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Central core disease mutations R4892W, 14897T and G4898E in the
ryanodine receptor isoform 1 reduce the Ca?* sensitivity and amplitude

of Ca?+-dependent Ca?* release

Guo Guang DU, Vijay K. KHANNA, Xinghua GUO and David H. MAcLENNAN'
Banting and Best Department of Medical Research, Charles H. Best Institute, University of Toronto, 112 College St., Toronto, ON, Canada M5G 1L6

Three CCD (central core disease) mutants, R4892W (Arg*#* —
Trp), 14897T and G4898E, in the pore region of the skeletal-
muscle Ca*"-release channel RyR1 (ryanodine receptor 1) were
characterized using a newly developed assay that monitored Ca**
release in the presence of Ca®* uptake in microsomes isolated from
HEK-293 cells (human embryonic kidney 293 cells), co-expres-
sing each of the three mutants together with SERCAla (sarco-
plasmic/endoplasmic-reticulum Ca**-ATPase 1a). Both Ca** sen-
sitivity and peak amplitude of Ca’* release were either absent from
or sharply decreased in homotetrameric mutants. Co-expression
of wild-type RyR1 with mutant RyR1 (heterotetrameric mutants)
restored Ca”" sensitivity partially, in the ratio 1:2, or fully, in the
ratio 1:1. Peak amplitude was restored only partially in the ratio
1:2 or 1:1. Reduced amplitude was not correlated with maximum

Ca’" loading or the amount of expressed RyR1 protein. High-
affinity [*H]ryanodine binding and caffeine-induced Ca** release
were also absent from the three homotetrameric mutants. These
results indicate that decreased Ca*" sensitivity is one of the seri-
ous defects in these three excitation—contraction uncoupling CCD
mutations. In CCD skeletal muscles, where a mixture of wild-
type and mutant RyR1 is expressed, these defects are expected
to decrease Ca’"-induced Ca’" release, as well as orthograde
Ca’" release, in response to transverse tubular membrane depolar-
ization.

Key words: Ca*"-dependent Ca’>" release, **Ca’" uptake and re-
lease, excitation—contraction coupling, central core disease, rya-
nodine receptor, skeletal-muscle sarcoplasmic reticulum.

INTRODUCTION

A key step in EC (excitation—contraction) coupling in skeletal
muscles involves Ca’>' release from the sarcoplasmic reticulum
in response to depolarization of the sarcolemmal membrane. Two
critical proteins in this process are the dihydropyridine-sensitive,
L-type Ca*" channel [DHPR (dihydropyridine receptor)], located
in the transverse tubular membrane, and the Ca>*-release channel
isoform 1 (RyR1, ryanodine receptor 1), located in the junctional
terminal cisternae of the sarcoplasmic reticulum. Ca®* release
through RyR1 is activated by direct physical interaction with
DHPR molecules, which are activated by depolarization [1].
Mutations in the a1 subunit of DHPR cause human hypokalemic
periodic paralysis [2,3] and human MH (malignant hyperthermia),
a toxic response to inhalational anaesthetics and depolarizing ske-
letal-muscle relaxants [4]. Mutations in RYR/ also cause MH in
humans [5], swine [6] and dogs [7] and cause CCD (central core
disease) in humans [8,9].

CCD is an autosomal dominant, slow-progressive or non-pro-
gressive congenital myopathy with different kinds of penetration
ranging from asymptomatic to severe (for details, see reviews in
[10-14]). CCDis characterized by hypotonia and proximal muscle
weakness with the variable occurrence of pes cavus, kyphosco-
liosis, congenital hip dislocation, clubfoot and joint contractures.
Diagnosis of CCD is based on the histology of muscle biopsies,
which reveal amorphous central cores that are depleted of mito-
chondria and lack normal oxidative enzyme activity in both fibre
types. A majority, but not all CCD patients are MH-susceptible,
the same RYR/ mutation causing both the phenotypes [8,9].

More than 80 human RYR mutations have been associated with
MH or CCD to date [14—19]. These mutations are missense or in-
frame deletions and insertions. MH mutations predominate in the
cytosolic N-terminal and central hotspots (MH/CCD domains 1
and 2), whereas CCD mutations predominate in the C-terminal
hotspot (MH/CCD domain 3). In our recent model of the mem-
brane topology of RyRs [20], most of the C-terminal CCD muta-
tions are located in the pore region, in transmembrane sequences
and in the luminal loops connecting transmembrane sequences, but
a few lie in the large, N-terminal cytosolic domain and the cyto-
solic loops at the C-terminus.

