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The type 1 ryanodine receptor (RyR1) is a Ca2� release chan-
nel found in the sarcoplasmic reticulum of skeletal muscle and
plays a pivotal role in excitation-contraction coupling. The
RyR1 channel is activated by a conformational change of the
dihydropyridine receptor upon depolarization of the transverse
tubule, or by Ca2� itself, i.e.Ca2�-induced Ca2� release (CICR).
Themolecular events transmitting such signals to the ion gate of
the channel are unknown. The S4-S5 linker, a cytosolic loop
connecting the S4 andS5 transmembrane segments in six-trans-
membrane type channels, forms an �-helical structure and
mediates signal transmission in a wide variety of channels. To
address the role of the S4-S5 linker in RyR1 channel gating, we
performed alanine substitution scan of N-terminal half of the
putative S4-S5 linker (Thr4825–Ser4829) that exhibits high helix
probability. The mutant RyR1 was expressed in HEK cells, and
CICR activity was investigated by caffeine-induced Ca2�

release, single-channel current recordings, and [3H]ryanodine
binding. Four mutants (T4825A, I4826A, S4828A, and S4829A)
had reduced CICR activity without changing Ca2� sensitivity,
whereas the L4827A mutant formed a constitutive active chan-
nel. T4825I, a disease-associatedmutation formalignant hyper-
thermia, exhibited enhanced CICR activity. An �-helical wheel
representation of the N-terminal S4-S5 linker provides a ratio-
nal explanation to the observed activities of the mutants. These
results suggest thatN-terminal half of the S4-S5 linkermay form
an �-helical structure and play an important role in RyR1 chan-
nel gating.

The type 1 ryanodine receptor (RyR1)3 is a Ca2� release
channel found in the sarcoplasmic reticulum of skeletal muscle
and plays an important role in excitation-contraction coupling

(1, 2). RyR1 is composed of a homotetramer of an �565-kDa
subunit. A large N-terminal cytoplasmic domain constitutes
the “foot” structure that spans the junctional gap between the
sarcoplasmic reticulum and transverse tubule, whereas a small
C-terminal domain contains the transmembrane segments that
form an ion-conducting pore (3). In excitation-contraction
coupling, RyR1 is activated by a conformational change of the
voltage sensor in the dihydropyridine receptor upon depolar-
ization of the transverse tubule membrane, which is referred to
as the depolarization-induced Ca2� release (4, 5). The channel
is also activated by Ca2� itself, i.e. Ca2�-induced Ca2� release
(CICR) (6, 7). The RyR1 channel is regulated by various endog-
enous ligands, associated proteins, and particular drugs (1, 2).
Mapping of ligands and associated proteins onto the RyR1
structure has revealed that most of them are located within the
cytoplasmic domain (8). It remains to be elucidated how signals
are transmitted from the cytoplasmic domain to the ion gate of
the channel upon excitation-contraction coupling or the bind-
ing of Ca2� to the channel.
The S4-S5 linker is a cytoplasmic loop connecting the S4 and

S5 transmembrane segments in six transmembrane-type chan-
nels. In the voltage-gated potassium channels (Kv1.2), the
S4-S5 linker forms an �-helical structure and plays an impor-
tant role in the channel gating (9, 10). The importance of the
S4-S5 linker has also been reported in many other channels
(11–14). RyR1 is thought to have six or eight transmembrane
segments (15), the last two segments may form the outer and
inner pore helices with a selective filter between them (16).
Substantial similarity in organization of the transmembrane
segments between RyR1 and Kv1.2 raises the hypothesis that
the S4-S5 linker is involved in RyR1 channel gating (17).
To test the hypothesis, we performed alanine substitution

scan of the N-terminal half of the putative S4-S5 linker
(Thr4825–Ser4829) that exhibits high helix probability by deter-
mining the CICR activity in vivo and in vitro. The mutant RyR1
channels exhibited an increased or decreased CICR activity by
various levels. The impact of each mutant on channel activity
can be rationalized by the linker forming an�-helical structure.
These findings suggest that the N-terminal half of the S4-S5
linker may form an �-helical structure and play an important
role in RyR1 channel gating.

