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Abstract. The reactive disulfide 4,4dithiodipyridine  reticulum of nonmuscle cell types (Coronado et al.,
(4,4DTDP) was added to single cardiac ryanodine re-1994; Dulhunty et al., 1996). Opening of the RyR ion
ceptors (RyRs) in lipid bilayers. The activity of native channel in vivo is modulated by numerous ligands in-
RyRs, with cytoplasmicqis) [Ca®*] of 1077 m (in the  cluding C&*, Mg®* and ATP (Smith, Coronado &
absence of Mg and ATP), increased withiill min of ~ Meissner, 1985) which bind to the RyR, by coproteins
addition of 1 nu 4,4-DTDP, and then irreversibly such as FKBP12 (Dulhunty et al., 1996) and tria-
ceased 5 to 6 min after the addition. Channels, inhibitedin (Knudson et al., 1998 Knudson et al., 1999, and
by either 1 nm cis Mg®* (10" m cis Ca*) or by 10 v py sulfhydryl (SH) oxidation reactions involving pro-
cis Mg®* (10°° m cis C&"), or activated by 4 m ATP  tein cysteine residues (Eager, Roden & Dulhunty, 1997).
(107" m cisC&"), also responded to 1mcis4,4-DTDP  The RyR contains several cysteine residues in its “regu-
with activation and then loss of activity?, and mean |atory” domain and in the putative Gachannel region
open time T,,) of the maximally activated channels were (Otsuy et al., 1990). These cysteine residues are though
lower in the presence of Mgthan in its absence, and the to interact with the gating mechanisms of the RyRCa
number of openings within the long time constant com-channel because oxidation of SH groups stimulatés Ca
ponents of the open time distribution was reduced. Ingjease from the SR vesicles and increases single RyR
contrast to the reduced activation by 4m,4-DTDP in  hanne| activity (Abramson & Salama, 1989; Boraso &
channels inhibited by Mg, and the previously reported Williams, 1994: Eager et al., 1997). Many reactive oxy-
enhanced activation by 44DTDP in channels activated gen species activate RyR channels (Holmberg et al.,
by Ca™ or caffeine (Eager et al,, 1997), the activation ; 99, - {5|mperg & Williams, 1992; Boraso & Williams,
produced by 1 m cis 4,4-DTDP was the same in the 1994; Favero, Zable & Abramson, 1995), and can cause
presence and a_bsence of 'A.‘TP' These results suggest ﬂ?ﬁ& long term loss of activity in skeletal RyRs (Holmberg
there isa physical mteracuon between the ATP b|nd|ng& Williams, 1992; Favero et al., 1995). Nitric oxide
ggirg:tlir:) nO];et:gsiirgﬁgnr?«;{lRagir:/ittigﬁ SH groups Whos‘?NO), which is produced in skeletal (Nakane et al., 1993)
' and cardiac muscle (Schulz et al., 1991; Schulz, Nava &
Moncada, 1992), alters the activity of single skeletal and
Key words: Reactive disulfides — Sarcoplasmic reticu- ¢cardiac muscle RyRs in lipid bilayers (M#aos,
Il_Jm —Sulfh_ydry_l oxidatiqn _—_C_alcium-induced activa- Minarovic & Zahradfkova, 1996: Stoyanovsky et al.,
tion — Calcium-induced inhibition 1996; Zahradikovaet al., 1997), possibly by the forma-
tion of S-nitrosothiol groups (Lei et al., 1992).

The actions of the reactive oxygen species and other
oxidizing agents are prevented or reversed by reducing
. . agents (Boraso & Williams, 1994; Favero et al., 1995;
Ryanodine receptors (RyRs) form the calcium releaseAbramson et al., 1995), suggesting that they act via oxi-
channels in the sarcoplasmic reticulum (SR) of cardiacdation of SH gro'ups on'cysteine residues. However. this
and skeletal muscle, and are found in the endoplasmif,:]as been confirmed in only two studies \;vhich have’ ex-

amined the effects of reagents which react specifically
R with free SH groups on single RyR channel activi-
Correspondence toA.F. Dulhunty ty. Nagura et al. (1988) found that the reactive disulfide
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4,4’ -dithiodipyridine (4,4-DTDP) increased current Materials and Methods
through a bilayer containing multiple skeletal RyRs. Ea-
ger et al. (1997) showed that 4;BTDP and 2,2 All Methods are described in detail in Laver et al. (1995) and Eager et
dithiodipyridine (2,2-DTDP) induced a transient activa- 2+ (1997)-
tion of cardiac RyR channels, followed by an irreversible
loss of activity, both of which could be prevented if the preparaTION OF SR MICROSOMES
channels were exposed to the reducing agent dithiothrei-
tol (DTT) before exposure to the reactive disulfide. TheMethods were based on Sitsapesan et al. (1991). Ventricular muscle
biphasic effect of 4,4DTDP was seen aiis [Caz*] from from fresh sheep heart was differentially centrifuged to yield a crude
10° to 2 x 102 M, but occurred most rapidly when microsomal fraction'which was run on a discontinuous sucrose grgdi-
channels were activated by either 1mr 102 M cis ent. Heavy SR vesicles were collected from the 35-40% (wt/vol) in-
cat terface.

