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Abstract. Suramin, a polysulfonated napthylurea, in- opening of ryanodine receptors allowing a much greater
creases the open probability and the single-channel corftux of Ca?* from the terminal cisternae of the SR to the
ductance of rabbit skeletal and sheep cardiac ryanodineytosol. In skeletal muscle, €adoes not act as the
receptor channels. The main mechanism for the increasgigger for SR C&*-release, rather the DHP receptors act
in P, is an increase in the duration of open lifetimes. as voltage sensors which activate the ryanodine receptors
The effects on conduction and gating are completely ref25, 26]. Despite such fundamental differences in trigger
versible and involve an interaction with the cytosolic mechanisms, the gating of both cardiac and skeletal ry-
side of the channel. 10 wndithiothreitol had no effect anodine receptors, once activated, depend on other regu-
on the suramin-induced increase in conductanceor Platory factors. In addition to changes in local fCa
Therefore oxidation of sulfhydryl groups on the channelsgych factors may include levels of secondary modulatory
does not appear to be involved. _Suramin has been usefyands (for example ATP, Mg and calmodulin [20-22,

as an antagonist of ATP at,Purinoceptors, however, 38 41)), the phosphorylation state of the channels [11,
we find that suramin does not antagonize the effect ofj> 15] possible changes in membrane potential across

ATP at skeletal or cardiac ryanodine receptor channelspe sr [16, 24, 31] and fluctuations in luminal R
The unusual gating kinetics induced by suramin sugges{t33 35].

that it does not interact with the adenine nucleotide bind- Based on planar lipid bilayer experiments,2Cs

ing site on the ryanodine receptor but rather binds at 3hought of as ‘the primary’ ligand for both cardiac and
novel site(s). The suramin-induced changes to channely o jata) ryanodine receptors. This is becausé*@an
gating and conduction do not prevent the characteristi%ct as the sole activating ligand whereas many other
modific_ation of single-channel properties by micromolar ligands have either no or very little effect in the absence
ryanodine. of cytosolic C&*. However, in the absence of secondary

ligands, C&" itself cannot fully activate the sheep car-
Key words: Suramin — Ryanodine receptor — Sarco- diac or the sheep and rabbit skeletal ryanodine receptor
plasmic reticulum — Cardiac G&release channel — channels [3, 35, 38]. Maximur®, values are usually
Skeletal muscle — ATP less than 0.5. ATP is present in muscle cells in high
(millimolar) concentrations and such levels of ATP can
fully activate ryanodine receptors incorporated into bi-
layers in the presence of activating levels of cytosolic
Ca*. Therefore, the [ATP] at the cytosolic ryanodine
receptor channel face is likely to serve as an important
mechanism for amplification of SR &aelease by po-
Mentiation of C&*-induced channel openings.

There are other agents present intracellularly in car-
diac and skeletal muscle cells that are also thought to
bind to the adenine nucleotide site on the ryanodine re-
ceptor channel. These agents include adenosine, ADP,
I cyclic ADP-ribose (cADPR)BNAD* and ADP-ribose
Correspondence taR. Sitsapesan [14, 18, 29, 36]. Other structurally related compounds,

Introduction

The sarcoplasmic reticulum (SR) €aelease/ryanodine
receptor channel plays a key role in the regulation of
muscle contraction. In cardiac muscle the mechanis
for excitation-contraction (EC) coupling is €ainduced
Céa'release [4, 5, 10, 23]. Influx of Gathrough sarco-
lemmal dihydropyridine (DHP) receptors triggers the
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the effects of which have not been investigated at theputer program EQCAL (Biosoft, Cambridge, UK). Suramin was ob-
single-channel level, have been shown to elicit rapid relained from Calbiochem (Nottingham, UK), ATP from Sigma (Poole,
lease of*SC* from isolated SR vesicles [20_22]_ The L\Jlsi)r,]dDg; froPn;‘)BDH (Poole, UK) and ryanodine from Agri Systems
levels of m,any of t,hese agents are t_hOUth t(_) Cha”gé The Eeanvalueistandard error of the mesaj is given where
under conditions of increased work, fatigue and ischemig, ~ 4. Forn = 3. standard deviatiorsp) is given. Where appropriate,

