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Abstract

Skeletal muscle excitation-contraction coupling involves activation of homotetrameric ryanodine
receptor ion channels (RyR1s), resulting in the rapid release of Ca2* from the sarcoplasmic reticulum.
Previous work has shown that Ca2* release is impaired by mutations in RyR1 linked to Central Core
Disease and Multiple Minicore Disease. We studied the consequences of these mutations on RyR1
function, following their expression in human embryonic kidney 293 cells and incorporation in lipid
bilayers. RyR1-G4898E, -G4898R, and -AV4926/14927 mutants in the C-terminal pore region of
RyR1 and N-terminal RyR1-R110W/L486V mutant all showed negligible Ca2* permeation and loss
of Ca2*-dependent channel activity but maintained reduced K* conductances. Co-expression of wild
type and mutant RyR1s resulted in Ca?*-dependent channel activities that exhibited intermediate
Ca?* selectivities compared with K*, which suggested the presence of tetrameric RyR1 complexes
composed of wild type and mutant subunits. The number of wild-type subunits to maintain a
functional heterotetrameric channel differed among the four RyR1 mutants. The results indicate that
homozygous RyR1 mutations associated with core myopathies abolish or greatly reduce
sarcoplasmic reticulum Ca2* release during excitation-contraction coupling. They further suggest
that in individuals, expressing wild type and mutant alleles, a substantial portion of RyR1 channels
is able to release Ca2* from sarcoplasmic reticulum.

In skeletal muscle, an action potential causes voltage-dependent L-type CaZ* channels
localized in the cell membrane to activate closely apposed Ca2* release channels known as
ryanodine receptors (Rles)2 (1). Massive release of Ca2* from the sarcoplasmic reticulum
(SR) into the myofibrillar space results in muscle contraction. Recent evidence indicates that
impaired SR Ca?* release is linked to RyR1 mutations and in affected individuals is associated
with Central Core Disease (CCD) and Multiple Minicore Disease (MmD) (2-7). CCD is
autosomal dominant disease, which results in the formation of large, centrally located cores or
areas devoid of oxidizing enzymes and mitochondria. The majority of RyR1 mutations
associated with CCD are located in the C-terminal, pore-forming region of RyR1. MmD is a
recessive disease, characterized by the formation of multiple minicores. RyR1 MmD-related
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mutations appear to be distributed throughout the whole RyR1 genome and may result in
silencing of one of the alleles in the affected individuals (6).

Ryanodine receptors (RyRs) are homotetrameric ion channels composed of four large 565-kDa
subunits and four small 12-kDa subunits (8-10). RyRs have large conductances for both
monovalent and divalent cations, while maintaining divalent versus monovalent selectivity.
Fig. 1 shows a plausible model of the RyR1 ion pore (11). Two of the four subunits are removed
for clarity. The model is based on the known structure of the K* channels (12) and shows a
representation of the inner, most C-terminal, pore-forming, membrane-spanning segment, and
apore helix which is connected to an amino acid motif (GGGIG) that is similar to the selectivity
filter motif (T(V/1)GYG) of K* channels. The model is in reasonable agreement with two
cryoelectron microscopy studies that determined the pore structure of the closed channel at a
resolution of ~10 A (13,14). We identified by mutagenesis, in close proximity to the selectivity
filter motif GGGIG, a conserved lumenal D4899/E4900 motif that has a critical role in RyR
ion permeation and selectivity (15). Charge neutralization of two acidic residues (Asp-4938
and Asp-4945) in putative cytosolic vestibule reduced K* conductance, with D4938N also
having a reduced Ca?* selectivity (11). The results suggest that rings of lumenal and cytosolic
negative charges determine ion fluxes by RyRs.

To better understand the pathophysiological function of RyR1 mutations associated with core
myopathies, we investigated 3 CCD mutants in the C-terminal pore region (G4899E (3),
G4899R (16), AV4927/14928 (17)), and one MmD mutant (R109W/M485V (18)) in the N-
terminal region of RyR1. Corresponding rabbit RyR1 mutants were expressed alone or together
with wild type (WT) RyR1 in human embryonic kidney 293 (HEK 293) cells and single channel
properties were determined following incorporation in lipid bilayers. The four mutants when
expressed alone all showed variably decreased K* conductances and loss of Ca?* conductance
and Ca?*-dependent gating. Co-expression of WT and mutant RyR1 subunits resulted in three
groups of single channels that differed in their activity and ion permeability. Our results suggest
that heterozygous expression of RyR1 core myopathy mutants may result in the assembly of
(i) functional channels that are gated by Ca2* and conduct Ca?*, (ii) functional channels with
a reduced Ca2* conductance, and (iii) nonfunctional channels that do not conduct Ca2*.