The ability of oxidants to influence RyR channels in
vivo has been questioned because the reducing agehirip BILAYERS AND SOLUTIONS
glutathione (GSH) is present &b mm in most cells
(Meister & Anderson, 1983). However, oxidation reac- Bilayers were formed from phosphatidylethanolamine, phosphatidyl-
tions do occur under in vivo conditions. Koshita et al. serine and phosphatidyl_choline (5:3:2) (Av_anti Polar_ Lipids, Alab_ama)
(1993) observed an oxidation-induced?Cafflux from acros_s a 150—2_0ﬁlm _dlameter ap.erture in a Delrin cup (Cadillac

. . Plastics, Australia). Bilayer potential was controlled and currents re-

skeletal SR VeSIC!eS In_the_ presence of GSH or DTT fin(j:orded using an Axopatch 200A amplifier (Axon Instruments). Bilayer
concluded that thiol oxidation can proceed if the affinity potential is expressed . - Vyune i.e., Veyroptasm™= Vimen
of the oxidant for the -SH group is higher than its affinity The normalcis solution contained (in m): 250 CsCl, 1 CaGl
for the reducing agent. Oxidation reactions are enhanceahd 10 N-tris[hydroxymethylmethyl-2-aminoethanesulfonic acid
if the ratio of GSH to GSSG falls when the concentration(TES, pH 7.4 with CsOH) and theanssolution contained (in m): 50
of oxygen free radicals increases under pathological conSCl 1 Cad) and 10 TES (pH= 7.4). Cis C&* concentration was

", . . . : changed by perfusion with solutions containing (imm250 CsCl, 10
ditions such as ischaemia and reperfusion (Sies et aITES and 2 BAPTA (iitrated with CaClto the required free [C4],

1972; Curello et al., 1985), and PQSSibly in aged qellsmeasured with a C&selective electrode—Radiometer ION83). SR
(Stadtman, 1992). Therefore, defining the mechanismsesicles were added to the 1 mi§ chamber to a final concentration of

by which specific sulfhydryl reagents alter RyR gating is (10 wg/ml. Vesicle incorporation was sometimes facilitated by adding
essential for understanding (|) the involvement of Cys-SOO mv mannitol to thecis solution, increasing theis [CsCI] to 500
teine residues in RyR gating processes and (ii) the i and/or increasingis [CaCl] to 5 mv. To prevent multiple fu-

vivo modulation of RyRs by oxidants under normal andSions: thecis chamber was perfused with normeis solution when
. .. channel activity was observed. Cwas used as the conducting ion
pathological conditions.

. . because RyRs have a high‘@®nductance and because ®focks SR
Although it has been established that sulfhydryl re-x+ channels (Cukierman, Yellen & Miller, 1985; Coronado et al.,

agents strongly modify the activity of cardiac RyR chan-1992). RyR activity was recorded at the"@{uilibrium potential (+40
nels with C&" as the sole ligandsgelntroduction), the ~ mV) to minimise CT currents. Experiments were performed at room
effects of oxidation by sulfhydryl reagents in the pres-temperature (21-24°C).

ence of other ligands has not yet been examined. There-

fore, we have compared the activation and depression
cardiac RyR activity by 1 m cis 4,4-DTDP at 10 m
cis C&* with the activation and depression of RyRs with channel activity was displayed on an oscilloscope, stored on videotape
physiological concentrations of M (1 or 10 mi) or  and later digitized for analysis. Current was recorded at 1 kHz (10-pole
Na,ATP (4 mv). Addition of 4,4-DTDP caused the ac- low pass Bessel, -3 dB) and digitized at 2 kHz (Labmaster 125 MHz
tivation and subsequent loss of activity in native RyR Interface, Axon Instruments). Channel open probabili)( fre-
channels under control conditions and when channel§uency of eventsK,), open times, closed times and mean open or
were inhibited by Mgz+ or activated by mM closed times T, or T,) were determined using an analysis program,

L Channel2(developed by P.W. Gage and M. Smith). A 50% threshold
!,
Na,ATP. The degree of channel activation by 4,4 discriminator was used to detect channel opening and closing, since

; 2

DTDR was reduced in the presence of 1 or_lrﬁ) Mg**. subconductance levels were seldom observed in cardiac RyRs (Laver e
Surprisingly, the level of channel activation by 4,4 al., 1995).P,, T,, T, andF, were measured during the 2 min of channel
DTDP was not enhanced by ATP. The results show thagctivity recorded immediately before 4BTDP addition, and during

