?* currents in myotubes expressing
wild-type or C4958S-RyR1. g, representative Ca®* currents for a 2-s test pulse to +30
mV are shown for myotubes expressing wild-type (top) or C4958S-RyR1 (bottom). Note
that the trace for C4958S-RyR1 is shown at increased vertical gain to allow easier kinetic
comparison with wild-type RyR1. b, average inactivation, calculated as 100 X (1 — I,/
loeak)s Was not significantly different (p > 0.5) between wild-type RyR1 (white bars; n =
12) and C4958S-RyR1 (black bars; n = 16). ¢, time to peak current for C4958S-RyR1 (black
bars; n = 16) was significantly shorter (p < 0.05) than for wild-type RyR1 (white bars; n =
12). The traces used from each cell to calculate the averages in b and ¢ were recorded at
the voltage that produced the maximal Ca®* current (range +20 to +40 mV). d, lack of
sustained inward, whole cell current during prolonged, weak depolarizations. Repre-
sentative traces are shown for 6-s depolarizations from —80 to —20 mV applied to pri-
mary myotubes expressing wild-type (top) or C49585-RyR1 (bottom), where the dotted
line indicates the zero current level. The transient Ca®* current during the initial ~300
ms of the test pulse arises from T-type channels, which were inactivated by a prior pre-
pulse in the records illustrated in Fig. T and in a above.

results in an RyR1 conformation resembling that stabilized by exposure
of the wild-type RyR1 to ~10~* M ryanodine, which has the similar
effect of both blocking EC coupling and causing ECCE to be sustained
during long depolarizations (33). This sort of ryanodine treatment pro-
duces a large conformational change in the DHPR-RyR1 junctional
complex, causing a 2-nm reduction in the distance between adjacent
particles within tetrads (25). Because tetrads represent groups of four
a;5-DHPRs coupled to the four subunits of RyR1, it is tempting to spec-
ulate that this large conformational change propagated from RyR1 to
the DHPRSs is also involved in the altered behavior of the Ca>* entry
pathway activated during ECCE.

A number of structural elements have been identified as contributing
to conformational coupling between «;s-DHPR and RyR1. For skeletal-
type EC coupling, significant structures include the C-terminal of B,
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FIGURE 10. SR depletion activated SOCC in 1B5
myotubes. Representative traces illustrating
capacitative calcium entry in 1B5 myotubes trans-
duced with C4958S-RyR1 (a,n = 30 cells), dyspedic
1B5 myotubes (b, n = 45 cells), and 1B5 myotubes
transduced with wild-type RyR1 (n = 20 cells). To
elicit capacitative calcium entry, intracellular
stores were depleted by a 20-30 min application
of 200 nm thapsigargin (TG) in an external solution
containing 10 nm calcium. Subsequent elevation
of external calcium to 2 mm induced sustained
capacitative calcium entry. The capacitative cal-
cium entry was blocked by the addition of the
SOCC blockers 2-APB (100 um, 2-min exposure)
and SKF-96365 (20 um, 2-min exposure).
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(54) and a segment of the a;¢ II-III loop (residues 720-765) (39). This
same a;g II-III loop segment is also important for the retrograde
enhancement of L-type Ca®" current (26, 55) and for the RyR1-depend-
ent organization of DHPRs into tetrads (56). Several regions of RyR1
have been shown to contribute essential elements of structure necessary
for skeletal-type EC coupling (29, 57), the retrograde enhancement of
L-type Ca®* current (39) and the organization of DHPRs into tetrads
(27). It will be valuable to determine to what extent ECCE depends upon
the same DHPR and RyR structures. However, it already seems clear
that the pathway producing ECCE diverges in part from that of EC
coupling. As one obvious example, replacing either Cys***® or Cys**®!
with serine ablates EC coupling via RyR1 but enhances ECCE as a con-
sequence of slowed inactivation and deactivation. Importantly,
enhancement of ECCE is not a consequence of all RyR1 mutations that
impair EC coupling. When Glu*®*? is mutated to Ala*®** there is a ~75%
reduction in EC coupling as indicated by whole cell voltage clamp anal-
ysis of Ca®" transients (58). Here we examined three additional cysteine
mutations within the RyR1 transmembrane assembly (C3635S, C4876S,
and C4882S). None of these produced the phenotype observed with
C4958S or C4961S (i.e. complete lack of orthograde signaling because of
an RyR1 dysfunction, but preserved retrograde signaling with both
DHPR and ECCE).