EXPERIMENTAL PROCEDURES

Materials

HEK 293 cells were obtained from ATCC and complete protease inhibitors from Roche
Applied Science (Indianapolis, IN). Rabbit RyR1-G4898E and -G4898R mutants
(corresponding to human CCD RyR1-G4899E and -G4899R) were kindly provided by Dr.
Robert Dirksen (University of Rochester). Construction of rabbit RyR1-R110W and -R110W/
L486V (18) (human RyR1-R109W and MmD RyR1-R109W/M485V, respectively), rabbit
RyR1-D4899Q (15) and rabbit RyR1-AV4926/14927 (19) (human CCD RyR1-AV4927/14928)
has been described. In this study, amino acid numbering is as described (20). Phospholipids
were from Avanti Polar Lipids (Alabaster, AL). All chemicals were of analytical grade.

Expression of Wild Type and Mutant RyR1 Proteins in HEK 293 Cells

WT and mutant RyR1 cDNAs were transiently expressed in HEK 293 cells and transfected
with FUGENE 6 (Roche Applied Science) according to the manufacturer’s instructions. Cells
were maintained at 37 °C and 5% CO, in high glucose Dulbecco’s modified eagle medium
containing 10% fetal bovine serum and plated the day before transfection. For each 10-cm
tissue culture dish, 3.5 pug of cDNA was used. Cells were harvested 48 h after transfection.
Crude membrane fractions (21) and proteoliposomes containing the purified WT and mutant
RyR1 ion channels (22) were prepared in presence of protease inhibitors as described.
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Immunoblot Analysis

Membrane fractions (20 pg of protein) representing the total particulate matter were separated
by 3-12% SDS-PAGE, transferred to polyvinylidene difluoride membranes, and probed with
polyclonal antibody for RyR1 (23). Western blots were developed using 3,3’-diaminobenzidine
and H,05 as substrates and quantified using UN-SCAN-IT (Silk Scientific Co) analysis
software.

Stored Ca2* Release

Stored Ca2* release was determined using the fluorescent Ca2* indicator dye Fluo 4-AM. HEK
293 cells were loaded with 5 pw Fluo 4-AM for 1 h at 37 °C in Krebs-Ringer-Henseleit (KRH)
buffer (24). Individual cells were defined as regions of interest, and average fluorescence was
measured by using ImageMaster program (Photon Technology International).

[3H]Ryanodine Binding

Ryanodine binds with high specificity to the RyRs and is widely used to determine their protein
expression levels (25). Byax Values of [3H]ryanodine binding were determined by incubating
total particulate matter for 4 h at 24 °C with a saturating concentration of [3H]ryanodine (30
nw) in 20 mwv imidazole, pH 7.0, 0.6 » KCI, 0.15 w sucrose, protease inhibitors, and 100 pm
Ca?*. Specific [3H]ryanodine binding was determined by a filtration assay as described (24).

Single Channel Recordings

Single channel measurements were performed using planar lipid bilayers containing a 5:3:2
mixture of bovine brain phosphatidylethanolamine, phosphatidylserine, and
phosphatidylcholine (11). Proteoliposomes containing the purified recombinant RyR1s were
added to the cis (SR cytosolic side) chamber of a bilayer apparatus and fused in the presence
of an osmotic gradient (250 mw cis KCI/20 mwm trans KCI in 20 mvm KHepes, pH 7.4, 2 pm
Ca?"). After the appearance of channel activity, trans (SR lumenal) KCI concentration was
increased to 250 mw. A strong dependence of single channel activities on cis Ca2* concentration
indicated that the large cytosolic “foot” region faced the cis chamber of the bilayers. The trans
side of the bilayer was defined as ground. Electrical signals were filtered at 2 kHz (0.5 kHz for
Ca?* currents at 0 mV), digitized at 10 kHz, and analyzed as described (26).

To determine permeability ratios, single channel activities were recorded in symmetrical 250
mw KCI solution with 10 mu Ca2* on the trans side and the reversal potential (Eey) Was
measured. The permeability ratio of Ca?* versus K* ions (Pc,/Pk) was calculated using
modified form of the Goldman-Hodgkin-Katz Equation 1,

1

1 P, w2
Eiev=— RFTLn{[K]? X ([K]+4#[Ca]) }
K (Eq. 1)

where [Ca] is the concentration of Ca2* ions on trans side, and [K] is the concentration of
K* ions on the cis and trans sides.

