J. Membrane Biol. 172, 25—-36 (1999) The Journal of
Membrane
Biology

© Springer-Verlag New York Inc. 1999

Hydrogen Peroxide Inhibits Chloride Channels of the Sarcoplasmic Reticulum of
Skeletal Muscle

J.I. Kourie
Membrane Transport Group, Department of Chemistry, The Faculties, The Australian National University, Canberra City, ACT, 0200 Australi

Received: 27 April 1999/Revised: 1 July 1999

Abstract. Data obtained with the lipid bilayer technique ings suggest that 44DTDP is not preventing the bind-
indicate thatcis (cytoplasmic) concentration of 4.4-22 ing of ATP to its binding site on the channel protein.
mm hydrogen peroxide (kD,), is a water-soluble oxi- The interaction of HO, with the SCI channel proteins is
dant. [H,0,].s (N = 26) reversibly inhibits the mul- consistent with a thiol-disulfide redox state model for
tisubconductance SCI channel of the sarcoplasmic reticuregulating ion transport, where SH groups can directly
lum vesicles from rabbit skeletal muscle. At —-40 mV, modify the function of the channel and/or the availability
the mean values of the current amplitud¢ énd the of regulatory sites on the channel proteins. ThgOk
probability of the SCI channel being opeR. ) were effects on the C& countercurrent through the SCI chan-
reduced significantlyr{ = 8) from —6.14 + 0.42 pA and nel are also consistent with J@,-modification of
0.69 + 0.06 (for all conductance levels) in control 0. m the mechanisms involved in the €aegulation, which
[H,0,]s to —1.10 £ 0.51 pA and 0.13 = 0.04 (for the underlies excitation-contraction coupling in skeletal
intermediate subconductance states) in 88[kh,0.] s, muscle.

respectively. The [HO,].induced decrease iR, is

mainly due to a decrease in the mean open fipeThe  Key words: Reactive oxygen species — Sulfhydryl
mechanism of [H0,] ;s effects on the multiconductance group (SH)-oxidizing and SH-reducing agents — ATP-
SClI channel is characterized by a mode shift in the chansensitive channels — Bi|ayer technique — Calcium
nel state from the main conductance state to the lowguntercurrent

subconductance states. The estimated concentration of

the [H,0,].s for the half inhibitory constant, K was

11.78 nm, higher than the estimated 8.0 and 8.t for  Introduction

the parameterB, andT,, respectively, indicating that the

conductance of the SCI channel is less sensitive than thié is well established that reactive oxygen species (ROS)
gating kinetics of the channel. After a lag period of be-such as superoxide radical anionzJOsinglet oxygen
tween 30 to 60 sec, the lipophilic SH-oxidizing agent (‘O2), hydrogen peroxide (¥0,) and hydroxyl radical
4,4 -dithiodipyridine (4,4-DTDP) added to theis side  (-OH) contribute to the malfunction of smooth and car-
at 1.0 mv removed the inhibitory effects of 8.8 nm  diac muscles under hypoxia-reperfusion conditions. In
[H,O,].e The 4,4-DTDP-enhanced SCI channel activ- fatigued skeletal muscle, and also in cardiac and smooth
ity was blocked after the addition of 0.5MMATP to the ~ muscles experiencing ischemic-reperfusion conditions,
cis side of the channel. The addition of 1.0vn#,4-  an early result of the ROS-induced modifications in the
DTDP to thecis or transsolutions facing an SCI channel transmembrane signal is the change in the homeostasis of
already subjected to 0.5M{ATP] . or [ATP],...failed  the cytoplasmic calcium [C&],, (for review see[20]

to activate the ATP-inhibited SCI channel. These find-and references within). In muscles, this change in
[Ca’*]¢y10 CaN result from direct effects of ROS ona

transport pathways in the sarcolemma and in the sarco-

plasmic reticulum (SR) and/or indirectly on the La

countercurrent, through Clchannels. It is known that
I chloride is important for Cd-release from the SR (for
Correspondence tal.l. Kourie review see[3]).
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Because the SR is an internal membrane, the lipidViaterials and Methods

bilayer technique is the only way to directly study the
regulation and function of ion channels in this otherwise
inaccessible membrane. Despite some limitations of thgreparaTiON OF SR VESICLES
technique, e.g., in mimicking the cytoplasmic environ-
ment of channels, it has been proven powerful in under- ) o ) )
standing the fundamental regulatory mechanisms of Cl Terminal usternae. or Iongltudlqal SR 'ves_lcles from rabbit ske_letal

