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Abstract. The mechanisms involved in 44liiso- antagonist [6, 9], it does not act as an antagonist at the
thiocyanostilbene-2;2disulfonic acid (DIDS)- and 4/4  adenine nucleotide/nucleoside sites on mammalian car-
dibenzamidostilbene-2 Aisulfonic acid (DBDS)- diac and skeletal RyR [7, 8, 19]. Rather, suramin acts as
modification of sheep cardiac ryanodine receptor (RyR)an agonist at RyR [7, 8, 19] and evidence suggests that it
channel function have been investigated. DIDS (50-50@Ioes not act via the adenine sites but instead binds to
um) exerts at least three effects on single channel funcunique sites on the channel [8, 19]. Hill coefficients for
tion. With C&" as the permeant ion, DIDS increases channel activation indicate that at least two molecules of
both channel open probability?f) and single channel suramin binds to cause maximum activation. We have
conductance in a similar manner to the effects observedhown that suramin increases tRg of rabbit skeletal
with suramin. Both effects occur |mmed|ate|y and aregnd Sheep cardiac RyR incorporated into p|anar phos-
fully reversible. Similar effects were observed with pholipid bilayers but the cardiac isoform has approxi-
DBDS (10 pv—2 mu), a compound with the 4,NCS  mately ten times higher affinity for suramin [19]. The
groups of DIDS replaced with NHCQ@s. DIDS (500  mechanism for suramin-induced RyR activation is very
pm) also caused irreversible modification to the fully giferent to that for agents binding to the adenine sites.
open channel level in 74% of the channels. This effectagonists at the adenine binding sites cause a large in-
was not observed with suramin or DBDS (@0-1 mv).  crease in the frequency of very brief openings and the
Competition studies with DBDS and suramin coupledy,qre effective agents also increase the duration of the
with the close similarities in the effects of DIDS, DBDS ). jifetimes at concentrations which increBs@bove

and suramin on gating and conduction suggest that thesg 3 115 13 |n contrast, although suramin does increase

ligands may all bind to the same sites on RyR. The : .

; ) : o the frequency of channel opening, the predominant
DIDS-induced irreversible m_odllflcauon to Fhe fglly open .. hanism for increasing, is an increase in the dura-
state may result from the binding of the isothiocyanate

roups to positively charded amino acids at or near th tion of open lifetimes [19]. In addition to an increase in
groups 10 pos y 9 L . ._P,, we have also shown that, with €aas the permeant
suramin binding sites although it is possible that this.

modification is unrelated to its other effects on channel/o' - Stramin can |0ncrease single channel conductance by
function. approximately 20% [19].

4,4'-diisothiocyanostilbene-2;2isulfonic acid
(DIDS) is normally regarded as a chemical probe for the
study of anion transporters [3], however, as it possesses
structural similarities to suramin it has also been used as
a ligand for purinoceptors [5]. The ability of both sura-
min and DIDS to interact with Ppurinoceptors suggests
Introduction that DIDS may also bind to the suramin sites on RyR.
) DIDS has been reported to activate mammalian cardiac
Although suramin, a polysulfonated napthylurea hasyng frog skeletal muscle RyR [10, 14, 23] but the sites of
been shown to act as a noncompetitivepBrinoceptor  4ction have not been elucidated. The present study
therefore examines the possibility that DIDS can activate
I the cardiac RyR channel by binding to suramin sites.
Correspondence tdR. Sitsapesan If this is the case, it would be expected that DIDS would
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increase bot?, and single channel conductance and that 19 uM Ca2*
the mechanism for the increasefpwould be similar to
that of suramin. The effect of DIDS, and a related com-
pound, 4,4-dibenzamidostilbene-2,aisulfonic acid

(DBDS), on single channel function was therefore inves- !
tigated using C& as the permeant ion. The results dem-
onstrate that DIDS and DBDS both incredggand con-
ductance in the manner expected for agents binding to
the suramin sites on RyR. In addition, DBDS tends to
reduce rather than potentiate the effects of suramin sug-
gesting that the two ligands may compete for the same
sites on RyR. DIDS also produces a third effect on chan-
nel function which is an irreversible modification to the
fully open channel level which may be the result of
isothiocyanate groups binding to positively charged
amino acids on RyR which possibly form part of the
suramin binding domains.