Biochemical Assays and Data Analysis

Free Ca2* concentrations were obtained using solutions of Ca?* and EGTA and were
determined with a Ca%*-selective electrode.

Results are given as mean + S.E. Significance of differences in the data (p < 0.05) was
determined using Student’s t test.
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RESULTS

RyR1-D4899Q and RyR1 mutant channels associated with CCD and MmD were expressed
alone or expressed together with WT-RyR1 in HEK293 cells to yield homotetrameric or
heterotetrameric channel complexes. Fig. 1 shows the predicted location of RyR1-D4899Q
(used as a control) and CCD-associated mutants RyR1-G4898E, -G4898R (“1”), and
—AV4926/14927 (“2™). The location of single site N-terminal RyR1-R110W and MmD-
associated RyR1-R110W/L486V are not shown, as the two mutants are predicted to be a
considerable distance away from the pore region of RyR1.

Expression Levels and Functional Properties of Mutant RyR1 Channels

Quantitative analysis of immunoblots showed that averaged protein levels of RyR1 mutants
were within a factor of 2 of WT levels in HEK293 cells. HEK293 cells co-transfected with
WT and mutant cDNAs in a 1:1 ratio had RyR1 protein bands with intensity comparable to
WT (data not shown). The expression of functional RyR1 mutant channels was assessed by
monitoring in HEK?293 cells the fluorescence change in Fluo-4 in response to the addition of
10 mw caffeine and by determining Bpyay Values of [3H]ryanodine binding to membranes. With
exception of G4898R, homotetrameric CCD and MmD mutants as well as RyR1-R110W
showed a loss of function, as they failed to exhibit caffeine-induced Ca?* release. Cells
expressing G4898R showed reduced caffeine-induced Ca?* release in 10-20% of cells
compared with 50-60% in WT-expressing cells. All homotetrameric CCD and MmD mutants
as well as RyR1-R110W bound negligible amounts of [3H]ryanodine (not shown), which
suggested that the mutations have a major impact on the structure of the channels leading to
aberrant channel behavior. In agreement with a previous study (15), similar By, values of
[3H]ryanodine binding were observed for cells expressing WT and D4899Q channels.

Single Channel Analysis of Homotetrameric RyR1 Channels

Detergent-solubilized WT and mutant channels were purified on sucrose gradients and
reconstituted in proteoliposomes. WT and mutant channels migrated on the gradients asasingle
peak with an apparent sedimentation coefficient of ~30S, which indicated the presence of
tetrameric channel complexes (27). Proteoliposomes containing the purified channel
complexes were fused with planar lipid bilayers, and single channels were recorded in 250
mw KCI on both sides of the bilayer. The cis (cytosolic) bilayer chamber contained Ca2*
concentrations that either activated (2 pw) or only minimally activated (0.1 pv) WT-RyR1. In
the upper left trace of Fig. 2A, a single partially activated WT-RyR1 channel is recorded in the
presence of 2 pw free cytosolic Ca2* at a bilayer potential of —35 mV. Reduction of cytosolic
Ca?* to 0.1 pw reduced channel open probability (P,) to near zero (Fig. 2A left, second trace).
Channel currents of mutant RyR1s with R110 W (Fig. 2B) and G4898E (Fig. 2C) or G4898R
(Fig. 2D) substitution were reduced compared with WT. In contrast to WT, single channel open
probabilities were not substantially reduced in presence of 0.1 pw cytosolic Ca2* (Fig. 2, B—
D left, second traces, Table 1). Control experiments with vector-transfected cells indicated that
the above measurements were not performed with channel activities endogenously expressed
in HEK 293 cells. Because RyR1-G4898R exhibited caffeine-induced Ca?* release in HEK
293 cells, we also tested the ability of caffeine to activate the channel complex. We found that
single RyR1-G4898R channel activities did not respond to 10 mw caffeine.