EXPERIMENTAL PROCEDURES

Construction of Expression Plasmids—Cloning and construc-
tion of the full-length cDNA cassette encoding the rabbit skel-
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etal muscle RyR1 (pBS-RyR1) has been described previously
(18). The RyR1 cDNA was inserted into pcDNA5/FRT/TO
(Invitrogen), a tetracycline-inducible mammalian expression
vector. A 0.8-kb 5�-fragment of the cDNA was amplified by
PCR using the following primers: 5�-GCAAGCTTCGCCAC-
CATGGGTGACGGAGGAGAGGGC-3� (HindIII site is
underlined) and 5�-CAGGTACCGTCCGGTGGTGA-
CATG-3� (KpnI site is underlined) and subcloned into
pcDNA5/FRT/TO using the HindIII and KpnI sites. The
remaining 14.4-kb 3�-fragment was subcloned into the above
plasmid with KpnI and EcoRV sites to generate
pcDNA5/FRT/TO-RyR1. Each mutation in the S4-S5 linker
corresponding to T4825A, T4825I, I4826A, L4827A, S4828A,
and S4829A, was introduced using the QuikChange site-di-
rected mutagenesis kit (Stratagene) with the ClaI (14478)-
EcoRV (15248) fragment (pBS-RyR1cs11) as the PCR template
(18). The mutations were confirmed by DNA sequencing. The
mutated fragmentwas subcloned into pcDNA5/FRT/TO-RyR1
using the ClaI and EcoRV sites.
Generation of Stable Inducible HEK293 Cell Lines—Flp-In

T-REx HEK293 cells (Invitrogen) were maintained in DMEM
supplemented with 10% FCS and 2mM L-glutamine. The stable
inducible cell lines were generated by co-transfection of the
WT or mutant pcDNA5/FRT/TO-RyR1 vector with the
pOG44 vector encoding Flp recombinase according to the
manufacturer’s instructions. Transfected cells were replated 1
day after transfection, and the growth medium was replaced
with selective medium containing 100 �g/ml hygromycin. The
selective medium was changed every 3 days until the hygromy-
cin-resistant foci were identified. Several hygromycin-resistant
foci were tested for the inducible expression of RyR1, and the
selected clones were expanded and stored in liquid nitrogen.
Single-cell Ca2� Imaging—Intracellular Ca2� transients in

HEK293 cells expressing WT and mutant RyR1 channels were
measured by single-cell Ca2� imaging using fura-2 (23). The
cells were plated on the collagen-coated glass-bottomed dishes,
and protein expression was induced by doxycycline (1 �g/ml)
for 24 h. The cells were loaded with 5 �M fura-2/AM for 30min
at 37 °C in DMEM without FCS and washed with a bath solu-
tion (140mMNaCl, 5mMKCl, 2mMCaCl2, 1mMMgCl2, 11mM

glucose, 5mMHEPES, pH7.4). The dishwas placed on the stage
of an inverted microscope, and fura-2 fluorescence was moni-
tored by a fluorescent monitoring system (Hamamatsu Photo-
nics) with wavelength settings of 340 and 380 nm for excitation
(alternating) and 510 nm for emission. Caffeine (0.3–30 mM)
was dissolved in the bath solution and perfused into the dishes
by suction. Because high concentrations of caffeine affects
fura-2 fluorescence intensity to decrease ratio signals (F340/
F380) (24), magnitude of Ca2� signals at 10 and 30 mM caffeine
were corrected for caffeine effect by multiplying the value by a
factor of 1.2 (10 mM caffeine) or 1.6 (30 mM caffeine).
Preparation of Microsomes—Stable HEK293 cells were

plated onto ten 100-mm tissue culture dishes and protein
expression was induced by doxycycline (1 �g/ml) for 24 h. The
cells were harvested, rinsed twice with phosphate-buffered
saline, and resuspended in a homogenization buffer (0.3 M

sucrose and 20 mM Tris-HCl, pH 7.4, and a protease inhibitor
mixture). The cells were disrupted by N2 cavitation after equil-

ibration in N2 for 15 min at 1000 psi. The microsomes were
obtained by differential centrifugation (1000–100,000� g) and
resuspended in the above buffer. Themicrosomes were quickly
frozen using liquid N2 and stored at �80 °C until use.
Single-channel Recordings—Single-channel recordings were