[2], which may result in changes in intracellular La  students test was used to assess the difference between mean values.
homeostasis. For example, significant changes in the P value of < 0.05 was taken as significant.

level of an agent which can bind with high affinity but

possesses little efficacy at the adenine nucleotide site

would be expected to result in impairment of SR DATA ACQUISITION AND ANALYSIS

Carelease. Single-channel recordi displayed il d
. . . . Ingle-channel recordings were displayea on an oscillioscope and re-
The pharmacological profile of the adenine nucleo- ) fo, o " cosl o Tape (DAT). All steady-state recordings were

tide bmdmg site on ryanOdlr_]e receptors is different fr(_)mcarried out at 0 mV. Current recordings were filtered at 1 kHz and
that of any cell surface purinoceptor, however quantitaigitized at 2 kHz. Channel open probabilityj and the lifetimes of
tive pharmacological classification of the site has beerbpen and closed events were monitored by 50% threshold analysis.
hindered by the lack of a specific antagonist, Suramin isChannelP, values were obtained from 3 min of steady-state recording.
a polysulfonated napthylurea which has been shown téifetim_e analysi_s was carried out only When a si_ngle channel incorpo-
act as a Rpurinoceptor antagonist [8, 13]. Suramin has rated into the bilayer. Events <1 msec in duration were not fully re-

. . olved and were excluded from lifetime analysis. Lifetimes accumu-
been reported to have many varied pharmacological ef: . . ysIs. - _
lated from approximately 3 min steady-state recordings were stored in

feth [42], but in particular it has been reported to a‘.f]cec;tsequential files and displayed in noncumulative histograms. Individual
Ca*-uptake and efflux from skeletal muscle SR vesiclesjietimes were fitted to a probability density function (pdf) by the

[9]. We therefore examined the possibility that suraminmethod of maximum likelihood [7] according to the equatié(ty =
may bind to the adenine nucleotide site on the sheep.(1/Tpexp(-t/T)) + ...... +an(1/T)exp(/T,) with areasa and
cardiac and rabbit skeletal ryanodine receptors andme constant¥’. A missed events correction was applied as described

modulate single-channel gating. Our results demonstrat@’ Colquhoun & Sigworth [7]. A likelihood ratio test [6] was used to
ompare fits of up to four exponentials by testing twice the difference

that suramin 'nVOkeTQ‘ novel ch_anges in the gating an(ﬁw log, (likelihood) against the chi-squared distribution at the 1% level.
conductance properties of cardiac and skeletal rya-nc’d'n§ingle—channel current amplitudes were measured from digitized data

receptors. Suramin does not appear to exert these effecising manually controlled cursors.
via the adenine nucleotide site and we propose that sura-

min acts via a separate and possibly novel binding site.

A preliminary report of these results has been publishedResults

in abstract form [37].

EFFECTS OFSURAMIN ON
Materials and Methods SINGLE-CHANNEL CONDUCTANCE

Figure Ja demonstrates the effect of 1M1 suramin on
current amplitude at the holding potential of 0 mV in a
representative cardiac channel. This is the potential at
SR membrane vesicles were prepared from rabbit skeletal and sheé?!hICh all Steady'State current ﬂu_Ctuatlon r_neasurements
cardiac muscle as previously described for cardiac SR vesicles byvere made. Clearly, a 20-25% increase in current am-
Sitsapesan et al. [30]. Heavy SR membrane vesicles were frozen ragplitude occurs. Figure 4 demonstrates the current-
idly in liquid nitrogen and stored at -80°C. Vesicles were fused with voltage relationship of the channel activated by i@
planar phosphatidylethanolamine lipid bilayers as previously describe¢ytosolic c&* alone and by cH plus 100uMm suramin.

