Ryanoid Modification of the Cardiac Muscle Ryanodine

Receptor Channel Results in Relocation of the

Tetraethylammonium Binding Site

BuavNA TANNA,* WiLLiaM WELCH,! Luc RUEST,H]OHN L. Sutko,’S
and ALAN J. WILLIAMS*

From the *Department of Cardiac Medicine, National Heart and Lung Institute, Imperial College of Science, Technology and Medicine,
London SW3 6LY, United Kingdom; *Department of Biochemistry and SDepartment of Pharmacology, University of Nevada School of
Medicine, Reno, Nevada 89557; and IDepartment of Chemistry, University of Sherbrooke, Sherbrooke, Quebec J1K 2R1, Canada

ABSTRACT The interaction of ryanodine and derivatives of ryanodine with the high affinity binding site on the
ryanodine receptor (RyR) channel brings about a characteristic modification of channel function. In all cases,
channel open probability increases dramatically and single-channel current amplitude is reduced. The amplitude
of the ryanoid-modified conductance state is determined by structural features of the ligand. An investigation of
ion handling in the ryanodine-modified conductance state has established that reduced conductance results from
changes in both the affinity of the channel for permeant ions and the relative permeability of ions within the
channel (Lindsay, A.R.G., A. Tinker, and A.]. Williams. 1994. J. Gen. Physiol. 104:425-447). It has been proposed
that these alterations result from a reorganization of channel structure induced by the binding of the ryanoid.
The experiments reported here provide direct evidence for ryanoid-induced restructuring of RyR. TEA™ is a con-
centration- and voltage-dependent blocker of RyR in the absence of ryanoids. We have investigated block of K*
current by TEA* in the unmodified open state and modified conductance states of RyR induced by 21-amino-9a-
hydroxyryanodine, 21-azido-9a-hydroxyryanodine, ryanodol, and 21-p-nitrobenzoylamino-9a-hydroxyryanodine.
Analysis of the voltage dependence of block indicates that the interaction of ryanoids with RyR leads to an alter-
ation in this parameter with an apparent relocation of the TEA™ blocking site within the voltage drop across the
channel and an alteration in the affinity of the channel for the blocker. The degree of change of these parameters
correlates broadly with the change in conductance of permeant cations induced by the ryanoids, indicating that

modification of RyR channel structure by ryanoids is likely to underlie both phenomena.
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INTRODUCTION

The specific, high affinity interaction of the plant alka-
loid ryanodine with one class of intracellular mem-
brane Ca’" release channel defines these channels as
ryanodine receptors (RyRs).! On binding, ryanodine
and derivatives of ryanodine (ryanoids) induce pro-
found alterations in RyR channel function. Single-
channel open probability (P,) rises dramatically and
rates of ion translocation are reduced, giving rise to the
occurrence of characteristic subconductance states
(Rousseau et al., 1987; Ashley and Williams, 1990). Ry-
anodine-induced modification of permeant ion translo-
cation in RyR cannot be explained by a simple blocking
mechanism; rather, the interaction of ryanodine with
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RyR results in alterations to many of the processes that
underlie single-channel conductance. Alterations oc-
cur in the affinity of the conduction pathway of the
channel for some permeant ions and the relative per-
meability of some ions is changed. Altered mechanisms
of ion handling and the resultant, ryanodine-induced
conductance vary with the nature of the permeant ion.
These observations led to the suggestion that the ryan-
odine-induced modification of ion handling in RyR re-
sults from a conformational change of the channel pro-
tein, involving a rearrangement of the conduction
pathway (Lindsay et al., 1994).

Information on the dimensions of the conduction
pathway of RyR and the location of sites within this re-
gion of the channel have emerged from studies involv-
ing channel block by impermeant cations (Tinker et
al., 1992; Tinker and Williams, 1993c, 1995). In this re-
port we have examined the consequences of the modi-
fication of RyR channel function by a series of ryanoids
on block by TEA™, a concentration- and voltage-depen-
dent blocker of K* current in this channel (Lindsay et
al., 1991; Tinker et al., 1992).
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Quantitative analysis of voltage-dependent block of
K* current in RyR indicates that the effective valence
(z0) of TEA™" is altered in the ryanoid-modified chan-
nel, which would be consistent with a relocation of the
TEA* binding site within the voltage drop across the
channel. Ryanoid modification also produces alter-
ations in the affinity of the conduction pathway for the
blocking cation. These observations are consistent with
the proposal that the interaction of a ryanoid with the
high affinity binding site on RyR produces a conforma-
tional alteration in the channel protein resulting in
modification of conduction pathway structure and a
consequent change in the handling of both permeant
and impermeant cations.