carried out as described previously with CHAPS-solubilized
microsomal protein as the material (19, 20). Channel currents
were recorded in symmetrical solutions of 250 mM cesium
methanesulfonate and 20 mMHEPES/Tris, pH 6.8, at the hold-
ing potential of �40 mV (cis). Experiments were carried out at
18–22 °C. Bilayers containing only a single channel were used
for analysis. Channel currents amplified by an Axopatch 1D
patch clamp amplifier (Axon Instruments) were filtered at 1
kHz using an eight-pole low pass Bessel filter and collected at 5
kHz for analysis. Themean open probability (Po) was calculated
from recording durations �2 min by 50% threshold analysis
using the pClamp software (version 6.0.4).
[3H]Ryanodine Binding Assay—Ca2�-dependent [3H]ryano-

dine binding was carried out as described previously (20).
Briefly, themicrosomes (50–100�g of protein) were incubated
with 8.5 nM [3H]ryanodine for 5 h at 25 °C in a 100-�l solution
containing 0.17 M NaCl, 20 mM 3-(N-morpholino)-2-hydroxy-
propanesulfonic acid, pH 6.8, 2 mM dithiothreitol, 1 mM �,�-
methylene adenosine triphosphate (AMPPCP) and various
concentrations of free Ca2�. The ionic strength of the solution
was kept constant in whole pCa (�log [free Ca2�]) range by
using 10 mM Ca-EGTA buffer. The protein-bound [3H]ryano-
dine was separated by filtering through polyethyleneimine-
treated glass filters (Whatman GF/B). Nonspecific binding was
determined in the presence of 20 �M unlabeled ryanodine. The
[3H]ryanodine binding data (B) were normalized to the maxi-
mal binding sites for [3H]ryanodine (Bmax), which was sepa-
rately determined by Scatchard plot analysis using varied con-
centrations of [3H]ryanodine (3–40 nM). The B/Bmax
represents an averaged activity of individual channels and can
be compared quantitatively between mutants (20, 21). EC50 for
Ca2� activation and IC50 for Ca2� inactivation were calculated
by curve-fitting of the Ca2�-dependent [3H]ryanodine binding
data as described previously (22).
Data Analysis—Data are presented as the means � S.E. Sta-

tistical comparisons have been made using GraphPad Prism5
software. Student’s t test was used to compare two groups. p
values � 0.05 were considered significant.

RESULTS

Expression of Mutant RyR1 Channels with Alanine Substitu-
tions in N-terminal Half of S4-S5 Linker—Fig. 1A shows a sche-
matic drawing of the transmembrane topology of the RyR1
channel based on the model according to Du et al. (15). The
S4-S5 linker is a cytoplasmic loop connecting the S4 and S5
segments. This loop is predicted to be 10 residues in length
(Thr4825–Gly4834) (15). The helix probability analysis indicates
that its N-terminal half (Thr4825–Ser4829) exhibits high helix
probability (Fig. 1B) (25). In the voltage-gated potassium chan-
nels, formation of an �-helical structure of the S4-S5 linker is
critical for channel gating (9, 10). We therefore performed ala-
nine substitution scan of the amino acid residues in the N-ter-
minal half of the putative S4-S5 linker (Thr4825–Ser4829).
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TheWTandmutantRyR1 constructswere expressed inHEK
cells using a tetracycline-inducible expression system (see
“Experimental Procedures”). Fig. 2A showsWestern blotting of
the lysate from these cells. The anti-RyR antibody detected a
protein band for a high molecular mass species (565 kDa) in all
the cells. No positive bands were observed in mock-transfected
cells (data not shown). Besides L4827A, the intensity of the
RyR1 bandwas similar between themutants, indicating that the
levels of protein expression were similar. Fig. 2B shows the
localization of the mutant RyR1s in HEK cells. As observed for
WT, all of themutants exhibited amesh-like pattern, indicating
endoplasmic reticulum localization of the expressed RyR1.
Consistentwith theWestern blots, the fluorescence intensity of
L4827A was lower than that of WT or the other mutants, indi-
cating low levels of expression of this mutant.
Caffeine-induced Ca2� Transients of HEK Cells Expressing

Mutant RyR1 Channels—The mutant RyR1 channel was
assessed by CICR activity.We initially determined the caffeine-
induced Ca2� transients in HEK cells (Fig. 3). Caffeine is a
potent activator of CICR and caffeine-induced Ca2� transients
well reflect the CICR activity in vivo (18). No or only small Ca2�

transients were observed with mock-transfected cells with caf-
feine, indicating negligible level of endogenous RyRs (Fig. 3A).