+ 20 uM suramin

Materials and Methods
200 ms

Fig. 1. The effects of suramin on current fluctuations through a typical
single native sheep cardiac RyR incorporated into a planar phospho-
lipid bilayer held at 0 mV. C# is the permeant ion and current flows

Heavy SR membrane vesicles were prepared from sheep cardidfom the luminal to the cytosolic side of the channel. The arrows
muscle as previously described by Sitsapesan et al. [16]. Heavy gfndicate the closed _channel level and the dgtted lines indice_ate t_he‘fully
membrane vesicles were frozen rapidly and stored in liquid nitrogen ©P&N channel level in the ab_sence of suramin. The df_alshed line indicates
Vesicles were fused with planar phosphatidylethanolamine lipid bilay-the fully open channel level in the presence of suramin. In the top trace,
ers as previously described [16]. The vesicles incorporated into thdhe channel is activated solely by 1 cytosolic C&" and theP, is
bilayer in a fixed orientation such that this chamber corresponded to  0-119 and current amplitude is 4.25 pA. Subsequent addition ph20

the cytosolic space and thens chamber to the SR lumen. Thens suramin to the cytosolic side of the channel increaBgtb 0.699 and
chamber was held at ground and tiechamber was held at potentials cUrrent amplitude to 5.1 pA.

relative to ground. After fusion of vesicles, tibes chamber was per-
fused with a solution containing 250MN-2-hydroxyethylpiperazine-
N’-2-ethanesulphonic acid (HEPES), 125nTris(hydroxymethyl)-
methylamine (Tris), 1Qum free C&*, pH 7.2. Thetrans chamber was
perfused with a solution of 250 vnglutamic acid, 10 na HEPES, pH

PREPARATION OF SR MEMBRANE VESICLES AND PLANAR
LipiD BILAYER METHODS

recording using the method of 50% threshold analysis [4]. Lifetime
analysis was carried out only when a single channel incorporated into

to 7.2 with Ca(OH) (free [C&*] was approximately 50 m). In some the bilayer. Events <1 or 9.35 msec in duration wgre not fully resolved
experiments symmetrical 250MnCsPIPES, pH 7.2 was used as the when C&* and C$ respectively was the permeant ion and were there-
recording solution. All experiments were performed at 23 + 1°C. Ad- fore excluded from lifetime analysis. Open and closed lifetimes accu-
ditions of suramin, DIDS and DBDS were made to s chamber. ~ Mulated from approximately 3 mins of recording were stored in se-
The free [C&"] and pH of the solutions in the absence and presence ofduential files and displayed in noncumulative histograms. Individual
suramin, DIDS and DBDS were measured at 23°C with &' @tec- lifetimes were fitted to a probability density function (pdf) using the
trode (93—20, Orion Research, Boston, MA) and Ross-type pH elecmethod of maximum likelihood [4] according to the equatié(ty =
trode (Orion 81-55) as previously described in detail [16]. The revers-21(1/T)exp(-/T,) + ... + a(1/T,)exp(-/T,) where T is the time

ible and irreversible effects of DIDS were tested by leaving DIDS in constant in milliseconds and is the relative area. A missed events

the cis chamber for 3 min, perfusing away the DIDS and recording for correction was applied as described by Colquhoun and Sigworth [4].
a further 3 min to check for reversibility. A likelihood ratio test [2] was used to compare fits of up to four

exponentials by testing twice the difference inddlikelihood) against

the chi-squared distribution at the 1% level. Single-channel current
amplitudes were measured from digitized data using manually con-
trolled cursors.

