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ABSTRACT

Suramin and structurally related compounds increase not only
the open probability (P,) of ryanodine receptor (RyR) channels
but also the single-channel conductance in a unique charac-
teristic manner. In this report, we examine the mechanisms
underlying the complex changes to cardiac RyR channel func-
tion caused by suramin and the evidence that these changes
result from an interaction with calmodulin (CaM) binding sites.
In the presence of 100 uM cytosolic Ca®", we demonstrate that
suramin exerts a triphasic effect on P, indicating the presence
of high-, intermediate-, and low-affinity suramin binding sites.
The effects of suramin binding to high-affinity sites are Ca®* -
dependent; P, is decreased and seems to result from a reduc-
tion in the sensitivity of the channel to cytosolic Ca®". We

suggest that this site is the CaM inhibition site. Suramin also
binds to intermediate-affinity sites that mediate an increase in
P, and an increase in conductance. Cytosolic Ca®" is not an
absolute requirement for the effects mediated via intermediate-
affinity suramin sites. The suramin-induced increase in P, and
conductance are both concentration-dependent. The correla-
tion between the increase in P, and increase in conductance
indicates that the binding events which produce an increase in
P, also lead to an increase in conductance and, because the
effect is concentration-dependent, multiple suramin molecules
must bind to produce the maximum effect. The low-affinity
suramin binding sites are inhibition sites and mediate a reduc-
tion in P, caused by changes to both open and closed lifetimes.

There has recently been much interest in the effects of
suramin on RyR channels because biochemical evidence in-
dicates that suramin and calmodulin compete for common
binding sites on the skeletal isoform of RyR (Klinger et al.,
1999; Papineni et al., 2002). Single-channel experiments,
however, indicate that suramin causes very unusual changes
to RyR channel function. We have demonstrated previously
that suramin produces an increase in the P, of single RyR
channels that is associated with an increase in single-chan-
nel conductance (Sitsapesan and Williams, 1996). This dis-
tinctive, simultaneous modification to the gating and conduc-
tion properties of RyR channels is shared by other
structurally related ligands, including 4,4'-diisothiocyana-
tostilbene-2,2’-disulphonic acid and 4,4’-dibenzamidostil-
bene-2,2’-disulphonic acid (Sitsapesan, 1999; Hill and Sits-
apesan, 2002). Another anomalous effect of suramin is that in
the presence of 10 uM cytosolic Ca®", the increase in P, of the
cardiac RyR is caused by an increase in the duration of open
times, with no detectable increase in the frequency of the
openings (Sitsapesan and Williams, 1996). No other activa-
tors of RyR channels increase P, by this mechanism. All
known agonists of RyR, including ligands such as ATP, caf-
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feine, and Ca®", increase P, by increasing the frequency of
channel openings and may or may not also increase the
duration of open states. These unusual effects of suramin and
related compounds do not seem to be shared by CaM (Smith
et al., 1989; Tripathy et al., 1995; Fruen et al., 2000). The
question therefore arises as to what functional effects occur
as a consequence of binding to sites on RyR that are common
to CaM and suramin. Because binding studies provide no
information about whether common binding sites mediate
the functional effects of CaM and suramin, we investigated
the mechanisms underlying the single-channel effects of
suramin on cardiac RyR (RyR2) channels and examined the
evidence that the functional effects of suramin are mediated
via calmodulin binding sites. We chose to activate the chan-
nels with 100 uM Ca®* because this is a concentration of
cytosolic Ca®" at which CaM has been demonstrated to be
most effective as an inhibitor of channel activity (Tripathy et
al., 1995; Zhang et al., 1999; Fruen et al., 2000; Rodney et al.,
2000). If suramin and CaM bind to common sites on RyR
channels, it is possible that both ligands require the same
conditions for maximum efficacy. We show that by raising
the cytosolic [Ca®*], the complex actions of suramin are ex-
posed, revealing that suramin interactions with RyR chan-
nels involve multiple binding sites.

ABBREVIATIONS: RyR, ryanodine receptor; CaM, calmodulin; PIPES, 1,4-piperazinediethanesulfonic acid; SR, sarcoplasmic reticulum.
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Materials and Methods

Preparation of SR Membrane Vesicles and Planar Lipid
Bilayer Methods. Heavy SR membrane vesicles were prepared
from sheep hearts as described previously (Sitsapesan et al., 1991)
and were rapidly frozen and stored in liquid nitrogen. Vesicles were
fused with planar phosphatidylethanolamine lipid bilayers as de-
scribed previously (Sitsapesan et al., 1991). SR 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 ¢rans
chamber was held at ground and the cis chamber held at potentials
relative to ground. After fusion, the cis chamber was perfused with
250 mM HEPES, 125 mM Tris, and 10 uM free [Ca®*], pH 7.2. The
free [Ca®"] in the cis chamber was adjusted by the addition of CaCl,
or EGTA. The trans chamber was perfused with 250 mM glutamic
acid and 10 mM HEPES, pH to 7.2 with Ca(OH), (free [Ca®"],
approximately 50 mM). Experiments were performed at room tem-
perature (22 = 2°C). The free [Ca2"] and pH of the solutions were
determined at 22°C using a Ca?" electrode (Orion 93-20; Thermo
Electron, Franklin, MA) and Ross-type pH electrode (Orion 81-55;
Thermo Electron) as described previously (Sitsapesan et al., 1991).
Additions of suramin and caffeine and CaM were made to the cis
chamber and, at the cytosolic free [Ca®*] used, caused no change to
the pH or free [Ca®*] of the solutions. The free [Ca®*] and pH of the
solutions were measured using a Ca2" electrode (Orion 93-20) and
Ross-type pH electrode (Orion 81-55) as described previously (Sits-
apesan et al., 1991).