Functional studies of isolated RyR1, isolated sarcoplasmic-
reticulum microsomes and skinned muscle fibres from MH pigs
and humans have demonstrated defects in RyR1 function and the
abnormal regulation of Ca®>* in muscles (for details, see review in
[10]). These defects include the increased sensitivity of RyR1 to
activation by Ca** and other agents such as caffeine, halothane
and 4-chloro-m-cresol. Often, the channels are less sensitive to
inactivation by Ca’* and calmodulin. Ca** release in cultured
human skeletal-muscle cells derived from an MH-susceptible
individual [21] and from an MH/CCD patient with the 12453T
(Tle**? — Thr) mutation [22] exhibited increased sensitivity
to halothane and 4-chloro-m-cresol. Functional expressions of
MH and MH/CCD mutant RyR1 constructs in mammalian cell
lines and dyspedic myotubes showed their enhanced sensitivity
to caffeine, halothane and 4-chloro-m-cresol [21,23—-27] and de-
creased sensitivity to inhibition by Ca*" and Mg*" [26].

Mutations causing CCD are classified into two categories,
leaky-channel [11,27-29] and EC uncoupling [14,30,31].

Abbreviations used: CCD, central core disease; DHPR, dihydropyridine receptor; EC, excitation—contraction; HEK-293 cell, human embryonic kidney
293 cell; IP3R, inositol 1,4,5-trisphosphate receptor; mAb and pAb, monoclonal and polyclonal antibodies; MH, malignant hyperthermia; RyR, ryanodine
receptor; SERCA1a, sarcoplasmic/endoplasmic-reticulum Ca?*-ATPase 1a; wt, wild-type.
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Expression of MH/CCD mutations from the first two hotspots,
in HEK-293 cells (human embryonic kidney 293 cells) and dys-
pedic myocytes increased resting cytosolic Ca>™ levels and re-
duced the size of the Ca*" store, suggesting Ca*" leakage from
homotetrameric channels [27,29,31-33]. Immortalized B-lym-
phocytes from CCD patients carrying RYRI mutations in MH/
CCD domain 3 showed endogenous Ca®* release from intracel-
lular stores and a depleted Ca* store in the absence of any pharma-
cological activator of RyR1 [18,34], suggesting that the hetero-
tetrameric channels in these cells are leaky. However, 14897T and
other mutants in the pore region expressed as homotetramers in
dyspedic myotubes produced an uncoupling of sarcolemmal ex-
citation from Ca’" release by the sarcoplasmic reticulum. Resting
cytosolic Ca?" levels and the size of the Ca*" store were normal
[30,31].

The pharmacology of some domain 3 CCD mutants is distinct
from that of MH/CCD mutants in domains 1 and 2. When ex-
pressed in a heterologous system, the homotetrameric 14897T and
some other mutations in domain 3 abolished caffeine-induced
Ca’>" release and the heterotetrameric mutation reduced the
amplitude of Ca*" release significantly [18,30-32,35,36]. The
corresponding mutation in RyR2 (14829T) resulted in unregulated
channels with high open probability, reduced conductance and
loss of high-affinity [*H]ryanodine binding [35,36]. Although
single-channel measurements [35-37] and [*H]ryanodine binding
[38,39] have provided detailed information about the mutant chan-
nel’s function, there are contradictions between the in vivo func-
tion and the altered regulation seen in single channels in vitro
[35,36]. The inability of uncoupled mutants to bind [*H]ryanodine
with high affinity excludes the use of these approaches for further
functional analysis of the CCD mutations.

To gain further insight into how these mutations affect channel
function, we devised an assay for “Ca®" uptake and release in
microsomes isolated from HEK-293 cells co-transfected with
SERCAla (sarcoplasmic/endoplasmic-reticulum Ca*"-ATPase
l1a) and RyR1. This assay allowed us to measure Ca*" release
through wt (wild-type) and mutant RyR1 under specific condi-
tions. We demonstrated that the RyR1 CCD mutations R4892W,
14897T and G4898E abolished or decreased Ca®" sensitivity and
peak amplitude of Ca’"-dependent Ca®" release, reflecting an
alteration in the intrinsic channel function.

EXPERIMENTAL
Materials

[*Ca] was obtained from Amersham Biosciences and [*H]ryano-
dine from DuPont NEN (Boston, MA, U.S.A.); fura 2 acetoxy-
methyl ester was from Molecular Probes (Eugene, OR, U.S.A.);
unlabelled ryanodine was from Calbiochem (San Diego, CA,
U.S.A.); and the expression vector pcDNA 3.1(—) was from In-
vitrogen. All other reagents were of reagent-grade or the highest
grade available.

Mutagenesis

Construction of the RyR1 CCD mutant 14897T was described
previously [32]; the mutants R4892W and G4898E were con-
structed using the same approach.

Cell culture and DNA transfection

Culturing of HEK-293 cells and cDNA transfection using the cal-
cium phosphate precipitation method were performed as de-
scribed previously [38]. For co-transfection of wt or mutant RyR1
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with SERCA1la,20 pngofRyR1and 8 pugof SERCAla DNA were
added to a 10 cm plate.