[30]. The vesicles fused in a fixed orientation such thattisehamber The current-voltage relationship of the ryanodine recep-
corresponded to the cytosolic space andtthes chamber to the SR tor is not linear over the full voltage range under the

lumen. Theranschamber was held at ground and tiechamber held . | diti f thi dv [401. Theref
at potentials relative to ground. Following fusion, ttiechamber was experimental conditions of this study [40]. ereiore

perfused with 250 m HEPES, 125 m TRIS, 10um free C&%,pH7.4,  COnductance was measured by linear regression only
and thetranschamber was perfused with a solution containing 280 m over the range —-40 to +20 mV where the relationship is
glutamic acid, 10 m HEPES, pH 7.4 with Ca(OH)(free [C&"] ap-  essentially linear. Suramin increased the conductance of
proximr_:ltely 50 nw). T_he free [(_Zé"] and pH of the solutions were  the channel from 103.4+ 3.4 pSt n = 5)to 124 + 4.6
geemined t23C vinga caoun elecode (Orn 99-20)ond Ros3S (s n — 3. The extrapolated, apparent reversal po-
tions of ATP, dithiothreitol (DTT) and ryanodine were made to ¢he tential was not altered (41.1+ 5.2 mst n = 5) bef(.)re
chamber only. Suramin was added to ttie chamber unless stated and 43.6 £ 0.97 mVgp; n = 3) after 100um suramin).
otherwise. Subnanomolar Eaconcentrations were obtained by addi- Qualitatively similar results were observed in the rabbit

tions of EGTA (12 nm) and the free [CH] calculated using the com-  skeletal channel as can be observed in Figs. 3 and 7.

PREPARATION OF SR MEMBRANE VESICLES AND PLANAR
LipPiD BILAYER METHODS
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o . Fig. 1. (a) Current fluctuations through a sheep cardiac ryanodine receptor
. channel in the presence of 1 cytosolic C&" with the holding potential of
. - 0 mV before (i) and after (ii) addition of 10@m cytosolic suramin. The arrows
-10 indicate the zero current level and the broken lines indicate the fully open
channel levels in the presence and absence of surah)irCyrrent-voltage

C t A) relationship of the channel activated by 18 cytosolic C&* in the presence
urren (p (diamonds) and absence (circles) of 0@ cytosolic suramin.

EFFECTS OFSURAMIN ON OPEN PROBABILITY 10) to 0.032 £ 0.0191( = 4) and 0.285 + 0.0767(= 8)
respectively. Even 1 mnsuramin did not fully activate

Cytosolic suramin increased tiR, of cardiac and skel- the rabbit skeletal ryanodine receptor channéls €
etal ryanodine receptors in a concentration dependerf-628,n = 3). The EGo,was 250um (n = 4). Figure
manner. In the presence Of m/l Cytoso”c C&"', sura- 4 demonstrates the effect of suramin on the skeletal
min increased th@o of Sheep cardiac ryanodine recep- channels. A Comparison of FlgS 2 and 4 illustrates one
tors from 0.037 + 0.018sEM; n = 10) to 0.254 + 0.026 Very obvious difference in the mechanism of suramin
(n = 6) at 10um and 0.809 + 0.040n( = 5) at 100uM. activation of the cardiac and skeletal channels. In the
At 1 mm suraminP, was 0.9961¢ = 3). Figure 2 illus- cardiac channel, the duration of the open lifetimes was
trates the effect of suramin on the gating of sheep cardiagery markedly increased. The mean open lifetimes in-
ryanodine receptors. The relationship between suramigreased from 0.76 + 0.12 msec in the presence qix0
concentration an®, is shown in Fig. 3. The Eg value  cytosolic C&", to 22.46 + 11.23 msea(= 4) after the
was 22.4um and the Hill slope was 1.30(= 7) sug- addition of 10pum suramin. In the skeletal channel the
gesting that more than one molecule of suramin musincrease inP, was not accompanied by such a large
bind to the channel for maximal activation. measurable increase in the duration of open lifetimes.
In contrast, suramin was not as potent at increasing he mean open lifetime was 0.74 £ 0.13 msecH 6)
the P, of rabbit skeletal ryanodine receptor channels.before and 1.35 + 0.28 mset & 4) after the addition of
In the presence of 1@m cytosolic C&*, 10 um and 100 10 um suramin. Even 10Qum suramin only increased
wM suramin increaseB, from 0.011 + 0.0064Em; n = the mean open lifetime to 3.87 + 1.31 msec=£ 6).
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Fig. 3. Effect of cytosolic suramin on th&, of the sheep cardiac
channel. The experiments were carried out in the presence pi10
cytosolic C&*. The data points shown are the mean of 3-7 observa-
tions. Standard error bars are shown where3. The EG, value and

Hill coefficient were 22.4um and 1.39 respectively.