(i) the activity of the cardiac RyR channel is susceptiblethe 30-sec period having the highd%f within 2 min of 4,4-DTDP

to activation by oxidation reactions in the presence Ofaddition (Eager et al., 1997). Open and closed time distributions were
Mgz+ and ATP at in vivo concentrations, (ii) that inhi- displayed as described by Sigworth and Sine (1987) for data obtained

LS .. . during a 2-min control period, and during the 5 min immediately after
+
bition by M92 and activation by 4/4DTDP are addi- drug addition. Each distribution was fitted by a multiple exponential

tive, Wh!'? (iii) activation by ATP and by 4,4DTDP are  function. For display of average trends in the distributions, open time
not additive. constants were allocated to one of the following time constant groups:

%ATA ACQUISITION AND ANALYSIS
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T,, <3 msec,, 3-12 msecy,, 12-50 msect,, 50-500 msec; antk, A -L
>500 msec; similar time constant groups were used for closed time -
distributions (Eager et al., 1997). Sampling at the Nyquist frequency
(double the filter frequency) was considered sufficient for the analysis N I " l
performed in the present study, since we have shown that the effects ¢

Ca*, 4,4-DTDP or caffeine on the open time distribution of the car- l o _I .
diac RyR are not influenced by possible “undersampling” (Eager et

al., 1997).

STATISTICS

The 2-tailed studentstest was used to test the significance of paired B III
and independent data. The significance of the difference between th e
logarithms of paired variables was tested. Logarithms were used be L m,
cause control values vary widely and values in' Q4 DP- or ATP- R T~ "
activated channels were proportional to original values, rather thar

absolute values. In addition, increments in values were normally sev . et VSR -
eral orders of magnitude. A value Bf< 0.05 was considered signifi-

cant. Data are presented as mean et

DRruGs 5s
C

All solutions were prepared using MilliQ deionized water. "4 DP
(Sigma, St Louis, MO) was dissolved in ethanol. ,N&P (Sigma, St
Louis, MO) was dissolved in deionized water plus 1& MES and
adjusted to pH 7.4 using a 500mstock CsOH solution. e

- - Dl

Results _ _
Fig. 1. An example of the effects of 44DTDP on a cardiac RyR at

1077 m cisC&*. Continuous 1-min recordings from a single native RyR

BipHASIC AcCTION OF 4,4-DTDP oN RYRS IN THE at a holding potential of +40 mV. Channel opening is upward from the
ABSENCE OFADDED L IGANDS baseline (dotted lines)Aj Control; B) activated channel immediately
after adding 1 m 4,4'-DTDP to thecis chamber; C) after irreversible
loss of channel. The record i@ was obtained 9 min after adding

All experiments were performed at a bilayer potential Of4,4’-DTDP and 30 sec after increasioig C&?* concentration to 1 m.

+40 mV and most with 10 m cis C&*. Under these
control conditions, addition of 1 m4,4-DTDP to the
cis chamber activated each of 21 RyRs within 3 min
(e.g., Fig. 1), with an average delay of 42 + 12 sec beforel he higherP, was due to increases in duration and fre-
an increase in activity was seen. qguency of channel opening. On averagg increased

Activity in 18 out of 18 of the channels returned to from 1.52 + 0.23 msec to 22.2 + 5.1 msdt< 0.0001),
control levels at 80.4 + 17.2 sec after 4@TDP addi-  while F, increased from 0.23 + 0.05 sécto 4.6 + 1.2
tion and was irreversibly lost between 6 and 10 min (i.e..sec* (P < 0.0001). The increase iR, reflected the ad-
activity could not be restored by voltage pulses to —40dition of long time constant components to the open time
mV or by increasingis [Ca%*] to 1 mm). It has previ-  distribution, with no consistent change in the closed time
ously been shown (Eager et al., 1997) that (i) channetlistributions (Eager et al., 1997). Control open times
conductance is unaltered during the “activation” phasewere in a single exponential (Materials and Methods)
of the 4,4-DTDP effect, (ii) addition of the vehicle for 1 with an averager; = 1.8 £ 0.3 msec. One to three
mm 4,4-DTDP alone, i.e., 1Qul of ethanol, does not exponentials were seen in open times recorded during the
alter RyR activity. 5 min after 4,4-DTDP addition, with time constants that

