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Diadenosine pentaphosphate is a potent activator
of cardiac ryanodine receptors revealing a novel
high-affinity binding site for adenine nucleotides

L Song, SM Carter, Y Chen and R Sitsapesan

Department of Physiology & Pharmacology, University of Bristol, School of Medical Sciences, University Walk, Bristol, UK

Background and purpose: Diadenosine polyphosphates are normally present in cells at low levels, but significant increases in
concentrations can occur during cellular stress. The aim of this study was to investigate the effects of diadenosine pentaphos-
phate (Ap5A) and an oxidized analogue, oAp5A on the gating of sheep cardiac ryanodine receptors (RyR2).

Experimental approach: RyR2 channel function was monitored after incorporation into planar bilayers under voltage-clamp
conditions.

Key results: With10 umol-L™' cytosolic Ca*, a significant ‘hump’ or plateau at the base of the dose-response relationship to
Ap5A was revealed. Open probability (Po) was significantly increased to a plateau of approximately 0.2 in the concentration
range 100 pmol-L7'-10 umol-L~'. High Po values were observed at >10 umol-L™" Ap5A, and Po values close to 1 could be
achieved. Nanomolar levels of ATP and adenosine also revealed a hump at the base of the dose-response relationships,
although GTP did not activate at any concentration, indicating a common, high-affinity binding site on RyR2 for adenine-based
compounds. The oxidized analogue, ocAp5A, did not significantly activate RyR2 via the high-affinity binding site; however, it
could fully open the channel with an ECso of 16 umol-L™" (Ap5A ECso = 140 umol-L™"). Perfusion experiments suggest that
0Ap5A and Ap5A dissociate slowly from their binding sites on RyR2.

Conclusions and implications: The ability of Ap5A compounds to increase Po even in the presence of ATP and their slow
dissociation from the channel may enable these compounds to act as physiological regulators of RyR2, particularly under

conditions of cellular stress.
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Introduction

The cardiac ryanodine receptor (RyR2) plays an important
role in coupling excitation to contraction by acting as the
primary pathway for the release of Ca*" from the sarcoplasmic
reticulum (SR). ATP is thought to participate in the physi-
ological regulation of RyR2 by potentiating the activation of
the channel by cytosolic Ca?* (Chan et al., 2003). ATP itself, is
minimally effective as an activator of RyR2, but in the pres-
ence of activating levels of cytosolic Ca**, and with Ca*" as the
permeant ion, it enables almost full activation of the channel
(Meissner, 1994; Kermode et al., 1998; Chan et al., 2003). The
significance of ATP as a physiological regulator of RyR2 in
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cardiac cells can be appreciated from experiments in perme-
abilized cardiac myocytes where intracellular ATP levels have
been manipulated. These studies show that severe reductions
in ATP concentrations lead to the complete abolition of Ca*
sparks and Ca*-induced Ca*-release (Smith and O’Neill,
2001;Yang and Steele, 2001).

A number of ligands other than ATP also bind to the
adenine nucleotide binding sites on RyR2 with varying
degrees of affinity and efficacy. These include adenosine, AMP
and the non-hydrolysable ATP analogue, adenosine-5-(,
y-methylenetriphosphate) (AMP-PCP) (Ching etal., 1999;
Chan et al., 2000; 2003). Ligands without any phosphate
groups (e.g. adenosine) can bind to RyR2 and increase open
probability (Po) but have a minimal ability to increase the
duration of channel openings. Adenosine therefore is a par-
tial agonist with a limited capacity as an activator of RyR2
because it influences only the frequency of channel open-
ing and not the duration of openings. It appears that the
phosphate groups of ATP confer the ability to maximally
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activate RyR2, enabling long open events to take place (Chan
et al., 2003).

A family of compounds characterized by having two
adenosine moieties linked by multiple phosphate groups (2-6
phosphates), the diadenosine polyphosphates (ApnA where
n =2-6 phosphates), have been termed ‘alarmones’ because
of their increased cellular production under conditions of
metabolic stress (Lee et al., 1983; Varshavsky, 1983; Bochner
et al., 1984; Baxi and Vishwanatha, 1995; Flores et al., 1999).
Certain ApnAs have been shown to stimulate [*H]-ryanodine
binding to brain homogenates and skeletal and cardiac
microsomes (Holden et al., 1996) and to stimulate SR Ca*-
release from skeletal muscle (Morii and Makinose, 1992).
Some ApnAs were found to be more effective at stimulating
[*H]-ryanodine binding than AMP-PCP, and it was suggested
that they are high-affinity ligands for RyR channels. The
effects of diadenosine compounds on the single-channel func-
tion of RyR channels have not been investigated. In view of
the possible high-affinity interactions between ApnAs and RyR
channels that might take place at the adenine nucleotide
binding sites, we investigated how diadenosine pentaphos-
phate (Ap5A) and its oxidized analogue oApSA could affect the
gating of RyR2. Our results demonstrate that ApSA and oApSA
(a periodate-oxidized Ap5A) exhibit high affinity for RyR2 and
both are capable of inducing high Po values with long opening
events. The binding of both ligands to RyR2 appears to be only
slowly reversible. Our experiments also show that Ap5A, ATP
and adenosine can activate RyR2 at concentrations less than
1 umol-L™" indicating that RyR2 possesses a novel high-affinity
binding site for adenine nucleotides.