MATERIALS AND METHODS
Materials

Phosphatidylethanolamine was purchased from Avanti Polar Lip-
ids, Inc., and phosphatidylcholine from Sigma-Aldrich. [*H]Ry-
anodine was supplied by New England Nuclear Ltd. Aqueous
counting scintillant was purchased from Packard Instrument Co.
Other reagents were obtained as the best available grade from
BDH Ltd. or Sigma-Aldrich. The ryanoids used in these studies
were synthesized as described previously (21-amino-9a-hydroxy-
ryanodine, 21-pnitrobenzoylamino-9a-hydroxyryanodine, 21-
azido-9a-hydroxyryanodine [Welch et al., 1997]; ryanodol
[Deslongchamps et al., 1990)]) and stored as stock solutions in
50% ethanol at —20°C.

As more than one modified conductance state was observed af-
ter the addition of 21-pnitrobenzoylamino-9a-hydroxyryano-
dine to RyR (see RESULTS), the purity of the compound was rein-
vestigated to ensure that there had been no decomposition dur-
ing storage. Samples used in the experiments reported here were
found to be homogeneous by TLC (both charring and fluores-
cence detection) and by MALDI/TOF mass spectroscopy.

Molecular Modeling

The conformations of the ryanoids shown in Fig. 1 were analyzed
by molecular mechanics using the Tripos force field (SYBYL; Tri-
pos Inc.) and semiempirical quantum mechanics (MOPAC). In
Fig. 1 A, ball and stick drawings of 21-amino-9a-hydroxyryano-
dine (bottom left), 21-azido-9a-hydroxyryanodine (bottom right),
ryanodol (top right), and 21-pnitrobenzoylamino-9a-hydroxyry-
anodine (top left) are shown. All are shown in the conformation
corresponding to their respective global minima. Although all of
these ryanoids can exist in multiple conformations, the bulk of
the long floppy tail of 21-p-nitrobenzoylamino-9a-hydroxyryano-
dine makes the conformers of this ryanoid of experimental inter-
est. Molecular dynamics (SYBYL) simulations indicate that the
side chain exists in three conformational families arising princi-
pally from the high rotational energy barriers about the single
bond proximal to carbon 9. The local minimum of each of these
families is shown in Fig. 1 B, and the significance of the existence
of these conformers is discussed later.

Isolation of Sheep Cardiac Heavy Sarcoplasmic Reticulum
Membrane Vesicles and Solubilization
and Separation of the RyR

Sheep hearts were collected from a local abattoir in ice-cold car-
dioplegic solution and heavy sarcoplasmic reticulum membrane

Ficure 1. (A) Ball and stick models of 21-amino-9a-hydroxyryan-
odine (bottom left), 21-pnitrobenzoylamino-9a-hydroxyryanodine
(top left), ryanodol (top right), and 21-azido-9a-hydroxyryanodine
(bottom right) are shown in the conformation corresponding to
the respective global energy minimum. All are oriented with the
3-position to the left (note the pyrrole group at the extreme left)
and the 21-position to the right (a horizontal line connects these
two positions). Ryanodol (top right) is the core structure of all of
the other compounds illustrated in Fig. 1. (B) The local minima
(differing shades of gray) of the three most populated conforma-
tions of 21-pnitrobenzoylamino-9a-hydroxyryanodine are super-
imposed by the polycyclic fused ring system. The conformational
space was investigated by molecular dynamics at a simulated tem-
perature of 25°C. Note the changes in physical shape of the mole-
cule due to large movements of the pnitrobenzoyl group com-
pared with the other pendant groups.

vesicles prepared using procedures described previously (Sitsape-
san and Williams, 1990).

Heavy sarcoplasmic reticulum membrane vesicles were solubi-
lized with 3-[ (3-cholamidopropyl)-dimethylammonio]-1-propane
sulfonate (CHAPS) and RyR isolated and reconstituted into uni-
lamellar liposomes for incorporation into planar phospholipid
bilayers, as described previously (Lindsay and Williams, 1991).