Activation of the 21 control channels by 4;BTDP  fell into 1 to 3 ofty, 75, T3 Or 7, averager; = 1.3+ 0.3
was measured quantitatively by comparPg T,andF, msec ( = 14),7, = 8.4+ 0.9 msecr( = 9), 73 = 24.0
during the 2 min of channel activity recorded immedi- + 2.9 msecif = 14) andrt, = 75 + 11 msectf = 7).
ately before adding 1 mn 4,4-DTDP, with parameter Although open times in 5 of the 21 RyRs were still
values during the 30-sec period having the highHest described by a single exponential in the presence of 1
within 2 min of 4,4-DTDP addition (Materials and mm 4,4-DTDP, the time constants weretgor t5 (3—-50
Methods). On averagB, in the 21 channels increased msec), in contrast to control openings which were within
(P < 0.0001) from 0.0005 + 0.0001 to 0.065 + 0.013. 7, (<3 msec).
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Fig. 2. Inhibition of RyRs by 1 nw cis Mg®*
(107 m cis Ca?") and subsequent activation by
4,4-DTDP. Channels were exposed to Mdor
2 min before 4,4DTDP was added.A) Records

]
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A (i) control (i) 1mM Mg?*
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from one channel: (i), with 10 m cis C&™; (ii),
within 10 sec of adding 1 m cis Mg?"; (iii)
within 2 min of adding 1 mu cis 4,4-DTDP to
the M@*-inhibited channel.B) P,, T, andF,

for individual channels (filled circles, linked by
lines), during the 2-min control period with 10
M cis Ca* (C), during 2-min exposure to 1mm
Mg?* (M) and during the 30 sec with the highest
P, within 2 min of 4,4-DTDP addition (4D).
Histograms showing mean +<eEm (vertical
bars) for control, 1 1 Mg®* and 1 nu Mg?*

1s
15pA

plus 4,4-DTDP are superimposed on the individual data. The bin labeled # is the mean data obtained from 21 channels exp64<2tnp 4,4
in the absence of Mg. Asterisks indicate the significance of differences between each mean and the mean in the precedify<bB0Y,

¥+ P < 0.001.

EFFeCT OFLIGANDS ON 4,4 -DTDP4NDUCED
ACTIVATION OF RYRs

Mg**-inhibited RyRs at 10 ™ cis C&™*

Mg?* can inhibit cardiac RyRs by binding to either the
high affinity C&*-activation site, whewgis C&* concen-

Mg?*-inhibited RyRs at 1 m cis Ca*

The effect of M@* binding to the low affinity CA"/Mg>*
inhibition site was examined by increasing ttis Ca*
concentration to 1 m. When the high affinity C&-
activation site is saturated by increasing ttie Ca*
concentration, further addition of either €aor Mg?*

then inhibits the cardiac RyRs by binding to the low
affinity Ca®*/Mg?* inhibition site (Laver, Baynes & Dul-
hunty, 1997). Activity in each of 7 single channels was
high in the presence of 1 mC&"* (e.g., Fig. 3).

The open events became considerably shorter when
10 mv Mg?* was added to theis side of the C&'-
activated channels and there was a simultaneous increas
in F, in 4 of the 7 channels (Fig. 3). In 3 of the 4
channels showing an increasery P, during the control
period was low (0.05 to 0.09), despite the presence of 1
T, and F, after addition of 1 mn cis Mg®* (Fig. 2B). mm Ca*. AlthoughP, increased by 25 + 4% in these 3
Subsequent addition of 1nn4,4-DTDP caused an in- channels, because of the increasg jnmean open times
crease in all three parameters to values that were greatshowed the typical 10 mMg?*-induced reduction. The
than those with M§" alone. P, and T, in the 4,4- increase inF, in some channels was small and was not
DTDP-activated channel were also greater than the coninvestigated further. The reduction in averaggfor all
trol values prior to adding Mg. P,, T, and F, were 7 channels was significant and analysis of the open time
lower with 4,4-DTDP in the presence of Mg, than distributions showed that the number of exponential
those recorded with 4,49DTDP alone (Fig. B), showing  components fell from fourt—,) in Ca*-activated
a summation of the inhibiting effects of Mgwith the  channels, to twot, andt,) in channels inhibited by 10
activating effects of 1 m 4,4-DTDP. mm cis Mg?* or by 10 to 20 rw cis Ca*, with >94% of

Analysis of the open time distributions showed thatevents int, in both cases.
Mg?* prevented the long openings seen during’4,4 A substantial increase in activity was seen when 1
DTDP-activation under control conditions (i.e., with mm 4,4-DTDP was added to channels that were inhib-
10" m cis C&", in the absence of Mg, seeResults ited by 10 mu Mg?* (e.g., Fig. 3). The increases in
above). Openings in 4 of 5 channels with mrd,4'- averageP, and T, were significant (Fig. 3), but the val-
DTDP plus M@, fell into two componentsy, andr,, ues of the parameters were severalfold lower than those
while the fifth channel had events only #3. On aver- obtained when 4/4DTDP was added to channels acti-
age,m; = 1.4 = 0.1 msec (47 + 14% of events,= 4)  vated by 1 rm cis C&" (Table).
andt, = 9.5 + 1.6 msec (53 £ 14% of events,= 5). Thus, as seen with Mg binding to the high affinity
This was in contrast to 4,4DTDP alone, where events site (see Resultabove), there is summation of the
were inT; to 7,. inhibitory effects of M@" binding to the low affinity

tration is low (<10® m C&), or to the lower affinity
Ce&*/Mg**-inhibition site at highercis C&* concentra-
tions (Laver et al., 1997). The effect of Mgbinding to
the high affinity C&*-activation site on 4,4DTDP-
activation was examined by adding Mnais Mg?* with
cisCa* of 107’ m and then adding 1 mcis 4,4 -DTDP.
Activity in 5 single RyRs was intermittent at 10m cis
C&* and was reduced further after adding i rivg?*
(e.g., Fig. 2).