D from 0.119 to 0.877. The open lifetime distribution was
distinctly altered with an increased number of very long
events. Only 4% of the events occurred to the shortest

—- time constant and a third open state could be detected
A with a time constant of 100 msec. In comparison, sura-
4p min has very little effect on closed lifetime durations.

200 ms REVERSIBILITY AND EFFECTS OFDTT

Fig. 2. Activation of a representative single cardiac ryanodine receptorThe effect of suramin was completely reversible on both

channel by suramin. The arrows indicate the zero current level and th%keletal and cardiac channels. This is demonstrated for
broken lines indicate the fully open channel level. &) the channel is . . . ’
the cardiac channel in Fig. 6.

activated solely by 1Qum Ca* and very brief openings to the usual .
conductance level occuP, (recorded over 3 min)= 0.048. Subse- Abramson et al. [1] have shown that certain poly-
quent additions of 1Q.m (B), 100um (C) and 1 m suramin D) tothe  sulfonated dyes (suramin was not examined) causé-Ca
cytosolic €is) channel side resulted in increasesPinto 0.213, 0.777  release from skeletal SR vesicles; an effect which can be
and 0.991. Note that the full current amplitude is also increased in thegholished by the presence of DTT. Thus it was suggest-
presence of suramin. ed that the mechanism for the dye-induced @alease

was oxidation of sulfhydryl groups on the ryanodine
Figure 5 demonstrates the changes in mean Opeﬁeceptor channels. To determine whether the suramin-

and closed lifetimes that underly the suramin-inducednduced increase irP, or single-channel conductance
increase inP, in a typical cardiac ryanodine receptor cOUld be explained by oxidation of sulfthydryl groups, 10
channel. Clgarly the increase M, results predomi- mm DTT was added to the cytosolic channel side 5 min

nantly from an increase in the open lifetime duration.before addition of suramin. No significant effect of DTT

Very little decrease in closed lifetime duration appears toVas Observed. After pretreatment of the channel with 10

occur until highP, values (>0.75) are reached. Figure MM cytosolic DTT, 10um suramin increase, to 0.252

5b illustrates the open and closed lifetime distributions 0-081 6oin = 3? in comparison with &, of 0.256 +
from the same channel before and after;5@ suramin.  0-099 €0; n = 3) in the absence of DTT. The effect of

In the presence of 10m cytosolic C&", the best fits to suramin in the presence of DTTis shqwn in Fig. 7. Note
the open and closed lifetime distributions are given bythat both current amplitude arf}, are increased.

two and three exponentials respectively indicating at

least two open and three closed states. The open lifeErFecTs oFLUMINAL SURAMIN

times are very brief with more than 90% of events oc-

curring to the shortest time constant. After adding®  No change in single-channel conductance was observed
suramin to the cytosolic channel face thgwas elevated  with luminal applications of suramin (10@m). How-
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behavior of the rabbit skeletal channel in the presence of
100 pm luminal suramin. Subsequent addition of 100
wM suramin to the cytosolic channel face resulted in a
large increase if?, and open lifetime duration coupled
with an increase in current amplitude (Fig. 8, trace C).