Microsome preparation and protein assay

Microsomes were prepared as described previously [40]. Protein
concentration was determined by dye binding using BSA as a
standard [41].

[%5Ca] uptake and release

We analysed the Ca**-release channel function for wt and CCD
mutant RyR1 using an oxalate-supported “Ca’"-uptake and -re-
lease assay, in which “Ca*" was actively loaded into isolated
microsomal vesicles expressing recombinant SERCAla by ATP-
dependent Ca®" transport. By comparing the amount of **Ca*"
accumulated in the microsomal vesicles for a 60 min incubation
period in the presence and absence of the potent Ca*"-release chan-
nel inhibitor Ruthenium Red, the amount of Ca** released
could be calculated. The assay was performed in a buffer con-
taining 150 mM KCI, 25 mM Hepes (pH 7.4), 1 mM MgCl,,
0.2 mM EGTA, 0.1 uM free Ca®>", 5 mM potassium oxalate,
1 mM Na,-ATP, 100 pg/ml heparin and 0.5-1 p«Ci/ml [*Ca]
Ca(Cl, in the presence or absence of Ruthenium Red (40 uM).
Microsomes with or without pretreatment with 40 ©M Ruthenium
Red were added after all the components were mixed and incu-
bated at room temperature (22-24 °C). Duplicate aliquots were
filtered through glass-fibre filters, which were then washed with
12 ml of a washing buffer containing 150 mM KCI and 10 mM
Hepes (pH 7.2), and counted in a scintillation counter. For time-
course studies, 100 ul aliquots, each containing approx. 15 pg of
microsomes, were taken from the reaction mixture for filtration
after different time periods. For Ca®" sensitivity measurements,
approx. 15 pg of microsomes were incubated in separate 100 ul
reaction mixtures containing incremental concentrations of Ca**
in the presence and absence of Ruthenium Red for 60 min before
filtration. All experiments were performed in duplicate. Free Ca’*
was calculated using the apparent binding constants described by
Fabiato [42].

Quantification of expressed RyR1 and SERCA1a by ELISA

Relative expressions of RyR1 and SERCA 1a in microsomal frac-
tions were determined by sandwich ELISA using mAb (mono-
clonal antibody) 34C and pAb (polyclonal antibody) R46 (a gift
from Dr K. P. Campbell, University of Iowa, Iowa City, IA,
U.S.A.) for RyR1 and using mAb A52 and pAb R4 for SERCAL.
In this assay, polystyrene microtitre plates were coated with a
sheep anti-mouse IgG, Fc fragment-specific antibody (Jackson
Immunoresearch Laboratories, West Grove, PA, U.S.A.) by
overnight incubation of 100 ul of coating antibody solution con-
taining 500 ng of antibody diluted in 50 mmol/l Tris buffer
(pH 7.8) in each well. The plates were then washed six times with
the washing buffer (0.15 M NaCl, 0.5 % Tween 20 and 10 mM
Tris/HCI, pH 7.4). mAb (100 ng/well) was applied to each well,
incubated for 1 h and washed six times with washing buffer.
Samples in a series of three dilutions (1:1, 1:4 and 1:8) containing
approx. 15 pg of microsomes in a 1:1 ratio, solubilized in 1 %
CHAPS, 150 mM NaCl and 50 mM Hepes/Tris (pH 7.2), were
added to separate wells, incubated for 2 h and then washed six
times with washing buffer. A pAb antibody (1:1000) was then
added for 60 min and washed. Finally, alkaline phosphatase-
conjugated goat anti-rabbit IgG (1:3000) was applied to the plates
and an alkaline phosphatase substrate was added. The signal was
measured by time-resolved fluorescence. All samples were me-
asured in duplicate.
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Fluorescence measurements and [*Hlryanodine hinding

A microfluorimetry system (Photon Technologies) was used to
monitor the fura 2 acetoxymethyl ester fluorescence changes
in transiently transfected or non-transfected HEK-293 cells, as
described previously [36,38]. [PH]Ryanodine-binding properties
were analysed using the [*H]ryanodine-binding assay described
previously [38].

RESULTS

Characterization of R4892W, 14897T and G4898E by [*H]ryanodine
binding and Ca2+ photometry

More than ten mutations in the region of RyR1 predicted to be
associated with the membrane have been identified in patients
with CCD. Seven of these mutations, lying in the pore region
between amino acids 4890 and 4913, have been characterized by
reconstitution in dyspedic myotubes [32,34]. In the present study,
we selected three of these pore region mutants, R4892W, 14897T
and G4898E, to test the functional consequences of mutation
using a novel approach, which measures *Ca** release in the pre-
sence of ¥*Ca*" uptake.