Data Acquisition and Analysis. Single-channel recordings were
displayed on an oscilloscope and recorded on digital audio tape.
Steady-state recordings were carried out at 0 mV. At this holding
potential, Ca2* current flows in the luminal to cytosolic direction.
The current recordings were filtered at 0.5 kHz (—3 dB) and digitized
at 2 kHz using the single-channel analysis program Satori (Intracel,
Cambridge, MA). P, and the lifetimes of the open and closed single-
channel events were determined over 3 min of recording using 50%
threshold analysis (Colquhoun and Sigworth, 1983). When more
than one channel was incorporated into the bilayer, average P, was
calculated according to the formula Average P, = [T, cn1 T2(T,pene)
+ 3(Topens)- - - T N(Topen WI/NTio0, Wwhere Topent, Topengs and Topens
are the times in the first, second, and third open channel levels,
respectively, T\ . is the total recording time, and N is the number of
channels in the bilayer. 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. Lifetimes accumulated from 3-min steady-state recordings
were stored in sequential files and displayed in noncumulative his-
tograms. Individual lifetimes were fitted to a probability density
function by the method of maximum likelihood (Colquhoun and
Sigworth, 1983) according to the equation f(t) = a,(1/7;)exp(—t/;)
+... + a,(1/t)exp(—t/t,), with areas a and time constants 7. A
missed events correction was applied as described by Colquhoun and
Sigworth (1983). A likelihood ratio test (Blatz and Magleby, 1986)
was used to compare fits to up to four exponentials by testing twice
the difference in log, (likelihood) against the x* distribution at the
1% level. Single-channel current amplitudes were measured from
digitized data using manually controlled cursors. Amplitude histo-
grams were also used to confirm measurements.

[®*H]Ryanodine Binding. Known amounts of heavy SR mem-
brane vesicles were incubated for 90 min at 37°C in the presence of
5 nM [ ®H]ryanodine in 500 ul of binding buffer containing 250 mM
KCl, 25 mM PIPES, pH 7.4, and varying concentrations of CaM or
suramin. Free Ca®" in the binding solutions was adjusted by addi-
tion of 1 mM EGTA and titration of free Ca2" to the desired concen-
tration (determined by measurement with a Ca®"-sensitive elec-
trode) with CaCl,. Each experiment was performed in triplicate.
Nonspecific (background) binding was quantified by performing the
incubation in the presence of 5 uM (a thousand-fold excess) unla-
beled ryanodine. Binding reactions were terminated by addition of 5
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ml of ice-cold binding buffer. The samples were then filtered through
Whatman GF/B filters (Whatman, Clifton, NJ) that had been pre-
soaked for 1 h in binding buffer, followed by two 5-ml washes of
ice-cold binding buffer to wash through unbound [*H]ryanodine.
Filters were then placed in 10 ml of aqueous scintillant and counted
the following day using a liquid scintillation counter.

SDS-Polyacrylamide Gel Electrophoresis and Western
Blotting. Approximately 250 ug/well of heavy SR protein was run on
a 10% polyacrylamide gel (Laemmli, 1970). For Western blot analy-
sis, proteins were transferred to polyvinylidene difluoride membrane
for 3 h at 70 V. CaM was detected using monoclonal anti-CaM
antibodies. The secondary antibody was a horseradish peroxidase-
IgG conjugate. To show any displacement of CaM by suramin, SR
membranes were first incubated for 30 min on ice with 1 mM
suramin before centrifugation at 20,000g. The pellet and superna-
tant, corresponding to membrane-bound and displaced CaM, respec-
tively, were then run on gels as described above.

Data are expressed as mean = S.E.M. wheren = 4. Forn = 3, S.D.
is given. Where appropriate, Student’s ¢ test was used to assess the
difference between mean values. A p value of <0.05 was taken as
significant. Pearson’s correlation coefficient was used to investigate
the strength of the relationship between the suramin-induced in-
creases in P, and conductance.

Materials. Suramin and CaM were purchased from CN Bio-
sciences (Nottingham, UK) and caffeine was purchased from Sigma
Chemical (Poole, Dorset, UK). [ ®H]Ryanodine was purchased from
Amersham Biosciences UK, Ltd. (Little Chalfont, Buckinghamshire,
UK) and Anti-CaM antibody was purchased from Affinity (Cam-
bridge, UK). Other chemicals were of Analar grade or the best
equivalent grade from Sigma Chemical. Solutions were prepared
using MilliQ deionized water (Millipore Corporation, Harrow, UK)
and filtered through a Millipore membrane filter (pore size, 0.45 um)
before use.

Results

We have previously demonstrated that in the presence of
10 uM cytosolic [Ca®*], the threshold for channel activation
by suramin was approximately 1 uM, the EC;, was 22.4 uM,
and the Hill slope was 1.39 (Sitsapesan and Williams, 1996).
Figure 1 demonstrates that if P is first raised by increasing
cytosolic [Ca®*] to 100 wM, then low concentrations of
suramin actually cause a reduction in P,. In the control trace
in the presence of 100 uM cytosolic Ca%*, P, was 0.210 *
0.008 (S.E.M.; n = 6). The second trace demonstrates the
reduction in P, and the development of long closed states
caused by 500 nM suramin (P, = 0.100 £ 0.06; n = 4; p <
0.05). Increases in suramin concentration to micromolar lev-
els and greater reversed the inhibitory effect of suramin and
caused long open events and high P, (traces 3 and 4). For
example, in the presence of 500 uM suramin, P, was 0.987 =
0.02 (n = 4). The bottom trace demonstrates that supraopti-
mal concentrations of suramin produce a decrease in P, and
the appearance of shorter open states. P, in the presence of 2
mM suramin was reduced to 0.665 = 0.103 (n = 4). The
overall relationship between P, and [suramin] can be ob-
served in Fig. 2 and demonstrates the triphasic nature of the
actions of suramin. Concentrations of suramin between 1 nM
and 1 uM reduce P, to lower than the control values that
occur in the presence of 100 uM cytosolic Ca®*. Higher con-
centrations produce activation, with an EC;, of 2.5 uM and
Hill slope of 1.2. Supraoptimal levels of suramin (>1 mM)
lead to channel inactivation. Figure 3 demonstrates a similar
relationship between [*H]ryanodine binding to heavy SR and
suramin concentration in the presence of 100 uM Ca®" and
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shows that at 10 uM Ca®*, the high-affinity inhibition is
undetectable.
How are the concentration-dependent changes in P,