Methods

Preparation of SR membrane vesicles and planar lipid

bilayer methods

Heavy SR membrane vesicles were prepared from sheep
cardiac muscle as previously described by Sitsapesan et al.
(1991). SR vesicles were frozen rapidly in liquid nitrogen and
stored at—-80°C. Vesicles were fused with planar phosphatidyle-
thanolamine lipid bilayers as previously described (Sitsapesan
etal., 1991). The vesicles fused in a fixed orientation such
that the cis chamber corresponded to the cytosolic space and
the trans chamber to the SR lumen. The frans chamber was held
at ground, and the cis chamber held at potentials relative
to ground. After fusion, the cis chamber was perfused with
250 mmol-L! HEPES, 125 mmol-L Tris, 10 umol-L™! free Ca*
buffered with EGTA and CaCl,, pH 7.2. The trans chamber was
perfused with a solution containing 250 mmol-L™! glutamic
acid, 10 mmol-L' HEPES, pH 7.2 with Ca(OH), (free [Ca*]
=50 mmol-L™). The free [Ca*] and pH of the solutions in the
presence and absence of ATP, adenosine, Ap5A and oApSA were
measured at 22°C by using a calcium electrode (Orion 93-20)
and Ross-type pH electrode (Orion 81-55) and were main-
tained constant as described previously in detail (Sitsapesan
etal., 1991).

Data acquisition and analysis
Single-channel recordings were displayed on an oscilloscope
and recorded on digital audio tape. Current recordings were
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filtered at 1 kHz (- 3 dB) and digitized at 20 kHz by using
Pulse (HEKA Elektronik Lambrecht/Pfalz, Germany). Po was
determined over 3 min of continuous recording, unless oth-
erwise stated, by using the method of 50% threshold analysis
(Colquhoun and Sigworth, 1983). The average Po for multiple
channels was calculated as previously described (Sitsapesan
and Williams, 1995). The total number of channels in the
bilayer was determined by maximally activating the channels
with caffeine at the end of each experiment. Lifetime analysis
was carried out only when a single channel incorporated into
the bilayer. Events <1 ms in duration were not fully resolved
and were excluded from lifetime analysis. Individual lifetimes
were fitted to a probability density function (pdf) by the
method of maximum likelihood (Colquhoun and Sigworth,
1983) according to the equation:

N
§(0 =Y aig,(x~Int)

i=1
Where In7; is the logarithm of the ith time constant, and a;
is the fraction of the total events represented by that com-
ponent (Sigworth and Sine, 1987). A likelihood ratio test
(Blatz and Magleby, 1986) was used to compare fits of up to
four exponentials by testing the chi-squared distribution at
the 1% level. Measurements of current amplitude were made
by using the WinEDR programme (John Dempster, Strath-
clyde University) by manually assessing the closed and open
current levels by using cursors.

Chemicals and solutions

Tris, HEPES, glutamate, Ca(OH),, PIPES were purchased
from BDH (BDH Biochemical Laboratories, Poole, UK). EGTA,
ApSA, ATP, oApSA and adenosine were from Sigma (Sigma-
Aldrich Company Ltd. Gillingham, Dorset, UK).

Statistics

Means * s.e.mean are shown where the number of experi-
ments =4. For n=3, standard deviation is given. Where
appropriate, Student’s t-test was used to assess the difference
between mean values. A P-value <0.05 was taken as signi-
ficant. Where comparison of three or more groups was
required, we used ANOVA followed by Dunnett’s test.

Results

Figure 1 illustrates the effects of a wide range of doses of
ApSA on the current fluctuations through a representative
sheep cardiac RyR2 channel incorporated into a planar
phospholipid bilayer. In the presence of an activating level of
cytosolic Ca* (10 umol-L™), even a very low concentration of
0.1 nmol-L™" Ap5A, when added to the cytosolic side of the
bilayer, caused an increase in Po (Figure 1A). The traces dem-
onstrate that the channel openings remain very brief and the
gating is characterized by short opening and closing events
giving rise to an appearance of ‘flickery’ gating. Subsequent
increases in ApSA concentration up to 10 pmol-L™ did not
cause any further significant increases in Po (see Figure 1A iii
and iv) and the flickery appearance of gating remained. Po
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Figure 1 Effects of nanomolar and micromolar concentrations of