Currents through R110W, G4898E, and G4898R channels measured in symmetrical 250 mw
KCI showed a linear voltage-dependence similar to WT-RyR1 (Fig. 2, right). Averaged
conductances were 441 + 75 pS for R110W, 410 + 50 pS for G4898E, and 352 + 61 pS for
G4898R compared with 781 + 7 pS for WT-RyR1 (Table 1).
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To determine the ability of the mutant channels to conduct Ca2*, WT and mutant channels
were recorded in 250 mw symmetrical KCI with 10 mu Ca2* in the trans (SR lumenal) bilayer
chamber. WT exhibited averaged unitary Ca2* current of —2.4 + 0.1 pA at 0 mV (Fig. 2A,
left, third trace, Table 1). Addition of 10 mu Ca2* to the trans chamber reduced single channel
currents at negative and positive potentials and yielded averaged reversal potential (E,e,) of
+8.9 £ 0.1 mV (Fig. 2A, right, Table 1). Applying constant field theory by the equation given
under “Experimental Procedures,” an averaged permeability ratio of Ca?* over K* (Pc,/Pk)
of 6.4 + 0.1 was calculated (Table 1). In contrast, addition of 10 mu trans Ca?* to the three
mutant channels did not generate a noticeable unitary Ca2* current at 0 m V and was without
effect on currents or reversal potentials (Fig. 2, B-D, Table 1). Taken together, the single
channel data indicate that the R110W and G4898E or G4898R substitutions introduced major
alterations to the RyR1 channel pore. The three mutants showed negligible Ca2* permeation,
loss of Ca?* responsiveness and exhibited a reduced conductance in symmetric KCI medium.
The single channel properties of homotetrameric RyR1-R110W/L486V (18), RyR1-D4899Q
(15) and RyR1-AV4926/14927 (19) channels have been previously reported and are included
in Table 1 for comparison.

Single Channel Analysis of Heterotetrameric RyR1 Channels

RyR1 is composed of four 565-kDa subunits. This suggests that simultaneous expression of
mutant and WT-RyR1 subunits may result in the formation of heterotetrameric channel
complexes and raises the question as to how these channels function in patients that carry both
the WT and mutant alleles. We addressed this question by co-transfecting HEK 293 cells with
WT and mutant cDNAs. Fig. 3A indicates the subunit distribution in channel complexes in
cells expressing WT and mutants in 1:1 ratio, assuming a random distribution of the four
subunits.

We initially performed experiments with heteromeric channel complexes composed of WT
and D4899Q subunits, because these were expected to show marked differences in their K*
conductance (Table 1). Single channels were recorded in 250 mm KCI on both sides of lipid
bilayers. Weobserved in 38 single channel recordings five current levels (Fig. 3B). The
averaged conductances were 795+ 7 pS (n=4), 632+ 6 pS (n =9), 483 £ 4 pS (n = 15), 300
+6 pS (n=8), and 174 pS (n = 2). The highest and lowest currents levels were essentially
identical to the averaged currents levels of homozygously expressed WT and D4899Q),
respectively (Table 1). Single channel open probability did not vary significantly among the
five groups of channel complexes (not shown). Multiple channel recordings were not analyzed.
Reduction in cis Ca2* from 2 uw to 0.1 puw Ca2* reduced in all single channel recordings P,
close to zero, which indicated that the five receptor populations maintained Ca2* sensitivity
(not shown). In Fig. 3E, a plot of K* conductance versus group number yielded a straight line.
To obtain the corresponding Ca2* currents, channels were recorded at 0 mV in 250 mu
symmetrical KCI in presence of 10 mu lumenal Ca2* (Fig. 3C). Averaged unitary Ca?* currents
ranged from—2.4£0.1pAinGroup 1t0—0.4£0.1 pAin Group 5. Current-voltage relationships
in presence of 10 mw lumenal Ca2* yielded E,, ranging from 8.9 + 0.1 mV for Group 1 to 1.7
mV for Group 5 (Fig. 3D, Table 2). Pc,/Pk ratios, calculated according to equation given under
“Experimental Procedures,” decreased with Group number parallel with K* conductance,
except that channels in Groups 4 and 5 displayed a similar low permeability ratio close to 1
(Fig. 3E). Taken together, our findings suggest the presence of five groups of channel
complexes having the six possible subunit distributions and arrangements shown in Fig. 3A.
The results are best accounted for by the two channel configurations with two WT and two
mutant subunits having a similar K* conductance and Ca2* selectivity, and hence Groups 1,
2,3,4,and 5 having 0, 1, 2, 3, and 4 mutant subunits, respectively.