Planar Phospholipid Bilayers

Phospholipid bilayers were formed from suspensions of phos-
phatidylethanolamine in n-decane (35 mg/ml) across a 200-pm-
diam hole in a styrene copolymer partition which separated two
chambers referred to as cis (volume 0.5 ml) and trans (volume 1.0
ml). The trans chamber was held at virtual ground, whereas the
cis chamber could be clamped at holding potentials relative to
ground. Current flow across the bilayer was monitored using an
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operational amplifier as a currentvoltage converter (Miller,
1982). Bilayers were formed with solutions containing 600 mM
KCl, 20 mM HEPES, titrated to pH 7.4 with KOH, resulting in a
solution containing 610 mM K* in both chambers. An osmotic
gradient was created by the addition of an aliquot (50-100 pl) of
3 M Kl to the cis chamber. Proteoliposomes were added to the
cis chamber and stirred. Under these conditions, channels usually
incorporated into the bilayer within 2-3 min. If channels did not
incorporate, a second aliquot of 3 M KCI could be added to the
cis chamber. After channel incorporation, further fusion was pre-
vented by perfusion of the cis chamber with 610 mM K*. Channel
proteins incorporate into the bilayer in a fixed orientation so that
the cytosolic face of the channel is exposed to the solution in the
cis chamber and the luminal face of the channel to the solution in
the trans chamber. Single-channel P, was increased by the addi-
tion of 100 uM EMD 41000 to the cytosolic face of the channel
(McGarry and Williams, 1994; Tanna et al., 1998). Experiments
were carried out at room temperature (21 = 2°C).

Modification of RyR channel function by 21-amino-9a-hydroxy-
ryanodine, ryanodol, 21-azido-9a-hydroxyryanodine, and 21-p-nitro-
benzoylamino-9a-hydroxyryanodine was achieved by adding an
appropriate concentration of the ryanoid to the solution at the cy-
tosolic face of the bilayer. Although TEA* is an effective blocker of
the RyR channel only from the cytosolic face of the channel (Lind-
say et al., 1991), it was added symmetrically to the solutions at both
sides of the bilayer to avoid the possibility of asymmetric surface
potentials arising from the binding of the cation to the bilayer.

Single-channel Data Acquisition and Analysis

Single-channel current fluctuations were displayed on an oscillo-
scope and stored on Digital Audio Tape. For analysis, data were
replayed, filtered at 1 kHz with an 8-pole Bessel filter, and digi-
tized at 4 kHz using Satori v3.2 (Intracel). Single-channel current
amplitudes were measured from digitized data. The representa-
tive traces shown in the figures were obtained from digitized data
acquired with Satori v3.2 and transferred as an HPGL graphics
file to a graphics software package (CorelDraw; Corel Systems
Corporation) for annotation and printing.

RESULTS

The high affinity association of a ryanoid with the RyR
channel produces a dramatic alteration in channel
function. With a ryanoid bound, rates of Ca** and K*
translocation through RyR are reduced and the chan-
nel enters a characteristic modified conductance state.
The fractional conductance (FC) of the modified state
(the amplitude of the ryanoid-modified state expressed
as a proportion of the full amplitude of the channel;
Lindsay et al., 1994) is determined by structural fea-
tures of the ryanoid (Tinker et al., 1996; Welch et al.,
1997). Dwell times in the various ryanoid-modified
states differ considerably, lasting for seconds with, for
example, 21-amino-9a-hydroxyryanodine, to hours with
ryanodine (Tanna et al., 1998, 2000).

The Influence of Voltage on TEA™ Block of Unmodified and
Ryanoid-modified RyR Channels

The left panel of Fig. 2 shows current fluctuations of a
single RyR channel in the presence of 500 nM 21-
amino-9a-hydroxyryanodine with K* as the permeant
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FiGUure 2. The influence of transmembrane holding potential on
the single-channel current amplitude of the unmodified and 21-
amino-9a-hydroxyryanodine-modified conductance states of the
RyR channel in the absence and presence of 20 mM TEA®. C,
closed conductance level; M, modified conductance level; O, fully
open conductance level.

ion. Under these conditions, this ryanoid associates
with and readily dissociates from the channel. With the
ryanoid bound, RyR channel P, increases markedly and
single-channel conductance is reduced to a modified
level (M) with an FC of 0.44. After dissociation of the
ryanoid, the channel gates normally with fluctuations
between the closed (C) and fully open conductance
level (O). The probability of 21-amino-9a-hydroxyryan-
odine associating with the channel increases and the
probability of the ryanoid dissociating from the chan-
nel decreases as the holding potential is made more
positive (Tanna et al., 1998).

The right panel of Fig. 2 shows current fluctuations
of the same channel after the addition of 20 mM TEA*
to the solutions at both sides of the channel. In the ab-
sence of ryanoid, TEA* is a concentration- and voltage-
dependent blocker of K* conductance in the RyR
channel. Dwell times in the TEA™ blocked state are too
short to be resolved and, as a consequence, RyR chan-
nel block by this cation appears as a time-averaged re-
duction in single-channel current amplitude (Lindsay
et al., 1991; Tinker et al., 1992). Block of this form can
be seen in Fig. 2 in the periods of unmodified gating
when the ryanoid is not bound to the channel. In
agreement with previous observations (Lindsay et al.,
1991), the degree of block of this unmodified state of
the channel by TEA* varies as transmembrane poten-
tial is changed; block increases as the holding potential
is made more positive. Current-voltage relationships
for unmodified conductance states of several RyR chan-
nels in the absence and presence of 20 mM TEA* are
shown in Fig. 3 A. TEA™ has no effect on K* transloca-
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FiGure 3. (A) Single-channel currentvoltage relationships for