Single-channel recordings were displayed on an oscilloscope and the  Suramin and DIDS were obtained from Calbiochem (Nottingham,
analog voltage signal was stored in digital form on Digital Audio Tape UK). DBDS was obtained from Molecular Probes (Leiden, The Neth-
(DAT) (Biologic, Intracel, Cambridge). All steady state recordings erlands) and ryanodine from Agri Systems (Wind Gap, PA). All so-
were carried out at 0 mV with Gaas the permeant ion and at +40 mV lutions were prepared using MilliQ deionized water (Millipore, Har-
with Cs" as the permeant ion. Current recordings were filtered at 500row, UK) and filtered through a Millipore membrane filter before use.

DATA ACQUISTION AND ANALYSIS

Hz (-3 dB attenuation) and digitized at 2 kHz with Cas the per-
meant ion and filtered at 1 kHz and digitized at 4 kHz with"@s the
permeant ion. Channel open probabili§,Y and the lifetimes of the

The mean value semis given wheren = 4. Forn = 3, standard
deviation ép) is given. Where appropriate, Studerittest was used to
assess the difference between mean value® alue of <0.05 was

open and closed events were determined over 3 min of steady stataken as significant.
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Fig. 2. (@) The effects of suramin on the gating of a representative channel
R M o e incorporated into a bilayer with symmetrical 250inCs" as the permeant ion. The

‘ holding potential is +40 mV. The arrows indicate the closed channel level; the
\ dotted lines indicate both open and closed channel leveld, the channel is

MM : WWWM activated by 5um C&* and theP, is 0.054. InB, after the addition of 10Gum

cytosolic suraminP, increased to 0.99B] Current-voltage relationship of a typical

20 bA channel activated by pm cytosolic C&* in symmetrical 250 m Cs" in the
P absence (circles) and presence (diamonds) of i@Guramin. Single channel

conductance in the presence and absence of suramin was 505 and 518 pS,
a 200 ms respectively.

Results ments with suramin [19] were carried out with Tris/
HEPES in the cytosolic chamber and*Cas the per-
meant ion. We therefore investigated if changing the
ionic conditions could influence the effects of suramin
on cardiac RyR function. Figurea2demonstrates that

Our previous work suggests that suramin modifies bothWith symmetrical 250 m Cs” as the permeant ion, sura-
P 99 min (100pMm) is very effective at increasing th, of the

the gating and the ion handling of she_ep cardiac an%heep cardiac RyR and can almost fully activate the
skgletal RyR [19.]' In the presence oflm|cromo|ar Cyto'channel as occurs with €aas the permeant ion. In
solic C&*, suramin can almost fully activate the channelscomrast’ Figure 12 demonstrates that, with Css tﬁe
with ECSO'vaIues of 22.4 and 25M for.shee'p Cf”“d'.ac ermeant ion, no suramin-induced increase in conduc-
and rabbit skeletal channels respectively indicating ance was observed. Conductance was 467 + 21 pS

Siramin also ncreased the conduciance of the channe 1 = 4)n the absence and 457 + 21 i n ~
in the presence of suramin (1QM1). These experi-

E%T aB%[irr]O)é'f?gtélyW}e?:'ioﬁpfgtgsp:g\)jgﬁﬁg :\/2:n p;ments demonstrate that the suramln-lnducgd _conduc_—
high concentrations [19]. Figure 1 illustrates the typicaltf’jmce changes are very dependent on the ionic condi-
effects of suramin on the current amplitude d?gdof a t!ons. The effects of DID.S and DBDS on channel func-

) ) . . tion were therefore examined using?as the permeant
single sheep cardiac RyR incorporated into a planar

phospholipid bilayer with C& as the permeant ion. The ion in order to detect if DIDS and related compounds

N ) affect channel function in the same manner as suramin.
characteristic long open events and increased current am-

plitude can be seen clearly.