. . . muscle [31] were incorporated into lipid bilayers [26] as described
K* and the ryanodine G&release channels. In this con- previously [17, 21].
text, the use of the lipid-bilayer technique to study the
ATP-sensitive SCI channel [2, 18] provides the best
available means of examining the physiological mecha—SO

- . . . SOLUTIONS
nistic aspects of channel function and regulation. This
continues in the direction of work already performed in
our laboratories, and in others, on"Glhannels, which Solutions contained choline-Cl (250mrcis/50 mw trans) plus 1 nm
has already yielded important information about theCaCh and 10 nw HEPES (pH, 7.2-7.4, adjusted with Tris). The
regulation and function of Clchannels. The regulation [1':')3)?2] of the cis andtranssolution was adjusted by adding aliquots of

. . . . b H,O, (in water) stock solutions. The maximum dilution of ttis

and function of chloride channels in muscle function hasy, yanssolutions at the highest J,] used in this study was less than
been reviewed in detail [3, 19]. They play an importantsg, e.g., the addition of 10-50 of 10% H,0, is added to a chamber
role in providing countercurrent during €arelease via  of 1,000pl.
the C&*-release channel, and uptake via the electrogenic
Ca&"-pump (C&*-Mg>*-ATPase). Some chloride chan-
nels are also involved in the transport of high-energyl pip BiLAYER AND VESICLE FUSION
compounds such as ATP and other polyanionic metabo-

lites (J.1. Kourie,unpublished data The artificial inid bil echniaue is widel dt dion ch
A survey of the literature reveals that to date there is_ C o '@l 1PId BIAYET FeChnique IS widely usedifo record ion chan-

. ’ . L . nels from internal membranes which otherwise are inaccessible by
no direct evidence for ROS-induced modifications in thepatch—clamp electrodes. Lipid bilayers were formed across auib0
activity of single CI' channels [20]. Pharmacological hole in the wall 6a 1 mldelrin™ cup by using a mixture of palmitoyl-
probing with anion channel blockers, e.g., 4ddisothio- oleoyl-phosphatidylethanolamine, palmitoyl-oleoyl-phosphatidylserine
cyanatostilbene-2,disulfonic acid (DIDS), points to and paimitoyl-oleoyl-phosphatidylcholine (5:3:2, by volume) [2, 16—
the possible involvement of anion conductances in th 8], which was obtained in chloroform from Avanti Polar Lipids (Ala-

. . L aster, Alabama). The lipid mixture was dried under a streamof N
meCha,msm of RO§-|ndgced injury [13]' However, and redissolved im-decane at a final concentration of 50 mg/ml. SR
DIDS is not a specific anion channel blocker. For eX-yesicles were added to tiis chamber to a final protein concentration
ample, it has also been shown that DIDS affectsof 1-10ug/ml. The side of the bilayer to which vesicles were added is
the activity of the ryanodine Ca-release chan- defined agis,and the other side asans. The cytoplasmic side of the
nel [35]_ ROS interaction with Cltransport mecha- ve;icle is thought to face tr_xss chamber [26]. This was verified by _
nisms could be indirectly indicated by the finding that YS"9 common ligands, which are known to bind to the cytoplasmic

. . domain of the ryanodine Garelease channel protein [1]. The reversal
the §ulfhydryl _g_roup (SH)-oxidizing and SH-reducing potential was determined by using minimum polynomial fits of the
modify the activity of one of the SR small Cehannels  current-voltage curves. The reversal potential was then corrected for
(SCI channel) [17], the human skeletal musclé @lir-  the liquid junction potential by using the JPCalc software [4]. The
rent (hCIC-1) expressed iKenopusoocytes and in hu- experiments were conducted at 20-25°C.
man embryonic cells [23], the surface membrané ClI
channel of bovine trachea [28] and the voltage-
dependent anion-selective channel (VDAC) in the mito-RECORDING SINGLE CHANNEL ACTIVITY

chondrial outer membrane [36].