Cells expressing WT exhibited caffeine-induced Ca2� tran-
sients in a dose-dependent manner: the Ca2� transients
increased as the caffeine concentration increased. This is con-
sistent with the previous reports with HEK cells expressing
RyR1 (18). The observed decrease in the Ca2� transients at
caffeine concentrations�10mMmay be due to the direct effect
of caffeine on the fura-2 ratio signals (24). To determine caf-
feine sensitivity, the peak magnitude of Ca2� transients was
plotted against the caffeine concentration after correction for
the caffeine effect (Fig. 3B).
All of the alanine-substituted mutants except for L4827A

exhibited a reduction in the caffeine sensitivity (Fig. 3A). For
T4825A, no Ca2� release was observed at 1 mM caffeine, and
only small responses were observed at 3mM caffeine. The effect
wasmore profound for S4829A but less obvious for I4826A and
S4828A. The rank order of caffeine sensitivity was WT �
I4826A � S4828A � T4825A � S4829A (Fig. 3B). The peak
magnitude of Ca2� transients (Fig. 3B) and the resting Ca2�

level (Fig. 3C) for these mutants were similar when compared
with the WT species.

FIGURE 1. The putative S4-S5 linker in RyR1. A, schematic drawing of the
transmembrane topology of the RyR1 channel based on the model according
to Du et al. (15). The cylinders S1–S6 represent the transmembrane segments
that correspond to those originally proposed in the Zorzato model (M5–M10)
(34). The putative S4-S5 linker is highlighted by the boldface line. B, amino acid
sequence and the helix probability of the S4-S5 linker in RyR1. The helix prob-
ability was predicted by the continuum secondary structure predictor (35,
36). The helix probability is high in the N-terminal half of the S4-S5 linker.

FIGURE 2. Expression and localization of the mutant RyR1s in HEK cells. A,
Western blotting of RyR1 in the lysates from HEK cells expressing WT and the
mutant RyR1 carrying alanine substitutions in the S4-S5 linker. The mutant
RyR1s showed gel mobility similar to that of the WT. Note that the expression
level of L4827A was significantly lower than the other mutants. B, immuno-
histochemical localization of RyR1 in HEK cells. WT and the mutant RyR1s gave
rise to similar mesh-like patterns indicative of endoplasmic reticulum
localization.
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L4827A exhibited small but significant Ca2� release at caf-
feine concentrations �1 mM (Fig. 3A). The peak magnitude of
L4827Awas one seventh of that of theWT (Fig. 3B). The resting
Ca2� level was significantly higher for L4827 than that for WT
or the other mutants (Fig. 3C). These findings can well be
explained by the idea that L4827Aconstitutes a leaky channel in
HEK cells under resting conditions.
Single-channel Current Recordings ofMutant RyR1 Channels—

We next recorded the single-channel currents of the mutant
RyRs that had been incorporated into planar lipid bilayers. Cs�
was used for the current carrier instead of Ca2� because con-
ductance forCs�wasmuch greater than that forCa2� (26). The
cis-free Ca2� was set at 0.1 mM to optimally activate the chan-

nel. The alanine-substitutedmutants except for L4827A exhib-
ited lower open probability (Po) thanWT in varied extents (Fig.
4A): T4825A and S4829A exhibited a severely reduced Po when
compared with the WT channel, whereas the reduction in Po
was moderate for I4826A and negligible for S4828A. The rank
order ofmean open probabilitywasWT� S4828A� I4826A�
T4825A� S4829A (Fig. 4B). No alteration of channel conduct-
ance was observed between WT and mutant RyR1 channels
(Fig. 4C). These findings suggest that these mutant channels
have reduced channel opening without alteration of pore
formation.
The L4827A channel exhibited a much higher Po than WT