100 pM Ca®
C -

500 nM
Suramin ; ol

5 uM
Suramin

1 mM

.
-

3 pA

2 mM

400 ms

Fig. 1. The effects of suramin in the presence of 100 uM cytosolic Ca®* on
the function of a typical single sheep cardiac RyR channel. The holding
potential was 0 mV. The dotted lines labeled “O” and “C” indicate the
open and closed channel levels, respectively. The P, values to the right of
each trace were obtained from 3 min of consecutive recordings. The top
trace shows the control channel activated by 100 uM cytosolic Ca®*.
Subsequent traces show the effects of increasing concentrations of
suramin added to the cytosolic channel side.

1.00- .
0.75 I I
o I
A 0.50-
0254 . __conirol (100 uM CaZ*)
- . b
0.00 : l 1

9 -8 7 6 5 4 3
log [suramin] (M)

Fig. 2. Relationship between P, and [suramin] in the presence of 100 uM
cytosolic Ca?". Values are mean + S.E.M. for n = 4. Where error bars are
not shown, they are within the symbol. The broken line indicates the
mean P, of channels activated by 100 uM cytosolic Ca®* alone.

brought about? Information about the underlying mecha-
nisms can be obtained by examining the concentration-de-
pendent changes in event duration. Figure 4 illustrates how
mean open and closed times change with increasing suramin
concentration in the presence of 100 uM Ca®". Low concen-
trations of suramin (500 nM) produced a 5-fold increase in
mean closed time [6.0 + 1.5 ms in 100 uM cytosolic Ca®*;
34.8 = 28.3 ms (S.E.M.; n = 4) after the addition of 500 nM
suramin] but no reduction in mean open time [1.66 * 0.84 ms
in 100 uM cytosolic Ca®"; 2.54 + 0.41 ms (S.E.M.; n = 4) after
the addition of 500 nM suramin]. The reduction in P, ob-
served at these concentrations must therefore be caused by
the lengthening of closed lifetimes. As the concentration of
suramin is increased higher than 500 ©M, mean closed times
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log [suramin] (M)
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£ E ] ¥
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g X
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9 8 7 6 5 4 3 2
log [suramin] (M)

Fig. 3. Effect of suramin on [*H]ryanodine binding to cardiac heavy SR in
the presence of 10 uM Ca®" (A) and 100 uM Ca?* (B). The mean values +
S.E.M. are shown for n = 4. At 10 uM Ca®" the EC, and Hill slope were
64.5 uM and 2.0, respectively; supraoptimal concentrations reduced bind-
ing with an ICy, 0f 912 pM. At 100 uM Ca®* the EC;, and Hill slope were
2.9 uM and 0.62, respectively. The IC;, and Hill coefficient for inactiva-
tion at high concentrations were 1.58 mM and 1.35, respectively. The
broken lines illustrate the control level of binding obtained in the absence
of suramin. Control binding was 0.173 *+ 0.2 and 1.56 * 0.2 pmol[*H]/mg
of protein in the presence of 10 uM Ca®* and 100 uM Ca®", respectively.
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tend to decline until supraoptimum levels of suramin are
obtained, and closed lifetimes abruptly increase. In contrast,
mean open times increase steeply at concentrations greater
than 500 nM suramin and plateau at approximately 10 uM
suramin. For example, in the presence of 5 uM suramin, a
several hundred-fold increase in mean open time above con-
trol values is observed (836 + 1490 ms). Note the log scale
required to plot mean open times over the range of suramin
concentrations. Mean open times remain very high until
supraoptimal doses are reached, and mean open times fall
below 100 ms. Lifetime analysis examines these effects of
suramin in more detail, and an example of how various
concentrations of suramin alter the distribution of open and
closed events can be observed in Fig. 5. At 500 nM suramin,
no significant change in open lifetime distributions was ob-
served. However there seems to be the beginning of a shift
toward a higher percentage of longer open events, and there-
fore 500 nM suramin may be an approximate threshold dose
for an increase in open lifetime duration (Fig. 5B). Large
increases in open lifetimes can be observed at 5 uM suramin
(Fig. 5C), and this includes the introduction of a third long
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Fig. 4. The effect of [suramin] on the mean open times (A) and mean
closed times (B). Values are mean = S.D. for n = 3. The broken lines
indicates the mean open and closed times of channels activated by 100
M cytosolic Ca®* alone.
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open state with a time constant of 250 ms. At the inactivating
concentration of 2 mM suramin, the third long open state is
abolished and most of the events occur to a time constant of
approximately 18 ms (Fig. 5D). Closed lifetimes are affected
differently; 500 nM suramin produces a distinct increase in
the duration of closed lifetimes (Fig. 56B), an effect that is
reversed at 5 uM suramin (Fig. 5C). Finally, at high, inacti-
vating concentrations of suramin (2 mM), the brief closing
events are not apparent, and closings occur only to two long
closed states (Fig. 5D).