THE EFFECTS OFSURAMIN WITH C&* AS THE
PERMEANT |ON

THE EFFecTs oFrDIDS

EFFECTS OF SURAMIN WITHCS" AS THE PERMEANTION

Figure 3 demonstrates that DIDS has three distinct ef-
Although other investigators have recently shown acti-fects on the single channel function of RyR. The first
vation of RyR with DIDS or suramin, no increase in trace @) shows a cardiac RyR channel gating withjih@
conductance has been reported [14, 23]. It is of interestytosolic C&" as the sole activator. 18] 500um DIDS
that these experiments were performed with a monovahas been added to the cytosolic channel side and current
lent cation as the permeant ion. In contrast, our experiamplitude and®, have increased. Both effects occurred
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__ ___ AT . “ _ _ o o i L B t __ i Wl I Fig. 4. Time course of the modification of sheep cardiac RyR channels
D to the fully open level by 50Qum DIDS. The figure shows the time
after addition of DIDS to theis chamber at which the channels were
R I irreversibly opened. The time to the last observable closing was taken
as the time of modification. The curve was fitted according to the
equationy = 19(1 - exp)-0.038) wheret is the time in sec, 19 is the
- MWWWMMWWW number of channels and 0.034 is the rate constant. The time for half the
E Ty channels to be irreversibly opened was 20.2 sec.

3PA was not observed with suramin. Figure 4 illustrates that
the progression to the irreversibly fully opened state oc-
curred quickly after addition of 50Qm DIDS to thecis
Fig. 3. The reversible and irreversible effects of DIDS on the function chamber (For 19 channels, the time for half the channels
of a single representative channel 2Cis the permeant ion. The arrows  to become modiﬁfedt(/z) was 20.2 sec)_ 26% (7 of 27)
indicate the closed channel level and the dotted lines indicate the closegf channels were not irreversibly modified by DIDS in-
and open channel levels before addition of DIDS. The dashed lingyicating at least two distinct steps in the effects of DIDS
indicates the fully open channel level after addition of DIDSAlrthe on the P, of the cardiac RyR. Figure 5 shows a repre-

channel is activated solely by 10v cytosolic C&" and channel open- . .
ings are characteristically brief. B, 500 um DIDS was added to the  S€Ntative channel where DIDS increasggand current

cis chamber and an increase iy and current amplitude occurre@.  amplitude but did not irreversibly fully open the channel.
demonstrates the last closing events that were observed with this chaiRemoval of DIDS from thecis chamber, after 3 min of
nel andD illustrates the channel locked into the fully open state. After recording, reversed the increasesﬁ;pand current am-
3 min DIDS was removed by perfusion of thés chamberE, the plitude, as occurs with suramin [19]. A lower concen-
channel remained fully open. tration of DIDS (50u.m) irreversibly opened only 1 of 4
channels after 3 min in theis chamber although the
immediately and resemble very closely the effects ofcharacteristic long open states could still be observed
suramin illustrated in Figure 1. As was observed withwith all the channels. Figure 6 illustrates the gating of a
suramin, the increase I, is characterized by long open typical channel in the presence of low concentrations of
events. Current amplitude at 0 mV was increased fronDIDS. P, increased from 0.012 + 0.01@ (= 3; sp) in
4.37 £0.12 pA ¢em;, n = 17) in the presence of 1@m the presence of 1am C&* alone to 0.378 + 0.320(=
cytosolic C&" alone to 5.52 + 0.17sfm; n = 12) inthe  3; sp) after addition of 5Qum DIDS. The increase i,
presence of DIDS. The third effect of DIDS can be ob-was predominantly caused by an increase in duration of
served in trace€, D andE of Fig. 3. TraceCillustrates open lifetimes. Mean open time increased from 0.79 +
the last resolvable closings of the channel after which th€.144 ms to 9.99 + 9.32 mseg & 3; sp) in the presence
channel remained fully operDj. DIDS (500 wm) was  of 50 wm DIDS whereas the mean closed times were 109
present in thecis chamber for 3 min and was then re- + 77 msec before and 148 + 242 msec= 3; sp) after
moved by perfusion after which the channel remainedaddition of DIDS. This mechanism for activation of the
open E). This irreversible effect of DIDS where the cardiac RyR is similar to that of suramin [19]. The pro-
channel is locked into the fully open state at a currenigression to the irreversibly activated channel state, pre-
amplitude equal to that of the DIDS-activated channel,dominantly observed with 50@m DIDS, does not occur
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DIDS, DBDS also increased current amplitude. Current
amplitude at 0 mV was 4.37 + 0.12 pAgm; n = 17) in
the presence of 1Qm cytosolic C&* alone and 5.16 *
0.93 pA 6em; n = 5) in the presence of DBDS. Figure
8 illustrates the effects of DIDS and DBDS on current
amplitude over a range of holding potentials and shows
that both compounds are effective at increasing single
channel conductance.
500 uM DIDS The conductance of the cardiac RyR activated by 10
um Ca* alone was 105.8 + 2.5 pSem; n = 5) and was
118.8 +4.13 pSgeM; n = 4) and 125.5 + 1.66 pSEm;
n = 4) in the presence of 50Qm DBDS and DIDS
respectively. Although DIDS appeared to cause a
greater increase in conductance than DBDS, the effects
of the two agents were not significantly different from
each other. Unlike in the presence of DIDS, irreversible
modification to the fully open state was never observed
(n = 18) even in concentrations up to 2vn{n = 3).
After washing out DBDS from theis chamber, current
amplitude andP, always returned to control values
(n=7).