(Fig. 4, A and B). Possible subconductance states of about one-

FIGURE 3. Caffeine-induced Ca2� release in cells expressing WT and mutant RyR1s. HEK cells expressing WT and the mutant RyR1 channels were loaded
with fura-2/AM and stimulated by different concentrations (0.3–30 mM) of caffeine. A, three representative traces of fura-2 ratio signals (F340/F380) of single cells
for WT and the mutant RyR1s. Caffeine was applied at the time point indicated by the short vertical bars. B, the magnitude of Ca2� transients were plotted
against caffeine concentrations after correction for the caffeine effect on the fura-2 ratio signals (see “Experimental Procedures”). C, resting Ca2� level
determined by fura-2 signals (F340/F380) during the first 30 s. L4827A showed significantly greater resting Ca2� than WT and the other mutants. Data are
means � S.E. (n 	 67–100). *, p � 0.05 compared with WT.
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fourth and three-fourths of the full conductance level were also
seen (Fig. 4A). The full open conductance of the mutant chan-
nel was not different from that of WT (Fig. 4C). Notably, high
activity (Po 	 0.55 � 0.09, n 	 6) was also observed even at low
Ca2� levels (15 mM) (data not shown). Thus, the L4827A
mutant constitutes a hyperactive channel.
[3H]Ryanodine Binding of Mutant RyR1 Channels—The

CICR activity of the mutant channels was further investigated
by [3H]ryanodine binding. Because ryanodine only binds to the
open channel, ryanodine binding is widely used as an index of
CICR activity (1, 2). TheWTRyR1 exhibited biphasic Ca2�-de-
pendent [3H]ryanodine binding with the peak magnitude at 30
�M Ca2� (Fig. 5A). The Ca2� concentrations for half-maximal
activation (EC50) and inactivation (IC50) forWTwere 3.7� 0.3
�M and 0.15 � 0.01 mM, respectively (Fig. 5, C and D). The
biphasic Ca2� dependence is explained by the presence of two
distinct Ca2� sites: a high affinity (KD � �M) activating site (A
site) and a low affinity (KD � sub-mM) inactivating site (I site).
The binding of Ca2� to the A site makes the channel available
for activation, whereas the binding of Ca2� to the I site inacti-
vates the channel (22). In addition, magnitude of the Ca2�-de-

pendent activity is determined by another parameter, Amax,
which represents the gain of the CICR activity (22, 23).
All of the alanine-substituted mutants except for L4827A

demonstrated reduced magnitude of ryanodine binding (Fig.
5A). The EC50 and the IC50 values of themutants for Ca2� were
not substantially different from those of WT, indicating no
alterations in Ca2� sensitivity (Fig. 5, C and D). Furthermore,
caffeine increased the ryanodine binding to WT and the
mutants in a similar dose-dependent manner (Fig. 5E). These
findings suggest that lower CICR activity of the mutant chan-
nels is primarily caused by a reduced gain. The rank order of the
peak magnitude was WT � S4828A � I4826A � T4825A �
S4829A. This is in accordance with the rank order of caffeine

FIGURE 4. Single Ca2� release channel currents through WT and the
mutant RyR1s. Single-channel currents were recorded at a holding potential
of �40 mV (cis) in a symmetrical solution containing 250 mM cesium meth-
anesulfonate buffered with 20 mM HEPES/Tris, pH 6.8. Free Ca2� was set at 0.1
mM to optimally activate the channel. A, representative traces of single-chan-
nel currents through WT and the mutant RyR1 channels. The conductance
level of the closed state is shown by a short line on the left side of each current
recording. B, mean Po of WT and the mutant channels. C, the full open con-
ductance of WT and the mutant channels. Data are means � S.E. (n 	 6 –11).
*, p � 0.05 compared with WT.