J Biol Chem. Author manuscript; available in PMC 2010 October 18.
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We next tested the possibility that WT and G4898E form heterotetrameric channel complexes
with different ion permeation properties. HEK 293 cells were co-transfected with WT and
mutant cDNAs at ratios ranging from 3:1 to 1:4. Fig. 4 shows a representative set of single
channel recordings of co-expressed WT and G4898E channels in symmetric 250 mv KCl in
absence (A) and presence (B) of 10 mw lumenal Ca2*. According to reversal potentials in
presence of 10 mw lumenal Ca2* (Fig. 4C, Table 2), five groups of single channels were
observed. Twenty-six channels (Groups 1-4 in Fig. 4, A and D) maintained Ca%*-dependent
channel activity and had a K* conductance comparable to WT. Of these, 11 single channels
had Pc4/Pk comparable to WT, which suggested that homotetrameric WT channels were
recorded. The remaining 15 channels had lower Pc4/Pk values of 5.1 +0.1 (n=8),4.1£0.2
(n=5)and 2.6 £ 0.2 (n = 2), which suggested the presence of three groups (Groups 2—4 in Fig.
4D) of functional hybrid channels composed of WT and G4898E subunits. Single channel open
probability at 2 uw cis Ca2* did not significantly differ among Groups 1—4. Ten channels (Group
5 in Fig. 4) showed a channel behavior similar to homozygously expressed mutant channels.
K* conductance was reduced and CaZ* dependent activity and Ca2* permeation were not
observed. Taken together, data of Fig. 4 and Table 2 indicate the presence of homotetrameric
WT and G4898E channels and 3 different groups of WT:G4898E hybrid channels. The results
with the hybrid channels are best rationalized by the channel complexes of Groups 2—4 having
1, 2, and 3 mutant subunits, respectively.

As with D4899Q and G4898E, multiple groups of channels could be distinguished when HEK
293 cells were co-transfected with WT and G4898R, R110W, R110W/L486V, or AV4926/
14927 RyR1 cDNA:s in ratios ranging from 3:1 to 1:4 (Fig. 5 and supplemental Figs. S1-S3).
The ion permeation properties of purified channel complexes were determined in symmetric
250 mm KCI in absence and presence of 10 mw lumenal Ca2* as described above. The results
of these studies are summarized in Fig. 5, A-C. Solid and open symbols show channels that
maintained Ca2* sensitivity. Symbols with x-hair represent channels that did not respond to a
change in Ca2* concentration. Unexpectedly, channel complexes composed of WT and
G4898E or G4898R subunits exhibited essentially identical ion permeation properties (Fig.
5A). Substitution of glycine residue with a negative or positive charge in the selectivity filter
of RyR1 yielded three groups of hybrid channels that exhibited the same reversal potentials
(Table 2) and intermediate Ca2* over K* permeability ratios (Fig. 5A). In both cases, channels
with 1, 2, or 3 predicted mutant subunits (Groups 2—4) maintained Ca2* sensitivity and
exhibited K* conductances comparable to WT. Fig. 5B and Table 2 show that, according to
the reversal potentials, only four groups of single channels could be detected when WT-RyR1
and RyR1-AV4926/14927 were co-expressed in HEK293 cells. In 20 single channel recordings,
14 channels (Groups 1-3) maintained Ca2*-dependent channel activity and had a K*
conductance comparable to WT. Of these, 5 channels had P¢,/Pk ratio comparable to WT,
which suggested that homotetrameric WT channels were recorded. The remaining 9 channels
had lower Pc,/Pk values of 5.4 £ 0.1 (n = 6) and 3.9 £ 0.2 (n = 3). We suggest that hybrid
channels with one and two mutant subunits, respectively, were recorded, as it is unlikely that
channels with 3 but not 1 mutant subunit maintained Ca2*-dependent channel activity. Six
channels (Group 5 in Fig. 5B) showed a channel behavior similar to homozygously expressed
mutant channels. K* conductance was reduced and no Ca?*-dependent activity or Ca?*
permeation were observed.

Homotetrameric N-terminal MmD-related RyR1-R110W/L486V exhibited an aberrant single
channel behavior comparable to C-terminal, CCD-associated RyR1 mutants (Table 1). To
better understand the underlying mechanisms leading to loss of Ca2* responsiveness and
Ca?* permeation, we tested the ability of R110W/L486V mutant to form functional heteromeric
channels with WT-RyR1. Because Leu-486 in the rabbit sequence is not conserved in two
affected individuals, who carried the corresponding M485V mutation in addition to R109W
(18), we also examined single channel properties of WT:R110W hybrid channels. Co-
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expression of WT and R110W resulted in channel complexes with reversal potentials and
Pca/Pk ratios ranging from those for homotetrameric WT to homotetrameric mutant channels
(Pca/Pk = 6.4 and 0, 7 and 4 of 30 recordings, respectively) (Fig. 5C). Channel complexes
with intermediate Pco/Pk ratios of 5.1 +0.1 (n=13),3.9+£0.2(n=3),and 29+ 0.1 (n = 3)
maintained Ca2* responsiveness and exhibited K* conductances comparable to WT. By
comparison, co-expression of WT and R110W/L486V resulted in formation of channel
complexes that predominantly exhibited a single channel behavior either comparable to WT-
RyR1 (7 of 25 recordings) or RyR1-R110W/L486V (13 of 25 recordings) (Fig. 5C). In the
remaining 5 recordings, channels maintained Ca2* sensitivity and had K* conductance
comparable to WT. Single channel measurements yielded only one intermediate Pc,/Py value
of 5.7. The results suggest that hybrid channels composed of WT and R110W subunits, and to
a smaller extent composed of WT and R110W/L486V subunits, form functional channels that
conduct CaZ* and respond to a change in cytosolic Ca2*.

