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region of the ryanodine receptor channel to block by large
tetraalkylammonium cations and Shaker B inactivation peptides

Sammy A. Mason,' Cedric Viero,' Joanne Euden," Mark Bannister,' Duncan West,'
S.R. Wayne Chen,? and Alan J. Williams'

"Institute of Molecular and Experimental Medicine, Wales Heart Research Institute, School of Medicine, Cardiff University,
Cardiff CF14 4XN, Wales, UK
2Department of Physiology and Pharmacology, University of Calgary, Calgary, Alberta T2N 4N1, Canada

Although no high-resolution structural information is available for the ryanodine receptor (RyR) channel pore-
forming region (PFR), molecular modeling has revealed broad structural similarities between this region and the
equivalent region of K* channels. This study predicts that, as is the case in K' channels, RyR has a cytosolic vestibule
lined with predominantly hydrophobic residues of transmembrane helices (TM10). In K channels, this vestibule
is the binding site for blocking tetraalkylammonium (TAA) cations and Shaker B inactivation peptides (SiBPs),
which are stabilized by hydrophobic interactions involving specific residues of the lining helices. We have tested
the hypothesis that the cytosolic vestibule of RyR fulfils a similar role and that TAAs and SZBPs are stabilized by
hydrophobic interactions with residues of TM10. Both TAAs and SZBPs block RyR from the cytosolic side of the
channel. By varying the composition of TAAs and ShBPs, we demonstrate that the affinity of both species is deter-
mined by their hydrophobicity, with variations reflecting alterations in the dissociation rate of the bound blockers.
We investigated the role of TM10 residues of RyR by monitoring block by TAAs and SZBPs in channels in which the
hydrophobicity of individual TM10 residues was lowered by alanine substitution. Although substitutions changed
the kinetics of TAA interaction, they produced no significant changes in ShBP kinetics, indicating the absence of
specific hydrophobic sites of interactions between RyR and these peptides. Our investigations (a) provide signifi-
cant new information on both the mechanisms and structural components of the RyR PFR involved in block by
TAAs and SiBPs, (b) highlight important differences in the mechanisms and structures determining TAA and
ShBP block in RyR and K* channels, and (c) demonstrate that although the PFRs of these channels contain analo-
gous structural components, significant differences in structure determine the distinct ion-handling properties of

the two species of channel.

INTRODUCTION

The cardiac isoform of the ryanodine receptor (RyR2)
is an ion channel that provides the pathway for release
of contraction-initiating Ca** from the intracellular sar-
coplasmic reticulum membrane network (Bers, 2002).
The efficiency of RyR2 as a Ca*-release channel is
underpinned by both tight regulation of gating and
unusually high rates of Ca®* translocation through the
open channel (Williams et al., 2001). Altered RyR2
function underlies the occurrence of arrhythmia and
sudden death in both inherited and acquired disease,
and the channel is emerging as an important new ther-
apeutic target (George and Lai, 2007; George et al., 2007;
Hilliard et al., 2010).

Measurements of ion translocation and discrimina-
tion in individual RyR2 channels have established that
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although RyR2 is ideally selective for cations over an-
ions, it is permeable to a wide range of inorganic diva-
lent cations, inorganic monovalent cations, and organic
monovalent cations. It would appear that high rates of
Ca® movement through RyR2 are achieved at the ex-
pense of the high degree of discrimination displayed
by cell surface K', Na*, and Ca* channels (Williams
etal., 2001).

The structural components of the pore-forming re-
gion (PFR) of K' channels and, as a consequence, the
mechanisms by which these components regulate ion
discrimination and translocation were revealed by the
crystallization of prokaryotic channels (Doyle et al.,
1998; Cordero-Morales et al., 2006). The enormous
size of RyR2 (the functional channel is a homotetra-
mer with each monomer containing in excess of 4,900
amino acids) and the lack of a prokaryotic analogue
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currently preclude crystallization of the intact RyR2
tetramer. However, because of significant similarities
in the primary and secondary structures of regions of
RyR2 and the PFR of K' channels, it has been possible
to construct a plausible analogy model of the RyR2 PFR
based on a bacterial channel (KcsA) template (Welch
et al.,, 2004). The model indicates that the putative
RyR2 PFR and K channels share several basic structural
elements, and it appears likely that the two species of
channel use similar fundamental strategies to allow ions
to cross the permeability barrier created by the phos-
pholipid bilayer. However, RyR2 is not a K channel,
and key features of the model highlight potential differ-
ences that could account for the unique features of ion
handling that are characteristic of RyR2 and the other
RyR isoforms. In the absence of detailed structural in-
formation, the analogy model provides us with a frame-
work that can be used to test the involvement of domains
or specific residues in RyR2 function. As an example,
the model indicates that both the cytosolic and luminal
entrances to the PFR will contain a high density of
acidic residues, and the implication of this observation
is that these regions could underlie the exceptionally
high rates of cation translocation seen in RyR2. Consis-
tent with this proposal, neutralization of specific resi-
dues at the luminal mouth of the PFR by alanine
substitution resulted in reduced unitary conductance at
subsaturating ion activities (Mead-Savery et al., 2009).

Another important prediction of the model is that the
PFR of RyR2 will contain a water-filled cytosolic cavity. In
K" channels, the walls of the cytosolic cavity are lined with
predominantly hydrophobic residues of the inner heli-
ces of the PFR. In our RyR2 analogy model, equivalent
hydrophobic residues are provided by the terminal trans-
membrane helix TM10 (Zorzato et al., 1990). In addition
to lining the waterfilled cytosolic cavity, hydrophobic
residues of the K' channel inner helices have been
identified as sites of interaction for blocking moieties
including tetraalkylammonium (TAA) cations, local
anesthetics, and inactivation peptides, ligands which,
before the availability of detailed structural informa-
tion, proved exceptionally useful as probes of the PFRs
of K channels (Zagotta et al., 1990; Choi et al., 1993;
Valenzuela et al., 1995; Hille, 2001). Consistent with our
assertion that RyR2 shares basic structural components
with K channels, all of these classes of molecule are
effective blockers of RyR2 (Mead et al., 1998; West and
Williams, 2007).

In this study, we describe novel investigations in which
we have used large TAAs and Shaker B inactivation pep-
tides (SABPs) as hydrophobic probes of the RyR2 PFR.
By monitoring variations in blocking parameters arising
from alterations in the hydrophobicity of both the block-
ing molecules and selected residues of the recombinant
mouse RyR2 TM10, we have tested the proposal that these
residues line the cytosolic cavity of the PFR of the channel.
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The experiments described in this study provide
important new information on the mechanisms and
sites of interaction involved in TAA and SABP block
of RyR2. In addition, our data reveal significant dif-
ferences in mechanisms of block in RyR2 and K*
channels that likely reflect structural specializations
of the two PFRs that underlie their different physio-
logical roles.

MATERIALS AND METHODS

TAA cations

TAA salts and standard chemicals, at the best available grade,
were obtained from Sigma-Aldrich. Synthetic PE (1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoethanolamine) was supplied by Avanti
Polar Lipids, Inc.