unmodified channels in the absence (@; mean = SEM of 22-51
experiments) and presence (A; mean * SEM of 4-25 experi-
ments) of 20 mM TEA*. (B) Single-channel currentvoltage rela-
tionships for 2l-amino-9a-hydroxyryanodine-modified channels
in the absence (®; = SEM of 4-15 experiments) and presence (A;
* SEM of 4-10 experiments) of 20 mM TEA*. Where no error
bars are visible they are contained within the symbol.

tion at negative holding potentials but blocks K* cur-
rent with increasing effectiveness as the holding poten-
tial is shifted to more positive values.

TEA* also blocks K* current in the 21-amino-9a-
hydroxyryanodine-modified conductance state. How-
ever, TEA™ is a less effective blocker of the ryanoid-mod-
ified conductance state of RyR than the unmodified
conductance state. At all three holding potentials shown
in Fig. 2, the reduction in current amplitude produced by
TEA™* is greater for transitions in the unmodified state
(transitions from C to O) than in the ryanoid-modified
state (transitions from C to M). Fig. 3 B shows current-
voltage relationships for the 21-amino-9a-hydroxyryano-
dine-modified states of several channels in the absence
and presence of 20 mM TEA*. As is the case for the un-
modified state of RyR, TEA* produces no block of K*
current at negative holding potentials, but is an increas-
ingly effective blocker of the ryanoid-modified state as
holding potential is made more positive. However, a
comparison of the data in Fig. 3 (A and B) establishes
the observation made for the representative channel in
Fig. 2; TEA™ is less effective as a blocker of K* current in
the ryanoid-modified conductance state of RyR. As a
point of comparison, at a holding potential of +80 mV,
20 mM TEA* reduces mean single-channel current am-
plitude of the 21-amino-9a-hydroxyryanodine-modified

conductance state of RyR by 33%; the equivalent block
of the unmodified conductance state is 62%.

What mechanisms are involved in the alteration in ef-
fectiveness of TEA™ as a blocker of RyR after the interac-
tion of 21-amino-Y9a-hydroxyryanodine with the chan-
nel? In previous investigations, we have demonstrated
that ryanoid-induced modification of permeant ion
handling in RyR is strongly correlated to specific struc-
tural loci on the ryanoid molecule with contributions
from both electrostatic and steric effects (Welch et al.,
1997). To investigate the possibility that similar struc-
tural features underlie the alteration of the effectiveness
of TEA* as a blocker of K* current in RyR, we have ex-
amined the influence of three additional members of
the ryanoid group of ligands: ryanodol, 21-azido-9a-
hydroxyryanodine, and 21-p-nitrobenzoylamino-9a-
hydroxyryanodine. These ryanoids vary in both steric bulk
and charge and, after interaction with the channel, yield
values of FC ranging from 0.67 to 0.17. Single-channel
current amplitude of both unmodified and ryanoid-
modified conductance states were monitored at holding
potentials within the range +80 mV in the absence and
presence of 20 mM TEA*. Examples of current fluctua-
tions of representative channels at a holding potential
of +40 mV are given in Fig. 4. The left panel of Fig. 4
demonstrates modification of the RyR channel that re-
sults from the interaction of the indicated ryanoid. In all
cases, the interaction of the ryanoid with the RyR chan-
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FiGURE 4. Single-channel traces showing the influence of 20 mM
TEA™* on the amplitude of ryanoid-modified conductance states at
+40 mV. Both ryanodol and 21-azido-9a-hydroxyryanodine interact
rapidly with RyR. For this reason, both unmodified and ryanoid-
modified conductance states are shown in the presence of TEA* for
these ryanoids. In contrast, 21-p-nitrobenzoylamino-9a-hydroxyryan-
odine is a slow-binding modifier of RyR channel function and, as a
consequence, traces in the presence of TEA* show only the ryanoid-
modified conductance state. C, closed conductance level; M, modi-
fied conductance level; O, fully open conductance level.
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nel results in the occurrence of a modified conductance
state with high P,. As outlined above, the amplitude of
the modified conductance state is dependent on the
structure of the ryanoid bound to the channel (Tinker
et al., 1996; Welch et al., 1997). The values of FC in-
duced by the ryanoids shown in Fig. 4 are 0.67 for ryan-
odol, 0.55 for 21-azido-9a-hydroxyryanodine, and 0.27
for 21-pnitrobenzoylamino-9a-hydroxyryanodine. The
influence of 20 mM TEA* on the current amplitude of
these various ryanoid-modified states is shown in the
right panel of Fig. 4. In all cases, the addition of 20 mM
TEA™ leads to a reduction in current amplitude. How-
ever, a comparison of the current amplitudes of the ry-
anoid-modified conductance states in the absence and
presence of the blocking cation demonstrates that the
effectiveness of TEA™ differs in the various ryanoid-
modified conductance states. At this holding potential,
the magnitude of block produced by TEA* of the ry-
anoid-modified conductance state is in order