DISCUSSION

The ryanodine receptor has a key role in skeletal muscle excitation-contraction coupling by
releasing Ca2* required for muscle contraction. Ample evidence has been recently provided
that RyR1 mutations associated with core myopathies exhibit an impaired SR Ca2* release.
The functional properties of RyR1 core myopathy mutants composed of both WT and mutant
subunits, however, have remained unclear. Herein, we describe single channel measurements
that enabled us to gain novel insights on the function of heterozygously expressed CCD and
MmD mutants of RyR1. We examined the functional properties of these mutations on RyR1
function, following their expression in HEK 293 cells, purification and incorporation in lipid
bilayers. Initial experiments revealed that three homozygously expressed CCD mutants in the
C-terminal pore region of RyR1 and one N-terminal MmD mutant all showed negligible
Ca?* permeation and loss of Ca?*-dependent gating but maintenance of reduced K*
conductance. Subsequent co-expression of WT and mutant RyR1s resulted in three distinct
types of single channels (see Scheme 1). Channels had activities comparable to homozygously
expressed WT or mutant channels. A third group of channels maintained CaZ*-dependent
activity and K* conductance comparable to WT but exhibited Ca2* selectivities compared with
K* intermediate between WT and mutant channels. Our results further suggest that the number
of WT subunits to maintain a functional channel differed among the four RyR1 mutants
examined in the present study (Scheme 1).

The most straightforward test of forming heterotetrameric channels involved RyR1-D4899Q.
Replacement of aspartate residues immediately following the GGGIG motif with glutamine
residues greatly reduces ion permeation and selectivity, without loss of regulation by Ca2*
(15). It is therefore unlikely that the mutation has a major impact on the global structure of the
channel. The distribution of homotetrameric and heterotetrameric channel complexes did not
strictly depend on transfection ratio of WT to mutant cONAs and could not be directly
determined; however, six different arrangements of WT and mutant subunits are possible (Fig.
3A). Accordingly, four types of heterotetrameric channel complexes may be formed, each
having distinct ion permeation properties. Indeed, co-expression of cardiac muscle WT-RyR2
(28) or brain RyR (RyR3) (29) with RyR2-G4824A (analogous to G4894A in RyR1) produced
four intermediate K* conductances. We detected only three well-defined, intermediate K*
conductances. This suggests that the decrease in ion permeation and selectivity was a direct
result of the charge being reduced by the D4899Q mutation, and hence was largely independent
of the two possible arrangements of the two WT and two mutant subunits (Fig. 3A).

In contrast to the experimental D4899Q mutant, K* conductances were maintained in
heteromeric CCD and MmD mutants that responded to a change in cytosolic CaZ*
concentration (Fig. 5). K* conductances comparable to WT were maintained in channel
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complexes containing three predicted (R110W/L486V), two (AV4926/14927), or only one
(G4898E, G4898R) wild type subunit. The results suggest that a pore structure close to WT
was maintained. In support of this suggestion, only mutant channel complexes that responded
to a change in Ca?* maintained a K*-conductance comparable to WT. We also note that the
four 4899 aspartate residues were maintained in the heteromeric mutant channels, as compared
with heteromeric RyR1-D4899Q mutant channels. On the other hand, the Pc4/Pk ratio varied
among heteromeric channel complexes that responded to a change in Ca2* (Fig. 5). We
conclude that the CCD and MmD subunits induced in these channels structural changes that
attenuated the ability of divalent Ca2* cations to pass through the pore while having little
consequences on monovalent K* conductances.