Inactivation peptides

While maintaining a net charge of 3, we modified SAiBP hydro-
phobicity by residue substitution in the N terminus of the peptide.
We have avoided residue substitution at and around leucine 7
as, although substitutions of this residue are likely to make sig-
nificant changes to the hydrophobicity of the peptide, some stud-
ies have suggested that alterations in this region could bring
about significant changes in structure that might themselves
alter the effectiveness of the peptide as a blocker of K' channels
(Fernandez-Ballester et al., 1995; Molina et al., 2008; Neira, 2009).
For this reason, we have made relatively conservative substitu-
tions that are less likely to alter the conformation of the peptide.
A schematic representation of the peptide analogue sequences
used in this study, SABP (MAAVAGLYGLGEDRQHRKKQ), a pep-
tide less hydrophobic than SZBP (LHBP, MAQVQGLYGLGED-
ROQHRKKQ), and two peptides more hydrophobic than SiBP
(MHBPI, MAVVAGLYGLGEDRQHRKKQ); and MHBPII, MAAV-
VGLYGLGEDRQHRKKQ) and a description of their synthesis
and analysis can be found in Fig. S1. To compare the level of
hydrophobicity of the different peptides, we attributed each a
GRAVY (grand average of hydropathicity) score. A positive
GRAVY value indicates a hydrophobic protein, whereas a nega-
tive value indicates a hydrophilic protein (Kyte and Doolittle,
1982). GRAVY values were determined using the ProtParam
tool (Gasteiger et al., 2005).

Site-directed mutagenesis, expression of wild-type (WT)

and mutant RyR2 cDNAs in HEK cells, and channel purification
Point mutations were introduced into TM10 (Zorzato et al., 1990)
of mouse RyR2 by the overlapping extension method using poly-
merase chain reaction as described previously (Chen et al.,
2002). HEK293 cells were grown in supplemented Dulbecco’s
modified Eagle’s medium (Invitrogen) for 18 h in 100-mm-diameter
tissue culture dishes seeded at a density of 10° per dish. Fach dish
was transfected and grown for 48 h with 12 pg of either WT or
mutant RyR2 cDNA using Ca** phosphate precipitation. Cell pel-
lets were solubilized for 1 h at 4°C using 0.6% CHAPS and 0.3%
phosphatidylcholine at a protein concentration of 2 mg/ml. After
a low-speed (14,000 g) spin, the solubilized supernatant was
placed on top of a continuous (0-40%) sucrose gradient that was
spun at 100,000 g for 17 h at 4°C. Sucrose gradients were sepa-
rated into 2-ml fractions, and the density of the fractions was as-
sessed using a 0-50% sugar refractometer (Bellingham & Stanley
Ltd.) to identify fractions at ~28% that contain functional RyR2
channels. Aliquots from these fractions were flash frozen in liquid
nitrogen and stored at —80°C.
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Planar phospholipid bilayers

Planar phospholipid bilayers were formed from a suspension
of synthetic PE in 35 mg/ml n-decane by painting across a
200-pm-diameter hole in a partition separating the cis (0.5 ml)
and trans (1.0 ml) chambers. The trans chamber was held at
ground, and the cis chamber was clamped at potentials relative to
ground. Current flow was measured using an operational ampli-
fier as a current-voltage converter (Miller, 1982; Williams, 1995).
Bilayers were formed in symmetrical solutions containing either
200 or 600 mM KCI and 20 mM HEPES titrated to pH 7.2 with
KOH, resulting in solutions containing either 210 or 610 mM K*
in both chambers. To measure single channel currents, aliquots
of RyR2-containing fractions were added to the cis chamber, and
channels were incorporated by imposing a KCI gradient (Sitsapesan
and Williams, 1994). After incorporation, unincorporated chan-
nels and the osmotic gradient were removed by perfusion. RyR2
channels incorporate in a fixed orientation with the cytosolic face
exposed to the cis chamber and the luminal face to the trans
chamber (Sitsapesan and Williams, 1994). All experiments were
performed at room temperature (22 + 2°C).

Protocols used to monitor block

TAA cations. The blocking effects of tetrabutylammonium (TBA),
tetrapentylammonium (TPeA), and tetrahexylammonium (THexA)
were determined after their addition to the solutions at both the
cytosolic and luminal faces of the channel at the concentrations
indicated in the text. We have optimized the quantification of
block in the WT channel by using experimental conditions that
maximize open duration. This was achieved by monitoring func-
tion with high permeant ion concentrations (610 mM K) in the
presence of 20-100 pM cytosolic EMD 41000, an analogue of
isomazole shown previously to act via the caffeine-binding site on
RyR2 (McGarry and Williams, 1994). Under these conditions, P,
is increased to ~0.9 (Tanna et al., 1998) and the interaction of
TAAs results in the occurrence of well-resolved reduced or sub-
conductance states.

Identical conditions were used initially in experiments to estab-
lish the consequences of reducing TM10 residue hydrophobicity
by alanine substitution. However, as explained in the Results,
EMD 41000 did not significantly increase open times in all of the
substituted channels. As a consequence, we have used ryanodine
to maximize open times in the substituted channels (Mead et al.,
1998). The interaction of ryanodine with the channel brings
about a dramatic increase in P, together with a reduction in con-
ductance that reflects alterations in the affinity of the channel
for some ions and altered relative permeabilities (Lindsay et al.,
1994). We have assessed the consequences of ryanodine modifica-
tion in the WT mouse RyR2 by comparing blocking parameters of
TBA and TPeA in EMD 41000-activated and ryanodine-modified
channels. The data shown in Fig. S3 demonstrate that ryanodine
modification results in an equivalent reduction in the rate of
association of both TAAs and that the very marked difference
in the rates of dissociation of TBA and TPeA is retained in
ryanodine-modified channels. These investigations demonstrate
that although ryanodine modification may induce localized re-
arrangements in the helices of the PFR, the structural components
making up this region of the channel are not altered.

ShBPs. We previously established that SABPs block K* transloca-
tion from the cytosolic face of RyR2 channels and that the kinet-
ics of block are such that individual blocking events are resolved
as brief transitions to levels indistinguishable from the normal
closed level of the channel (Mead et al., 1998). To gain mean-
ingful information on the mechanisms underlying block, it is
essential that channel closing events that could contaminate
block be minimized during the recording period. As outlined in

the previous section, P, values approaching 1.0 can be sustained
in symmetrical 610 mM KCI plus up to 100 pM EMD 41000
(Tanna et al., 1998), and our initial experimental approach was
to monitor the interactions of S2BP, LHBP, MHBPI, and MHBPII
with RyR2 under these conditions. However, preliminary experi-
ments revealed that the peptides were ineffective at this high K*
activity, an observation which is entirely consistent with the con-
clusion drawn in our earlier investigations (Mead et al., 1998),
that electrostatic interactions make a major contribution to block
of RyR2 by Shaker inactivation peptides. We observed no signifi-
cant reduction in P, after the addition of 20 pM SZBP to the
solution at the cytosolic face of ryanodine-modified channels in
symmetrical 610 mM KCI (mean P, in the absence of peptide,
0.91 + 0.07 [n = 7]; mean P, after the addition of SABP, 0.98 +
0.01 [n=5]). As a consequence, we have, as was the case in earlier
investigations (Mead et al., 1998), monitored SiBP interactions
with individual RyR2 channels in symmetrical 210 mM KCI after
modification with ryanodine.