We have demonstrated previously that suramin affects ion
conduction within the RyR in addition to its action on chan-
nel gating (Sitsapesan and Williams, 1996). This raises two
questions: First, are the effects on conductance and gating
caused by the interactions of suramin with a common binding
site on RyR? and second, because the triphasic nature of the
suramin dose-response relationship indicates that suramin
binds to at least three sites on RyR, is the conductance
change associated with both the inhibitory effects of suramin
(where closed lifetimes are increased) and the activation
(where open lifetimes are increased)? In Fig. 6, the current
amplitude at the holding potential of 0 mV is shown for
control (100 uM Ca®*) and for concentrations of suramin that
reduce P, (500 nM), increase P, (50 uM), and inactivate P, (2
mM). In the presence of 100 uM Ca®* only, current ampli-
tude was 4.1 = 0.02 pA (S.E.M.; n = 6) and in the presence of
50 uM and 2 mM suramin, was 5.09 = 0.03 pA (S EM.;n =
7) and 5.01 = 0.08 pA (S.E.M.; n = 4) respectively. However,
at 500 nM suramin, in three of four experiments, no change
in conductance was observed. In one of the four experiments,
occasional (<10 per minute) channel openings of increased in
current amplitude (to 5.14 pA) were detected. It was appar-
ent that whenever one of the few increased amplitude events
occurred, it was also of longer duration than the other events
(Fig. 6, top right). In the other experiments, single-channel
current amplitude was no different than that observed with
channels activated solely by 100 uM cytosolic Ca®* (Fig. 1,
trace 2). It seems likely therefore that the rare, long dura-
tion, increased amplitude events are not caused by suramin
binding to the high-affinity inhibition sites but by binding to
the intermediate-affinity activation sites because 500 nM
suramin may be close to the threshold level for binding to
these sites.

It is extremely difficult to be certain of the effects of 500 nM
suramin on conduction because this concentration of suramin
reduces P,, and very few events are not truncated by filtering
(Fig. 6, top right trace, and Fig. 1, trace 2). The 500 nM
suramin trace in Fig. 6 has been chosen to illustrate one of
the very few long open events observed. Indeed, even in the
control situation, in which the channels have been activated
by 100 uM cytosolic Ca®", most of the events are truncated
by filtering and are too brief for current amplitude to be
measured. To overcome the problem of brief events, which
are a characteristic of the sheep cardiac RyR when activated
solely by Ca®?", we introduced a new experimental protocol to
ensure that long open events occur even for controls. We have
demonstrated previously that caffeine-induced, Ca®"-inde-
pendent events are much longer than Ca®"-activated events
(Sitsapesan and Williams, 1990), and this can be observed in
Fig. 7. In the top trace, the channel is activated solely by 40
wM cytosolic Ca®*, and most events do not seem to reach the
fully open channel level. This is because the events are very
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Fig. 5. Open and closed lifetime distributions from a typical single cardiac RyR channel activated by 100 uM cytosolic Ca®>* alone (A) and after
subsequent additions of 500 nM (B), 5 uM (C), and 2 mM suramin (D). These concentrations of suramin were chosen because they lie on the inhibition,
activation, and inactivation regions of the suramin dose-response relationship. This analysis was conducted for three separate experiments at these
doses of suramin.
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brief and are truncated by filtering. In the middle trace, the
cytosolic free [Ca®*] is reduced to subactivating levels (2.5
nM) by the addition of EGTA, and no openings occur. The

100 pM Ca®

500 nM suramin

2 mM suramin

3 pA

400 ms

Fig. 6. Comparison of the amplitude of the single-channel events at 0 mV
in the absence (top left) and presence of 500 nM, 50 uM, and 2 mM
suramin. The dashed lines and O and C illustrate the open and closed
channel levels, respectively, of the channel when activated by 100 uM
cytosolic Ca®* alone. The broken lines indicate the open channel level in
the presence of 50 uM suramin. The traces shown for 50 uM and 2 mM
suramin show typical gating characteristics. The traces shown for the 100
uM cytosolic Ca?* alone and the 500 nM suramin have been chosen to
illustrate the very occasional long open events that occur under these
experimental conditions and are atypical.

40 uM Ca**

Po=0
i — -

o ——————————————
2.5nM Ca™ Po=0.119
+ Caffeine

j \“‘W‘“ ‘}‘C Lh“ ‘\ ‘ ki i
C i b
200 ms

Fig. 7. Protocol for activating channels with caffeine in the absence of
activating cytosolic Ca®". In the top trace, the cytosolic [Ca®*] is 40 uM.
In the second trace, EGTA was added to give a free [Ca®*] of 2.5 nM, and
all channel openings were abolished. In the third trace, caffeine was
added to give an approximate P, of between 0.1 and 0.3; in this case, 20
mM caffeine was added. The holding potential was 0 mV. C, closed
channel level; O, fully open channel level.
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addition of caffeine (bottom trace) produces long open events,
most of which can be fully resolved, and therefore current
amplitude can be more accurately measured. The conduc-
tance of caffeine-activated channel openings is identical with
that of Ca®"-activated channel events (Sitsapesan and Wil-
liams, 1990). In the following experiments, we therefore used
caffeine to activate RyR channels to a P, of between 0.1 and
0.3 to investigate the relationship between suramin-induced
changes in P, and conductance.