RyR1 and the RyR1 mutants R4892W, 14897T and G4898E
were first characterized by [*H]ryanodine binding and Ca** photo-
metry. Approx. 36—40 h after transfection in HEK-293 cells, high-
affinity [*H]ryanodine binding was measured in whole cell lysates
and caffeine-induced Ca’>* release was measured in intact cells, as
described previously [38]. No high-affinity [*H]ryanodine binding
was detected in either isolated microsomes or solubilized lysates
from cells expressing the three mutants (results not shown), con-
firming previous evidence that specific mutations in the pore
region disrupt [*H]ryanodine binding [35,36]. Caffeine-induced
Ca** release in cells expressing homotetrameric forms of the
three mutants could not be detected (results not shown). However,
caffeine-induced Ca** release was observed for co-expression of
these mutants with wt RyR1 in a 1:1 ratio. Caffeine sensitivity
(ECs, value) was 1.94+0.3 mM (£S.D., n=5, P<0.05) for
R4892W; 2.44+0.7mM (n=5, P>0.05) for 14897T, and
56+1.9mM (n=5, P <0.05) for G4898E. These values for
R4892W and G4898E were significantly different from the ECs,
value of 2.6 0.9 mM (n =5) that was obtained for wt RyR1.

Oxalate-supported, ATP-dependent *3Ca?+ uptake and release
in microsomes isolated from HEK-293 cells expressing RyR
and SERCA1a

Co-expression of SERCAla with IP;R (inositol 1,4,5-trisphos-
phate receptor) and measurement of oxalate-supported Ca** ac-
cumulation in the presence and absence of heparin, a potent inhi-
bitor of IP;R-mediated Ca®" release, provided the means by which
Ca’" release from microsomal fractions expressing IP;Rs could be
determined through a subtractive measurement [43]. We reasoned
that co-expression of SERCA1la with RyR1 would provide an eq-
ually effective method for measuring Ca*"-release activity in wt
or mutant RyR1 expressed in HEK-293 cells. Through the inhi-
bition of RyR1-mediated Ca’" release with the potent inhibitors
Ruthenium Red or high concentrations of ryanodine [44-46], Ca**
release mediated by RyR1 could be determined by comparing the
amount of Ca*" retained in the microsomes in the presence and
absence of the RyR inhibitor.

Microsomes isolated from non-transfected HEK-293 cells or
HEK-293 cells transfected only with RyR cDNA had negligible
ATP-dependent Ca** uptake activity in the presence of 5 mM
oxalate and 0.1 uM free Ca** (pCa 7; results not shown). Micro-
somes from cells expressing SERCAla alone transported Ca**
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Figure 1 Time course for Ca?* uptake and release

Experiments were performed as described in the Experimental section, with microsomes isolated
from HEK-293 cells expressing either SERCA1a alone (A) or RyR1 (B). Symbols in (A, B)
represent two experimental conditions: presence (@, O) or absence (M, [J) of 40 M
Ruthenium Red. (C) Net Ca%* release was calculated by subtracting the amount of Ca?* retained
inthe microsomes in the presence of 40 M Ruthenium Red from the amount of Ca%* retained in
the absence of this inhibitor (results from A and B). A, no Ca* release was observed for
SERCA1aalone, using results from (A): 2\, a significant amount of Ca%+ was released by RyR1,
using results from (B) (n=15). Results are expressed as means + S.D.

to the lumen by ATP hydrolysis (Figure 1A), with a normalized
linear slope of 3.1 +0.43 % - (mg of protein)™" - min™' (n=23)
for a time course of 15 min. The addition of Ruthenium Red at
40 M did not alter the time course for Ca*" uptake significantly
(Figure 1A), suggesting that Ruthenium Red does not inter-
fere with Ca*" uptake under these conditions [slope =3.02 +
0.55 % mg™' - min~' (n =3)]. When RyR1 was co-expressed with
SERCA1a, ATP-dependent Ca*" accumulation in the microsomes
was significantly higher in the presence of 40 uM Ruthenium
Red than in its absence at all time points measured (Figure 1B).
The slope of Ca’" uptake during the first 15 min for microsomes
containing both SERCAla and RyR1 in the presence of Ruthe-
nium Red was 2.95 +0.45 % mg™" - min~' (n=15), similar to that
for microsomes containing only SERCA1a, suggesting that Ca®*
release through RyR1 is completely blocked by Ruthenium Red
under these conditions.