Data acquisition and analysis

Current fluctuations of both EMD 41000-activated and ryano-
dine-modified channels were low-pass filtered at 5 kHz with an
8-pole Bessel filter and sampled at 20 kHz with a PCI-6036E A-D
board (National Instruments) for acquisition using Acquire 5.0.1
(Bruxton). Single channel current amplitudes were measured
directly on screen using Review 5.0.1 or from all-point histograms
using TACx4.1.5 (Bruxton). Lifetimes of events in the EMD
41000-activated or ryanodine-modified open and blocked states
were determined by 50% threshold analysis in sections of data
with duration of at least 2 min (Mead and Williams, 2002). The
methods used for the determination of parameters of block for
TAAs and inactivation peptides are described in detail in the
Supplemental text and Fig. S2.

Statistical analysis

Results were displayed and analyzed using the program Prism
5.02 (GraphPad Software). Unless otherwise stated, we applied
unpaired ¢ tests for analyzing the statistical significance of changes
between one experimental condition and the corresponding
control. Effects were regarded as significant when P < 0.05
(*, P < 0.05; ** P < 0.01; *** P < 0.001). The results are
expressed as mean values + SEM. Normal distributions were
assessed by the Kolmogorov-Smirnov test.

Online supplemental material

Fig. S1 shows the composition of the inactivation peptides used
in this study, and the accompanying text provides details of the
methods used in the production of the peptides and the charac-
terization of their properties. Fig. S2 shows lifetime analysis of a
representative ryanodine-modified RyR2 channel before and
after the addition of SZBP and demonstrates that the interaction
of the peptide gives rise to several different populations of block-
ing event; the accompanying text describes the methods used to
determine the blocking parameters of TAA cations and inactiva-
tion peptides in RyR2. Fig. S3 shows a comparison of the param-
cters of block of EMD 41000-activated and ryanodine-modified
RyR2 channels by both TBA and TPeA and demonstrates that
the overall differential between rates of dissociation of the two
TAAs is maintained after ryanodine modification of the chan-
nel. Figs. S4 and S5 show, respectively, characterization of the
concentration and voltage dependence of block of the WT
ryanodine-modified recombinant RyR2 by the inactivation
peptides used in this study; parameters of block derived from
these characterizations are used to demonstrate the depen-
dence of block on peptide hydrophobicity. Online supplemental
material is available at http://www.jgp.org/cgi/content/full/
jgp-201210851/DC1.
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RESULTS

The influence of ligand hydrophobicity on block of WT
recombinant RyR2

TAA cations. TAA cations have the general formula
(C,Ha,1)4N*, and increases in n raise both the hydro-
phobicity and size of the cation. To test the hypothesis
that the hydrophobicity of TAA cations influences the
kinetics of the blocking interaction, we have character-
ized the actions of TBA (n = 4), TPeA (n = 5), and
THexA (n=6).

All three TAAs block RyR2 when present in the solu-
tion at the cytosolic face of the channel with net current
flow from the cytosolic to luminal side of the channel.
Significantly, these blocking TAAs do not fully occlude
the pore so that with the TAA bound, permeant ion
translocation continues, albeit at a reduced rate. Indi-
vidual blocking events can be resolved, and, as expected
for a true partial blocking event, the residual current
produced by each TAA varies linearly with holding

Control

potential, remaining a fixed proportion of the full open
current (not depicted). Representative traces showing
block by TBA, TPeA, and THexA are shown in Fig. 1.

In K channels, it is well established that the kinetics
of interaction of TAA cations are influenced by their hy-
drophobicity (Armstrong, 1971; French and Shoukimas,
1981; Choi et al., 1993; Zhou et al., 2001). Variation in
the kinetics of TAA interaction with recombinant WT
mouse RyR2 is demonstrated in Fig. 2 A, which shows
the relationships between rates of TAA association and
dissociation and cation hydrophobicity, expressed as the
octanol/water partition coefficient (log P). The values of
log P are those calculated by Rogers and Higgins (1973)
and are based on the linear relationship between experi-
mentally observed log P values for smaller TAAs and the
number of carbon atoms in the cation. Although rates
of TAA association (k,,) with the open channel change
only slightly across the group, rates of dissociation
of TAA show significant variation. We observe a dra-
matic (22-fold) decrease in k¢ between TBA and TPeA

TBA

il uum“ H

I
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= Blocked

----- Open
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“ Blocked

Figure 1. Large TAAs induce a characteristic par-
tial block of K' current in RyR2 channels. Single
channel recordings of purified, EMD 41000-acti-
vated RyR2 channels at a holding potential of 60 mV
with 610 mM K" as the charge carrier. Addition of
large TAAs (200 pM TBA, 100 pM TPeA, and 10 pM
THexA) results in the occurrence of well-resolved
blocking events.
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followed by a much smaller (1.7-fold) decrease be-
tween TPeA and THexA. Together these differences
contribute to a 69.5-fold increase in affinity between
TBA and THexA (K; TBA, 179.22 pM; THexA, 2.58
pM). Variations in rates of blocker dissociation are
consistent with the involvement of hydrophobic inter-
actions between the TAA and residues of the RyR2 PFR
in the stabilization of the blocking cation, a situation
reminiscent of the mechanisms of block by these cat-
ions in many K* channels (Hille, 2001). The relatively
small change in k. observed between TPeA and THexA
indicates that the hydrophobic component of TAA
stabilization in RyR2 is saturable.

An additional novel observation that arises from this
study is that the TAA-induced residual current in RyR2
is dependent on the size of the blocking cation and
decreases linearly as the radius of gyration of the cat-
ion (determined as the mean distance from the center
of mass of the cation in molecular dynamics simula-
tions) is increased (Fig. 2 B). Extrapolation of this
relationship indicates that residual current would be
zero, indicating occlusion of the channel, with a TAA
with a radius of gyration of ~5 A or greater.