The relationship between P, and suramin concentration
under these experimental conditions is shown in Fig. 8.
Nanomolar levels of suramin did not produce a decrease in
P_; if anything, slight increases in P, were observed at con-
centrations of suramin lower than 1 puM. Suramin also
caused inactivation at supraoptimal doses as was observed in
the presence of activating cytosolic [Ca®*]. Figure 9 illus-
trates that suramin still increases the amplitude of caffeine-
activated openings in the absence of activating levels of cy-
tosolic Ca®?". Current amplitude tended to be highest at the
higher concentrations of suramin, at which a greater in-
crease in P, was observed. To investigate whether the
suramin-induced increase in current amplitude was related
to the increase in P, we plotted current amplitude at 0 mV
versus P, (Fig. 10). The figure illustrates that as P_ increases,
there is also a tendency for current amplitude to increase. A
significant positive correlation between P, and current am-
plitude was obtained, indicating that the changes in the two
parameters may not be independent events (Pearson corre-
lation coefficient = 0.7258 ; p < 0.05).

In skeletal RyR, there is biochemical evidence that CaM
and suramin share common binding sites (Klinger et al.,
1999; Papineni et al., 2002). Because suramin has been
shown previously only to activate RyR channels, it has been
assumed that CaM must bind to suramin activation sites.
However, we now have shown that suramin produces multi-
ple functional effects that occur via high-, intermediate-, and
low-affinity binding sites on cardiac RyR channels. Does CaM
produces functional changes to channel gating by binding to
any of these sites? Figure 11, A and B, demonstrate that at
100 uM cytosolic Ca®", we observed only inhibition of [*H]ry-
anodine binding or a reduction in the P, of the cardiac RyR by
CaM. In fact, 50 nM CaM reduced P, from 0.314 + 0.082 to

1.00+
0.75 N

0.50+

Open Probability (Po)

0.25+ 1 I 1 |

0.00 . . . ‘ [
400 -9 8 -7 6 5 4 3 2

Log [Suramin] (M)

Fig. 8. The effect of suramin on the P, of sheep cardiac RyR activated by
caffeine (5-30 mM) in the absence of activating cytosolic Ca?* (2.5 nM).
Data points are mean = S.E.M. of 4 to 11 observations. The broken line
indicates the control P, in the presence of 1 to 30 mM caffeine and 2.5 nM
Ca®*. The EC,, value and Hill coefficient for activation by suramin are
345 uM and 1.4, respectively.
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0.031 + 0.02 (S.E.M.; n = 5). At nanomolar [Ca®*], in agree-
ment with previously published work (Tripathy et al., 1995;
Fruen et al., 2000), we found that CaM (up to 2 uM) had no
effect on channel gating (Fig. 11C) and could not stimulate
[*H]ryanodine binding to cardiac SR at nanomolar levels of
Ca®*, whereas CaM did stimulate binding to rabbit skeletal
SR (to 120 and 496% of control in the absence and presence
of 1 mM ATP, respectively; results not shown). Fruen et al.
(2000) suggest that adenine nucleotides are required for most
effective activation of the skeletal RyR by CaM. However,
even very high concentrations of CaM (5 uM) in the presence
of ATP did not increase P, at nanomolar cytosolic [Ca®*] (Fig.
11C, bottom trace).

Hill et al.
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Fig. 9. A, amplitude histogram overlay demonstrating the effect of
suramin on the current amplitude of a representative cardiac RyR chan-
nel at a holding potential of 0 mV. The broken line indicates the control
with 30 mM caffeine and 2.5 nM Ca®*. The boldface line indicates the
amplitude histogram generated after the addition of 0.6 mM suramin.
Note the right shift in mean open channel current amplitude. B, effect of
[suramin] on current amplitude at 0 mV of single cardiac RyR channels
activated by caffeine (5—-30 mM) in the absence of activating levels of
cytosolic Ca®* (2.5 nM). Data are mean *= S.E.M. of 4 to 11 observations.
The absence of error bars indicates a mean of three observations.

In the presence of 100 uM cytosolic Ca®*, both CaM and
nanomolar suramin reduce P,. We compared the open and
closed lifetime distributions of channels in which P_ had been
reduced by nanomolar suramin or by CaM, and the results
are shown in Table 1. After activation of the channel by 100
uM cytosolic Ca®*, two open and three closed states are
observed. Both suramin and CaM have minor effects on the
open lifetime distributions, and in both cases, the reduction
in P is caused by a similar effect on closed lifetime durations.
The two ligands cause an increase in the duration of all three
closed states, with a particularly marked increase in the
duration of the third longest closed state. The similar mech-
anism by which suramin and CaM reduce P, indicates that
they may act via common binding sites on RyR to produce
these effects.

It has been shown that suramin can displace CaM from
binding sites on skeletal RyR (Klinger et al., 1999; Papineni
et al., 2002). We therefore examined whether suramin could
displace CaM bound to cardiac SR. Figure 12 illustrates that
CaM was associated with the control SR preparation and
could be detected by anti-CaM antibody (lane A). Vesicles of
cardiac heavy SR were incubated for 30 min on ice with 1 mM
suramin and then sedimented to remove displaced CaM from
the vesicles. The sedimented pellet (lane B) and supernatant
(lane C), corresponding to membrane-bound and displaced
CaM, respectively, were then immunoblotted using the anti-
CaM antibody. This demonstrated that suramin displaces
most of the CaM from its binding sites in SR because most of
it was found in the supernatant (lane C). Hence, the results
of Western blotting of cardiac SR membranes are consistent
with previous reports in skeletal muscle indicating that
suramin is very effective at displacing CaM from binding
sites on RyR (Klinger et al., 1999; Papineni et al., 2002).