FIGURE 5. [3H]Ryanodine binding of WT and the mutant RyR1s. Ca2�-de-
pendent [3H]ryanodine binding was determined in 0.17 M NaCl, 20 mM 3-(N-
morpholino)-2-hydroxypropanesulfonic acid, pH 6.8, 2 mM dithiothreitol, 1
mM AMPPCP, and various concentrations of Ca2� buffered with 10 mM EGTA.
A and B, Ca2� dependence. Note that the vertical axis in B is 5-fold greater than
that in A. G in the horizontal axis represents no added Ca2� (10 mM EGTA
alone). Four mutants (T4825A, I4826A, S4828A, and S4829A) showed a reduc-
tion in [3H]ryanodine binding, whereas the other two mutants (L4827A and
the T4825I) showed an increase in [3H]ryanodine binding when compared
with the WT protein. C, EC50 values of Ca2� for activation. D, IC50 values of
Ca2� for inactivation. EC50 and IC50 values were similar between WT and the
four mutants with the reduced activity, whereas the L4827A and T4825I
mutants showed smaller EC50 and larger IC50 values. E, effects of caffeine.
[3H]Ryanodine binding was determined at pCa 6.7 in the presence of 0 –10
mM caffeine. Data were normalized to the values at 10 mM caffeine for each
mutant. 100% demotes 0.069, 0.0096, 0.012, 0.053, and 0.0049 B/Bmax for WT,
T4825A, I4826A, S4828A, and S4829A, respectively. F, effects of CICR inhibi-
tors. [3H]Ryanodine binding was carried out at pCa 4.5 in the absence and
presence of MgCl2 (10 mM), procaine (10 mM), or ruthenium red (10 �M). 100%
denotes 0.08 and 0.25 B/Bmax for WT and L4827A, respectively. L4827A was
significantly less sensitive to these inhibitors. Data are means � S.E. (n 	 3–5).
*, p � 0.05 compared with WT.
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sensitivity in caffeine-induced Ca2� release (Fig. 3) and of Po in
the single-channel recordings (Fig. 4).
L4827A exhibited high [3H]ryanodine binding in a broad

range of Ca2� concentrations (Fig. 5B). Substantial [3H]ryano-
dine binding was observed even in the absence of Ca2� (10 mM

EGTA with no added Ca2�). The mutant was less sensitive to
inactivating Ca2� (Fig. 5D) and CICR inhibitors, including
Mg2�, procaine, and ruthenium red (Fig. 5F). Consequently,
L4827Amay represent a constitutively active channel. Thiswell
explains that the mutant forms a leaky channel under resting
conditions in HEK cells (Fig. 3).
Properties ofMH-associatedMutant RyR1 (T4825I)—T4825I

is a disease-associated mutation for malignant hyperthermia
(27) and is shown to enhance theCICR channel activity (28). To
further elucidate the role of the S4-S5 linker, we investigated
the T4825I mutant using the above methods under the same
conditions. HEK cells expressing T4825I showed higher caf-
feine sensitivity in caffeine-induced Ca2� release without sub-
stantial changes in the peak magnitude and resting Ca2� level
(Fig. 3). In single channel recordings, theT4825I channel exhib-
ited a higher Po than theWT channel (Fig. 4). Possible subcon-
ductance states were also seen. Ca2�-dependent [3H]ryanodine
binding demonstrated that T4825I had a 5-fold higher peak
magnitude thanWTwith enhanced Ca2� sensitivity for activa-
tion and reduced Ca2� sensitivity for inactivation (Fig. 5).
Taken together, these results indicate that theT4825Imutation
makes the CICR active by both increasing the gain of the chan-
nel and altering the Ca2� dependence. This is in marked con-
trast to the results of the alanine-substitutedmutant at the cor-
responding site (T4825A) showing markedly reduced activity.

DISCUSSION

In this study, we investigated the role of the amino acid res-
idues in the N-terminal half of the putative S4-S5 linker in the
RyR1 channel gating using an alanine substitution scan. The
CICR activity of the alanine-substituted mutants were deter-
mined in vivo and in vitro by caffeine-induced Ca2� release,
single-channel recordings, and [3H]ryanodine binding. We
found that four of five mutants (T4825A, I4826A, S4828A, and
S4829A) exhibited reduced CICR activity without substantially
changing the single-channel conductance and Ca2� or caffeine
sensitivity. These findings support the hypothesis that the
N-terminal half of the S4-S5 linker may control the gate of the
RyR1 channel.
The impact of the alanine substitutions was stronger for the

T4825A and S4829A mutations, but lower for the I4826A and
S4828Amutations. Fig. 6 demonstrates an �-helical wheel rep-
resentation of the region fromLys4821 toVal4830, which exhibits
high helix probability (see Fig. 1B). There are two clear faces:
polar and basic residues cluster on one face and hydrophobic
residues are present on the opposite face. Thr4825 and Ser4829

are located close to each other and on one face of the helix.
Ile4826 and Ser4828 are not proximal to these two residues. The
distribution can explain the varied effects of the alanine substi-
tutions on activity: the face around Thr4825 and Ser4829 is more
important in channel gating than the regions around Ile4826 and
Ser4828.