Ap5A on RyR2 channels. In (A), a typical experiment where three
channels incorporated into the bilayer are shown. In (A) the channel
was activated solely by 10 umol-L™" cytosolic Ca*". Subsequent addi-
tions of 0.1 nmol-L™" (ii), 10 nmol-L™" (iii) and 10 umol-L™" Ap5A (iv)
were made to the cytosolic channel side. The holding potential was
0 mV. The dotted lines indicate the open channel levels, and the ‘C’
indicates the zero current level. Channel Po is indicated above each
trace. In (B), a single channel has incorporated into the bilayer. In the
top trace the channel was activated solely by 10 umol-L™" cytosolic
Ca*. Subsequent addition of 500 umol-L™" Ap5A to the cytosolic
channel side almost fully opened the channel. Ap5A, diadenosine
pentaphosphate; Po, open probability; RyR2, cardiac ryanodine
receptor.

appeared to plateau at approximately 0.2. Only when ApSA
was increased above 10 umol-L™! were further increases in Po
observed. As shown in Figure 1B, ApSA could almost fully
activate the channel at high micromolar concentrations, and
these high Po values were characterized by long open events.
Figure 2A shows the dose-response curve for Ap5A and clearly
illustrates the long Po plateau at the base of the relationship.
The dashed line shows the control Po in the presence
of 10 umol-L™' Ca*. Figure 2B shows the current-voltage
relationship in the presence and absence of Ap5SA and
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Figure 2 Effects of Ap5SA on Po and conductance. (A) The dose-
response relationship of cytosolic Ap5A in the presence of
10 umol-L™" cytosolic free Ca*". The dashed line indicates the mean
control Po (0.060 * 0.007, n=37) in the presence of 10 umol-L™"
Ca?" alone. The numbers of experiments for each dose on the plateau
portion of the dose-response curve were (starting at 10 pmol-L™"):
10, 10, 11, 9, 8, 8 and 9. Elsewhere, mean values = s.e.mean are
shown for n = 4. The asterisks show where values are significantly
different from the controls *P < 0.05, **P < 0.01. (B) The current—
voltage relationship of RyR2 in the presence (filled circles) and
absence (open circles) of 100 pmol-L™" Ap5A. Single-channel conduc-
tance was calculated from the slope of the regression lines between
—-40mV and +20 mV and was 120.0 = 4.9 pS for controls and
122.1 = 4.0 pS after addition of 100 pmol-L™" cytosolic Ap5A. The
mean values + s.e.mean are shown (n = 4). Ap5A, diadenosine pen-
taphosphate; Po, open probability; RyR2, cardiac ryanodine receptor.

demonstrates that ApSA had no effect on single-channel con-
ductance.

It is likely that ApSA and ATP bind to overlapping sites on
RyR2, but we have not previously observed a hump at the base
of the dose-response relationship for ATP or any other adenine
nucleotide. Because only small increases in Po were observed at
the 10 umol-L™ dose, we did not previously investigate the
effects of lower concentrations. We therefore examined
whether ATP and adenosine could also activate RyR2 at nano-
molar concentrations. Figure 3 demonstrates that low concen-
trations of both ATP and adenosine give rise to activation of
RyR2 to a maximum Po of approximately 0.2, although the
shape of the hump is different for ApSA, ATP and adenosine.
The low-dose activation hump for adenosine (Figure 3B) peaks
at around 10 nmol-L™' and then appears to decline back

British Journal of Pharmacology (2009) 156 857-867



RyR2 high-affinity adenine nucleotide binding site
860 L Song et al

1.0 1
0.8 1

0.6 -
Po

Hdk
0.4

02 pE

1og[ATP] (mol-L")

0.8 1
0.6 1

Po

0.4 1

0.2 } ;

42 11 40 -9 -8 -7 -6 -5 -4 -3 -2
log [adenosine] (mol-L™")

Figure 3 RyR2 Po dose-response relationships for ATP and adenos-
ine. Panels (A) and (B) show the RyR2 Po dose-response relationship
for ATP and adenosine respectively. In each case the dashed line
indicates the control Po in the presence of 10 umol-L™' cytosolic free
Ca?* alone, which was 0.049 + 0.008 (n=45) for ATP and
0.025 = 0.008 (n = 16) for adenosine. The numbers of experiments
for each dose on the plateau portion of the ATP dose-response curve
were (starting at 1 nmol-L™"): 10, 10, 13, 13 and 7. Elsewhere, mean
values * s.e.mean are shown for n=10. The numbers of experi-
ments for each dose on the plateau portion of the adenosine dose—
response curve were (starting at 1 nmol-L"™"): 8, 6, 7, 7 and 8.
Elsewhere, mean values + s.e.mean are shown for n = 5. The aster-
isks show where values are significantly different from the controls
**P<0.01, **P<0.001. Po, open probability; RyR2, cardiac ryano-
dine receptor.