There were significant reductions in the averéyge
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Fig. 3. Inhibition of RyRs by 10 mu cis Mg?* (1
mm cis Caf*) and subsequent activation by
4,4-DTDP. Channels were exposed to Mdor 2
min before 4,4DTDP was added.A) Records
from one channel: (i), with 1 m cis C&™; (ii),
within 10 sec of adding 10 mn cis Mg?"; (iii)

within 30 sec of adding 1 mncis 4,4-DTDP to

the Mg?*-inhibited channel.B) P,, T, andF, for
individual channels (filled circles, linked by lines),

during the 2-min control period with 1 mcis
Ca&* (C), during 2-min exposure to 10nmMg?*
(M) and during the 30 sec with the highdg

4D c M 4D C

within 2 min of 4,4-DTDP addition (4D).
Histograms showing mean + 4em (vertical bars)

M 4D

for control, 10 v Mg?* and 10 nw Mg?* plus 4,4-DTDP are superimposed on the individual data. Asterisks indicate the significance of
differences between each mean and the mean in the preceding?bin0:05; **P < 0.01.

Table 1. Comparison of RyR activity with 4/4DTDP added to C&-
activated channels (1vmCa™"), Ca*-inhibited channels (20 mCa*),
or to Mg?™-inhibited channels (1 m C&* + 10 nm Mg?*)

1 mm 4,4-DTDP +

1 mv C&* 20 mv C&* 1mv C&" +
(n=4) (n=5) 10 mM Mg?*
(n=6)
P, 0.9939 0.2501 0.2757
(0.0017) (0.0870)**+ (0.0871)**
T, 218 6.3 7.2
(39) (2.9 (2.3
Fo 4.9 76 61
(1.0 (44) (26)

Mean *sem (in parentheses) far channels. There were no differences
in mean values oP,, T, (in msec) orF, (in events sec?) for 4,4 -
DTDP-activated channels inhibited by either 2 rE&* or 10 mv

+5.6 msec = 6); 7, = 240 msecif = 1) andrg =

745 + 85 msecr( = 2). The average time constants
were also inr;—75 when 4,4-DTDP was added to chan-
nels activated by 1 m cis C&* in the absence of Mg,

but in contrast to the Mg situation, (64% of events
were inT;to 5. Note that, although 4,4DTDP-induced
activation declined in the usual way (between 3 and 5
min), open events were recorded before activity was ir-
reversibly lost between 6 and 10 misegResults be-
low).

ATP-activated RyRs

ATP is a potent activator of RyRs (Meissner, Darling &
Eveleth, 1986). The activity in all of 12 channels in-
creased substantially when 4mnNa,ATP was added to

Mg?". Asterisks indicate the significance of differences between chanthe cis chamber with 10” m cis C&* (e.g., Fig. 4), and

nels in the presence of 1nmCa* and those in 20 m Ca* or 10 mm
Mg?* plus 1 v C&*: ** P < 0.01; **P < 0.001.

Ca’*/Mg?* with the activating action of 4/4
DTDP. Interestingly, increasingis Ca* above 1 nw
had the same effect on 4;:BDTDP induced activation as
the increase in Mg concentrationP,, T,, and F, in

the increases in the averagg, T, andF, were signifi-
cant (Fig. B).

Addition of 1 mv 4,4-DTDP to thecis chamber, 1
to 2 min after ATP, induced a further increase in activity
in 9 of the 12 channels (e.g., FigA# with significant
increases in averade andT, (Fig. 4B). Curiously, and
in contrast to results obtained with Kig the effects of

five 4,4-DTDP-activated channels, that were inhibited ATP and 4,4-DTDP in these 9 channels were not addi-

by 20 mv C&*, were similar to the parameters in chan-

nels inhibited by 10 m Mg?* (Table). One M§*-

inhibited channel included in the individual data in Fig.

tive becauseP,, T, and F, values were the same in
4.4 -DTDP-activated channels, with or without ATP
(Fig. 4B). AlthoughP,andT, were significantly greater