ShBPs. We have quantified block of WT recombinant
ryanodine-modified RyR2 channels by SiBPs of differing
hydrophobicity (see Fig. S1 for residue distribution).
The WT peptide ShBP (MAAVAGLYGLGEDRQHRKKQ)

A
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% 300 @,
20 10 =
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o1 : . |
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Hydrophobicity of TAA"
(log P [octanol/water])

w

[44]

Residual current (%)
=)

35 40 45 50 55

Radius of gyration (A)

Figure 2. Parameters of TAA block of RyR2 channels. (A) Rates
of TAA association (closed circles, k,,) and dissociation (open
circles, k,q) were determined at 60 mV and are plotted against
cation hydrophobicity (monitored as the octanol/water partition
coefficient). (B) The residual current after the interaction of
200 pM TBA, 100 pM TPeA, and 10 pM THexA was determined
at 60 mV and expressed as a percentage of full open current and
is plotted against the radius of gyration of the three TAAs (deter-
mined using SYBYL; Tripos). (A and B) Data are plotted as mean
values (+SEM; n = 4 for TBA and THexA and n =5 for TPeA).

has a distinct hydrophobic N-terminal domain and a
C-terminal domain carrying a net positive charge. The re-
lative hydrophobicity of SABP, as assessed by the GRAVY
score of hydropathicity, was —0.87 for the whole pep-
tide and 1.70 for the hydrophobic region alone. We
rendered SABP less hydrophobic by replacing two ala-
nine residues with glutamine residues at positions 3
and b5, yielding a mutant peptide, MAQVQGLYGLGE-
DRQHRKKQ (LHBP). The relative hydrophobicity of
LHBP was —1.40 for the whole peptide and 0.64 for the
hydrophobic region. To produce peptides in which the
overall hydrophobicity was increased relative to ShBP,
we replaced alanine residues either in position 3 or 5
by a valine, resulting in MAVVAGLYGLGEDRQHRKKQ
(MHBPI, GRAVY score —0.75 for the whole peptide
and 1.94 for the hydrophobic region) and MAAVVGLY-
GLGEDRQHRKKQ (MHBPII, GRAVY score —0.75 for
the whole peptide and 1.94 for the hydrophobic region).
All of the peptides investigated had a net charge of 3.

In all cases, addition of peptide to the solution at
the cytosolic face of the ryanodine-modified channel
resulted in the occurrence of blocking events to a
level indistinguishable from the normal closed level
(Fig. 3 A). The probability of block by all four peptides
varies with concentration (rates of association are lin-
early dependent on concentration, whereas rates of
peptide dissociation are concentration independent
[Fig. S4]). Similarly, block by all peptides varies with
holding potential (in all cases, both rates of association
and dissociation are voltage dependent [Fig. S5]).

The consequences of altering the hydrophobicity of
ShBPs on the kinetics of their interaction with individ-
ual recombinant mouse RyR2 channels are summarized
in Fig. 3 B, in which parameters of block are plotted
against the GRAVY score of the N-terminal domain of
the peptide. As is the case with the TAA cations, the
effect of varying blocker hydrophobicity is seen pre-
dominantly as a change in the rate of ShBP dissociation,
with little or no effect on the rate of association. Rates
of dissociation vary linearly with the peptide GRAVY
score. The value of 1/Ty for MHBPI is 3.1-fold lower
than that of LHBP, and these differences underlie a
2.4-fold difference in affinity between these peptides
(K4 LHBP, 65.90 pM; MHBPI, 27.79 pM). The small dif-
ference between the parameters of MHBPI and MHBPII,
which have the same overall GRAVY score, presumably
reflects local structural differences in the two peptides.

The data described in this section establish that the
probability of block of the RyR2 channel by both TAA
cations and SZBPs is influenced by the hydrophobic-
ity of the blocking molecule. The magnitude of the
changes seen with the two classes of blocker is very
different; however, in both cases the rate of blocker
association with RyR2 is independent of the hydro-
phobicity of the molecule, whereas the rate of blocker
dissociation is reduced by increased hydrophobicity.
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Figure 3. Block of RyR2 channels by SiBPs. (A) Representative

recordings of individual ryanodine-modified RyR2 channels in
symmetrical 210 mM KCl (a) and after the addition of 40 pM
SKBP (b), LHBP (c), MHBPI (d), and MHBPII (e) to the solution
at the cytosolic (cis) side of the channel. In all cases, the hold-
ing potential was 50 mV. Closed, open, and blocked levels are
indicated by dashed lines. (B) Rates of peptide association (1/T,
slope [per second/micromolar]; closed circles) and rates of pep-
tide dissociation (mean 1/Ty [per second]; open circles) are plot-
ted against the GRAVY score of the hydrophobic portions of the
four peptides: ShBP (1/T, n=3-11,1/Ty n=3-13), LHBP (1/T,
n=3-9,1/Ty n=4-8), MHBPI (1/T, n=3-7,1/Tp n=3-6), and
MHBPII (1/T, n=4-10, 1/Ty n=4-9). Data are plotted as mean
values (£SEM). As MHBPI and MHBPII have the same GRAVY
score, MHBPII-related values are signified by “#.”
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These observations indicate that hydrophobic inter-
actions are involved in the stabilization of both classes
of blocking molecule in RyR2.

Identification of the site or sites of TAA
and ShBP interaction
Blocking TAA cations and inactivation peptides inter-
act with residues of helices that line the cytosolic vesti-
bules of K" channels. Crystallization of K" channel-TAA
complexes has revealed the identity of residues that
contribute to the binding site for these cations (Lenaeus
etal., 2005; Faraldo-Gémez et al., 2007; Yohannan et al.,
2007). Faraldo-Gomez et al. (2007) describe TBA as a
“4-fold cross lying parallel with the plane of the mem-
brane within the cytosolic cavity of KcsA.” The center
of the TBA cross is located in line with the central axis
of the pore at the entrance to the selectivity filter, and
the blocking molecule is stabilized by interactions of
its four hydrocarbon arms with hydrophobic residues
(I100 and F103 in KcsA) of each of the helices lining
the cavity. In this location, TBA fully occludes the pore
of the channel, preventing translocation of K'. It is
also established that TAAs and inactivation peptides
share sites of interaction and common mechanisms of
block in K" channels (Zhou et al., 2001), and the iden-
tity of hydrophobic residues involved in the stabili-
zation of both classes of molecule has been investigated
by directed residue substitution (Choi et al., 1993; Zhou
etal., 2001).

Our analogy model of the RyR2 PFR identifies TM10
as the helix lining the cytosolic cavity and equivalent to the
inner helix of the K" channel PFR (Welch et al., 2004),

® 14861
014862
@1 4865
© 14867
®F4870

Figure 4. Location of hydrophobic residues in the proposed
cytosolic cavity-lining helix (TM10) of RyR2. The figure shows
one monomer of the Welch et al. (2004) model of the RyR2 PFR.
The luminal entrance to the pore is at the top of the structure,
and the cytosolic entrance is at the bottom. The hydrophobic resi-
dues of TM10 investigated in this study are highlighted, shown
in space-fill, and identified in the key. Molecular graphics were
rendered with Ras Top 2.0.2 software.
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Figure 5. Current amplitudes in WT and residue-substituted
channels. (A) Current amplitude of WT and TMI10 alanine-
substituted RyR2s at 60 mV after activation by 20 pM EMD
41000. (B) Equivalent current amplitudes after channel modi-
fication by 1 pM ryanodine. Data are plotted as mean values
(+SEM; n=4-7; *, P < 0.05; ** P < 0.01).

and we have investigated the potential contribution of
RyR2 TM10 residues to TAA and ShBP blocker stabiliza-
tion. TM10 contains a motif analogous to the gating
hinge motif present in the inner helices of many K*
channels (GXXXXA/G; *GLIIDA*% in mouse RyR2;
Jiang et al., 2002; Shealy et al., 2003), and aligning the
residues of TM10 with the inner helix of KcsA using

#4G and "G as reference points (underlined) high-
lights the residues of interest for investigation:

mouse RyR2 TM10, “**LLATIQGL ITDAFGE™™;
KcsA inner helix, ®VVVMVAGITSFGLVT'.