towards the baseline Po with higher concentrations of adenos-
ine. This could indicate that adenosine binds to a high-affinity
activation site and a slightly lower-affinity inactivation site.
The binding of adenosine to an even lower-affinity site then
gives rise to the increase in Po observed at micromolar and
millimolar concentrations. We have previously shown that
adenosine has a low efficacy for activation of RyR2 and this has
also been shown for RyR1 (Chan et al., 2000; Laver et al., 2001),
and the figure confirms this showing that even micromolar
and millimolar adenosine do not activate RyR2 above a Po of
approximately 0.3. To investigate the specificity of the high-
affinity site we examined the effects of low doses of GTP on
RyR2 channel function. [We have previously shown that GTP
at concentrations 100 umol-L'-10 mmol-L™ has no effect on
RyR2 Po (Chan et al., 2000)]. We observed no effect on Po at

British Journal of Pharmacology (2009) 156 857-867

any concentration of GTP [control Po was 0.069 = 0.008, and
the Po values after the addition of 1 pmol-L"!, 1 nmol-L",
1 umol-L' and 100 umol-L' GTP were 0.069 + 0.006,
0.073 = 0.013, 0.081 = 0.009 and 0.059 * 0.011 (n=4-6)
respectively], suggesting a requirement for the adenine nucle-
otide part of the molecule.

Figure 4 shows a comparison of the dose-response curves of
ApSA, ATP and adenosine. Although all cause a hump at the
base of the dose-response curve, these humps appear different.
The ApSA hump is evident at 10 pmol-L™! whereas adenosine
and ATP do not increase Po until approximately 10 nmol-L™.
In addition, the shape of the adenosine hump suggests that
doses of adenosine above 10 nmol-L! may have an inhibitory
component. Thus, the data suggest that there may be high-
affinity and low-affinity activation sites for adenine nucle-
otides but there may also be an intermediate-affinity site that
is inhibitory. Previous work has shown that there must also be
an additional very low-affinity inhibitory site that operates at
millimolar concentrations (Kermode et al., 1998).

To address the mechanisms underlying the changes in Po
caused by the low concentrations of these ligands, we com-
pared the changes in mean open and closed times for ApSA,
ATP and adenosine, as shown in Figure 4B,C. These measure-
ments cannot be made if multiple channels incorporate
into a bilayer, only if a single channel is present. The figures
demonstrate that the parameter that changes most at low
doses of the adenine nucleotide is the mean closed time. The
initial rises in Po are associated with decreases in mean closed
time, which tends to plateau during the plateau in Po. As Po
increases again at the micromolar concentrations of the
ligands, mean closed time is further reduced. In contrast,
mean open times change less at low doses of nucleotide.
There appears to be a slight tendency for an increase in mean
open time during the Po plateau phase, but this is only sig-
nificant for ApSA at 10 nmol-L™ [mean open time increases
from 0.80 £0.04ms (n=17) to 2.70 £ 0.87ms (n=>5,
P <0.05)]. At the micromolar concentrations of Ap5SA and
ATP, large increments in Po are associated with large changes
in mean open time. Adenosine, on the other hand, does not
increase mean open time even at micromolar and millimolar
concentrations and is therefore not capable of large incre-
ments in Po, as demonstrated previously (Chan et al., 2000).

Lifetime analysis, again carried out when only a single
channel was present in the bilayer, confirms the data shown in
Figure 4. Figure 5 illustrates the changes that occur to open and
closed lifetime distributions for a typical channel activated by
ApSA. Under the experimental conditions of this study, in the
control situation with 10 umol-L™ cytosolic Ca** as the sole
activating ligand, RyR2 channel gating is characterized by brief
channel openings. Two open and three closed states can be
identified, and most of the opening events occur to the short-
est time constant (Figure 5A). It can be seen that the main
change in the lifetime distributions at 0.1 and 1 nmol-L™ ApSA
is the reduction in closed lifetimes. Little further change in
closed lifetimes is observed until micromolar ApSA, when
further reductions in closed lifetimes are evident. Open life-
times, in contrast, change little until 10 nmol-L™!, when a
third, longer open state can be detected and fewer openings
occur to the briefest time constant. At micromolar Ap5A, when
the huge increases in Po are evident, there are significant shifts
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Figure 4 Comparison of the Ap5A, ATP and adenosine dose—
response relationships, and their effects on the mean open and closed
times. The relationships between ligand concentration and Po (A),
mean open time (B) and mean closed time (C) are shown. In (A), (B)
and (C), the dashed lines indicate the average control Po level
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average control mean closed time respectively. In (B) and (C) only
experiments where single-channels incorporated into the bilayer
were used. The asterisks in (B) show where values are significantly
different from the controls *P < 0.05, **P < 0.01. In (C), the asterisks
denoting values significantly different from controls are omitted for
clarity; however, all values =1 nmol-L™" for ApS5A and all values
=10 nmol-L™" for ATP and adenosine are significant (P < 0.05 or
P <0.01). Mean values = s.e.mean are shown for n = 4. Ap5A, dia-
denosine pentaphosphate; Po, open probability.
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in the open lifetime distributions such that only 34% of
openings occur to the shortest open time.