. The. aims of this StUdy are. (I) to examine the dlreCtThe pClamp program (Axon Instruments, Foster City, CA) was used
mteractlon of the, Water,'SOMbleZH)Z (as a ROS,mV?S' for voltage command and acquisition of Glurrent families with an
tigative probe) with a single SCI channel protein, (ii) t0 axopatch 200 amplifier (Axon Instruments). The current was moni-
compare the BO,-induced effects on the SCI channel tored on an oscilloscope and stored on videotape using pulse code
activity with those effects induced by the lipophilic and modulation (PCM-501; Sony). Thes andtrans chambers were con-
specific SH-oxidizing agent 4’ 4lithiodipyridine (4,4- nected to the amplifier head stage by Ag/AgCI electrodes in agar salt
DTDP) [17] and (iii) to probe the effects Ofﬁz and bridges containing the szlutkl)ns preserrgn eﬁch lEc)hamber. VOIta%TS and
' . currents were expressed relative to trens chamber. Data were fil-
4.4 -[.)T[.)P on the SCI. ChannEI in the presencx_e of ATP'tered at 1 kHz (4-pole Bessel, -3dB) and digitiagd a TL-1 DMA
Th_e findings rEpor_ted in this Stufj_y pr_owde_ the first d”?Ct interface (Axon Instruments) at 2 kHz. Unless stated otherwise, the
evidence for HO,-induced modifications in the electri- pilayer was held at ~40 mV in asymmetrical choline-Cl (250/5@;m

cal properties of a Clchannel. cis/trang.
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DATA ANALYSIS ence of iron or copper [14]. Although it is not known
Kinetic analysis was conducted only for optimal bilayers that contained"\’he'm(:“r the mcor_porated SR vesicles in the artificial bi-
a single active channel [8]. Data were recorded at 5 kHz, filtered at 11aY€r retain any iron or copper that may catalyzz

kHz (4-pole Bessel, —3dB) and digitizeda a TL-1 DMA interface  production, it is important to rule out the possibility of
(Axon Instruments) at 2 kHz. An in-house analysis program, CHAN- indirect effects of HO, on the channel activityia lipid

NEL 2 (developed by P.W. Gage and M. Smith, at The John Curtinperoxidation. Experiments conducted on bilayers before
School of Medical Research), was used to measure the following Pathe addition of the SR vesicles revealed that the bio-

rameters of channel activity: mean open timg(i.e., the total time that . . . . .
the channel was not closed and including openings to all conductanc hysical properties of the phospholipids forming the bi

levels, divided by the number of events); (i.e., the total time that the ayer (0 = 3) were !‘10'[ aﬁeCteP‘ bY [0:]cis betVY?e” .4'4
channel was closed divided by the number of events), frequency ofNd 22 nu. The bilayers maintained a specific bilayer
opening to all conductance levefs and the open probability, (i.e., capacitance value df0.42 pF/cn? and a cord conduc-
the sum of all open times as a fraction of the total time). Since meatance value for the leak dfi2.5 pS in the presence of
surement of open times ar) included openings to submaximal con- 4.4,17.6 and 22 m [HZOZ]ciS' Under the experimental

ductance levels, the analysis was repeated three times where the thre%‘onditions reported here. these values are characteristic
old for channel opening or closing was set at 9, 18 and 27%, rather than !

at 50%, of the maximum current amplitude to allow the inclusion of of Opt,lmal bilayers [16]. . .
current transitions to subconductance states that are less than 50% of ~Figure 1A ShOV_VS typ_lcal SCl Char_mel activity re-
the maximum conductance. IdealR, of each individual subconduc- corded from an optimal bilayer (250nrcis/50 mv trans

tance state should be determined. However, it was not possible t€I”) where the cytosolic side of the channel protein is
determine theP, dependence of the different individual subconduc- considered to be facing thas solution to which BO,
tance states of the SCI channel as has been done for the double barwas added. At -40 mV. the current amplitude of the SCI
CI™ channel of thelTorpedo electroplaf25]. Under various ionic con- channel was reversibly reduced, not gradually, but rather

ditions the three substates of the double barrel Cl channel of dhe . lik " h dditi f 8.8v
pedo electroplaxare always equally spaced in conductance. One ofN @ steplike manner after the addition of 8.8vum

these states is the closed state, 0 pS, and this leaves the channel wil202]cis (N = 8) (e.g., Fig. B-G). The effects of 8.8
only two equally spaced conductive substates, 9.4 and 18.5 pS. MM [H,O,] s are reversible after a wash period of 78 +
addition, the frequencies of these substates follow a binomial distribu-17 sec (| = 3) and they can be repeated, after a wash, on
tion so if the frequency of one of these substates is measured, the othghe same channel. The effects szpﬂcis on this mul-

two could be accurately predicated by a binomial distribution. Further-ticonductance SCl channel are characterized by a transi-

more, the open time distribution has only a single time constant. In,. )
» : tion from the main conductance state to the low subcon-
contrast, the SCI channel, even under control conditions, is much morée

complex because: (i) it has a larger number of substates (six subcorguctance levels (Cur_rent traces Fi@-F) and recove_’ry
ductance states), not equally spaced; (ii) the channel has three opedfter wash to the main conductance state (Fg). IThis

time constants and three closed-time constants; (iii) reducing- and oxitransition can also be indicated by the shift of probability
dizing agents have unequal effects on these substates; and (iv) tr]geaks towards the intermediary peaks (histograms Fig_
channel undergoes voltage-dependent inactivation that can only be "e_tB—F). Brief prepulses to positive potentials that remove
moved by a depolarizing voltage step, the inactivation of SCI channels [22] failed to reverse the