The level of Ca** release triggered by the levels of ATP and Ca**
used in the experiment was calculated by subtracting the amount
of Ca** retained in the presence of Ruthenium Red from the
amount of Ca’" retained without this inhibitor (Figure 1C).
The time course for Ca** release was linear for up to 15 min, with a
slope of 13.4 4.4 nmol - mg™' - min~', reaching a maximum of
283 490 nmol/mg of protein at 60 min. For expressed SERCAla
alone, there was no significant difference in Ca’>* accumulation
in the presence or absence of 40 uM Ruthenium Red, in line
with the view that there was no Ca** release through endogenous
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RyR1 Ca*-release channels (Figure 1C). This was expected,
since RyR1 is not expressed in HEK-293 cells [47].

The time course for Ca’" accumulation by microsomes from
HEK-293 cells expressing SERCA1a and the RyR1 CCD mutants
R4892W, 14897T and G4898E was almost identical in the
presence and absence of 40 uM Ruthenium Red (results not
shown) and was similar to the time course for SERCA laalone (see
Figure 1A). These results indicate that the levels of Ca’>* (pCa 7)
and ATP (1 mM) present in the medium did not activate the mutant
channels as significantly as they did wt RyR1 (Figure 1B). Since
both Ca>* and ATP are activators of Ca*" release [48], methods
were designed to test whether higher concentrations of Ca®* alone
could activate wt and mutant channels in this assay system.

CaZ+ dependence of Ca?* release from microsomes loaded
with Ca2* by SERCA1a activity

A series of Ca*" concentrations from pCa 7.67 to 6 was used to
determine if Ca’" could induce Ca>" release from microsomes
isolated from HEK-293 cells expressing SERCAla and wt type
RyRI. To attain maximum resolution between the Ca’* levels
retained in the microsomes in the presence and absence of Ruthe-
nium Red, we chose an incubation period of 1 h. This time period
was chosen because incubation for 1 h gave a better separation
between the curves representing Ca’* uptake and Ca’" release
compared with incubation for 15 or 30 min at incremental Ca®"
concentrations (results not shown), even though Ca*" release was
linear only for time points up to 15 min. We also tested the effect
of Ruthenium Red on the inhibition of Ca*' release in wt RyR1
at pCa 6.0 and 7.0. Similar levels of inhibition of Ca’" release
were observed with Ruthenium Red at concentrations between
5 and 50 uM at both pCa 6.0 and 7.0 (Figure 2A). All further
experiments were performed with 40 M Ruthenium Red.

In microsomes from HEK-293 cells expressing SERCAla
alone, incremental increases in Ca®>* concentrations from pCa 7.67
to 6 increased the Ca>" accumulation in the presence or absence of
Ruthenium Red (Figure 2B). In microsomes from HEK-293 cells
co-transfected with wt RyR1 and SERCA1a, Ca®>" accumulation
increased slightly as Ca?" concentrations were increased from
pCa7.7to 7, where a plateau was reached in the absence of Ruthe-
nium Red (Figure 2C). The addition of 40 M Ruthenium Red
increased Ca*" retention in the microsomes over the range of Ca**
concentrations studied. Nevertheless, we noted decreased reten-
tion of Ca’" at Ca’" concentrations higher than pCa 6.7, where
a maximum was reached (Figure 2C). These results suggest that
high concentrations of Ca’* can compete with Ruthenium Red to
increase Ca’" release from the store by activating the channels.

Subtraction of the amount of Ca*" retained in microsomes in
the presence of Ruthenium Red from the amount of Ca*' retained
in microsomes in the absence of Ruthenium Red showed no Ca**
release when SERCA 1a was expressed alone, but produced a bell-
shaped curve for Ca**-dependent Ca>* release when SERCAla
was co-expressed with RyR1 (Figure 2C). We analysed the in-
creasing phase of Ca’" release by fitting the release phase of the
curve to the maximum point and the ECs, value for Ca** sensi-
tivity of Ca’" release was determined to be pCa 7.22+0.11
(n=5).

Defects in Ca%*-dependent Ca?+ release in CCD pore region
mutants R4892W, 14897T and G4898E

The same methods were used to determine whether CCD mutant
Ca’*-release channels, R4892W, 14897T and G4898E, would
respond to incremental increases in Ca’* concentration. Homo-
tetrameric R4892W (Figure 3A) and G4898E (Figure 3C) did
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Figure 2 Effect of Ruthenium Red on Ca?* release hy RyR1 at pCa hetween
7.67 and 6 and on Ca?**-dependent Ca?* release from microsomes isolated
from HEK-293 cells expressing either SERCA1a alone, or with RyR1

(A)Normalized inhibition of Ca®* release (n = 3) was plotted againstincremental concentrations
of Ruthenium Red at pCa 7 (M) and pCa 6 (@). (B) Ca’* uptake at incremental Ca®*
concentrations in the presence (@) or absence (M) of 40 M Ruthenium Red, showing no
difference between the two groups (n= 3). (C) Ca?* uptake at incremental Ca?* concentrations
in the presence (O) of 40 M Ruthenium Red was higher than that in the absence (CJ) of
Ruthenium Red (n=5). (D) Net Ca?* release was calculated by subtracting the Ca+ retained
in the microsomes in the presence of Ruthenium Red from the amount of Ca?* retained in the
absence of Ruthenium Red (results from B and C). M, no Ca?*-dependent Ca?* release by
the SERCA1a alone microsomes from (B); A, Ca>*-dependent Ca?* release by RyR1 from (C).
Results are expressed as means + S.D.