To address the question of whether the effects of low
and high doses of Ap5A are reversible, we perfused the ApSA
away from the cytosolic chamber. The histogram shown in
Figure 6A demonstrates that after 3 min in the presence of a
low dose of Ap5A (100 pmol-L™), its effects were not reversible.
Inspection of the individual traces showed that although, on
average, Po was not lowered after washout, reversal of Po
towards control values did occur in two out of eight experi-
ments. The reversibility of a high dose of Ap5SA (200 umol-L™)
is illustrated in Figure 6B. Again, the figure highlights that
ApSA is not fully reversible. Figure 6C shows the Po before and
after washout for the individual experiments used in the
histogram in Figure 6B. It can be seen that there was a high
level of variability in the level to which 200 umol-L™' ApSA
increased Po. In two of seven channels, ApSA only activated to
a Po of approximately 0.2, and in these channels the effects
were fully reversible. The Po of the remaining channels was
much higher and was either not changed at all (two channels)
or was partially reversible (three channels). Thus, the effects of
both high and low doses of ApSA are not completely reversible
on the time scale of a single-channel experiment. Figure 6D
demonstrates that, in contrast, the effects of ATP are com-
pletely reversible; 2 mmol-L™! ATP was present in the cytosolic
chamber for 10 min before it was perfused away. Po was
reversed back to control levels in all experiments.

We then wanted to investigate if ApSA and ATP were
binding to the same binding sites on RyR2. If this were the
case, the two ligands would not be expected to potentiate
each other; the simultaneous effect of the two ligands would
be no greater than the maximum effect of ATP alone. There-
fore, adding a low dose of ATP to a low dose of ApSA (or vice
versa) should not increase Po above the plateau level of
approximately 0.2 (the maximum Po for either compound at
doses up to 10 umol-L™). Figure 7A shows a comparison of the
effects of a low dose of ApSA (100 pmol-L™) and a low dose of
ATP (100 nmol-L™"), both of which increase Po to the plateau
level of approximately 0.2. The dose-response curves of
these ligands shown in Figures 2A and 3A demonstrate that at
least 1000-fold these doses are required to increase Po signifi-
cantly. If both 100 nmol-L™" ATP and 100 pmol-L™" Ap5A are
present simultaneously; however, Po is significantly raised
(Figure 7A). This suggests either that the two ligands are
binding to independent domains on RyR2 or that the binding
of one ligand somehow interferes with the binding of the
other ligand.

The irreversible or slowly reversible nature of ApSA binding
to RyR2 would be expected to contribute to its ability to
activate RyR2. ApSA appears to have a higher affinity for RyR2
at both the high-affinity binding site (as evidenced by the
appearance of the ‘hump’ in the dose-response relationship
at lower concentrations than ATP) and the low-affinity
activation site [ECso for ApSA is 140 umol-L™! and for ATP is
220 umol-L" (Kermode et al., 1998) at the low-affinity activa-
tion site]. A ligand that has a higher affinity than ATP for ATP
binding sites and also dissociates very slowly from the sites
may be capable of sustaining RyR2 Po even when cardiac cells
become metabolically compromised and ATP levels are low.
We therefore investigated how 100 umol-L™" ApSA [a level
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Figure 6 The reversibility of low doses (100 pmol-L™") and high doses (200 umol-L™") of Ap5A. In (A), the histogram shows the mean Po before
addition of Ap5A (control), in the presence of 100 pmol-L™' Ap5A and after washout of Ap5A from the cytosolic chamber. The Po values were
determined over a 3 min recording period at the holding potential of 0 mV. Mean values = s.e.mean (n = 8) are shown. In (B) the histogram
shows the mean Po before addition of Ap5A (control), in the presence of 200 umol-L™" Ap5A and after washout of Ap5A from the cytosolic
chamber. The Po values before and after washout are not significantly different. Mean values = s.e.mean (n = 7) are shown. (C) The Po of the
individual channels in the presence of 200 pmol-L™" Ap5A and after washout of Ap5A from the cytosolic chamber. In (D) the histogram shows
the mean Po in the presence of 10 umol-L™' cytosolic Ca*" (control), in the presence of 2 mmol-L™" ATP and after washout of ATP from the
cytosolic chamber. The Po values were determined over a 3 min recording period for controls and washout values. The Po in the presence of
ATP was measured for 10 min. Mean values = s.e.mean are shown (n=4). *P < 0.05, **P < 0.01, ***P < 0.001. Ap5A, diadenosine pentaphos-

phate; Po, open probability.