ryanodol > 21-azido-9a-hydroxyryanodine > 21-p-
nitrobenzoylamino-9a-hydroxyryanodine.

The reduction in amplitude of both the unmodified
and ryanoid-modified conductance states of RyR by
TEA* with varying holding potential can be fitted by a
model originally described by Woodhull (1973). This
scheme envisages a single site, accessible to a blocking
ion of valence z from only one side of the channel and
located a fraction (8) into the voltage drop across the
channel. Under these conditions, the relationship be-
tween relative conductance (i/ip; the current in the
presence of TEA™ divided by the current in the ab-
sence of the blocking cation) and holding potential is:

i_ [B] :sv/rTg?
== A+ 1
1y El Kb(O) U ( )

where [B] is the concentration of TEA* (20 mM), K,
is the dissociation constant at a holding potential of 0
mV, and 28 is conventionally referred to as the effective
valence. F, R, and T have their usual meanings, and
RT/F is 25.2 mV at 20°C. Values of K, and 23 were
determined for 2l-amino-9a-hydroxyryanodine, ryan-
odol, 2l-azido-9a-hydroxyryanodine, and 21-p-nitro-
benzoylamino-9a-hydroxyryanodine using nonlinear
regression to establish the best fit of Eq. 1 to mean data
from four or more experiments (GraphPad Prism v2.01;
Fig. 5). Blocking parameters determined from these
plots are shown in Table I.

In addition to the FC of 0.27 reported above, we have
observed two other modified conductance states of RyR
in the presence of 21-p-nitrobenzoylamino-9a-hydroxy-
ryanodine (Tinker et al., 1996). In these studies, out of
a total of 15 experiments conducted with 21-p-nitro-
benzoylamino-9a-hydroxyryanodine, we observed 11
modified conductance states with an FC of 0.27 (73%
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Ficure 5. Woodhull plots for the indicated unmodified and ry-
anoid-modified conductance states in the presence of 20 mM
TEA™*. Points are mean normalized conductance values (i/i;) =
SEM (unmodified, n = 4-51; ryanodol, n = 4-11; 21-azido-9a-
hydroxyryanodine, n = 4-19; 21-amino-9a-hydroxyryanodine, n =
4-15; 21-pnitrobenzoylamino-9a-hydroxyryanodine [0.27], n =
10-11). The solid lines were obtained by nonlinear regression fits
to Eq. 1 with the parameters quoted in Table I. Figures in brackets
indicate the FC induced by the various ryanoids. 21-p-nitro, 21-p-
nitrobenzoylamino-9a-hydroxyryanodine; 21-amino, 21-amino-9a-
hydroxyryanodine; 9-OH-21, 21-azido-9a-hydroxyryanodine.

of total events), 3 with an FC of 0.17 (20% of total
events), and on one occasion a modified state with an
FC of 0.59 (7% of total events). This observation of the
occurrence of more than one modified conductance
state is entirely consistent with the existence of multiple
conformations of 21-pnitrobenzoylamino-9a-hydroxy-
ryanodine, as determined by molecular dynamics (see
MATERIALS AND METHODS and Fig. 1 B). Furthermore,
these determinations demonstrate that the possible
conformations of 21-p-nitrobenzoylamino-9a-hydroxy-
ryanodine are not isoenergetic. When added to the so-
lution at the cytosolic face of RyR, 21-pnitrobenzoyl-
amino-9a-hydroxyryanodine will be present in several
conformations with different probabilities of occur-
rence. The three most common conformers exist in a
ratio of 73:24:1%, with the remaining 2% correspond-
ing to multiple conformers rarely populated. The strik-
ing similarity between the observed probability of oc-

TABLE 1

Blocking Parameters for the Interaction of TEA™ with RyR Channels in
the Absence of Ryanoid and in the Indicated Ryanoid-modified States

Ryanoid FC K, (mM) 70

None 1.00 1673 0.88
Ryanodol 0.67  126.6 0.84
21-azido-9a-hydroxyryanodine 0.55  100.3 0.60
21-amino-9a-hydroxyryanodine 0.44  195.1 0.53