The location of these residues within our analogy model
of the RyR2 PFR is shown in Fig. 4. To identify TM10
residues that are potentially involved in TAA and ShBP
block in RyR2, we have made a series of channels in
which individual hydrophobic residues of the TM10 se-
quence shown above (isoleucine, leucine, and phenyl-
alanine) have been replaced with alanine.

Properties of TM10 mutant RyR2 channels

All substituted RyR2 channels were expressed at levels
equivalent to the WT channel in HEK293 cells (Wang
et al., 2003); however, 1L.4858A, 1.4859A, and I4866A
failed to form functional channels, as assessed by the abil-
ity of caffeine to release stored Ca® in intact transfected
HEK293 cells and the ability of isolated ER membranes
to bind significant quantities of [*H]ryanodine (Wang
et al,, 2003). As a result, these RyR2 channels could not
be investigated further. The remaining substituted RyR2
channels (I4861A, 14862A, 1.4865A, I14867A, and F4870A)
were purified as described in Materials and methods,
and their single channel properties were characterized
after incorporation into planar phospholipid bilayers.
The ion-handling properties of these channels were not
altered dramatically by residue substitution. The single

EMD-41000 i
Closed ===pmmmsmmmmemmeeeeeee e ——————— Ryanedine ... .. Closed
T s Open/Ryanodine
Open _ Moditeation 777777 modfied
EMD-41000 +TPeA Ryanodine + TPeA
WT - WT L4865A
o -UHMMMW - .-WMWWMMM“
- = Open -~udLdELLL -
Open == R e .
14861A - 14861A 14867A Figure 6. TPeA block of EMD
Blocked - Blocked -« - 41000-activated and ryanodine-
modified WT and substituted
- Open - . channels. The top panel shows
representative traces of RyR2 in
Open the absence of TPeA after addi-
tion of 20 pM EMD 41000 (left)
Blocked 148627 - 148627 . Blocked * FASTOA o and 1 pM ryanodine (right). The
bottom left panel shows block of
the WT and alanine-substituted
+ Open - =" EMD 41000-responsive channels
Open ==ik= EEEEE by 100 pM TPeA at 60 mV. Closed
L4865A - levels are indicated by arrows.

Blocked
20 pA

Open

The bottom right panel shows
representative traces of block
of WT and substituted channels

Ts by 100 pM TPeA at 60 mV after

modification by 1 pM ryanodine.
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channel K conductance of 14861A, 14862A, 1.4865,
and I4867A was indistinguishable from that of the WT
RyR2s, whereas conductance of F4870A was reduced
by ~10% (Fig. 5 A).

During our initial characterization of substituted
RyR2 channels, it was apparent that in only three
(I4861A, 14862A, and L4865A) did EMD 41000 drive
P, to values approaching 1.0. We have quantified block
by TPeA in these three EMD 41000-activated sub-
stituted channels and in all five ryanodine-modified
channels. To characterize the effects of residue substi-
tution on block by SiBP, we have monitored the ac-
tions of the most effective peptide (MHBPI) in all five
ryanodine-modified channels.

The consequences of the modification of substituted
channels by ryanodine are shown in Fig. 5 B. The ampli-
tude of the ryanodine-modified open state of I4861A
and I4862A is not significantly different from that of the
WT channel, whereas in 1.4865A, 14867A, and 4870A,
conductance of the ryanodine-modified state is ~10%
lower than that of the WT modified channel.

Block of TM10-substituted recombinant RyR2 channels
TAA cations. Its high affinity and clearly resolved resid-
ual current make TPeA an ideal probe with which to
monitor alterations in blocking parameters resulting
from the substitution of hydrophobic residues in TM10
of RyR2. Traces showing block of the open state of the
channel are shown in Fig. 6.

As with the WT channel, TPeA interaction with EMD
41000-activated 14861A, 14862A, and L4865A RyR2 is
characterized by block to a level clearly distinguishable
from the closed level (Fig. 6, left). In the presence of
TPeA, the amplitudes of the full open states of all three
substituted channels are indistinguishable from that of
the WT channel, as are the blocker-induced residual
currents in 14862A and L4865A. The residual current in
14861A is slightly lower than the equivalent current in
the WT RyR2 (Fig. 7). These observations support the
proposal that the replacement of 14861, 14862, or L4865

15-
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Figure 7. Residual current in WT and substituted EMD 41000-
activated channels. Single channel current amplitudes of TPeA-
blocked states monitored at 60 mV in the presence of 100 pM
blocker. Data are plotted as mean values (+SEM; n = 4-7;
* P <0.05).
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with alanine does not produce major disruption of the
structure of the PFR.

The interaction of ryanodine produces the character-
istic increase in P, and reduction in unitary conduc-
tance in all five substituted RyR2s. After modification by
ryanodine, TPeA blocks both the WT and substituted
channels to a level indistinguishable from the closed
state (Fig. 6, right).

Substitution-dependent variations in block of EMD 41000~
activated channels. Blocking parameters for EMD 41000-
activated channels are shown in Fig. 8. When compared
with the WT channel, the probability of block by TPeA
is reduced significantly in both 14861A and I14862A but
not in L4865A (Fig. 8 A). Rates of TPeA association are
unaffected by any of the substitutions (Fig. 8 B), but all
three substitutions led to significantly increased rates of
TPeA dissociation, with the most dramatic effect seen in
14862A (Fig. 8 C). Alterations in rates of dissociation
resulted in significant decreases in TPeA affinity in
14861A and 14862A (Fig. 8 D).

Substitution-dependent variation in block of ryanodine-
modified channels. Parameters for the block of WT and
substituted ryanodine-modified channels by 100 pM
TPeA are shown in Fig. 9. The open probability of all
substituted channels is reduced by the addition of
TPeA. In all cases, the magnitude of block is lower than
that seen in the WT RyR channel (Fig. 9 A). All substi-
tuted RyR2 channels exhibited a significant increase
in ko when compared with the WT channel (Fig. 9 B).
The scale of the effects of residue substitution on kg
was comparable with those seen in EMD 41000-activated

A 1.0 " - B 4
0.8 —
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T 04
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Figure 8.

The probability of block (1 — P,), rates of associa-
tion/dissociation (K,,/Kof), and the affinity (K,) of TPeA in EMD
41000-activated WT and substituted RyR2 channels. (A-D) Block-
ing parameters were determined at 60 mV in the presence of
100 pM TPeA. Data are plotted as mean values (+SEM; n = 5-7;
* P <0.05; #*%, P <0.01; #* P <0.001).
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channels (compare Fig. 8 C with Fig. 9 B). In contrast to
the situation in EMD 41000-activated channels, where
residue substitution produced no significant changes in
the rate of TPeA association, rates of TPeA association
with substituted channels were reduced significantly in
some (I14861A, 14867A, and F4870A) of the ryanodine-
modified RyR2s (Fig. 9 C). As a result of these changes
in rates of association and dissociation, residue substitu-
tion produced a significant reduction in TPeA affinity
in all five substituted channels (Fig. 9 D).