3B, was not included in the average data in the Tablethan they had been with ATP alone, the relative increases

because the increase Ty to 600 msec upon addition of
4,4-DTDP was well outside th&, values recorded with
4,4-DTDP in the other M§*-inhibited channels.

in the two parameters upon addition of 4ATDP were
severalfold smaller than in the absence of ATP. Another
unexpected observation was that, in the other 3 ATP-

Analysis of the open time distributions showed that, activated channels (not activated by '4RITDP, and not

by binding to its low affinity site, M§* reduced the

included in Fig. 4), 4,4DTDP depressed the ATP-

number of long open events recorded during the 5 mirinduced activation, i.e., channel activity returned to low

after 1 v 4,4-DTDP: [B5% of events were ir; and

levels and the usual bursts of long openings were not

T,, although there were open events in each of the ®bserved.

exponential components and the average= 1.5 + 0.1
msec (0 = 7); 1, = 6.8 £0.9 msecr( = 7); 7; = 36.0

Analysis of the open time distributions of the 9
channels activated by 1vm4,4-DTDP in the presence
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A : i) 4mM ATP iiiy ATP + 4D Fig. 4. Activation of RyRs by 4 mi cis ATP
(i) Control (i) (i) (107 wm cis Ca?") and subsequent activation by 1

mm 4,4-DTDP. Channels were exposed to ATP
H " J . _..J |J . qum m for 1-2 min before 4,4DTDP was added.A)
Records from one channel: (i), with 70m cis
1 Ca*; (i), within 10-sec of adding 4 m cis
s
—l 20pA

ATP; (iii) within 30 sec of adding 1 m cis

B (i) L aw (iii) 4,4-DTDP to the ATP-activated channeB)(P,,
0 2 1 T, andF, for 9 individual channels (filled
a° -2 / 2 C circles, linked by lines), during the 2-min control
= 2, 8 4 period with 107 m cis Ca* (C), during 2-min
= -4 - exposure to 4 m ATP (M) and during the 30
C A 4D # C A 4D # C A 4D # sec with the highed®, within 2 min of

4,4-DTDP addition (4D). Histograms showing
mean * 1sem (vertical bars) for control, 4 m ATP and 4 nm ATP plus 4,4-DTDP are superimposed on the individual data. The bin labeled
# is the mean data obtained from 21 channels exposed t4BP in the absence of ATP. Asterisks indicate the significance of differences
between each mean and the mean in the preceding Bir: 0.05; ***P < 0.001. There was no difference between the mean values for
4,4-DTDP-activated channels in the presence or absence of RTP(Q.49).

of ATP showed that openings fell into the usual singIeA
exponential with 10 m cis Caf*, before addition of ATP 10
(Fig. BA, filled circle).

0 [ ]

Openings in individual channels were also in a g\: 50 /|
single exponential after ATP had been added, but the ?/N'—k
time constants were either iy, or 7, (open squares). ol—at " T
Subsequent addition of 1nm4,4’-DTDP induced open- 0 1 2
ings inT5 or 7,4, in addition to the openings i, and-,. log T, (ms)
The values of the average time constants (filled triangles
Fig. 5A) were similar to those with 4;4DTDP in the
absence of ATP (Fig.B). 100

Two differences were noted between activation by 1
mm 4,4 -DTDP in the presence of ATP and activation by < 50 e
4,4-DTDP alone. Firstly, activity increased far more ° TN
rapidly (P < 0.01) after addition of 1 m 4,4-DTDP in 0 0 ] 5
the presence of ATP (with a delay of only 2.9 + 1.4 sec), log T, (ms)

than in its absence (delay 42.1 + 12.3 sec). Secondly,
there were significantly fewer event® < 0.01) inT, Fig. 5. Effects ofcis ATP and 4,4-DTDP on the open time constants
with ATP (5.5 £ 4.4%) than in its absence (28.3 + 6.3%). of channels with 10’ m cis C&*. Data were obtained from the same 8
There were similar reductions in the Iatency of '4,4 channels used for the average data in Fig. 4 above. Time constants for
DTDP activation and the fraction of eventsﬂpwhen 1 individual channels were allocated to time constant growpg(rs, as
mm 4.4 -DTDP was added to RyRs activated d:iy ca* defined in_ Materials and Meth'ods), and the_ average percent'age
(10_5 or 10°3 M) but the decrease in Iatency was not Seenof events in each group (_%A) is plotted against the average time
! : constant of each groupA) Time constants, from the same 9 channels
when 4,4-DTDP was added to RyRs activated by caf- sed to obtained the average parameters in Fig. 4 above, were recorde
feine (Eager et al., 1997). with 1077 m cis Ce?* alone (filled circle), then after adding 4umATP
(open squares) and finally after adding MmM,4-DTDP (filled tri-
angles). B) Data obtained from 21 single channels with & cis

EFFeCTS OFLIGANDS ON THE LONG TERM C&* after adding 1 m 4,4-DTDP (filled circles). The vertical bars
4,4 -DTDP-NDUCED Loss oFRYR AcTivITY show +1semfor average %A, and the horizontal bars showsgf for
the average time constants, where these exceed the dimensions of th
symbols.

