
Amore significant contributor to channel dysfunction is the
location of the mutation within the cytoplasmic loop linking
transmembrane segments 4 and 5 (S4-S5). Recently,Murayama

et al. (53) reported results of substitution scan of the N-termi-
nal half of the putative S4-S5 linker (Thr4825–Ser4829) of RYR1,
including T4825I (rabbit sequence). Consistent with our find-

FIGURE 9. WT, Het, and Hom T4826I-RYR1 differ in their modulation by Ca 2� and Mg2� . Equilibrium [3H]Ry binding (2 nM) was performed at 37 °C for 3 h
in the presence of defined [Ca2�] (100 nM to 10 mM) (A) or 5 �M Ca2� � Mg2� (0 –30 mM) (B). EC50 and IC50 values obtained from curve fit of Ca2� activation/
inactivation and Mg2� inhibition are plotted in Cand D, respectively. The data are from 3– 4 different skeletal muscle membrane preparations (100�g/ml) (n�
9 –11 (Aand C);n � 8 –9 (Band D)). The significance of difference is denoted as follows: *, p � 0.05; **, p � 0.01.

FIGURE 10. WT, Het, and Hom T4826I-RYR1 differ in sensitivity to temperature. Initial binding of 5 nM [3H]Ry to 100 �g/ml skeletal muscle membranes were
performed at 25 or 37 °C in the presence of 5 �M free Ca2� and determined at 5, 10, 15, 20, 25, and 30 min. A, the results are plotted as rate lines.B, The initial
rates were calculated, and kobs values are plotted as bar graphs.C, the differences inkobs measured with Het and Hom T4826I-RYR1 are plotted relative to kobs
WT-RYR1. Statistical analyses indicate significant difference in temperature sensitivity among the three genotypes (***, p � 0.001; n � 4 from two different
skeletal muscle membrane preparations).

Functional Abnormalities in Het and Hom T4826I-RYR1 MHS Muscle

JANUARY 20, 2012 • VOLUME 287 • NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 2873

 at A
ustralian N

atl U
niv (C

A
U

L), on A
pril 15, 2012

w
w

w
.jbc.org

D
ow

nloaded from
 



ings with halothane in the current work and our finding of
increased sensitivity to caffeine and 4-CmC previously (42),
HEK 293 cells expressing T4825I-RYR1 exhibited higher sensi-
tivity to caffeine and produced higher Po channels reconsti-
tuted in BLM compared with those expressingWT (53). In this
regard, our results fromHomT4826I-RYR1 channels prepared
from adult skeletal muscle show even more profound stability
of the open state conformation (Po � 0.8 in the presence of
suboptimal 1 �M cytoplasmic Ca2�) compared with expressed
T4825I-RYR1 (Po �0.3 in the presence of optimal 100 �M cyto-
plasmic Ca2�) (53).

Although qualitatively similar, several experimental differ-
ences could contribute to the quantitative divergence of our
single channel results from those of Murayama et al. (53), most
notable are the BLM solutions having pH of 7.4 versus 6.8, 1 �M

versus 100�M cis-Ca2�, and trans-Ca2� of 100�M versus unde-
fined, respectively. Our experimental conditions resulted in a
mean Po for reconstitutedWT channels of 0.12 (Fig. 7C), which
is lower than those reported by Murayama et al. (53) for WT
channels (mean Po �0.19). Nevertheless, our Hom T4826I-
RyR1 channels produced ameanPo of 0.81 (nearly 8-fold higher
than WT), whereas the T4825I-RyR1 channels reconstituted
from HEK 293 cells by Murayama et al. had a �1.5-fold higher
mean Po than WT (Po �0.19 for WT and Po �0.29 T4826I-
RyR1; Fig. 4B in Ref. 53). Interestingly, our BLM results are
consistent with both the 7–8-fold higher level of [3H]Ry bind-
ing reported in our study (Fig. 9A) and the �7–8-fold increase
reported byMurayama et al. at 100�MCa2� (Fig. 5B in Ref. 53).
This distinction is important because it suggests that in addi-

tion to the inherent dysregulation imparted by the T4826I
mutation, the presence of themutation over time in the context
of its native muscle environment may lead to stable covalent
modifications, other than phosphorylation, that contribute to
abnormally active channel behavior, and these differences need
to be explored in the future.
As for the mechanism by which the T4826I mutation causes