that may be reached during stress (Holden et al., 1996;Luo
et al., 2004)] affects the gating of RyR2 in the presence of a low
ATP concentration (100 umol-L™7) and whether the Po of the
channels can be maintained after perfusing away the ATP.
Figure 7B shows the average Po (recorded over 3 min) for
six individual channels incubated with 100 umol-L™!
ApSA + 100 umol-L! ATP and the subsequent time course of
the Po changes after the ATP and ApSA had been perfused
away. It can be seen that Po remains fairly high for several
minutes in all channels after washout but gradually falls away.
This is interesting given that the effects of ATP alone are
immediately reversible (Figure 6D). Figure 7C shows a com-
parison of the Po in response to 100 pumol-L™" ATP alone and
100 umol-L™ ApSA alone with the simultaneous presence of
the two ligands and the average Po in the first 2 min after
washout and the second 2 min after washout. As can be seen
the effects of Ap5SA and ATP are approximately additive and,
significantly, their effects are only very slowly reversible. In a
cellular context, this could have important consequences
during metabolic stress when ATP levels are reduced; the
maintained binding of Ap5A to RyR2 would be predicted to
enable the continued activation of RyR2.

We then examined whether the oxidized analogue of ApSA
(0ApSA) is even more potent. oAp5A might be expected
to form a Shiff base on binding to RyR2 leading to a more
permanent ligand-receptor complex. In fact, as shown in
Figure 8, we found that picomolar and nanomolar oAp5A did
not significantly activate RyR2. Po was increased only when
OApSA concentrations were raised above 1 umol-L™, and then
it was very effective; 10 umol-L™" 0oApSA caused significant
activation of all three channels in the bilayer, and this
was characterized by rapid flickery gating. The dose of
100 pmol-L™" 0ApSA caused almost maximal activation of the
channels. In Figure 8B, the dose-response relationship is
shown. The ECs, and Hill slope for the relationship were
16 umol-L! and 1.74 respectively. The ECs, value demon-
strates that oApSA has a higher affinity for RyR2 than any
other compound thought to interact with the adenine
nucleotide binding site. In Figure 9A, the effects of washing
out the oApSA are shown for a single channel. For this par-
ticular channel it can be seen that the effects of oAp5SA are, at
least within the recording period of the experiment (for 3 min
after washout), completely irreversible. Because the effects of
ApSA are not fully reversible and because the oxidation of
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Figure 7 The effects of simultaneously incubating ATP and Ap5A on
the Po of RyR2. In (A), low doses of both ligands were used. The
histogram shows the Po of RyR2 channels in the presence of
10 umol-L™" cytosolic Ca?* only (control), and after addition of either
100 nmol-L™" ATP, 100 pmol-L™" Ap5A or the simultaneous addition of
100 nmol-L™" ATP plus 100 pmol-L™" ApSA. Channel activity in the
presence of both ligands together was significantly greater than that
in the presence of only ATP or Ap5A. Mean values + s.e.mean are
shown (n=35). In (B), RyR2 was simultaneously incubated with
100 umol-L™" ATP and 100 umol-L™" Ap5A for 3 min. Both com-
pounds were perfused away, and the time course of the decline in Po
was then monitored for each individual channel. The period of per-
fusion was 2 min in all experiments. In (C) the mean data for n= 6 are
presented in the form of a histogram. **P < 0.01, ***P < 0.001. Ap5A,
diadenosine pentaphosphate; Po, open probability; RyR2, cardiac
ryanodine receptor.
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Figure 8 The effects of cytosolic oAp5A on RyR2 channel gating.
In (A), a typical experiment is shown where three channels have
incorporated into the bilayer. In the top trace the channel was acti-
vated by 10 umol-L™" cytosolic Ca?* only. Subsequent additions of
10 umol-L™" and 100 umol-L™" 0Ap5A were then made to the cyto-
solic chamber. The holding potential was 0 mV. The dotted lines
indicate the open channel levels and the ‘C’ indicates the zero current
level. The oAp5A Po dose-response relationship is shown in (B).
The dashed line indicates the control Po level (0.035 = 0.009,
n=14) in the presence of 10 umol-L™" cytosolic free Ca?". Mean
values + s.e.mean are shown (n=4). The asterisks show where
values are significantly different from the controls. ** P<0.01.
0Ap5A, oxidized analogue of diadenosine pentaphosphate; Po, open
probability; RyR2, cardiac ryanodine receptor.