The overall time course of channel activation and the

irreversible loss of activity was essentially the same in

the absence and in the presence ofMand ATP, with  tration to 1 nu. Eight channels were tested for loss of
abolition of RyR activity seen within 10 min of adding 1 activity in the presence of 4TDP with 1 or 10 nw
mm 4,4-DTDP to thecis chamber in most channels in Mg?* and 8 channels tested with 4BTDP and 4 rm
the presence dfis Mg?* or ATP. Channels were tested ATP. Activity in 7 of the channels with Mg was irre-
for irreversible loss of activity with voltage pulses to versibly lost within 10 min of adding 4,4DTDP, but
negative potentials and by increasioig C&* concen-  one channel with 10 m Mg®* remained active for >45
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min. Seven channels with ATP lost their activity irre- A CONVERGENCEMODEL FOR Mg?* AND 4,4-DTDP
versibly within 10 min of 4,4-DTDP addition, while one  MODULATION OF THE RYR
channel remained active for >20 min. The significance
of the failure of these two channels to irreversibly closeThe biphasic action of 44DTDP on cardiac RyRs has
was not explored further. Interestingly, the three chanbeen described by a “convergence” model (Eager et al.,
nels that were not activated by 4BTDP in the pres- 1997) in which signals initiated by thiol oxidation or
ence of 4 nm ATP (above, lost their activity irreversibly  |igand binding, at sites remote from the ion channel,
by 8 min after adding 4,4DTDP. This observation is converge on “gates” in the channel pore. It is proposed
significant because it shows clearly that the loss of acthat the oxidation of a reactive cysteine increases the
tivity can occur without the 4,4DTDP-induced activa- probability of one gate being open, while oxidation of a
tion, and supports the hypothesis that channel activatiofess reactive thiol irreversibly shuts a second gate. The
and irreversible loss of activity are caused by oxidationresults of the present study are consistent with signals
of different SH residues. arising from Mg binding and from SH oxidation con-
verging on two separate gates. An alternative possibility
is that different cysteine residues were oxidized in the
Discussion presence of 1 m and 10 nm Mg?*. However, this
would require gross conformational changes which are
unlikely with the rapidly reversible effects of M The

The sulfhydryl-specific reagent, 4:TDP at1 mm, in- Cqualitatively similar effects with 1 and 10MmMg?* sug-

creases cardiac RyR activity at resting cytoplasmi . :
[C&*] (107 m cis Ca%ﬁ) beforeythe channgl irr)(/avsrsibly gest that the subtle quantitative changes are most likely

closes after 5-10 min exposure to the reagent. Thes be due to modulation of the oxidation response, rather

effects of 4,4-DTDP depend on oxidation of thiol than a grossly different oxidation reaction.

groups because they are prevented or reversed by DTT The thi_ols which alter F\_’yR activity when oxidized
(Eager et al., 1997). Other non thiol-specific oxidizing are accessible to reagents in the cytoplasm and may re-

agents have similar actions (Abramson et al., 1995; Fa§i0|e on the protein surface. Calmodulin (Wag_enknecht
vgro et al., 1995). We shovxs here that these effects of" al., 1994) and FKBP12 (Samso et al., 1997) bind to the

4,4-DTDP occur with physiological concentrations of outer margin of the skeletal RyRs, at least 10 nm from

Mg?* or ATP, and that the degree of activation is alteredthe cen_tra! pore (Radermacher et al., 1994). S_imilar Ii-
by ligand binding to the RyR gand binding sites probably exist on the cardiac RyR

since it is 3 dimensionally similar to the skeletal RyR
(Sharma et al., 1997). “Links” between surface sites
and the pore could be the struts and bridges connecting
the periphery of the RyR with its central domain (Wa-

genknecht et al., 1994).
Inhibition of RyRs by M@* did not prevent their acti-

vation by 4,4-DTDP. Binding of 1 nm Mg?* to the high

affinity Ca?*-activation site, prevented the very long INTERACTION BETWEENATP AND 4,4'-DTDP IN

channel openings induced by 4BTDP in the absence ACTIVATING RYRs—A COMMON LINK TO THE

of Mg?*. On the other hand, binding of 10MrMg?" to  ACTIVATION GATE

the low affinity C&*/Mg>* inhibition site reduced the

number of long open events but did abolish them.In contrast to the additive effects of Mi(this report), or

Although the 4,4DTDP-induced activity is less when C&" or caffeine (Eager et al., 1997), with 1mm,4-