ShBPs. The traces shown in Fig. 10 demonstrate that
MHBPI is an effective blocker of all of the substituted
ryanodine-modified RyR2 channels. As in the WT
channel, the majority of blocking events are to a level
indistinguishable from the normal closed level of the
channel, but some incomplete or subconductance
events are seen in all substituted channels. Parameters
of MHBPI block of WT and substituted channels are
shown in Fig. 11. The probability of block by MHBPI
was reduced by substitution with alanine of either
14862 or 1.4865; alanine substitution for 14861, 14867,

A Ryanodine 1 uM B

MHBPI 20 uM

Closed wmmmmmaane

Open _
14861A
Closed —mmmmeamn-

14862A

Closed ___

Open

Closed

Open -

14867A

ClOSEd mmm e e - R

Open

Closed

Open _|

A 10 B 100

0.84 - 801
oo 08 *’; 60-
T 04 5 404

0.2 201

0.0- 0

TN, SRR SN\ SN\ o NS SRR SN SN\ o
“s\\aé’ﬁ\y@\‘;@ﬁ \g\\@@ﬁ\‘;@(ﬁ

C 15 D '
— 12 1404
20y | w105
2 06 & 707
5

0.34 354

0.0- 0-
& ¥ o & A& & NS SRR\ S\ s\ o
S FFF S FF

Figure 9. The probability of block (1 — P,), rates of association/
dissociation (k,/Ke), and the affinity (K;) of TPeA in ryanodine-
modified WT and substituted RyR2 channels. (A-D) Blocking pa-
rameters were determined at 60 mV in the presence of 100 pM
TPeA. Data are plotted as mean values (+SEM; n=5-8; *, P < 0.05;
*#, P <0.01; #¥% P <0.001).
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Figure 10. Effect of lowering the hydrophobicity of
TM10 residues on the block of ryanodine-modified
RyR2 channels by MHBPI. Representative single
channel traces at a holding potential of 50 mV in
symmetrical 210 mM KCl. MHBPI was applied to
the cytosolic (cis) side of the RyR2 channels. Closed,
open, and blocked levels are indicated by dashed
lines. In each case, A shows representative activity of
a ryanodine-modified channel before application of
20 pM MHBPI. B shows activity of the same channel
after addition of the peptide.
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and F4870 produced no significant alteration (Fig. 11 A).
The reduced probability of block in I4862A resulted
from a significant reduction in the rate of blocker as-
sociation (Fig. 11 B). As demonstrated above, alanine
substitution of 14861, 14862, 1.4865, 14867, and F4870
resulted in significant increases in the rate of TPeA dis-
sociation from RyR2. In contrast, none of these substitu-
tions increased the rate of dissociation of MHBPI, with
the only significant alteration being a reduction in the
rate of peptide dissociation in I4861A (Fig. 11 C). Over-
all, these data do not indicate that the reduction of the
hydrophobicity of individual residues in RyR2 TM10
produces a significant destabilization of the bound S/BP.

Variations in ShBP blocking parameters in response to in-
creased lumen to cytosol K* flux. Does the lack of effect of
TMIO0 residue substitution on peptide stabilization sug-
gest that the site of SABP interaction is not within the con-
duction pathway of RyR2? We have used an alternative
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Figure 11. Analysis of the parameters of MHBPI block after ala-
nine substitution of TM10 residues. (A—C) Parameters of block
were determined for WT and alanine-substituted ryanodine-
modified channels induced by 20 pM MHBPI at a holding
potential of 50 mV in symmetrical 210 mM KCI. Data are plot-
ted as mean = SEM for between five and eight channels. When
significant differences occur between the WT parameter and that
of the substituted channel, this is indicated by asterisks (*, P <
0.05; **, P < 0.01).
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approach to assess a potential site of peptide inter-
action within the cytosolic vestibule of RyR2 by monitor-
ing blocker—peptide interaction with increasing luminal
(trans) to cytosolic (cis) K' gradients across the chan-
nel, a strategy which would be expected to destabilize
or “knock off” blocking peptide if it is bound within
the conduction pathway. A similar approach has been
used to identify sites of interaction within the conduc-
tion pathway of a Ca*-dependent K* channel for ShBP
(Foster et al., 1992).

Block of WT RyR2 by SiBPs and mutant peptides
was monitored in symmetrical 210 mM KCI and then
after the addition of 3 M KCI to the trans chamber to
raise the concentration at the luminal side of the
channel to 620 mM. In Fig. 12, rates of peptide asso-
ciation and dissociation are shown normalized to
these rates in symmetrical 210 mM KCI. The increase
in luminal to cytosolic K" flux significantly reduced
the rate of SZBP and MHBPII association (Fig. 12 A).
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Figure 12. Destabilization of bound peptide analogues by in-
creased luminal to cytosolic K" flux through ryanodine-modified
RyR2 channels. (A) Normalized values of the pooled rates of asso-
ciation (1/T,) for 20 pM SiBP, 85 pM LHBP, 45 pM MHBPI, and
45 pM MHBPII monitored at 50 mV in either symmetrical 210 mM
KCI or with 210 mM KCI in the cis chamber and 620 mM KCI
in the trans chamber. (B) Normalized values of the pooled rates
of dissociation (1/Tj) under the same conditions. Data are plot-
ted as mean = SEM for between three and eight channels. Each
individual value (for 210:210 and 210:620) was normalized to the
mean value of the 210:210 data for each peptide. Where differences
between values obtained in 210:210 and 210:620 reached statistical
significance, these are indicated by asterisks (¥, P <0.05; **, P <0.01).
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The rate of peptide dissociation was increased signifi-
cantly in all cases by raised luminal to cytosolic K" flux
(Fig. 12 B). Increased rates of dissociation and de-
creased rates of association in response to increased
luminal to cytosolic K" flux indicate that the likely
site of blocker—peptide interaction is within the con-
duction pathway of the RyR2 PFR.

DISCUSSION

In this study, we tested the proposal that, as is the
case in K" channels, the RyR2 PFR contains a cyto-
solic cavity lined with transmembrane helices (TM10).
To carry out this investigation, we have evaluated the
hypotheses that (a) the blocking reactions of large
TAA cations and SABPs in the RyR2 channel involve
hydrophobic interactions and (b) these interactions
occur between the blocking molecules and hydro-
phobic residues of TM10 helices that line the cyto-
solic cavity of the RyR2 PFR model.

New information on mechanisms of block of WT RyR2

TAA cations. The intracellular binding site for TAA cat-
ions in K' channels is located within the cytosolic cavity
of the channel, with these cations stabilized by inter-
actions with specific hydrophobic residues contributed
by each of the four inner helices lining the cytosolic
cavity. In KcsA, individual blocking events, to a level
indistinguishable from the closed state, are clearly re-
solved, indicating that with the blocker in place, the
conduction pathway of the channel is completely oc-
cluded (Faraldo-Gomez et al., 2007).