not release any significant level of Ca’* below pCa 6.7, but
released a small amount of Ca*™ above pCa 6.3. Homotetrameric
14897T did not release Ca*" at any of the Ca*" concentrations
tested; indeed, Ruthenium Red decreased Ca’" sequestration,
producing a negative value between pCa 7.7 and 6 for Ca®* release
from 14897T (Figure 3B, inset). This difference was up to 15 %
(Figure 3B, inset). This phenomenon was never observed for wt
RyR1 (Figure 2D); however, to a lesser extent, it was observed
for R4892W and G4898E at pCa values between 7.7 and 6.7
(insets to Figures 3A and 3C). It is probable that Ruthenium Red
normally binds in the transmembrane domain and stabilizes it so
that spontaneous or activated channel function is inhibited. For
the 14897T mutant, on the other hand, Ruthenium Red binding
might be altered so that spontaneous channel opening is slightly
enhanced in comparison with the Ruthenium Red-free channel. If
this should be true, then Ile**” might be a key residue in Ruthe-
nium binding.

These observations establish that the CCD mutants R4892W
and G4898E have a Ca’"-dependent Ca?"-release function, but
with decreased Ca’" sensitivity. On the other hand, Ca**-depen-
dent Ca’" release was not found in the CCD mutant 14897T.
Normalizing the data and fitting them with a logistic dose—
response equation gave ECs, values of 6.72 +0.28 pCa units for
R4892W (n=3) and 6.41 £ 0.27 for G4898E (n = 3; Figure 3D).
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Figure 3 Reduction in the Ca?* sensitivity of Ca>* release in CCD mutants R4892W (A), 14897T (B) and G4898E (C)

Experiments were performed as described in the Experimental section, with microsomes isolated from HEK-293 cells expressing SERCA1a with wt or mutant RyR1. Ca%* release was calculated by
subtracting the Ca®* retained in the microsomes in the presence of Ruthenium Red from the Ca®* retained in the absence of Ruthenium Red, as in Figures 1and 2. (A=C) - - - - - - , Ca?*-dependent
Ca®* release for wt RyR1 (results from Figure 2); B, homotetrameric mutants (n = 3-5); @, heterotetrameric mutants transfected with cDNAs in the ratio of 1:2 (wt RyR1/mutant RyR1, n=3);
A heterotetrameric mutants in the ratio 1:1 (wt RyR1/mutant RyR1, n = 3). Insets to Figures 3(A)-3(C) show Ca?* retention in microsomes in the presence (M) or absence (@) of 40 .M Ruthenium
Red. These data are the source for calculating the Ca?* sensitivity of the three homotetrameric channels. (D) ECs, values were calculated from (A-C). The value for homotetrameric 14897T could not
be determined. From an analysis using one-way ANOVA, ECs values for homo- and heterotetrameric 14897T and G4898E in a 1:2 ratio were significantly lower (*P < 0.05) compared with those for
wt RyR1; however, they were not different for wt RyR1 versus heterotetrameric RyR1 in a 1:1 ratio. Results are expressed as means + S.D.

These values are significantly lower than the value of pCa 7.22 +
0.11 determined for RyR1. For the CCD mutant 14897T, ECs,
could not be calculated.

A second important feature of Ca’* release through the CCD
mutants R4892W, 14897T and G4898E was the loss or sharp
decrease in the amplitude of Ca**-induced Ca’" release for both
homo- and heterotetrameric forms (Figures 3A-3C and 4A) when
compared with that observed for wt RyR1. We excluded the
possibility that these differences arose from different expression
levels, since a sandwich ELISA showed that the amount of pro-
tein expressed was comparable among the wt and the mutants
(Figure 4B). Decreased amplitude was also not due to different
levels of Ca®* loading, since maximum Ca>" uptake was similar
between the wt and mutants (Figure 4C) and Ca®" uptake was
proportional to the expressed levels of SERCAla in all cases
(Figure 4D).