As observed with suramin [19] and DIDS, DBDS
increasedP, primarily by increasing the duration of open

et

lifetimes. For example, the mean open and closed life-
3 pA time durations in the presence of & C&* alone were
0.75+0.18 and 647 + 559 mset & 3; sb) respectively
200 ms compared to 16.74 + 6.82 and 65.32 + 73.22 msee(

Fig. 5. The reversible effects of DIDS (50@0m) on a representative 3 SD)' 'jeSpeCtlvely after addition of 1Qov DBDS. Fig-
channel. C#' is the permeant ion. The arrows indicate the closed Ure 9 illustrates the effect of DBDS on the open and
channel level and the dotted lines indicate the open channel level in thelosed lifetime durations of a typical channel. The figure
absence of DIDS. The dashed line indicates the fully open channel levetiemonstrates that DBDS increases both the frequency
in the P’esgefce of DIDS. I the channel is activated by 10v  and duration of open lifetimes but that the main cause of
C){tOSO“C Ca" alone.B illustrates thg increase iR, and current am- the increase ifP, is an increase the duration of the open
plitude that occurs after the cytosolic addition of DIDS @demon- . 0 _ . )
strates that the effects of DIDS have not proceeded to the irreversibl)ufet'mes' DBDS causes an increase in the duration of
opened channel state. DIDS was left for 3 min in tiechamber and  the two brief open states that are observed in the presence
then perfused away to bring current amplitude &yack to control  of Ca&* alone but in addition a third long open state
levels. occurs. The Table compares the effects of DBDS and
DIDS on open and closed lifetime parameters and illus-

with suramin and it is possible that this is the result of thetrates the similarities in the activation mechanism of
. = : h . Thi hanism for ch | activati
covalent binding ability of the 4/4NCS groups in DIDS. these two agents 's mechanism for channel activation

: is th m hat for suramin [1 nd | h
The effects of DBDS on RyR channel function were s the same as that for sura [ 9].a d leads to the
. : ; characteristic long open events seen with all three agents.
therefore investigated. DBDS has the '4NICS groups 2 o X
X The similarities in the activation mechanisms of
replaced with NHCOGH..

suramin, DIDS and DBDS indicate that all three agents
may bind to common sites on RyR. The effects of a
THE EFFecTs oFDBDS submaximal concentration of suramin in the presence of
DBDS was therefore investigated to establish if any po-
Figure 7 shows the typical effect of DBDS on channeltentiation occurred. A typical example of this experi-
function. DBDS increased, in a concentration- mentis shown in Fig. 10. In the presence ofild Ca*,
dependent manner from 0.006 + 0.000- 5,sp) inthe 10 um DBDS increased®, to 0.078 + 0.047 1§ = 4;
presence of 1gum Ca* alone to 0.078 + 0.105(= 5;  sem). Subsequent addition of 3@ suramin increased
sp), 0.520 + 0.2881f = 3; sp) and 0.759 + 0.389Nn = P,t00.118 £ 0.0381f = 4; sem). This is no greater than
3; sb) in the presence of 1@, 100 um and 1 Mu  the effect of 10um suramin alone which gives R, of
DBDS, respectively. As observed with suramin and0.254 + 0.026 1t = 6; sem) demonstrating that DBDS
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Fig. 6. The effects of low concentrations