Clearly, suramin does displace CaM from common binding
sites in cardiac SR vesicles (Fig. 12), and there is mechanistic
evidence from lifetime analysis (Table 1) to suggest that the
high-affinity suramin inhibition sites may be CaM binding
sites (at least in the presence of micromolar levels of cytosolic
Ca®"). However, suramin also increases P, and single-chan-
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Fig. 10. Relationship between current amplitude and P, for channels
activated by suramin in the presence of caffeine and 2.5 nM Ca®*. Data
points are mean values of =3 observations. Error bars are S.E.M. of 4 to
11 observations. The Pearson correlation coefficient of 0.7258 (p < 0.05)
indicates a significant, positive correlation between P, and current am-
plitude.
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nel conductance by binding to intermediate-affinity sites. Is
there any evidence that the intermediate suramin binding
sites are also CaM binding sites? We find no evidence that
CaM can modify conductance in the presence of 100 puM
cytosolic Ca®* (Fig. 11A), although the brief events observed
after application of CaM make conductance measurements
difficult. We also investigated the effects of CaM on caffeine-
activated channel openings by applying the same protocol

100+
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£
|3 g . 901
g9
ZE 80
& O
=
2% 704
=
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m
60
T T T T T T 1
10 9 -8 -7 6 5 -4 3
log [CaM]
O ______________________________________________________________
15 nM Ca™ Po=0,0007

15 nM Ca™
+5 uM CaM

15 nM Ca**
+5 yM CaM Po=0.0007
+IMMATE, .

Fig. 11. The effects of CaM on the gating of representative single cardiac
RyR channels incorporated into artificial bilayers in the presence of 100
uM cytosolic Ca?* (A) and 15 nM cytosolic Ca®* (C). The holding potential
was 0 mV. The broken lines labeled “O” and “C” represent the open and
closed channel levels, respectively. The P_ values to the right of each trace
were obtained from 3 min of consecutive recordings. In C, 5 uM CaM was
added in the second trace, followed by 1 mM ATP in the third trace. B, the
effect of CaM on [*H|ryanodine binding to cardiac heavy SR in the
presence of 100 uM Ca®". The mean values = S.E.M. are shown for n =
4. Half-maximum inhibition was obtained at 49 nM CaM, and the Hill
coefficient was 0.85. Control binding was 1.44 + 0.15 pmol of [*H]/mg of
protein in the presence of 100 uM Ca?*.
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used in Fig. 7 to produce long open events. We found that
CaM did not cause any significant changes in current ampli-
tude over a wide range of CaM concentrations (Fig. 13).

We considered the possibility that endogenous CaM is
bound to our channels after incorporation into bilayers and
maintains a reduced P, (and reduced single-channel conduc-
tance) and that the ability of suramin to increase P, (and
conductance) simply reflects displacement of the endogenous
CaM. Figure 14 indicates that the last suggestion is unlikely.
Suramin (100 uM) was added to the cytosolic chamber and
left for 10 min. The cytosolic chamber was then perfused out
with 10 volume changes of the cytosolic solution. The
suramin-induced increase in P, and single-channel conduc-
tance were completely reversible after washout and therefore
unlikely to be caused by competing CaM off its binding sites
on RyR. It is also unlikely that CaM is tethered to RyR and
is not washed away, because this does not fit with the data in
Fig. 12 in which CaM was displaced by suramin nor with the
fact that we have no evidence that CaM can reduce single-
channel conductance (Figs. 11A and 13). The suramin-in-
duced increase in P, and conductance must result directly
from the efficacy of suramin itself.

To further investigate the possibility that the functional
effects of CaM and suramin are mediated via common bind-
ing sites, we examined the effects of CaM on the binding of
[®*Hlryanodine to isolated SR at key suramin concentrations
identified from the triphasic dose-response curve shown in
Fig. 3. The results are shown in Fig. 15. Here, 50 nM suramin
produces a decrease in [*H]ryanodine binding by binding to
high-affinity suramin inhibition sites, and CaM (5 uM) has
no added inhibitory effect. This is expected for ligands com-
peting for the same site (the total inhibitory effect would not
be expected to be greater than the maximum inhibitory effect
observed with either ligand). At 50 uM suramin, a concen-
tration that produces stimulation of [*H]ryanodine binding
but not the maximum effect, CaM causes inhibition. This
effect would be expected if the high-affinity inhibition sites
were already saturated by the high [suramin] and CaM was
competing with suramin at intermediate-affinity activation
sites. Finally, at 1 mM suramin (close to the IC;, for the
low-affinity inhibitory action of suramin), 5 uM CaM has no
effect. Presumably, any effects of CaM are overcome by the
200-fold higher concentration of suramin.

Discussion

The triphasic dose-response relationship to suramin ex-
posed in the presence of 100 uM Ca®" indicates that suramin
binds to at least three binding sites on the cardiac RyR:
high-affinity inhibition sites, intermediate-affinity activation
sites, and low-affinity inhibition sites.

High-Affinity Suramin Inhibition. When suramin
binds to its high-affinity sites, it causes a reduction in P, by
producing an increase in the duration of closed lifetimes. At
subactivating cytosolic Ca®", when caffeine levels were ti-
trated to bring P, to 0.1 to 0.3, nanomolar suramin, unex-
pectedly, did not reduce P, even at concentrations as low as
1 nM. In fact, slight activation was observed. The inhibitory
effects of suramin mediated via the high-affinity inhibition
sites are, therefore, Ca®*-dependent. This is confirmed by the
fact that the suramin-induced reduction in P, is obvious at
100 uM Ca®" but is difficult to detect at 10 uM Ca®*. The
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predominant effect of cytosolic Ca®* on the gating of sheep
cardiac RyR is to increase the frequency of channel openings
with only slight increases in duration of open lifetimes (Zahr-
adnikova and Palade, 1993; Sitsapesan and Williams, 1994;
Saftenku et al., 2001). Because the main effect of suramin at
the high-affinity inhibition sites is to reduce the frequency of
channel openings, it is possible that the binding of suramin to
these sites affects the Ca®" activation of the channel by
lowering the Ca®" sensitivity of the channel.