SITE OF ACTION OF SURAMIN

Suramin has been used as an antagonist of ATP at cell
| surfaceP, purinoceptors [8, 13] and therefore the obvi-
ous site of action for suramin on ryanodine receptor
channels would appear to be the adenine nucleotide bind-
ing site. However, the unique gating kinetics induced by
suramin suggest that this is probably not the case. Trace
A in Fig. 9 demonstrates the typical gating pattern of
ol ‘ cardiac ryanodine receptors activated by L@OATP in
C ‘ i ‘ the presence of 1Qm cytosolic C&*. Low concentra-

' ‘ I tions of ATP activate ryanodine receptor channels by
causing an increase in the frequency of very short events.
The figure clearly demonstrates how these short, and
therefore poorly resolved events lead to a flickery ap-
pearance of channel gating. However, as shown in Figs.
2, 4 and 5, the primary mechanism for suramin-induced
‘| 4 pA increases inP, is an increase in the duration of open
lifetimes, even at low concentrations of suramin. This is
200 ms strong evidence that suramin and ATP bind to different
sites on the channel. In trace B, Fig. 9, a low concen-
Fig. 4. Activat_ion of a typical s_ing_le skeletal ryanodine receptor chan- tration of suramin (1Qum) has been added to the cyto-
nel by suramin. The arrows indicate the zero current I_evel and theSOliC channel side in the presence of 100 ATP. There
broken lines indicate the fully open channel level. The single channel .
current fluctuations resulting from activation by i cytosolic C&* !S no eVI,dence of a decreaseF?g as qu‘"d be expgcted
alone are shown inA) (P, = 0.002). 10um and 100pm suramin I suramin was acting as an antagonist of ATP; in fact,
were added to the cytosolici§) channel side inf) (P, = 0.075)and  Suramin causes a further increase Rp. The figure
(C) (P, = 0.113) respectively. As in Fig. 2, note the increase in currentshows that both long, resolvable openings and brief short
amplitude after addition of suramin. events now occur. After the subsequent increase in
[suramin] to 50um (trace C), very long openings and
brief closings occur aB, approaches 1. The me&yin
artlae presence of 10@m ATP was 0.189 + 0.014sEm, n
= 4) before and 0.544 + 0.147 after the addition of 10
(M suramin. Thus at these concentrations, the effect of
ATP and suramin together appears to be greater than the
sum of their individual effects. This is further evidence
that suramin and ATP bind to distinct sites on the chan-
nel although for accuracy this should really be tested
over a wider concentration range. These results suggest
that suramin is not an antagonist of ATP at ryanodine
receptor channels but is a full agonist at a separate and
perhaps novel site.

ever, 100uwmM suramin at the luminal side of either skel-
etal or cardiac channels appeared to cause an immedi
slight increase irP, resulting from an increase in the
frequency of channel opening. For example in the ske
etal channelsP, was 0.023 + 0.008 before and 0.062 +
0.017 6em; n = 6) after the addition of 10Q.m suramin.
However this effect was not statistically significaft %
0.05). No change in open lifetime duration occurred
(mean open lifetime before and after 19 suramin
was 0.88 + 0.153 and 1.09 + 0.196 mseer h = 6)
respectively for skeletal channels). Similarly, no signifi-
cant change i®, or mean open lifetime was observed in
cardiac channels after luminal addition of surandaté
not showi). Therefore, any trend towards an increase inSURAMIN CAN ACTIVATE RYANODINE RECEPTORS AT

P, must result solely from an increase in frequency of SUBACTIVATING [Ca?"]

channel opening. The effect of luminal suramin did not

increase with time and even up to 10 min after additionAll the above experiments have been carried out in the
the large increase iR, and mean open time character- presence of 1Qm cytosolic-free C&". In the absence of
istic of the cytosolic action of this compound were not activating levels of C& (picomolar), suramin can still
observed. Trac8 in Fig. 8 illustrates the typical gating activate both skeletal and cardiac ryanodine receptor
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Time (ms) Time (ms) angles), andP, (circles) from a representative car-
B diac ryanodine receptor channeb) (The open and
closed lifetime distributions and probability density
0 400 Time constant Area 2 1000 Time constant Area  functions (pdf) from the same channel activated by
Py 1.7 4% © 28 26% 10 pm cytosolic C&* alone @) (P, = 0.119) and
> 54 29% > 95 64%  after addition of 5Qum cytosolic suraming) (P, =
g 200 100 67% g 500 28 10%  0.877). The best fit to each lifetime distribution was
=1 = obtained by the method of maximum likelihood (de-
E E scribed in Materials and Methods) and the resulting
0 50 100 time constants and percentage areas are shown in the
Time (ms) Time (ms) ﬁgure'