of DIDS on the gating of a representative
cardiac RyR. The arrows indicate the
closed channel level and the dotted lines
indicate the open channel level in the
absence of DIDS. The dashed line indicates
the fully open channel level in the presence
of DIDS. In A the channel was activated

by 10 um cytosolic C&" alone P, =

0.008). DIDS was then added to this
chamber to give concentrations of p

(P, = 0.120)B and 100uMm (P, = 0.243)
(C). Note the different timescale of the
traces to allow visualization of the long
open and closed events.

Holding potential (mV)

le
1+
|

ul

o>

o>

Current (pA)

washout Fig. 8. Current-voltage relationships of typical channels activated by
____________________________________ 10 um cytosolic C&" with Ca?* as the permeant ion. The control is

shown by the diamonds (104 pS). The circles show the effect ofis00
C } DIDS (126 pS) and the triangles show the effect of B@0DBDS (121
i ” pS).
—>
does not potentiate the effects of suramin but instead
3 pA may be competing for the same binding sites as suramin.

200 ms ARE THE REVERSIBLE AND |RREVERSIBLE EFFECTS OF

+
Fig. 7. The effects of DBDS (10Qum) on the current fluctuations DIDS Céf*-SENSITIVE?

through a typical single cardiac RyR. €ds the permeant ion. The

arows ndat he o chnmel vl a1d e doted Ines dktSuramin can increase the condiucance Bpdf cardiac
the fully open channel level in the presence of DBDSAlthe channel ﬁyR in the absenc_e of actlvatlr_lg cytosolic an[lg]

is activated by 1Qum cytosolic C&" alone. InB 100 um DBDS results although the. open!ng and closing events are of much
in an increase i, and current amplitude which is fully reversible after longer duration. Figure Hl demonstrates how DIDS

washout of DBDS from theis chamber (C). modifies channel function at subactivating fCa At
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1000 . 3000 ) Fig. 9. Demonstrates the effects of DBDS on the
g Time constant Areoa g Time constant Aria open and closed lifetime distributions of a typical
- 3.26 ms 15f’ O 2000 2.22ms 85f’ channel activated by 1am cytosolic C&* alone
> 500 15.6 ms 565’ 3 11.6 ms 103A’ A and after activation by DBDS (10@w) in the
S 54.4 ms 2% o 70.6 ms 2% presence of 1qum C&* (B). The solid lines are
= > 1000 the pdfs showing the best fit to the data calculated
:Lj E by the method of maximum likelihood (described

in Materials and Methods The time constants

) ) and percentage areas are shown for each
Time (ms) Time (ms) distribution.

0 50 100 0 50 100

Table. Effects of DBDS and DIDS on open and closed lifetime parameters

T, Area T, Area Ts Area
Open lifetime parameters
10 um C&&* 16+0.5 95+ 2 10.7+ 6.9 5+ 2
100 um DBDS 6.2+6.9 60 + 19 15 +15 31+17 59+ 70 9+ 3
50 um DIDS 2.7+0.7 70+ 8 21 +15 26+ 8 152 +123 4+ 0.6
Closed lifetime parameters
10 um C&* 3.5+0.6 27+ 3 25 + 6 46+ 4 97+ 27 27+ 6
100 wm DBDS 38+14 38+30 15 + 9 28+11 62+ 37 34+39
50 um DIDS 2.6+0.6 66 + 11 20 +14 28+ 7 172 +133 6+ 5

Time constantsT(;, T,, T5) and percentage areas were obtained from maximum likelihood fitting of the data as
described in Materials and Methods. Each value is the mesmaf 3 observations.

picomolar free [C&'] the channel is shut and no open- also modified channels activated by DIDS that did not
ings can be resolved. After adding DIDS to thes  proceed to the irreversible open statesfilts not shown
chamber, very long openings and closings occur (notalthough this was not surprising as ryanodine can modify
the different timescale of this figure) similar to the ef- the gating of channels activated by suramin [19].

fects observed with suramin under identical conditions

[19]. Activation can still proceed to the irreversible fully Discussion

opened state and trace C shows the last closing event.