21-pnitrobenzoylamino-9a-hydroxyryanodine 0.27  853.9 0.63
21-p-nitrobenzoylamino-9a-hydroxyryanodine 0.17 No block No block

Parameters were determined using nonlinear regression to establish the best
fit of Eq. 1 for the data displayed in Fig. 5. No block was seen in the 0.17 FC
state of 21-pnitrobenzoylamino-9a-hydroxyryanodine Blocking parameters
determined for the 0.59 FC state induced by 21-p-nitrobenzoylamino-9a-
hydroxyryanodine (n = 1) are K, = 177.7 mM and z3 = 0.66.



currence of the three different modified conductance
states induced by 2I-p-nitrobenzoylamino-9a-hydroxy-
ryanodine and the ratio of the three common con-
formers of this ryanoid determined by molecular dy-
namics indicates that on binding to the RyR channel,
the different conformers of the bulky pnitrobenzoyl
tail (Fig. 1 B) produce different FC states. We have
demonstrated previously a strong correlation between
structure at this locus and FC (Welch et al., 1997). The
advantage of the p-nitrobenzoyl conformers is that they
provide a builtin control. The different values of FC
observed after the interaction of 21-pnitrobenzo-
ylamino-9a-hydroxyryanodine are due only to changes
in conformation of the ryanoid and not to other
ligand-receptor interactions that may arise when the
covalent structure of the ryanoid is modified. Examples
of the 2l-pnitrobenzoylamino-9a-hydroxyryanodine—
induced 0.27 and 0.17 FC states are shown in Fig. 6.
The figure shows the modified conductance states in
the absence (Fig. 6, left) and presence (Fig. 6, right) of
20 mM TEA*. The influence of TEA* on the 0.59 FC
induced by 21-pnitrobenzoylamino-9a-hydroxyryano-
dine is not included in Fig. 6, as only one such event oc-
curred during the course of this investigation. The low
probability of occurrence of a third 21-p-nitrobenzo-
ylamino-9a-hydroxyryanodine—induced modified con-
ductance state is not surprising in light of the ratio of
possible conformers of this ryanoid determined by mo-
lecular dynamics. TEA* blocking parameters of the
0.59 FC state are quoted in the text. The degree of
block induced by TEA* and the influence of holding

21-p-nitrobenzoylamino-9a-hydroxyryanodine
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FIGURE 6.  Single-channel traces showing the influence of 20 mM
TEA* on the amplitude of two 21-p-nitrobenzoylamino-9a-hydroxy-
ryanodine-modified conductance states at +40 mV. Irrespective
of the FC induced, 21-pnitrobenzoylamino-9a-hydroxyryanodine is
an irreversible modifier of RyR and, as a consequence, traces in the
presence of TEA* show only the ryanoid-modified conductance
state. G, closed conductance level; M, modified conductance level;
O, fully open conductance level.

l - I § 0, I T4 . ¢
I f T _
A4 ® unmodified
» 4 21-p-nitro (0.27)
o 0.75 ® 21-p-nitro (0.17)
0.50
L]

100 -75 -50 25 0 25 50 75 100
Holding potential (mV)

Ficure 7.  Woodhull plots for the indicated unmodified and 21-p-
nitrobenzoylamino-9a-hydroxyryanodine-modified ~ conductance
states in the presence of 20 mM TEA™. Points are mean normalized
conductance values (i/i;) = SEM (unmodified, n = 4-51; FC 0.27,
n=10-11; FC 0.17, n = 3). The solid lines were obtained by nonlin-
ear regression to Eq. 1 with the parameters quoted in Table 1. Fig-
ures in brackets indicate the FC of the various conductance states.
21-pnitro, 21-pnitrobenzoylamino-9a-hydroxyryanodine.

potential on block differs for the different FC states.
Mean single-channel current amplitude at +80 mV in
the presence of symmetrical 20 mM TEA™" was reduced
by 14% in the 0.27 FC state, but no reduction in cur-
rent amplitude was seen under these conditions in the
0.17 FC state. Single-channel current amplitude at +80
mV was reduced by 44% in the 0.59 FC state (data not
shown). Woodhull analysis of the influence of holding
potential on block of K* current by TEA* (Eq. 1) of the
0.27 and 0.17 21-pnitrobenzoylamino-9a-hydroxyryan-
odine—induced FC states is shown in Fig. 7. Blocking
parameters for the 0.17 FC state were not determined,
as we observed no significant block of K* current by
TEA* in this ryanoid-modified state at any holding po-
tential. Blocking parameters for the 0.59 FC state are
quoted in the legend of Table L.