Two chief features reported here for ECCE in myotubes expressing
C4958S-RyR1 are indistinguishable from those of ECCE in wild-type
myotubes (33). First, Ca®>" entry via ECCE is fully inhibited by brief
application of micromolar SKF-96365 and 2-APB. Second, the entry
pathway is permeable to Mn”>* and displays cation permeability with a
rank order of Ca>*>Ba”>" = Sr?*. These properties suggest that Ca®"
entry via ECCE involves a channel with properties like those of the
channels underlying I_,,. or SOCE (45, 50, 51). Direct, whole cell meas-
urements of the current associated with SOCE have been reported for a
number of cell types (59). However, whole cell measurements failed to
reveal a current associated with ECCE in myotubes expressing C4958S-
RyR1 (Fig. 9) even though ECCE was clearly observed in intact myo-
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tubes stimulated with electrical pulse trains using the Mn>" quench
method (Fig. 7). At least three possibilities could explain this failure.
One possible explanation is that rupturing the cell membrane led to a
loss of cytoplasmic components necessary for ECCE. However, the
whole cell conditions we used were generally comparable to those used
by others to measure SOCE currents. A second possibility is that the
ECCE current was too small to be detected. In regard to this possibility,
it is necessary to point out that ECCE was restored by expression in
dysgenic myotubes of “SKEIIIK” (33), a mutated «,¢-DHPR, which does
not conduct inward Ca®" current but does function as a voltage sensor
for EC coupling (60). After treatment with 0.5 mm ryanodine (to block
EC coupling and enhance ECCE), the Ca*>" transients produced by K*
depolarization were of similar size in myotubes expressing wild-type or
SKEIIK «,s-DHPR,” which would seem to indicate that L-type Ca®"
current via the DHPR produces a negligible change in cytoplasmic Ca**
compared with that caused by ECCE. If this were correct, then one
would expect the current associated with ECCE to be substantially
larger than the L-type Ca®" current and thus easily measurable. A third
possibility, therefore, is that the entry of Ca®" associated with ECCE is
not electrogenic as would occur, for example, if the entering Ca%* were
exchanged in an electroneutral fashion for internal cations.

The functional changes caused by either the C4958S or C4961S
mutations may result from alterations in the conformational stability of
the RyR1 tetramer. The dysfunctional RyR1 conformation observed in
the present study may be a result of either a loss of native disulfide
linkages, formation of aberrant disulfide linkages, or both. In this regard,
several classes of cysteine residues within RyR1 are essential for main-
taining the functional integrity of the channel complex. Of the 100 cys-
teine residues in each RyR1 subunit, 25-50 are thought to be free (not
disulfide bonded) and these fall into 3—4 classes based on their reactivity
(49, 61-63). Several thioether adducts of 7-diethylamino-3-(4'-male-

5 G. Cherednichenko and I. N. Pessah, unpublished data.
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imidylphenyl)-4-methylcoumarin (CPM; Refs. 61 and 64) with hyper-
reactive RyR1 cysteines were recently identified using mass spectrome-
try (36). In addition to Cys***®, the site of nitrosylation (49), six
additional cysteines (1040, 1303, 2436, 2565, 2606, and 2611 were iden-
tified as hyper-reactive, and may contribute to redox regulation of the
RyR1 complex (36, 65, 66). Because neither cysteine within the TXC-
FICG motif was detected under labeling conditions that select the most
reactive CPM-thioether adducts, it is possible that in the native (func-
tional) channel these cysteines are disulfide-bonded (oxidized). If this
were the case, it would suggest that the loss of disulfide bond pairing
after serine substitution for either Cys***® or Cys***' could account for
the disabling of RyR1 channel function. This interpretation is supported
by the fact that Cys***® and Cys**®' conform to a CXXC motif that has
been identified in many proteins as controlling formation, isomeriza-
tion, and reduction of disulfide bonds, in addition to other redox func-
tions (37, 67). Recent studies revealed the existence of natural homo-
logues of CXXC-containing proteins, in which the C-terminal or
N-terminal Cys in the CXXC motif is replaced with serine (i.e. CXXS or
SXXC, respectively), which causes the formation of alternative intra- or
intermolecular disulfide bonds, stabilizes alternative conformations,
and expands the biochemical functions of the protein (68, 69). It is
therefore reasonable that the Cys***® and Cys***' might serve to main-
tain a functional three-dimensional structure of the RyR1 channel by
establishing precise disulfide bond linkages, and that substitution with
serine promotes alternative disulfide linkages either within the RyR1
tetramer or to accessory proteins within the channel complex. In this
regard, the presence of strong reductants like dithiothreitol were shown
to partially protect the channel from assuming the persistent conforma-
tion induced by micromolar ryanodine, implicating the rearrangement
of one or more sulfhydryl/disulfide linkages as involved in stabilizing the
inactive channel conformation (70), a conformation which the present
study shows to be functionally mimicked by C4958S and C4961S.

In summary, we have shown that ECCE is not dependent on a rise in
cytoplasmic Ca”" and does not require any store depletion. ECCE co-exists
with classic SOCE in myotubes, although only activation of ECCE is abso-
lutely dependent on expression of both RyR1 and a;s-DHPR. Furthermore
the characteristics of Ca®" entry triggered by ECCE is highly dependent on
the conformation of RyR1 as evidenced by the changes in its inactivation/
deactivation kinetics brought on by either ryanodine (33) or by the muta-
tion of either of two highly invariant cysteine residues (4958 and 4961)
located in the TXCFICG motif (present findings).
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