After washout of DIDS the channel remained fully open. CONDUCTANCE CHANGES

Suramin (10Qum) was equally effective at increasing the
CAN RYANODINE MoDIFY CHANNEL FUNCTION AFTER P, of sheep cardiac RyR channels wherfCar Cs" was
IRREVERSIBLE CHANNEL OPENING BY DIDS? the permeant ion. Under both conditions, the character-

istic very long open events were observegdFigs. 1
In Figure 1D, a single channel was irreversibly opened and 2). With Cs as the permeant ion, however, no in-
by 500um DIDS and the DIDS was then removed from crease in conductance was observed. A possible expla-
the cis chamber. Addition of ryanodine (lm) resulted  nation for the results is that suramin causes conforma-
in an abrupt and irreversible change in current amplitudgional changes in the channel protein that affect the af-
to 45 + 3.6% 6D; n = 3) of the fully open channel level. finity of the conduction pathway for divalent cations
This reduction in current amplitude is similar to that more than that for monovalent cations. The study dem-
usually observed with ryanodine (approximately 40%)onstrates that suramin-induced changes in conductance
under identical ionic conditions [15, 21]. Ryanodine are very dependent on the ionic conditions of the experi-
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10 uM DBDS

200 ms

Fig. 10. The effects of suramin on a typical single channel already
activated by 10um cytosolic C&" and 10 um DBDS. The arrows 3 pA

indicate the closed channel level and the dotted lines indicate the con-
trol open channel level. The dashed line indicates the fully open chan-
nel level in the presence of DBDS. kthe channel is activated by 10 *
uM cytosolic C&* alone P, = 0.001). InB 10 um DBDS is added to

thecischamber increasing, to 0.114 and irC 10 um suramin is added O WWW‘WMWWW ____________

increasingP, to 0.177.

ments and explains why we observe an increase in con-
ductance with suramin [19], DIDS and DBDS while

other studies of the effects of suramin [8] and DIDS [14, 3 pA
23] in which C¢ was the permeant ion, reported no
change. b 200 ms

Fig. 11. @) The effects of DIDS in the absence of activating levels of
REVERSsIBLE EFFECTS OFDIDS AnD DBDS cytosolic C&*. The arrows indicate the closed channel level and the
dotted lines indicate the open and closed channel levels in the absence

The increases in conductance caused by suramin arRﬁ DIDS. The dashed line indicates the fully open channel level in the

DBDS were completely reversible. The increase in COn_presence of DIDS. A single representative RyR channel has incorpo-

. . . rated into the bilayer but i\ there are no openings because 12 m
ducta_nce observed with DIDS was also _rever5|ble if PrO-EGTA has been added to tizis chamber bringing the free [€4 to
gression to a fully open channel state with no observabl@pproximately 100 pM. I8 500 um DIDS has been added to thés
closings did not occur. The effect of these ligands onchamber and very long open events (note the time scale) of high current
conductance is unique and has not been observed witimplitude resultC shows the last closing event afiddemonstrates
agents acting at other known binding sites on RyR andhatthe (_:hannel is still fully open after removing the DIDS_by perfusion
therefore, given the structural similarities of suramin,©f the cis chamber.j The effects of ryanodine on a single sheep

cardiac RyR irreversibly activated by DIDS. 50 DIDS was added

DIDS and DBDS, suggests that they may act via COm'to thecischamber and after the channel was locked in the open state the