RyR1 dysfunction, two possibilities are apparent: 1) impair-
ment of the strong negative feedback regulation provided by
protein-protein interactions within the junctional Ca2� release
unit, especially the DHPR (16), and 2) increased SR Ca2� leak,
possibly mediated by the RyR1 leak conformation (58). Muta-
tion of the �-helical conformation of the S4-S5 linker may be
sufficient to impair both of these regulatory mechanism (53).
This hypothesis is reasonable given the important role of the
S4-S5 linker in gating other ion channels, such asKV1.2 (59, 60).
MHS mutations residing within the RYR1 N-terminal region
(amino acids 35–609) have been suggested to destabilize
domain-domain interactions (61, 62). However, it is clear from
the present study thatmutations residingwithin the transmem-
brane assembly are likely to disrupt channel gating through
distinct molecular mechanisms and underscore the allosteric
influence of RYR1 mutations that confer MHS.
Ca2� dysregulation triggered by acute halothane exposure of

FDB fibers from Het and Hom T4826I-RYR1 male mice is
clearly dependent on gene dose. A new finding is that the aug-
mented response to halothane seen in intact Hom FDB fibers
involves triggered release from SRCa2� stores and a significant
component of Ca2� entry. Thus, the fulminant MH syndrome

is likely to be initiated by disinhibition of RYR1 and exaggerated
Ca2� excitation-coupled Ca2� entry and store-operated Ca2�

entry as suggested previously (19, 23, 61, 63). A better under-
standing of howMHSmutations impair coordinated regulation
of Ca2� release units may have novel therapeutic implications.
The fact that Hom T4826I-RYR1 mice survive without overt

clinical pathology, although consistent with the human condi-
tion when homozygosis has been identified (51, 52), raises sev-
eral fundamentally important issues about the remarkable dys-
function in their Ca2� release channels. In previous studies
with Het R163C MHS mice, RYR1 channel dysregulation was
associated with significantly reduced Ca2� transient ampli-
tudes evoked by electrical stimuli (i.e.ECcoupling) inmyotubes
but not adult FDB fibers (19). The difference in penetrance of
the R163C mutation in myotubes and FDB fibers was inter-
preted as an indication of tighter negative regulation of mutant
RYR1 channels within the context of more developed adult
junctions present in FDB compared with the peripheral junc-
tions found inmyotubes. Here we show that Het andHomFDB
fibers exhibit subtle differences in EC coupling responses
although significantly larger than those of WT, and the degree
of amplification is gene dose-dependent (Hom � Het). Thus,
the location and/or amino acid substitution of an MHS muta-
tion (R163C versus T4826I) influences the basal physiological
responses of adult fibers. More importantly, the viability of
Hom T4826I mice clearly indicates that the inherent dysfunc-
tion of RYR1 channelsmust be under extremely strong negative
regulation by the DHPR in the context of adult muscle fibers
because preferential targeting of WT channels to the junctions
is not possible. However, another consequence of the mutation
is to increase the vulnerability of disengaging negative regula-
tion of the RYR1 channel when exposed to triggering agents.
MHSmutations do produce adaptations that lead to chronic

elevations in cytoplasmic [Ca2�]rest and reactive oxygen species
that are associated with bioenergetic adaptations in muscle
mitochondria (20, 28). Such adaptations may promote muscle
damagewhose rate of onset,morphologicalmanifestations, and
severity depend on the location of the mutation, zygosity, and
other factors, such as sex (1). Understanding the mechanisms
that limit andpromote fulminantMHand the potential damage
of highly dysfunctional MHS RYR1 channels is central to
understanding the etiology of this disorder.
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