Overall, our investigations of the influence of holding
potential on block by TEA* of ryanoid-modified conduc-
tance states of RyR indicate that there are marked quan-
titative differences in the degree of block produced by
TEA* in the modified states induced by the various ry-
anoids. The alteration of the effectiveness of TEA* as a
blocker appears to be correlated with the FC of the ry-
anoid. A comparison of the degree of block (expressed
as relative current; single-channel current in the pres-
ence of TEA* divided by single-channel current in the
absence of TEA*) produced by 20 mM TEA* at a hold-
ing potential of +80 mV of the various ryanoid-modified
conductance states monitored in this study is presented
in Fig. 8. The degree of block induced by TEA* in-
creases as FC rises from 0.17 to 0.67; block in the ryan-
odol-modified state is essentially the same as that in the
RyR channel in the absence of ryanoid (FC = 1.0).

Quantitative analysis of the influence of holding po-
tential on block by TEA* provides additional informa-
tion. The relationships between FC in the range 0.27 to
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FIGURE 8. Relationship between relative conductance (i/i,) pro-
duced by TEA* in the ryanoid-modified state at + 80 mV and FC
of the ryanoid-modified state. The line plotted through the data is
of no theoretical significance.

1.0 and the blocking parameters derived from the
Woodhull analysis are shown in Fig. 9 (no block was
seen in the 0.17 FC state of 21-p-nitrobenzoylamino-9a-
hydroxyryanodine). The values of z8 determined for
TEA* block of K* conductance of channels in the ab-
sence of ryanoid, and channels modified with various
ryanoids, show a broad correlation with relative K* con-
ductance (FC; Fig. 9 A). Ryanoid-modified conduc-
tance states with values of FC in the range 0.67 to 0.44
yield dissociation constants for TEA* at 0 mV that show
little or no variation from the value determined in the
absence of ryanoid. Dissociation constants increased
markedly at FCs below 0.44 (Fig. 9 B).

DISCUSSION

We have demonstrated that the interaction of a range
of ryanoids with RyR alters the blocking characteristics
of TEA™" in the channel. An inspection of the influence
of voltage on block by TEA* in the unmodified and ry-
anoid-modified conductance states reveals something
of the mechanism involved in this action. The interac-
tion of ryanoids with RyR can affect both the zd of the
blocking cation and the affinity of the conduction path-
way for the blocker (K )).

For a cation, such as TEA*, that blocks by entering the
electric field across the RyR channel, 3 is a measure of
the relative depth of penetration of the blocking cation
into the field (French and Shoukimas, 1985). As z, the
valence of TEA™, is constant, a change in zd after chan-
nel modification by a ryanoid implies that the location of
the site of interaction of TEA* within the voltage drop
across the channel is altered. This relocation of the
TEA* binding site within the voltage drop is likely to be
the consequence of a reorganization of the RyR conduc-
tion pathway induced by the binding of the ryanoid.

The interaction of some of the ryanoids investigated
produces a concomitant alteration of the affinity of the
TEA* site in RyR. In previous studies we have demon-
strated that a reduction in the rate of association of a
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FIGURE 9. (A) Variations in z8 of TEA* in the unmodified RyR

channel and ryanoid-modified states with FCs in the range 0.27-
0.67. It should be noted that no measurable block by TEA* was
seen, and therefore no value of z8 was determined, for the 0.17 FC
state induced by 21-pnitrobenzoylamino-9a-hydroxyryanodine.
The solid line is the best-fit line obtained by linear regression. (B)
Variations in K, of TEA* in the unmodified RyR channel and ry-
anoid-modified states with FCs in the range 0.27-0.67. Again, in
the absence of measurable block, no value of K, could be deter-
mined for the 0.17 FC state induced by 21-p-nitrobenzoylamino-
9a-hydroxyryanodine. The line plotted through the data has no
theoretical significance.

large organic blocking cation (tetrabutylammonium)
with RyR underlies a reduction in affinity of the chan-
nel for this cation after the interaction of ryanodine
(Tinker and Williams, 1993b). In addition, hydropho-
bic interactions are likely to contribute to the strength
of binding at the TEA* site. In the absence of ryanoids,
K9y decreases as the hydrophobicity of cations inter-
acting with this site is increased by the substitution of
methyl and methylene groups (Tinker et al., 1992). If,
as we suggest, the binding of ryanoids brings about con-
formational changes in RyR, then alterations in K,
are likely to reflect the rearrangement of groups in and
around the TEA™ site. Decreased access to the site,
changes in electrical potential, or a lowering of the hy-
drophobicity of the site could all contribute to the ob-
served reductions in affinity.