TAA cations are also blockers of RyR2. In contrast to
K’ channels, TAAs are only effective from the cytosolic
face of the RyR2 channel, and the site of interaction of
the TAA in RyR2 is dictated by the size and properties
of the blocking cation. Determinations of the voltage
dependence of TAA block in RyR2 indicate there to be
three possible blocking sites (Williams et al., 2001):
one occupied by tetramethylammonium (TMA), an-
other occupied by TEA and tetrapropylammonium
(TPrA), and a third occupied by the larger TAAs, TBA,
TPeA, and, as demonstrated in this study, THexA.

A comparison of TAA blocking parameters in K
channels and RyR2 provides new insights into the re-
spective mechanisms of block and thus the nature of
the cytosolic sites of interaction within the two families
of channel. In a recent publication (Faraldo-Gémez
et al., 2007), it was reported that in K" channels, rates
of TBA association were generally within the range
10°-107/s/M, and the k,, determined here for TBA in
RyR2 (2.3 x 10%/s/M) is within this range. Rates of TBA
dissociation from K' channels are quoted to be within the
range 10-200/s; however, the k. measured here for TBA
from RyR2 is significantly higher (412/s). This, together
with the observation that TAA block of RyR2 does not

result in complete occlusion of the pore indicates that
although TAA block in RyR2 and K* channels is super-
ficially similar, the mechanisms underlying block must
be significantly different.

Crystallization of K" channel-TBA complexes has re-
vealed that the blocking cation is held parallel with the
plane of the membrane in the cytosolic cavity of the chan-
nel at the entrance to the selectivity filter (Faraldo-Gémez
et al., 2007). Stabilization involves van der Waals inter-
actions within a ring of hydrophobic residues provided by
each of the helices lining the cavity (1100 and F103 in
KcsA) and electrostatic interactions with threonines at
the base of the selectivity filter (T75 in KcsA).

In the absence of high-resolution structural informa-
tion for RyR2, our analogy model of the PFR suggests
that this region of the channel is likely to share basic
structural components with K" channels, including a
water-filled cavity at the cytosolic entrance to a selectivity
filter (Welch et al., 2004). However, residual current with
the TAA bound in RyR2 indicates that the blocking cat-
ion cannot be stabilized across the entrance to the selec-
tivity filter as it is in K" channels. Consistent with this
proposal, the spacing of residues at the entrance to the
selectivity filter from the cytosolic cavity is significantly
larger in the RyR2 model than in K" channels (Welch
etal., 2004), indicating that the mechanism used to stabi-
lize TBA in KcsA is not available in RyR2. The demonstra-
tion that increases in size and hydrophobicity of the large
blocking TAAs bring about both a decrease in residual
current and reductions in rates of blocker dissociation
provides clues toward an understanding of both the
mechanism of block and the location and make-up of the
site of interaction within RyR2. A TAA immobilized in
the cytosolic cavity will not fully obstruct the pore but will
introduce an additional energy barrier to be overcome
by a permeant cation. This barrier will have both an elec-
trostatic and a steric component. As the electrostatic
component of the barrier does not change, the incre-
mental reduction in residual current seen with TBA,
TPeA, and then THexA indicates that increasing bulk of
the TAA progressively occludes the conduction pathway
of the RyR2 channel. Variations in rates of TAA dissocia-
tion are consistent with stabilization by hydrophobic in-
teractions. Therefore, it is logical to propose that, rather
than being held at the axis of the pore, large blocking
TAAs are stabilized at or near the wall of the cytosolic cav-
ity of the RyR2 PFR by interactions involving hydropho-
bic residues of TM10. This site should be at a location
where the conduction pathway would be occluded with a
TAA of radius of gyration > 5 A in place. The approxi-
mate equivalence in values of k.4 for TPeA and THexA
likely indicates that all available TM10 residues that con-
tribute to the stabilization of TAAs are involved in the
interaction of TPeA and that no more can be recruited
when the size and hydrophobicity of the blocking cation
are increased further.
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The data presented in Fig. S3 demonstrate that the
contribution of hydrophobic interactions to TAA stabi-
lization in RyR2 is retained after modification by ryano-
dine; however, the nature of block is altered. Rather
than partially obstructing the conduction pathway,
with ryanodine bound both TBA and TPeA completely
occlude the RyR2 pore. It has been proposed that the
high affinity binding of ryanodine induces a conforma-
tional change or stabilizes an intermediate open con-
formation of the RyR2 conduction pathway (Tanna
etal., 2003). The altered profile presented to ions then
accounts for the documented changes in ion handling
(Lindsay et al., 1994). If the physical manifestation of
the conformational adjustment is that the diameter of
the conduction pathway is reduced at some point along
its length, this could explain how a large TAA that only
partially occludes the pore in the absence of ryanodine
fully obstructs ion movement when bound at the same
site in the ryanodine-modified channel.

ShBPs. Our earlier and current investigations have es-
tablished that the ShBPs are only effective blockers of
RyR2 when present at the cytosolic face of the channel.
The demonstration that block by these peptides is sen-
sitive to transmembrane voltage and that rates of pep-
tide association and dissociation are influenced by
increased luminal to cytosolic K" flux indicates that, as
is the case in K' channels, block of RyR2 results from
the direct occlusion of the conduction pathway of the
channel by the peptide.

Are the mechanisms of block equivalent in K* chan-
nels and RyR2? Inactivation peptide block of K" chan-
nels involves an initial electrostatic interaction between
the C-terminal region of the peptide and residues out-
side the PFR. Pore occlusion occurs when the N-termi-
nal domain of the elongated peptide enters the cytosolic
cavity and is stabilized by hydrophobic interactions be-
tween residues of the peptide and residues of the heli-
ces lining the cavity (Murrell-Lagnado and Aldrich,
1993; Zhou et al., 2001). Similarly, our data indicate
that block of RyR2 has both hydrophobic and electro-
static components. The current investigation has estab-
lished that the rate of blocking peptide dissociation
from RyR2 is determined by the hydrophobicity of its
N-terminal portion, and in an earlier investigation we
demonstrated that the rate of peptide association was
dependent on the positive charge of the C-terminal re-
gion (Mead et al., 1998). Although differences in ex-
perimental conditions and the primary structure of the
inactivation peptides used mean that it is not possible
to make quantitative comparisons of all components
of block, we can evaluate the contribution of peptide
charge to block of RyR2 and K" channels. The kinetics
of interaction of SiBP (net charge 3) has been compared
with that of a modified SABP (net charge 7) in Shaker
(Murrell-Lagnado and Aldrich, 1993), Ca%*-activated
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K" (K¢,) channels (Toro et al., 1994), and RyR2 (Mead
et al., 1998). Relative rates of association of these pep-
tides differ wildly. An increase in net charge of 4 re-
sults in a 30-fold increase in Shaker, a 10-fold increase
in K¢,, but a 500-fold increase in RyR2. Interestingly,
although this change in charge has essentially no in-
fluence on the relative rates of peptide dissociation
from Shaker (Murrell-Lagnado and Aldrich, 1993), it
induces a 10-fold decrease in RyR2. These observa-
tions suggest that although SABP block involves both
electrostatic and hydrophobic interactions in both
RyR2 and K' channels, peptide charge plays a signifi-
cantly more important role in block of RyR2 than it
does in K" channels. This in turn could reflect a high
density of acidic residues at the entrance of the RyR2
cytosolic cavity (Welch et al., 2004).