RyR1-G4898E and -G4898R mutations substitute a well conserved amino acid residue of the
RyR GGGIGDE motif (Fig. 1). The two mutations were linked to CCD in several unrelated
families (3,16,30). Homozygous expression of CCD mutations RyR1-G4898E and —G4898R
in myotubes lacking RyR1 resulted in minimal caffeine-induced Ca?* release, which suggested
that the two mutants did not release significant amounts of Ca2* from SR (31). On the other
hand, immortalized lymphoblasts (16) and HEK cells (32) carrying WT and G4898E alleles
released reduced amounts of Ca2* in response to 4-chloro-m-cresol and caffeine, two activators
of RyR1, which suggested the presence of functional but leaky RyR ion channels. The present
study reveals that homozygous expression of G4898E resulted in loss of caffeine-induced
Ca?* release and in the case of G4898R in unstable channel complexes. HEK 293 cells
expressing G4898R showed a reduced Ca2* release in response to caffeine. Negligible [3H]
ryanodine binding to G4898R indicated loss of function during membrane isolation. In single
channel measurements, G4898R and G4898E showed loss of regulation by Ca2* and negligible
Ca?* permeation but maintenance of reduced K* conductance. Co-expression with WT in
HEK?293 cells yielded five groups of channel complexes with ion permeation and selectivity
properties essentially identical for the two mutations, despite the replacement of glycine with
a negatively or positively charged residue. This suggests that the negatively and positively
charged side chains are held in a configuration that avoided a direct interaction with the
conducting ions. Rescue of WT K* conductance and Ca2* regulation by only one WT subunit
suggests that the conformational alterations induced by the mutations involve relatively weak
interactions with other residues. On the other hand, an only partial restoration of Ca2* over
K* selectivity suggests that one mutant subunit was sufficient to alter the pore structure. A
more detailed understanding of the conformational changes associated with the two mutations
will require that the solution structure of the RyR pore region becomes available.

CCD-linked RyR1-AV4926/14927 deletions are located in the predicted inner, most C-
terminal, membrane-spanning segment of the channel (Fig. 1). The deletion was identified as
a novel mutation in one patient (17). Wang et al. (33,34) mutated the residues within the
membrane-spanning segment of the cardiac ryanodine receptor (RyR2) to alanine and found
that RyR2-V4854A and -14855A (matching RyR1-V4926 and -14927 deletion sites) retained
function but showed a reduced response to caffeine activation. We previously showed that
deletion of RyR1 residues Val-4926 and Ile-4927 results in a nonfunctional channel unable to
conduct Ca2* (19). The present study shows that co-expression of WT and RyR1-AV4926/
14927 resulted in formation of two groups of functional channels that showed a reduced
Ca?* over K* permeability ratio. Both groups responded to a change in cytosolic Ca?* and
maintained a normal K* conductance. The results suggest that the presence of two WT subunits
is required to form functional heteromeric WT:AV4926/14927 channel complexes, as
compared with only one WT subunit in WT:G4898E and WT:G4898R channel complexes.
However, we cannot rule out that WT:AV4926/14927 channels with one WT subunit are
structurally unstable outside of the intact cellular environment and were therefore not observed
in single channel measurements.
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The effects of MmD RyR1-R110W/L486V mutation in N-terminal region are complex. In two
affected siblings who carried the corresponding R109W and M485V mutations, only the
mutated allele was transcribed in skeletal muscle, as determined by RT-PCR (18). Homozygous
expression of recombinant RyR1-R110W and RyR1-R110W/L486V resulted in loss of Ca2*
sensitivity and Ca2* permeation and similarly reduced K* conductance (Table 1). Co-
expression studies indicated that RyR1-R110W had a higher propensity to form functional
channels with WT than RyR1-R110W/L486V. R110W formed three groups of heteromeric
channels in contrast to R110W/L486V, which showed only one group of channels with a
reduced Ca2* over K* selectivity compared with WT. Hence, both R110W and L486V cause
conformational changes involved in loss of channel function. Second, there appears to exist a
strong interaction between N-terminal and C-terminal regions of RyR1 affecting Ca2*
conductance and Ca2*-dependent gating.

We have previously presented a Poisson Nernst Plank-Density Functional Theory (PNP-DFT)
model that suggests charge-space competition determines the ion permeation and selectivity
properties of RyR1 (35). The model predicts that negatively charged Asp-4899 forms part of
the selectivity filter and due to the high concentration of its negatively charged oxygen atoms
dominates the ion permeation and selectivity properties of WT-RyR1. High K* conductance
arises because of a high K* concentration in the selectivity filter, and selectivity because the
more highly charged and smaller Ca2* is able to replace K* in the pore. The model predicts
that replacement of Asp-4899 with glutamine or asparagine residues reduces K* conductance
and Ca?* selectivity compared with K*. The results of the present study suggest that the
decrease in ion permeation and selectivity is nearly proportional to the charge being reduced
by the D4899Q mutation (Fig. 3). In contrast to the experimental D4899Q mutant, K*
conductance was maintained in channel complexes that responded to a change in cytosolic
Ca?* concentration and contained one to three CCD and MmD mutants (Fig. 5). In comparison,
Ca?* selectivity compared with K* showed a relationship close to D4899Q, i.e. the Pc./Pk
ratio depended on the predicted number of mutant subunits (Fig. 5). We propose that the CCD
and MmD subunits induce structural changes that attenuate the ability of Ca2* to compete with
K*.