mon binding sites. Further evidence that these ligandg)ps was removed from the channel by perfusing outdisehamber.
bind to the same sites is that the reversible effects omRyanodine (1um) was then added to theis chamber and the arrow
gating of suramin, DIDS and DBDS are also unique.indicates the time at which the fully open channel was modified to a
The mechanism for the increaseRyg for these agents is lower conductance state.
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predominantly an increase in the duration of the operchannel being in a conformation that exposes sites for
times. Not only does the increase in duration of openDIDS to bind irreversibly. Even in the absence of acti-
lifetimes contribute more to the increaseRy than the  vating cytosolic C&', irreversible modification by DIDS
increase in frequency of channel opening at high ligandccurs although it is noticeable that DIDS first induces
concentrations and high, values but this is also true for long openings of increased conductance. Irreversible
low ligand concentrations whei, is only slightly in-  modification of the channel is therefore not likely to
creased ([19] and Table). This leads to the very distinc-depend on a change in the sensitivity of RyR to cytosolic
tive pattern of gating seen with these agents caused b@a*, for example due to a change in the affinity of*Ca
the long clear open and closed events. The gating is verfor the cytosolic C&" activation or inactivation sites.
different to the rapid flickery type of gating which is Once the channel has become irreversibly opened, it ap-
observed with cytosolic C4 as the sole channel activa- pears that agents that modify gating become ineffective.
tor [1, 18, 20] or, for example, if the channel is activated For example, after irreverisbly opening a channel by
by an adenine nucleotide in the presence of'Ga2]. DIDS in the absence of activating cytosolic 4Fig.

In fact, lifetime analysis has demonstrated that other sectl), perfusing out theis chamber to a solution contain-
ondary ligands, in the presence of 1@ C&*, including  ing 10 um Ca&* (results not shownand then lowering
adenine nucleotides or caffeine related compounds, athe free [C&"] again to picomolar levels (Fig. &ltrace
increase the frequency of channel opening with little orD) does not cause any changein(which remains at 1).

no effect on the duration of open lifetimes at low con- Interestingly, ryanodine can still modify the channel to a
centrations wher@, is increased t6<0.3-0.5 [11, 12, reduced conductance level and therefore can still bind.
17, 22]. Competition studies with suramin and DBDS It is possible, however, that the binding of ryanodine to
provide further evidence for common binding sites. Aits site on RyR may be affected by the irreversible modi-
submaximal concentration of suramin (101) is less fication of RyR by DIDS, for example the on and/or off
effective in the presence than in the absence ofs0  rates of ryanodine binding may be altered. A more quan-
DBDS indicating that the two ligands are competing for titative evaluation of the effects of DIDS on the interac-
the same sites. tion of ryanodine with RyR needs to be performed using
[*H]ryanodine binding studies or by investigating the
effects of a reversible ryanoid on channel function.

In summary, the results of this study suggest that
DIDS and DBDS may interact with the sheep cardiac
An important finding is that DBDS, which differs from RyR by binding to the suramin binding sites. DIDS and
DIDS only in that the two reactive isothiocyanate groupsDBDS exhibit reversible increases in conductanceRnd
have been replaced by NHC@d;, causes similar re- which closely resemble the effects of suramin. In the
versible effects as suramin and DIDS on gating and conmajority of channels, 50Gum DIDS also irreversibly
ductance. It is unlikely therefore that either of these re-opens the channels and this may result from DIDS bind-
versible effects of DIDS can be attributed to the reactiveing irreversibly with positively charged amino acids at or
effects of the isothiocyanate groups. By a similar argu-near the suramin sites.
ment, the subsequent irreversible locking of the channel
into the fully open state several seconds after the additioRnis work was supported by the British Heart Foundation. | would like
of DIDS (500m) to thecis chamber can only be attrib-  to thank Li Lien Ching and Wei Mun Chan for preparation of heavy SR
uted to the isothiocyanate groups, possibly by covalentlyesicles and Professor Alan J. Williams for useful discussions.
binding with reactive amino groups of lysine residues on
RyR. It is not known whether the irreversible effects of
DIDS result from the interaction of DIDS with the sura- References
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