channels however the open and closed events beconi®rANODINE MODIFICATION OF THE

exceptionally long. For both skeletal and cardiac chan-SurRAMIN-ACTIVATED CHANNEL

nels the increase in conductance was unchanged by re-

ducing the free cytosolic [G4]. Figure 10 shows a rep- As suramin appeared to completely alter the gating of
resentative cardiac channel. Note the change in the timeyanodine receptor channels and also produced an in-
scale of the figure necessary to illustrate the durations ofrease in single-channel conductance it seemed possibls
the events. Whereas in the presence of‘Cauramin  that suramin might be activating a channel other than the
caused openings in the order of tens of milliseconds irryanodine receptor or that ryanodine-induced modifica-

duration, at subactivating [¢§, suramin elicited open- tion of conductance and gating might be altered. Figure
ings in the order of seconds. Since often only two orll demonstrates that suramin-activated channels are rya
three openings a minute were observed, recordings afiodine sensitive and are modified by ryanodine to a

more than an hour are required to obtain sufficient eventsong-duration open state at approximately 40% of the full

for lifetime analysis. Thus suramin can activate ryano-conductance. This is similar to the percentage reduction
dine receptor channels by at least two mechanisms; @ conductance observed in channels modified by ryano-
Ca*-dependent and a €aindependent action. dine in the absence of suramin [44].
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Fig. 6. Reversibility of suramin. In4) a cardiac ryanodine receptor 200 ms

channel is activated by 1m cytosolic C&". The broken line indicates

the open channel level and the arrow indicates the closed channel levefig. 7. Effects of suramin on the cardiac ryanodine receptor channel in

In (B)’ the channel has been further activated by the addition @f,\lo the presence of DTT. The broken lines indicate the fU”y open channel

cytosolic suramin. InG) the cis chamber has been perfused to remove level; the arrows indicate the zero current level. ) & representative

the suramin and®, and current amplitude have returned to control channel has incorporated into the bilayer and is activated solely by 10

levels. uM cytosolic C&*. In (B) 10 nm DTT has been added to thas
chamber. Subsequent addition of suramin (1) mesults in the usual
increases in open lifetime duration and current amplitu@e (

Discussion

We have demonstrated that cytosolic additions of suralifetimes. To cause an increase in the frequency of chan-
min increase both thB, and the single-channel conduc- nel opening, suramin must bind to the closed conforma-
tance of rabbit skeletal and sheep cardiac ryanodine retion of the channel. However, increasing the suramin
ceptor channels. The effect d?, is concentration de- concentration increases the duration of the open lifetimes
pendent but it is not yet clear if the same is true of theand therefore suramin must also bind to the open channel
effect on conduction. This would require improved reso-state(s) to prolong channel opening. In comparison, the
lution of the single-channel events. The effects of suraeffect of cytosolic C&" alone is to increase the frequency
min are completely reversible and do not appear to resulbf channel opening without a significant change in the
from oxidation of sulfhydryl groups on the channels. duration of the open events [3, 34, 331, values greater
Protection of sulfhydryl groups with high levels of DTT than 0.5 are rarely achieved when’Cis the sole ligand.
(10 mm) in the cytosolic solution does not prevent the It is clear that theé®, in the presence of Gdand suramin
suramin-induced increase in conductancBorThis ob-  together is greater than the sum of the effects of'Ca
servation is in agreement with previous work examiningalone and suramin alone. Therefore, suramin anéf Ca
the effects of suramin on efflux of &afrom rabbit must act synergistically to produce a second, different

skeletal SR vesicles [9]. gating scheme whereby long open events occur and the
In the cardiac channel, in the presence of activatingchannels can be fully opened.
cytosolic C&", suramin increases the frequency of chan-  In the absence of activating cytosolic Cauramin

nel openings although the predominant mechanism focan still induce channel openings. However, the open
the increase i, is an increase in the duration of open and closed events under these conditions are at leas
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—,4pA
_‘ 4 pA
200 ms

200 ms Fig. 9. Effects of suramin on the cardiac ryanodine receptor channel in
the presence of ATP. IPA] the channel has been activated by 100