RyRs are inhibited by (millimolar) free Mg, there is DTDP-induced activation, binding of ATP to the RyR

never-the-less a large increase in activity upon thiol oxi-did not alter the degree of activation by 44

dation. DTDP. Similarly, C&" efflux from SR vesicles induced
The fact that the gating of the 4;4DTDP-activated by reactive disulfides is reduced in the presence of ad-

channel differed, depending on whether the channel waenine nucleotides (Zaidi et al., 1989; Prabhu & Salama,

inhibited by 1 nm Mg?* at 107 C&™, or by 10 mu Mg®*  199(). Conversely, SR CA efflux induced by alcian

at 1 mv C&", strongly supports separate high and lowblue (Abramson et al., 1988) or AgPrabhu & Salama,

affinity Mg?* binding sites on the cardiac RyR (Nagasaki 199() is enhanced by adenine nucleotides, possibly be-

& Kasai, 1983; Meissner et al., 1986; Laver et al., 1997).cause residues other than cysteines are oxidized (var

Further, similar changes in 4ADTDP-activation in Iwaarden, Driessen & Konings, 1992; Stadtman, 1993)

channels inhibited by either 10nmMg?* or by 20 nm or because a different population of thiols is oxidized.

Ca* supports the contention that the Kigbinds with A “convergence” model was suggested to explain

similar affinity to C&*, to the low affinity C&" binding  additive activation of RyRs by 1 m4,4-DTDP, and

site (Laver et al., 1997). either C&" or caffeine (Eager et al., 1997). The lack of

EFFeCTs oFMg®*
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summation of activation by ATP and 4;DTDP sug- quential events which activate the channel and then pre-
gests a common mechanism in the action of these agentgent its opening, so that activationustprecede the loss
4,4-DTDP does not oxidize the ATP binding site, be- of activity. This was not the case since activity ceased in
cause the binding site lacks cysteine residues (Otsu et alATP-activated RyRs that were not first activated by 4,4
1990). However a cooperative action could be explainedTDP. Further evidence against serial events is that low
if (i) signals from SH oxidation and ATP binding acted concentrations of 4,4DTDP (100 m—100 um, depend-

on one “link” to the activation gate and (i) the response ing on cis [Ca?*]) activated the channel to the same ex-
of this link was nearly saturated by ATP binding andtent as 1 mn 4,4-DTDP, but did not abolish channel
saturated after the oxidation reaction. activity (Eager et al., 1997). The higher 4ATDP con-

An interaction between ATP binding and SH oxida- centration required to abolish activity suggests that a less
tion site is also suggested by the fact that’ 494 DP  reactive SH group is involved in this second phase of the
removed ATP-induced activation in some channels (albiphasic action of 4,4ADTDP.
though irreversible loss of activity proceeded within the In conclusion, the reactive disulfide 4;BTDP in-
usual time frame). The lack of 4ADTDP-induced ac- duced an increase in the activity of single cardiac RyRs
tivation in these channels confirms an observed fall inat resting cytoplasmic Ga concentrations (10 m), by
thiopyridone production when reactive disulfide was oxidation of cysteine residues in the RyR protein com-
added to SR vesicles in the presence of adenine nucleg@lex. The oxidation-induced activation occurred when
tides (Zaidi et al., 1989; Prabhu & Salama, 18p0Both  channels were inhibited by 1 mm cis Mg?”, or activated
results could be explained if (i) the ATP binding site wasby 4 mm cis ATP. In contrast to other activating ligands
physically close to the oxidation site and (ii) stearic in- (C&* or caffeine), which enhance the degree of activa-
teractions between 4DTDP and ATP prevented either tion by 4,4-DTDP, the strongest channel activity in-
molecule from properly accessing its target steqalso  duced by 4,4DTDP was the same in the presence or
Zaidi et al., 1989). absence of ATP. This result suggested an interaction be-

At first sight, the hypothesis suggesting saturation oftween the cysteine residues whose oxidation enhance:s
the “link” to the activation gate by SH oxidation is not channel activity, and the ATP binding domain in the
supported by the observation that ATP induce$'Ga-  cardiac RyR. Two conserved cysteine residues near the
lease from SR vesicles after their oxidation by micromo-putative ATP binding domain of cardiac RyRs are sug-
lar concentrations of reactive disulfides (Zaidi et al.,gested as potential oxidation/activation sites. The results
1989; Prabhu & Salama, 1980 However, C&" release are consistent with a convergence model for ligand regu-
is a population response, and a large fraction of channelgtion of RyR channel opening.
are not oxidized by micromolar reactive disulfide (Eager
et a_l" 1997)' Thus_the ATP evoked Caelease Car_] ,be The authors are grateful to Dr. P. McCullagh for providing sheep
attributed to activation of channels that are not oX'd|zed’nearts. We are grateful to L. Roden for preparation of SR vesicles and

for purification of the RyR and to M. Smith for assistance. The project

was supported by the National Heart Foundation of Australia.
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