We examined the possibility that co-expression of the CCD
mutant RyR1 with wt type RyR1 could restore Ca’* sensitivity
and the amplitude of Ca®"-dependent Ca** release for mutant
channels. Expression of wt RyR with mutant RyR1 in the ratio
1:2 restored Ca*" sensitivity fully for R4892W and partially for
14897T and G4898E (Figure 3). When expressed in the ratio 1:1,
Ca’" sensitivity was completely restored for all the three mu-
tants (Figure 3). However, the amplitude of Ca?"-dependent Ca*"
release for heterotetrameric channels, co-expressed with wt RyR1
in a 1:2 or 1:1 ratio, was not fully recovered for any of the three
mutants (Figure 4A). For all three heterotetrameric mutants, RyR1

expression and total Ca®" loading relative to SERCAla content
were at levels close to those for wt RyR1 (Figures 4B—4D).

DISCUSSION

In the present study, we devised an assay for the measurement of
Ca’* release in the presence of Ca>* uptake in microsomes isolated
from HEK-293 cells. The assay involves the co-expression of
SERCAla with wt or CCD mutant RyR1 and compares the
amount of Ca®" accumulated in the presence and absence of
an inhibitor of the Ca*"-release channel. We used this assay to
show that incremental increases in cytosolic Ca** concentrations
not only activate Ca’" uptake, but also activate Ca®" release, re-
sulting in decreased Ca*" accumulation. The decrease in Ca**
accumulation was used as a measure of Ca*" release. The assay
also permitted us to obtain a measure of the Ca®" sensitivity of
wt and mutant Ca**-release channels. We demonstrated defects
in Ca** sensitivity and the maximum amplitude of Ca’"-dependent
Ca?* release for homotetrameric CCD mutants R4892W, 14897T
and G4898E. Co-expression of mutants with wt RyR1 restored
Ca”" sensitivity to normal in 1:1 heterotetramers, but restored the
amplitude of Ca’' release only partially.

In developing the assay for measurement of Ca*" release in the
presence of Ca>* uptake in microsomes, problems arise in quan-
tifying the Ca** sensitivity of Ca’"-dependent Ca>" release. Ow-
ing to differential co-operative interactions between ATP and
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Figure 4 Reduction in peak amplitude of Ca®+-dependent Ca?* release in the CCD mutants R4892W, 14897T and G4898E

(R) Peak amplitudes were obtained from the maximum Ca?* release observed at pCa 6.75-6 for the wt and homo- or heterotetrameric RyR1 mutants mainly from Figure 3. ANOVA showed a
significant difference between peak amplitudes for wt and mutants (P < 0.01). (B) Content of expressed wt and homo- or heterotetrameric RyR1 mutants, measured by ELISA, as described in the
Experimental section. No RyR1 was detected in control HEK-293 cells transfected with pcDNA vector or cells expressing SERCA1a alone. No significant difference was obtained by ANOVA between
wt and mutants (P > 0.05) for peak Ca>* uptake (C) or content of expressed SERCA1a (D) for the samples: SERCA1a alone, SERCA1a+ wt RyR1 and SERCA1a + mutant RyR1. No significant
differences were observed for Ca>* uptake and SERCA1a content between control cells and those transfected with pcDNA vector. Results are expressed as means -+ S.D.

Ca”" at each Ca?" concentration and, potentially, other unknown
factors, our ECs, values probably do not reflect true Ca’*
sensitivity. Nevertheless, we believe that the values can be used
for valid comparison of function between wt and mutant channels.
The assay, which measures Ca*" permeation through a large
population of channels, is especially valuable for the investigation
of those mutants that appear to have lost single channel function.

In earlier studies involving the expression of homotetrameric
I4897T or its equivalent in RyR2 (I4829T), caffeine-induced
Ca®" release and high-affinity [*H]ryanodine binding were lost
[30,32,36]. Similarly, caffeine-induced Ca>" release was lost for
the homotetrameric G4898E mutant [31]. However, our results
for caffeine-induced Ca** release from R4892W are not in agree-
ment with the results of Avila et al. [31], who used reconstitu-
tion of dyspedic myotubes to show only a marginal reduction in
caffeine-induced Ca’" release with the homotetrameric mutant
R4892W. This result differed from results they obtained in char-
acterizing five other CCD mutations in the pore region, namely
G4890R, 14897T, G4898E, G4898R and R4913G [30,31], all of
which lost orthograde Ca®" release through RyR1, retained re-
trograde Ca’" entry through the DHPR and lost sensitivity to
caffeine. R4892W and A4905V mutants, however, retained partial
caffeine sensitivity and A4905V mutant retained partial voltage
sensitivity. Although all these mutants acted as EC-uncoupling
mutants, the specific properties of EC-uncoupled mutants may be
heterogeneous.

The differences in the results between our study of caffeine sen-
sitivity for the R4892W mutant and that of Avila et al. [31] may be
due to the expression system used. For example, dyspedic myo-
tubes may express endogenous modifier proteins, which parti-
cipate in the function of expressed RyR proteins. Myotubes pro-
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vide a more physiological setting in which coupling of RyR1 with
DHPR permits both orthograde and retrograde Ca*" release to be
monitored and may also provide a setting in which R4892W
can respond to caffeine. Caffeine is believed to act by increasing
the sensitivity of the Ca®* activation site [49]. Thus, if channel fun-
ction in R4892W is activated by caffeine in myotubes, it implies
that the Ca’"-release channel function and the Ca** activation
site can be restored in this mutant under appropriate expression
conditions. This possibility requires further examination in future
studies.