Fig. 8. The effects of luminal addition of suramin. IA)two skeletal  cYtosolic ATP in the presence of 3 cytosolic C&". Note the rapid

ryanodine receptor channels have incorporated into the bilayer and afdickering gating which results from this concentration of ATH; =
activated solely by 1Qum cytosolic C&*. The broken lines indicate the 0-199- In @), 10 MM suramin hgs been added to tti chamb_er. In
open channel levels and the arrows indicate the zero current level, 1@ddition to the rapid flickery gating, longer opening events of increased

(B), 100 pm suramin was added to the luminatans side of the current amplitude now occuR, = 0.525. After increasing [suramin]
bilayer. There appears to be a slight increase in the frequency of charf® 50 uM (C), P, increases to 0.968.

nel opening but no increase in open lifetime duration or in current
amplitude is observed. After addition of 1@ suramin to thecis
chamber, a marked increase in open lifetimes coupled with an increasa

in current amplitude is observed) istinct gating schemes: a €adependent and a &a

independent mode of gating.

Suramin is ten times more effective at increadiyg
10-100 times longer than the events which occur whernn the cardiac than in the skeletal channel. This appears
the channels are activated by suramin plus cytosolf¢ Ca to be related to the observation that suramin causes a fal
(Fig. 10). (It is difficult to give an accurate value since greater increase in open lifetime duration in the cardiac
the events are so long in the absence of'Gand there- than in the skeletal channesdeFigs. 2 and 4). The
fore very long recordings would be required to give differences could be explained on the basis that the bind-
meaningful mean lifetime values.) The results indicateing sites for suramin on the two channels are different.
however, that in the absence of activating cytosolié€'Ca Another explanation could be that skeletal channels pos-
suramin binds to the channel inducing a conformationsess a slightly different intrinsic gating mechanism en-
change in the channel protein which results in a third,suring that the open lifetimes are always shorter than
very slow mode of channel gating, different to that ob-those of the cardiac channel given the same conditions.
served when the channels are activated solely by cytoThe literature supports this idea if the lifetimes of chan-
solic C&* or by C&" plus suramin. Thus, as has beennels activated solely by cytosolic €aare compared.
observed for certain ligands which bind to the caffeineThe open lifetimes of both the cardiac and skeletal chan-
site [19, 32, 43] or to the adenine nucleotide site [3, 14]nels are very brief [34, 35] and under the experimental
on ryanodine receptor channels, suramin induces twaonditions of the present study the mean open lifetimes



R. Sitsapesan and A.J. Williams: Suramin and Ryanodine Receptors 101

Fig. 10. Suramin can activate ryanodine re-
ceptor channels by a €aindependent mecha-
nism. (A) A single cardiac channel has incor-
porated into the bilayer and the cytosolic-
free [C&*] has been lowered to picomolar
levels by the addition of 12 mEGTA. Un-
der these conditions there are no channel
openings. The broken line indicates the fully
open channel level and the arrow indicates
the closed channel leveB) 100 M suramin
has been added to tlwés chamber and very
long but relatively infrequent openings oc-
cur. Forty seconds of consecutive single-
channel fluctuations in the presence of sura-
min is shown to illustrate the exceptionally
long events.

4 pA

2s

Fig. 11. Ryanodine modification of suramin-
activated channels. More than one cardiac chan-
nel is present in the bilayer. The broken lines
indicate the closedd), ryanodine modified (M)
and open (O) channel levels. The channels are
activated by 100um suramin at subactivating
(picomolar) cytosolic [C&]. The characteristic
modification of one of the channels by ryanodine
to a reduced-conductance long-lived open state
(M) is shown.