The L4827Amutant, in contrast, constituted a leaky channel
in vivo. Themutant channel exhibited greater Po thanWTwith
occurrence of possible subconductance states. L4827A had a
high activity even in the absence of Ca2� and was much less
sensitive to the CICR inhibitors. These findings suggest that
L4827A forms a constitutively active channel probably by dys-
regulation of channel gating. On the �-helical wheel represen-
tation, Leu4827 is located on the opposite side of Thr4825 and
Ser4829 and forms a hydrophobic cluster with Leu4823, Val4830,
and Ile4826. Such a difference might be related to the different
effects of the alanine substitutions. I4826A exhibited a slightly
reduced CICR activity in contrast to L4827A. This might be
explained by location of the residue. The face around Leu4827 is
more critical in channel gating than the region around Ile4826.
Recently, an MH mutation (L4823P) has been reported in
Leu4823 (29, 30). A detailed investigation of theMHmutant and
alanine-substitutedmutants for Leu4823 andVal4830 would pro-
vide further support for the role of the hydrophobic cluster.
An MH-associated mutation, T4825I, exhibited enhanced

activity when compared with WT, which is consistent with a
previous report (28). The phenotype of T4825I was opposite to
the alanine-substitutedmutant (T4825A),which showedmark-
edly reduced activity. This observation raises the question of
why the twomutations had opposite effects on channel activity.
Isoleucine has a larger side chain (-CH(CH3)CH2CH3) than ala-
nine (-CH3). The side chain of threonine has an intermediate
size (-CH2(CH3)OH). Thus, the size of the side chain at position
4825 might be important in the function of the S4-S5 linker.
How does the S4-S5 linker control the gate in the RyR1 chan-

nel? Hamada et al. (31) demonstrated that the S4-S5 linker
interacts with a 96-kDa fragment of RyR1 containing a calmo-
dulin-like domain (residues 4064–4210). Lee and Allen (25)
showed that the S4-S5 linker interacts with the C-terminal tail
fragment (residues 4938–5037). It is quite possible that the
S4-S5 linker interacts with multiple domains to mediate signal
transmission from ligand binding to pore opening.

FIGURE 6. �-Helical projection of the S4-S5 linker region in RyR1. �-Helical
representation of the end of S4 segment and N-terminal half of the S4-S5
linker (Lys4821–Val4830) sequence, which exhibits high helix probability (see
Fig. 1B). Basic, polar, and hydrophobic residues are depicted in white, gray,
and black circles, respectively. Note that there are two clear faces with polar
and basic residues on one face and hydrophobic clusters on the opposite
face.
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Because serine and threonine residues can undergo phos-
phorylation, it is reasonably hypothesized that phosphoryla-
tion/dephosphorylation of these residues (Thr4825, Ser4828, and
Ser4829) may contribute to channel gating. No consensus
sequences, however, are found within the S4-S5 linker for
potential phosphorylation sites by protein kinase A, PKC, and
CaM kinase II (32). Furthermore, the S4-S5 linker is localized
close to the membrane and predicted to interact with the other
domains in such restricted space. Thismight result in a reduced
accessibility of kinases/phosphatases. Thus, phosphorylation of
these residues seems unlikely.
The amino acid sequence of the putative S4-S5 linker is

highly conserved among RyR isoforms: all 10 residues are iden-
tical in vertebrate RyR1–3 (1, 2). This suggests that the regula-
tory mechanism of channel gating via the S4-S5 linker may be
shared between the RyR isoforms. Analysis of the RyR2 and
RyR3 channels carrying mutations at the corresponding resi-
dues would provide further support. High sequence conserva-
tion of the S4-S5 linker also raises a possibility of the impor-
tance of its C-terminal half. The fact that a disease-associated
mutation (H4762P) for catecholaminergic polymorphic ven-
tricular tachycardia has been found within the C-terminal half
of the S4-S5 linker in RyR2 may support the possibility (33).
In conclusion, our results strongly support the idea that the

N-terminal half of the putative S4-S5 linker plays an important
role in the RyR1 channel gating by forming �-helical structure.
Further structural and mutational analyses will facilitate our
understanding of the interaction and regulatory mechanisms
via the S4-S5 linker.
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