Intermediate-Affinity Suramin Activation. At 10 and
100 uM cytosolic Ca®", suramin increases P, higher than
control levels in the micromolar dose range. The increase in
P, is brought about by an unusually marked increase in open
lifetime duration and is accompanied by an increase in con-
ductance. Thus, both activation and conductance changes
seem to be mediated by the interactions of suramin with
intermediate-affinity activation sites.

The experiments carried out in the presence of caffeine at
subactivating [Ca®*] confirmed that the suramin-induced
increases in P, and conductance are Ca®"-independent. The
effects of suramin on current amplitude and P, seem to be
related because the increase in current amplitude is signifi-
cantly correlated with an increase in P, (Fig. 10). This is not
the first report in which an increase in current amplitude
seems to depend on ligand concentration. Smoothly graded,
dose-dependent increases in conductance have been reported
in GABA, channels (Eghbali et al., 1997, 2000, 2003), al-
though the underlying mechanism has not been explained. It
is difficult to envisage how an increase in single-channel
conductance that is smoothly graded with the dose of ligand
can occur unless a high number of ligand-binding events are
involved. In the present report, it is not possible to describe
the relationship between current amplitude and suramin
concentration as “smoothly graded”. The error involved in
measuring such small changes in current amplitude do not
allow us to define whether the changes are stepwise or
smoothly graded. The Hill coefficient for channel activation
(1.4 = 0.1; S.E.M., n = 10) indicates that at least two mole-
cules of suramin bind to produce maximum activation. Pos-
sibly, an increment in conductance occurs for each molecule
of suramin that binds to the intermediate-affinity suramin
binding sites. In fact, a closer inspection of Fig. 9 could
suggest that the increase in current amplitude occurs in two
stages, with the first stage at approximately 5.4 pA and the
second stage at approximately 5.9 pA. Before a definitive
mechanism can be identified, however, it will be necessary to
improve the resolution of the channel events.

Clearly the increases in current amplitude and increases in

TABLE 1

P_ seem to be related and therefore may be mediated by the
same binding sites. Unlike the high-affinity inhibitory effect
of suramin, the increase in P, and conductance can be
achieved in the absence of activating levels of cytosolic Ca®*
and therefore are not Ca®"-dependent events. Activation of
the cardiac RyR by suramin cannot therefore be attributed to
a change in the sensitivity of the channel to Ca®" as has been
proposed previously for the skeletal RyR (Klinger et al.,
1999). Although these effects of suramin are not absolutely
Ca®?"-dependent, they can still be regulated by Ca®* and
other activating ligands such as caffeine. This is expected
because it is well documented that RyR channels are syner-
gistically activated by multiple ligands (Smith et al., 1986;
Williams and Holmberg, 1990; Kermode et al., 1998).

Low-Affinity Suramin Inhibition. Inactivation at high
suramin levels occurs in the presence and absence of activat-
ing levels of cytosolic Ca®?" and therefore is not strictly Ca®*-
dependent. Typically, inactivation occurs at millimolar con-
centrations; hence, low-affinity suramin binding sites are
involved. Binding to the low-affinity inhibition sites does not
lead to a reversal of the increase in conductance, at least up
to 4 mM suramin.

Does CaM Mediate Inhibition of the Cardiac RyR
Channel via Suramin Binding Sites? In broad agreement
with work published previously (Tripathy et al., 1995; Moore
et al., 1999; Fruen et al., 2000; Rodney et al., 2000; Balshaw
et al., 2001), we found that at 100 uM cytosolic Ca%*, CaM
decreases P, and reduces [*H]ryanodine binding but has no
significant effect on the channel at subactivating cytosolic
[Ca%"]. We also demonstrated by Western blot analysis that
CaM bound to cardiac heavy SR can be displaced by suramin.
Thus, as for RyR1 (Papineni et al., 2002), it seems that CaM
can be competitively displaced from RyR2 by suramin, indi-
cating that the two ligands share common binding sites on
RyR2. Displacement experiments, of course, provide no in-
formation about whether the functional effects of CaM and
suramin on RyR conductance and gating are mediated via
common binding sites, and this information can only be ob-
tained from single-channel experiments or deduced indi-
rectly from other functional assays such as the [*H]ryanodine
binding experiments. At 100 uM cytosolic Ca®*, the effect of
CaM on the gating of the channels was very similar to that
caused by nanomolar concentrations of suramin. Both nano-
molar suramin and CaM decreased P, by decreasing the
frequency of channel openings and did not reduce the dura-
tion of open states significantly. The similar mechanism for
the inhibition may indicate a common binding site and there-
fore that the high-affinity suramin inhibition site could be a

Comparison of the effects of nanomolar [suramin] and CaM on the open and closed lifetime distributions of single cardiac RyR channels in the

presence of 100 uM cytosolic Ca®*
Values are mean + S.D. for n = 3.