Stabilization by hydrophobic interactions

and the identification of blocker-stabilizing

residues in RyR2

Our data establish that hydrophobic interactions con-
tribute to the stabilization of blocking TAA cations and
ShBPs in the WT RyR2 channel. The replacement of
hydrophobic residues in TM10 with alanine does not
cause major disruption to ion handling. In all cases, the
conductance of the full open state and the ryanodine-
modified state were within 10% of the WT RyR2.

TAA cations. Intermolecular interactions, such as those
demonstrated to stabilize TAAs in K* channels, arise from
instantaneous dipole-induced dipole forces (London
dispersion forces) between the carbon and hydrogen
atoms of the arms of the TAA and equivalent atoms in
hydrophobic residues of the PFR (Faraldo-Gémez et al.,
2007). The strength of these forces is dependent on the
size and shape of the interacting molecules and their
proximity. Substitution of an interacting residue by ala-
nine is likely to affect all three of these factors.

If, as we propose, large TAA cations are stabilized in
the cytosolic cavity of the PFR by interactions with hy-
drophobic residues of TM10, it is probable that dipole-
induced dipoles will occur within several residues of
one or more helix: some between the TAA and resi-
dues and others between residues. The total number
recruited and the resulting stabilizing force would
then rise as the size of the TAA is increased. Rather
than being held at the axis of the PFR by interactions
with specific residues, as is the case in K" channels, we
envisage large TAAs stabilized off-center by hydropho-
bic interactions with several residues of the cavity-lining
helices. If this were the case, substitution of individual
bulky hydrophobic residues with alanine would be ex-
pected to lower the interacting forces between the TAA
and the PFR, with the scale of effect on the rate of TAA
dissociation dependent on the contribution of indi-
vidual hydrophobic residues to the overall stabilizing
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force. In contrast to the situation in K channels, the
lowering of the hydrophobicity of an individual resi-
due in RyR2 would not be expected to destabilize TAAs
spectacularly as the majority of the contributing resi-
dues remain in place.

Our data are consistent with this picture. In both the
EMD 41000-activated and ryanodine-modified chan-
nels, TM10 hydrophobic residue substitution by alanine
produces significant increases in the rate of TPeA dis-
sociation, indicating that all of these residues contrib-
ute to a greater or lesser degree to TAA stabilization
in RyR2. Although quantitatively similar, the relative
effects of substitution of 14861, 14862, and 1.4865 on
ko are not identical in the EMD 41000-activated and
ryanodine-modified channels. This suggests that the
ryanodine-dependent change in conformation of the
PFR alters the local distribution of dipole-induced
dipoles and thus the relative contribution of these
residues to TPeA stabilization.

The ryanodine-dependent conformational change
also results in some differences in the rate of TPeA as-
sociation with the PFR. Alanine substitution of 14861,
14862, and 1.4865 produces no change in TPeA k,, in
EMD 41000-activated channels. In ryanodine-modified
channels, TPeA k,,, is unaffected by alanine substitution
of 14862 and 1.4865 but is reduced in 14861A. Similarly,
the k., for TPeA is reduced relative to the WT channel
in 14867A and F4870A, substitutions which we were un-
able to examine in EMD 41000-activated channels. In
the ryanodine-modified conformation of the RyR2 PFR,
alanine substitution of some TM10 residues likely pro-
duces local changes in structure that result in a reduced
probability of TPeA interaction.

ShBPs. Evidence for the involvement of cytosolic cavity—
lining hydrophobic residues in the stabilization of
blocking inactivation peptides in K" channels comes
from the observation that substitution of individual
helix residues with amino acids of lower hydrophobic-
ity decreases peptide blocker efficiency (Zhou et al.,
2001). Although our data clearly establish that hydro-
phobic interactions contribute to stabilization of bound
blocking peptide, lowering the hydrophobicity of indi-
vidual residues in TM10 of RyR2 does not destabilize
the bound peptide. This could mean that these resi-
dues play no role in block or, more likely, that the
mechanisms governing SABP interaction in RyR2 dif-
fer from those operating in K' channels.

Zhou et al. (2001) demonstrated that residue sub-
stitution in cavity-lining K" channel helices had broadly
similar consequences for the blocking efficiency of both
inactivation peptides and TBA, indicating that these dif-
ferent blocking molecules shared sites of interaction
and a common mechanism of block. As outlined in
the preceding section (TAA cations), our investiga-
tions of TAA block of RyR2 indicate that the detailed

mechanisms of TAA block in RyR2 and K* channels dif-
fer. Whereas TAA stabilization in K' channels involves
hydrophobic interaction with specific residues, large
TAAs are most likely stabilized in RyR2 by more diffuse
hydrophobic interactions with several residues of one
or more wall-lining helix. In such a mechanism, reduc-
ing the hydrophobicity of individual helix residues
does not produce a dramatic destabilization as the
majority of the contributing residues remain. The con-
sequences of lowering the hydrophobicity of individual
residues of a helix might be expected to be even less
dramatic for the stabilization of bound S/BP than TAA
cations, reflecting a broader distribution of hydropho-
bicity along the length of the peptide when compared
with the smaller cations and the potential involvement
of more helix residues in holding the bound peptide.
Our results are consistent with this proposal.

Correlations between experimental data and the location
of residues in the analogy model of the RyR2 PFR
Although we observe some variation in the consequences
of alanine substitution of individual TM10 residues, it
would be unwise to attempt to correlate these changes
with specific locations or to attempt to define binding
sites within the PFR model. At best, the model pro-
vides us with a prediction of the arrangement of likely
components of the RyR2 PFR. Experiments such as those
reported here are undertaken to test these predictions.
An inspection of the arrangement of the hydrophobic
residues examined in this study demonstrates that they
appear to be distributed around the TM10 helix in the
model with some facing into, and some away from, the
cytosolic vestibule (Fig. 4). The template used in the gen-
eration of this model is KcsA, and as a result, the model
most likely represents a closed conformation of the RyR2
pore. To date we have no information on the mecha-
nisms involved in RyR2 channel opening or the struc-
ture of the open pore; however, it is probable that in
the open conformation the orientation and location of
TM10 residues will differ from that shown in Fig. 4.
More significantly, our data indicate that stabilization
of TAAs and SABPs in the RyR2 PRF likely depends on
diffuse interactions involving several hydrophobic resi-
dues, rather than with specific hydrophobic residues as
is the case in K' channels.

Conclusion

The data presented in this study reveal important new
information on both the mechanisms and structural
components of the RyR2 PFR involved in block by large
TAAs and ShBPs. Our experiments also highlight im-
portant differences in the mechanisms and structures
underpinning large TAA and ShBP block in RyR2 and
K' channels. The data add support to the proposal that
although the PFRs of these channels share analogous
structural components, differences in the dimensions
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and characteristics of domains and residues within the
two structures determine the different ion-handling
properties of the two species of channel.
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