In our Ca’* uptake and release assay, the R4892W mutant is
activated by high Ca®" levels (Figure 3A) and is only weakly res-
ponsive to 10 mM caffeine (results not shown). From the present
study, we conclude that the mutants R4892W, 14897T and G4898E
all have decreased Ca*" sensitivity, which is reflected as a change
in the Ca?" dependence of Ca’" release. It is probable that decre-
ased Ca" sensitivity and a lower amplitude of Ca’* release reflect
alterations in mutant channel function and do not result from alter-
ations in luminal Ca>* concentrations, which were similar in all
experiments.

Earlier studies have identified a Ca**-regulatory site upstream
of the pore region at Glu®®* in RyR3 [37], equivalent to Glu***? in
the linear RyR1 sequence. Our results suggest the possibility that
Ca*" activation is influenced by interactions between residues in
the pore region and those in other regions of the protein. It is also
possible that these mutations decrease Ca’" conductance through
the channel pore by interfering with ion permeability. Although
we do not have specific data on conductivity, it is interesting that a
neighbouring mutation, G4826A in RyR2 (equivalent to G4894A
in the RyR1 pore sequence), decreases channel conductance by
almost 30-fold [36,50]. Thus a combination of decreased Ca>*
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sensitivity and decreased conductance may account for the altered
properties of the three mutants investigated in the present study.

An important question concerns how defects in the Ca** sen-
sitivity of Ca** release for CCD mutants relate to the pathogenesis
of CCD. The three homotetrameric mutant channels studied here
were not leaky to Ca?". In this respect, they differed from other
CCD mutant RyR1 channels in MH/CCD domains 1 and 2
[25,27,29] and a single mutant, Y4796C, in domain 3 [31,33],
which were leaky. Co-expression of [4897T with wt RyR1 yielded
heterotetrameric channels that were also not leaky [30]. These
results confirm that the three mutations we have investigated have
the EC-uncoupled phenotype [30].

There are several potential causes for EC uncoupling, including
functional defects in either DHPR or RyR1 protein functions,
altered membrane trafficking, altered channel assembly and dis-
ruption of the interaction between DHPR and RyR1 [14]. Whereas
EC-uncoupled RyR1 mutants do not release Ca*" in response to
depolarization of the sarcolemmal membrane [30,31], physical
interaction between DHPR and RyR1 proteins is not interrupted,
since retrograde signalling is retained. Evidence from previous
studies [30,31,36] has implicated alterations of channel function
in MH/CCD domain 3 mutants. The present study provides more
specific evidence that defects in channel function are related to
decreased sensitivity to activating Ca**, so that the mutant chan-
nels release less Ca** in response to Ca**, ATP, pharmacological
modulators or depolarization [30,31].

In a ‘skipping model’ of the spatial organization of the triad, al-
ternate RyR 1 molecules contact a tetrad of DHPR molecules [51].
Evidence from a previous study shows that RyR1 coupled phy-
sically with DHPR requires voltage activation and uncoupled
RyR1 is activated by Ca*" [52]. Thus activation of these RyR1
complexes is initiated by direct interaction with DHPR in 50 %
of the RyR molecules and the other 50 % is activated by Ca**-
induced Ca** release [1]. In heterozygous CCD skeletal muscles,
RyR tetrameric molecules are homo- and heterotetramers of wt
and mutant subunits, which should interact randomly with DHPR
tetrads. Thus interaction with DHPR probably activates channels
with differential Ca** release rates ranging from nil to normal, but
the overall Ca’" release would be greatly reduced. Our finding of
defects in Ca’*-dependent Ca’* release for these CCD mutants
provides new insights into the mechanism, since Ca®" sensitivity
can be restored in heterotetramers, but the peak amplitude of Ca**
release is not restored. Thus the outcome for EC-uncoupled RyR
channels would be a decrease in Ca’" release with a consequent
reduction in muscle strength [14].

Central core formation is also believed to contribute to muscle
weakness, although changes in tension are not proportional to
changes in morphology [53]. Although increase in resting cyto-
solic Ca*" level, due to leaky channels, may contribute to the form-
ation of the core by damaging the mitochondria and myofibrils
[11], it is not known how an EC-uncoupled channel causes the
same muscle pathology. Animal models of leaky and EC-un-
coupled forms of CCD would be helpful in elucidating the mech-
anisms underlying the clinical phenotypes and pathology of
CCD.
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