71 Area 72 Area 73 Area
ms % ms % ms %
Open lifetime parameters
100 uM Ca?* 2.3 0.7 93.0 = 3.8 17.1 £ 2.0 6.7 = 3.8
500 nM suramin 25*05 86.7 = 2.0 28.6 + 12.8 13.3 = 2.0
50 nM CaM 1.8 +0.9 93.0 = 3.6 225+ 179 7.0 =36
Closed lifetime parameters
100 pM Ca?** 3.9*0.6 65.5 = 14.4 11.5 = 2.0 28.7 £ 15.1 30 £ 9.76 5.7+ 25
500 nM suramin 5.0 = 1.7 48.6 £ 8.5 32.6 £9.9 39.3 £ 3.5 223 + 156 12.0 £ 5.0
50 nM CaM 58+ 13 33.0 = 20.8 455+ 12.6 483 = 7.5 232 = 103 18.7 = 13.3
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CaM binding site. The [*H]ryanodine binding experiments
add weight to this hypothesis. Both CaM and nanomolar
suramin cause partial inhibition of the 100 uM Ca?®*-stimu-

A B C

Fig. 12. Suramin displaces CaM bound to cardiac heavy SR. Western
blotting was used to determine the presence of CaM in heavy SR. In the
absence of suramin, CaM was associated with SR vesicles and could be
detected by anti-CaM antibody (lane A). After incubation for 30 min on ice
with 1 mM suramin and subsequent centrifugation at 20,000g, the pellet
and supernatant, corresponding to membrane-bound and displaced CaM,
respectively, were also immunoblotted. In the presence of suramin, most
of the CaM was displaced from its binding sites in SR (lane B, pellet)
because the majority of the CaM was found in the supernatant (lane C).
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Fig. 13. Effects of CaM on the current amplitude at 0 mV of cardiac RyR
channels activated by caffeine (5-30 mM) in the absence of activating
cytosolic Ca?* (2.5 nM). A, an example of typical open events in the
absence (left trace) and presence of 1 nM CaM (middle trace) and 4 uM
CaM (right trace) are shown. C, closed channel level; O, fully open
channel level. B, the current amplitude at 0 mV is shown for a range of
CaM concentrations. Data points are mean = S.E.M. (n = 4). The broken
line indicates control values.
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lated [*H]ryanodine binding to cardiac SR, and the inhibition
is of the same magnitude (approximately 25-35% maximum
inhibition) by both compounds. Moreover, the simultaneous
presence of both ligands cannot further increase the level of
inhibition obtained by an optimum concentration of either
ligand (Fig. 15). Thus, CaM and suramin act as though they
are competing for the same binding site, the high-affinity
suramin inhibition site, to produce a decrease in P,. Given
the other supporting evidence, this seems a likely interpre-
tation of the [*Hlryanodine binding results, although it is
possible that allosteric effects of either CaM or suramin act-
ing at separate sites could produce the same effect. High-
affinity inhibition by suramin and by CaM is abolished by
lowering the cytosolic free [Ca®*], and therefore it seems
likely that inhibition at this site is brought about by reducing
the sensitivity of the channel to cytosolic Ca®*. This hypoth-

washout

suramin

conftrol

3 pA

500 ms

Fig. 14. Example of the reversibility of the effects of suramin on cardiac
RyR channel function. On the left, current fluctuations in the presence of
10 uM cytosolic Ca®>* are shown. Suramin (100 uM) added to the cytosolic
chamber increases P, and current amplitude (middle trace). After expo-
sure of the channel to suramin for 10 min, the cytosolic chamber was
perfused with the control solution to remove suramin and any displaced
CaM. C, closed channel level; O, fully open channel level.
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Fig. 15. Competition experiments performed in the presence of 100 uM
Ca?". The effect of suramin on [*H]ryanodine binding to cardiac heavy SR
in the absence ([J) and presence (&) of 5 uM CaM. Concentrations of
suramin were chosen that correspond to the high-, intermediate-, and
low-affinity suramin binding. Error bars are S.E.M. (n = 4). x, CaM
significantly decreased [*H]ryanodine binding relative to the correspond-
ing [suramin] in the absence of CaM (p < 0.05).
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esis also fits with the published work of other investigators
who have shown that CaM causes changes to the Ca®*-
activation profile of RyR channels (Fruen et al., 2000, 2003;
Balshaw et al., 2001).

To investigate whether the suramin activation sites are
also CaM binding sites, we investigated the effects of CaM in
the presence and absence of activating cytosolic Ca®* and
examined whether CaM could modulate the effects of
suramin. CaM itself was not able to increase P, or conduc-
tance either in the presence or absence of activating Ca®",
indicating that if CaM was binding to intermediate-affinity
suramin sites, than it must have very low efficacy. At 100 uM
cytosolic Ca®?™, CaM antagonized the activating effects of 50
uM suramin on [*H]ryanodine binding to cardiac SR (Fig.
15). This antagonistic effect of CaM cannot be the result of
CaM binding to the inhibition sites because these sites are
already saturated by this dose of suramin. The most likely
explanation for the inhibition is that Ca®"-bound CaM is
binding to suramin activation sites but because CaM exhibits
no efficacy itself, it is acting as an antagonist.

In summary, by manipulating cytosolic [Ca®*] we have
revealed the complex effects of suramin on the gating and
conductance of the cardiac RyR. We have described high-
affinity suramin inhibition sites that mediate a reduction in
P_ and may be identical with CaM inhibition sites. The in-
termediate-affinity suramin binding sites mediate increases
in both conductance and P, whereas the low-affinity
suramin binding sites are responsible for inactivation at high
suramin concentrations. It is possible that CaM also binds to
the intermediate-affinity suramin sites but is without any
measurable efficacy; however, we have no evidence that the
low-affinity suramin sites are also CaM binding sites. We
also show for the first time that suramin can produce a
graded increase in RyR single-channel conductance and that
this effect is related to channel P,. Further studies are re-
quired to determine how RyR conductance can be linked to

P
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