Core myopathies exhibit a great variability both clinically and histologically (2-7). The
severity of the symptoms may even vary within the same family. This has suggested that many
factors need to be considered. Recent studies suggest that recessive MmD mutations may alter
the proportion of functional RyR1 channels by suppressing expression of the WT allele (18,
36). Zebrafish relatively relaxed mutants have reduced ryanodine receptor protein levels that
are associated with amorphous cores and are developmentally regulated due to aberrant splicing
of RyR mRNA (37). RyR1 is regulated by associated proteins (8,10) that may alter mutant
channel structure and function in skeletal muscle and contribute to pathological variability of
core myopathies. The data of the present study reveal an additional mechanism. Our single
channel analysis demonstrates that co-expression of WT-RyR1 with RyR1 mutants associated
with core myopathies results in the formation of homotetrameric and heterotetrameric
channels. Homotetrameric mutant channels conducted negligible amounts of Ca2* and were
not regulated by Ca?*. The number of WT subunits in heteromeric channels required to restore
Ca?* regulation and Ca2* permeation depended on the mutation. Our results suggest that the
fraction of functional channels in patients carrying both the WT and mutant allele varies among
the different missense and deletion mutations associated with CCD and MmD, and hence may
provide one mechanism that determines the phenotypic diversity of core myopathies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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from C-terminal
~~

FIGURE 1. Hypothetical model for ion pore of RyR1

The RyR1 pore model (taken from Ref. 11) shows the GGGIG motif (residues 4894-4898)
and positions of lumenal amino acid residues Asp-4899 and Glu-4900, cytosolic residues
Asp-4938 and Asp-4945, and CCD residues Gly-4898 (“1”) and Val-4926/1le-4927 (“2"). Note
only two of the four pore-forming segments are shown.
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FIGURE 2. Single channel recordings of homotetrameric WT and mutant RyR1 channels

A, single channel currents were recorded at —35 mV (upper and middle traces) or 0 mV (bottom
traces) as downward inflections from the closed state (c—) in symmetrical 250 mm KCI with 2
uw Ca2* in the cis chamber (upper traces) and following the subsequent addition of EGTA to
yield free cis Ca2* concentration of 0.1 pw (second trace) or the addition of 10 mw trans

Ca?* (third trace) (left panels). Representative current voltage relationships in 250 mw
symmetrical KCI () and after the subsequent addition of 10 mw trans Ca2* (o) (right
panels). In B-D, overlap of data hides solid circles. Averaged currents and reversal potentials

(Erey) are summarized in Table 1.
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FIGURE 3. Single channel recordings of homotetrameric and heterotetrameric WT and D4899Q
channel complexes

A, subunit distribution and frequency of channel complexes in cells expressing WT and mutant
subunits at 1:1 ratio, assuming a random distribution of subunits. B, single channel currents
were recorded at —35 mV in symmetrical 250 mw KCI with 2 pw cis Ca?* as downward
inflections from the closed state (c—). C, single channel currents after addition of 10 mwu trans
Ca?* at 0 mV as downward inflections from the closed state (c—) to open states (dashed line).
D, representative current voltage relationships in 250 mm symmetrical KCI in presence of 10
mw trans Ca2*. E, K* conductances and permeability ratios of 5 groups of channels. *, p< 0.05
compared with the preceding group.
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FIGURE 4. Single channel recordings of homotetrameric and heterotetrameric WT and G4898E
channel complexes

A, single channel currents were recorded at —35 mV in symmetrical 250 mm KCI with 2 pw cis
Ca?* as downward inflections from the closed state (c—). B, after addition of 10 mw trans
Ca?* at 0 mV as downward inflections from the closed state (c—) to open states (dashed line).
C, representative current voltage relationships in 250 mu symmetrical KCI in presence of 10
mw trans Ca2*.D, K* conductances and permeability ratios of 5 groups of channels. Symbols
with cross-hair (Group 5) indicate data for mutant channels that did not respond to a change
in cytosolic Ca*. *, p < 0.05 compared with the preceding group.
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FIGURE 5. K* conductances and permeability ratios of homotetrameric and heterotetrameric WT
and mutant channels
Symbols with cross-hair (Group 5) indicate data for mutant channels that did not respond to a

change in cytosolic Ca2*.
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