Quantitative differences in blocking parameters were
monitored in the various ryanoid-modified states. This
is reminiscent of the influence of ryanoids on the con-
ductance of permeant cations such as K*. On binding
to the high affinity site on RyR, all ryanoids so far exam-



ined reduce single-channel K* current amplitude, but
the relative amplitude of the ryanoid-modified conduc-
tance state (FC) varies and is dependent on the electro-
static and steric features of the bound ryanoid (Tinker
etal., 1996; Welch et al., 1997). By monitoring the influ-
ence of voltage on TEA™ block of K* conductance in
RyR channels modified with ryanoids yielding different
FCs, we have examined the possibility that the mecha-
nisms underlying the alteration of TEA* blocking pa-
rameters by ryanoids might also be responsible for the
alterations in K* conductance induced by these ligands.

The results of these experiments are consistent with
the proposal that the interaction of a ryanoid with RyR
can induce structural rearrangements in the channel.
In effect, the position of the TEA™ binding site is relo-
cated relative to the voltage drop across the channel. In
each case, the TEA" site is shifted towards the cytosolic
limit of the voltage drop.

When considering how a binding site might move
within the voltage drop of the RyR channel, it is rele-
vant to discuss what constitutes the TEA" binding site.
Does TEA* merely traverse a portion of the RyR volt-
age drop until it jams in a narrow region of the conduc-
tion pathway, or are more specific interactions in-
volved? The evidence that has emerged from previous
investigations of ion translocation and block in RyR in-
dicates that small tetraalkylammonium cations do not
block RyR by simply jamming in a constriction in the
conduction pathway. Studies with these cations, trime-
thylammonium derivatives, and charged local anesthet-
ics have identified two regions within the voltage drop
across RyR with which blocking cations can interact.
Tetramethylammonium (TMA™") blocks K* conduc-
tance in RyR by binding at a site located ~50% into the
voltage drop from the cytosolic face of the channel
(Tinker et al., 1992). Larger tetraalkylammoniums and
related cations are excluded from the TMA* site and
bind further into the voltage drop (80-90%; Tinker et
al., 1992; Tinker, 1993; Tinker and Williams, 1993a). As
outlined above, the affinity of this site for blocking cat-
ions increases in proportion to the hydrophobicity of
the cations, indicating that hydrophobic forces are
likely to be involved in this interaction. The exclusive
association of the smallest tetraalkylammonium, TMA¥,
with the 50% site has been interpreted as indicating
that this site is likely to be a small, relatively rigid struc-
ture from which larger blocking cations are excluded
by steric restrictions (Tinker et al., 1992).

Within the context of the picture of the RyR conduc-
tion pathway set out above, it is probable that the ob-
served relocation and changes in affinity of the TEA*
blocking site within the voltage drop result from rear-
rangement in this region of the channel after ryanoid
interaction. We can envisage movement of the relative
position of the TEA™ site within the voltage drop across

the RyR channel as a physical relocation of the site; al-
ternatively, the monitored variations in z8 could arise
from a change in the dimensions or position of the volt-
age drop across the channel. In such a scheme, the in-
teraction of a ryanoid with RyR would induce a struc-
tural reorganization within the channel that results in
the elongation of the voltage drop or a shift of the re-
gion of the channel over which transmembrane voltage
drops towards the luminal face of the channel. Assum-
ing that the physical location of the TEA* site within the
conduction pathway of the channel is unchanged, either
of these maneuvers would result in a lowering of zd.

The absence of voltage-dependent block of K* current
by TEA* in the 21-p-nitrobenzoylamino-9a-hydroxyryan-
odine-modified state with an FC of 0.17 is likely to result
from either, or both, a relocation of the blocking site out-
side the voltage drop across the channel or a dramatic
decrease in the affinity of the TEA™" blocking site in the
conduction pathway of RyR. The trends in the data ob-
served in Fig. 9 indicate that alterations in affinity of the
TEA™* binding site are likely to be the dominant factor.

In previous investigations, we reported modifications
of permeant ion conductance in ryanoid-bound chan-
nels and suggested that these variations were likely to
result from ryanoid-induced structural reorganization
of the conduction pathway of RyR (Lindsay et al., 1994;
Tinker et al., 1996; Welch et al., 1997). The experi-
ments reported in this communication provide direct
evidence for this postulated ryanoid-induced restruc-
turing. Although structural rearrangements within the
conduction pathway of the RyR channel are unlikely to
have exactly equivalent effects on the interactions of
permeant and blocking cations, the broad correlation
of TEA™ blocking parameters with the FC induced by
individual ryanoids with different steric and electronic
properties indicates that the structural reorganizations
identified here are likely to underlie ryanoid-induced
alterations in permeant ion translocation in RyR.
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