ApS5A is likely to produce a compound that could form a Schiff
base with RyR channels (Hohenegger et al., 1995) and there-
fore a more permanent interaction, this result is not surpris-
ing. The average data for all the channels are shown as a
histogram in Figure 9B, demonstrating that oApSA is not
readily reversible. It was not possible to monitor the Po after
washout of Ap5A in all the experiments because the bilayers
frequently broke during perfusion; however, the time course
of the Po changes in the successful perfusion experiments are
shown in Figure 10. We know that multiple oAp5SA molecules
must bind to each RyR2 molecule for maximum Po levels to
be attained. Perhaps Po drops an increment each time one
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Figure 9 The persistent effects of oAp5A. In (A), an example of the
effects of washing out the oAp5A from the cytosolic chamber are
shown. The top trace shows the control, and the subsequent traces
show channel gating in the presence of 30 umol-L™! 0Ap5A and after
it had been perfused away. The histogram in (B) shows the average
Po in the presence of 10 umol-L™' cytosolic Ca®* (control), after addi-
tion of 30 umol-L™" 0Ap5A and after washout. The Po values were
determined over a 3 min recording period at the holding potential of
0 mV. The Po values in presence of 30 umol-L™' Ap5A and after
washout are not significantly different. Mean values = s.e.mean are
shown (n=4). **P<0.01. Ap5A, diadenosine pentaphosphate;
0Ap5A, oxidized analogue of Ap5A; Po, open probability.
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tightly bound oAp5A molecule dissociates from RyR2 thus
giving rise to a very slow reversal of Po.

Discussion

We have demonstrated that ApSA and oApSA are potent
activators of the sheep RyR2. Moreover, we have identified
a novel high-affinity binding site for adenine nucleotides.
Based on a bell-shaped dose-response curve, we previously
suggested that there was a high-affinity activation and low-
affinity inactivation site for adenine nucleotides on RyR2
(Kermode et al., 1998). The results of this study now add to
this data and indicate that there may be two activation sites,
high-affinity and low-affinity. We did not previously investi-
gate the ability of adenine nucleotides to activate RyR2 at
concentrations lower than 1 umol-L, and therefore what we
previously labelled as a high-affinity activation site, in fact
now corresponds to the lower-affinity activation site.
Although no evidence for high- and low-affinity adenine
nucleotide activation sites has previously been shown for
RyR2, there is evidence for two adenine nucleotide activation
sites on the skeletal ryanodine receptor (RyR1). This has been
suggested by single-channel work using adenosine as an
antagonist of ATP (Laver et al., 2001) but also in a biphasic
dose-response curve to ATP (Jona et al., 2001). Additionally,
use of spin-labelled ATP provides evidence that eight mol-
ecules of ATP bind per RyR1 tetramer with a K, of approxi-
mately 170 umol-L™! (Dias et al., 2006). As RyR channels are
tetramers, this would fit with the idea that there would be
four high-affinity and four low-affinity activation sites per
tetramer. If a similar number of ATP molecules bound to RyR2
this would not account for the low-affinity inactivation site
reported previously (Kermode et al., 1998) or for the possibil-
ity that a high-affinity inactivation site could exist that would
explain the adenosine dose-response relationship. We might
therefore expect more ATP molecules to bind to RyR2.
Binding of ApSA to the high-affinity activation binding site
can increase Po to a maximum of approximately 0.2. The
same is true for ATP and adenosine. Thus, the phosphate
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Figure 10 Single-channel reversibility profiles. The time course of the decline in Po following perfusion is shown for those experiments (from
Figure 9) where the bilayer did not break during perfusion. Po was plotted every 15 s starting after 30 umol-L™' 0Ap5A was added to the
cytosolic chamber. The time when oAp5A was perfused away is indicated by ‘washout’. The period of perfusion was 2 min in all experiments.
0Ap5A, oxidized analogue of diadenosine pentaphosphate; Po, open probability.
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groups are not essential for binding to this site nor is a diad-
enosine compound. Because GTP has no effect at any concen-
tration (range 1 pmol-L'-10 mmol-L'") it appears that the
adenine moiety is necessary, although there may be other
ligands with higher affinity for this site and/or a greater ability
to increase Po once bound (greater efficacy). Interestingly, the
oxidized analogue, oAp5A, did not significantly increase Po at
concentrations below 1 umol-L™, suggesting either that struc-
tural change to the ribose groups does not allow it access to
the high-affinity binding site or that it can bind but has no
intrinsic ability to open the channel.