appear to be identical (approximately 0.75 msaere-  was not statistically significant. Luminal addition of
sults section). However, when a monovalent cation issuramin did not increase the conductance of the skeletal
used as the permeant ion (to maximize the resolution obr cardiac channels or induce long open events charac-
the single channel events) the open lifetime duration oteristic of the cytosolic action of suramin. Thus it ap-
skeletal channels appears to be shorter than that of capears that suramin does not cross the membrane (at leas
diac channels [35]. Open lifetime distributions suggestover the time course of these experimests0 min) and
that the cardiac channel has at least three open statéisat the effects observed when suramin is added to the
whereas the skeletal channel has only two resolvableytosolic channel side result from an interaction of sura-
open states. The sheep skeletal channel does not appeain with the cytosolic portion of the ryanodine receptor
to open to a state corresponding to the long third operchannel.
state of the cardiac channel when activated solely by  Based on C&-flux and ryanodine binding studies it
Ca™" [35]. The absence of a third long open state for thehas been suggested that suramin may bind to the adenint
skeletal channel may of course only be relevant for channucleotide site on the skeletal channel [9]. By investi-
nels activated by G4 as the sole ligand however, it is gating the effect of suramin on single channels we have
possible that there exists a gating pattern intrinsic to eachbeen able to extract more information about the mecha-
isoform of the channel which is merely modified by nisms underlying the effects of suramin. Agents which
other agents including suramin. increaseP, by binding to the adenine nucleotide site are
Luminal addition of suramin appeared to slightly characterized by the very rapid gating kinetics that they
increase th&, of the channels by causing an increase ininduce. In the presence of activating levels of cytosolic
the frequency of channel opening however this effectCa* and at suboptimal levels of the adenine compound,



102 R. Sitsapesan and A.J. Williams: Suramin and Ryanodine Receptors

very short open and closed events are observed [29]nvestigation include examining the effects of structur-
Thus the predominant mechanism for an increase it ally related compounds to determine if changes in con-
suboptimal agonist concentrations is an increase in freduction andP, are always linked. It is also not known
quency of channel opening. At high, values, increases which parameters determining conduction and ion dis-
in open lifetime duration also occur. This effect was first crimination have been altered by suramin. For example,
observed in skeletal channels by Smith, Coronado &does the suramin-induced increase in conductance reflec
Meissner [38] but has subsequently been shown to occugt decrease in the affinity of the divalent cation binding
in cardiac channels [27]. In contrast, suboptimal concensite within the conduction pathway for €82 Does sura-
trations of suramin produce a marked increase in opemin also increase the conductance of monovalent cation
lifetime duration with only a slight increase in frequency current through the channel? Is the relative permeability
of opening (Figs. 2 and 5). In addition, suramin cause<f monovalent and divalent cations altered? These ques-
an increase in conductance; an effect never observelons are currently under investigation.

with any agent thought to act at the adenine nucleotide N Summary, we report that suramin increases the
binding site [18, 27, 38]. The differences in ATP and conductance ani, of rabbit skeletal and sheep cardiac

suramin induced gating behavior can be observed in Figyanedine receptor channels. Both effects would be ex-

. - 2
9. Moreover, the figure illustrates that suramin does noP€cted to contribute to the increased Cafflux from

antagonize the effect of ATP but that the combined of Skeletal SR vesicles reported by Emmick et al. [9]. Sura-

fects of the two agents are more than additive. Thudnin increases conductance in both skeletal and cardiac
there is strong evidence to suggest that suramin does n8pfan?els ?Y appro_xma’gely 23._305{?' Sulialml[nl |shmore
interact with the adenine nucleotide binding site but® :ac '¥E.a mcreafsllngf(ir:n car |tac. an skeletal a?]:

binds at distinct site(s) on the channel. In fact the effect 1€1S. ThiS may retiect the greater increéase in open fiie-

of suramin on gating and conduction in the ryanodiner'lr;f dSL:JrI’thrI]?ir:] %gseg\éegcmthatthaeucn?rﬂ':‘%iﬁgﬁnn;lt'e If)lr;
receptor are incompatible with suramin acting at any Y y g q 9

other known sites on the channel (e.g..2Cacaffeine the cytosolic face of ryanodine receptor channels. Cer-

. ) . tainly, it appears unlikely that suramin is interacting with
[32], digoxin [17], calmodulin [39, 41], ryanodine [28]). y, it app ey ! 9
T . the adenine nucleotide site.
We therefore propose that suramin binds to previously
uncharacterized sites on ryanodine receptor channels 19
modulate not only the gating but also the conduction of
ions (at least of C&) through the channel.
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