Diadenosine compounds have previously been shown to
increase [*H]-ryanodine binding to microsomes from rat brain
and skeletal and cardiac muscle (Holden et al., 1996) and to
increase CICR from skeletal SR (Morii and Makinose, 1992),
but this is the first report of the single-channel actions of
these compounds. It has been suggested that a single ApnA
compound could bridge two adenine nucleotide binding sites
on different subunits of the RyR tetramer (Morii and Maki-
nose, 1992). Our single-channel work, however, does not
provide any clear evidence for such a model for ApSA or
0ApSA. In theory, Ap5A could bridge two low-affinity sites,
two high-affinity sites or one low- and one high-affinity site.
If we consider first the bridging of two low-affinity binding
sites, the sites responsible for most of the increment in Po,
the Hill slopes for the ATP [1.5, (Kermode et al., 1998)], oApSA
(1.74) and ApSA (1.7) dose-response curves are similar, sug-
gesting that the nature of the positive co-operativity is also
similar. If an ApSA molecule was bridging two low-affinity
adenine nucleotide binding sites, then it might be expected
that the Hill slope would increase. The order of affinity (for
the low-affinity activation site) is oApSA > ApSA > ATP, and
this could be explained by the irreversible or slowly reversible
nature of 0ApSA and ApSA (in comparison with ATP that is
completely and rapidly reversible) rather than suggesting
that a change in affinity is caused by a single ApSA molecule
accessing two ATP binding sites. Indeed, oxidation of ATP to
give oATP (Hohenegger et al., 1995) also increases the affinity
(ECso) of the ATP molecule for purified skeletal channels and
gives a Hill coefficient of approximately 2, similar to that of
ATP, ApSA, oApSA for RyR2. Thus, both the present study and
previous work (Hohenegger et al., 1995) suggest that oxida-
tion of the ATP molecule can anchor it more firmly in the
low-affinity activation site enabling the molecule to maintain
long open states and high Po values. Alternatively, if the
ApSA molecules can bridge the low-affinity and high-affinity
binding sites, it is possible that the apparent increase in affin-
ity of oApSA and ApSA above ATP for the low-affinity sites is
a direct result of the diadenosine molecules being bound to
the high-affinity sites. oApSA does not significantly increase
Po at low doses, but that does not necessarily signify that
it cannot bind to the high-affinity site; it may bind but have
low efficacy. ApSA and oApSA are more potent than ATP or
adenosine at the high-affinity sites. It is possible that this does
result from the bridging of two high-affinity adenine nucle-
otide sites by the diadenosine compounds, but further work
is required to determine the answer to these questions.

Does single-channel lifetime analysis provide any insight
into the mechanisms underlying channel activation via the
high- and low-affinity binding sites? The overall message that
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we can take from the results depicted in Figures 4 and 5 is that
activation via the high-affinity binding sites predominantly
occurs by reducing the duration of closed lifetimes. In other
words there is an increase in the frequency of channel
opening, suggesting that ligand binding to the closed channel
state is responsible for mediating the effects of ligand binding
to the high-affinity site. The plateaus in the dose-response
curves coincide with plateaus in the reduction of the closed
lifetime durations. In contrast, activation via the low-affinity
site primarily occurs by increases in the duration of open
lifetimes, although some reduction in the closed lifetime
durations is also apparent. Hence binding to the open
channel states may be responsible for the increases in Po via
the low-affinity binding sites. This approximate demarcation
in gating kinetics suggests that ligand binding to the high-
affinity sites causes an increase in frequency of channel
opening, whereas binding to the low-affinity site predomi-
nantly increases the duration of opening with some further
reduction in the duration of closings. Unlike ATP and adenos-
ine, ApSA does cause a small increase in open lifetime dura-
tions within the plateau portion of the dose-response curve,
so perhaps assigning these two types of gating to the high-
and low-affinity sites is too inflexible. Alternatively, perhaps
the ApSA molecule does bridge low- and high-affinity sites,
and its binding to high-affinity sites brings it into a more
prolonged contact with low-affinity sites at low doses.

It is difficult to understand why low doses of ATP and ApSA
together give a greater increase in Po than the maximum
effect of either compound alone (as shown in Figure 7). Doses
of ApSA or ATP up to 10 umol-L™ do not raise Po above
approximately 0.2, yet very low doses of ApSA and ATP
together increase Po to approximately 0.4. The same result is
achieved whether ATP or ApSA is added first (results not
shown). At this stage we cannot fully explain these data, but
it is likely that the results hinge on the fact that ApSA is
irreversible and that it binds to a larger region of RyR2 than
ATP. Possibly the extended binding domain of ApSA allows
both ATP and Ap5A to bind simultaneously to the high-
affinity sites leading to a higher Po than that can be achieved
with either ligand alone.

In summary, ApSA and its periodate-oxidized version,
0APpSA, can fully activate RyR2, both showing a higher affin-
ity for RyR2 than ATP. The higher affinity of these compounds
is likely to relate to their slow dissociation from the channel.
We have also shown the presence of a novel high-affinity
adenine nucleotide binding site on RyR2, which can be
accessed by adenosine, ATP and ApSA. The significance of this
high-affinity binding site maybe that it enables other adenine
nucleotides to potentiate the effects of ATP and therefore
be physiologically active in the cell in the presence of ATP.
Diadenosine compounds may be physiological ligands with
this capability, allowing them to modulate and maintain SR
Ca?*-release when their levels are raised in response to cellular
oxidative stress.
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