Current amplitudel, was obtained by measuring the difference . .
(in pA) between the peak at 0 pA (representing the closed state) and th[g-| 202] Cis'mduced channel transitions to subconductance

extreme peak on the left (representing the open state for the majority optates @ata not showh Current amplitude| (the dis'_ .
distinct events) in the all-points histogram generated by using CHAN-tance between the closed and open states for the majority
NEL 2. The value of the current amplitude was also obtained by mea-0f distinct events) an®, were affected significantlyR
suring the difference (in pA) between two lines, one set on the maxi-< 0.05 orP < 0.01,n = 26) by 8.8-22 mi [H,0,] e

baseli i f the closed level, wh th t litude i -
mum baseline noise of the closed level, where the current amplitude is\t —40 mV, the mean values dfand P, were reduced

considered to be 0 pA, and the other set on the noise of the majority of.; . .z _ _ + +
distinct events, longer than 0.5 msec, which were in the open stateglgmﬂcantly 4 8) from ~6.14 + 0.42 pA and 0.69 +

Both methods were used and the results were generally in agreemerQ.'06 (fOI’ all conductance Ievels) in control 0.0mm
[H,0,].s to —1.10 = 0.51 pA and 0.13 + 0.04 (for the

STATISTICS intermediate subconductance states) in 88[Ah,O,] s,

i - +
Unless stated, each SCI channel was used as its own control and tr{eeSpeCtlvely'l and PO values recovered to -5.88 £ 0.23

comparison was made between kinetic parameters of the channel bomA and 0.69 + 0'0_5' rESp_ECt'Ver’ after a wash with the
before and after changing the JB,].., [4,4-DTDP].., andior  HO,-free controlcis solution.

[ATP]. Data are reported as meanssem of channels and the dif-

ference in means was analyzed by Studefntést. Data were consid-

istically signifi h ili | <0.05.
ered statistically significant when probabiliti?)(values were <0.05 VOLTAGE-DEPENDENCY OFH202 EFFECTS

Results

To examine the voltage dependency o] ;.-induced
effects on the SCI channel activity (Fig. 2), a voltage
H,0O, can readily be converted t®OH via the Fenton protocol was used to obtain single channel currents.
reaction, which induces lipid peroxidation in the pres-From an initial holding potential of +60 mV the bilayer

ErFrFecTs oFH,0, oN THE SCI CHANNEL
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Fig. 1. Effects of 8.8 nm [H,0,].s on the SCI
channel activity recorded at -40 mV. Shown are
single-channel current records (left) and
corresponding all-points histograms (right)
measured for: &) control treatment,§—F)
continuous 8.8 m [H,0,]. treatment at different
times after its addition to theis chamber and)
wash treatment with kO,-free cis solution. For
clarity the data are reduced by a factor of 10. The
electrical noise betweerf] and B) and between
(F) and G) due either to a mechanical stirring of
H,0, in the cis chamber or to a perfusion of the
1 P cis chamber with control solution has been
removed. Channel opening is downward. The

< 6-4-20 2 all-points histograms were constructed from longer
Q..I 1 (pA) data segments of 84.29 sek),(30 sec segments
wn
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|
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(B—-F) and 95.14 secQ). The bin width was 0.05
pA.

potential was stepped to voltages ranging from +60 toFig. 4A). For example, at —40 mV| was reduced
=70 mV, in steps of =10 mV (Fig.A). Following the  from —5.64 pA in control to —1.81 pAin 8.8 [H,0,] s
first few milliseconds of the clamp, during which a ca- However, the value of recovered to —5.52 pA after
pacitative transient current occurred, a single channelvashing with an HO,-free control solution. When two
current was activated, following hyperpolarizing voltage and three exponentials were fitted to the data the shift in
steps (Fig. B). Itis apparent that the effects of JB,].s  the reversal potential was 5.58 + 1.5 mV £ 3) with a
on the SCI channel activity (Fig.@Q were reversible maximal shift of 8.7 mV and a minimal shift of 3.8 mV.
(Fig. 2D) and that neither the voltage-dependency of theThis small shift in the reversal potential indicates no
channel nor the transitions to maximal and submaximakignificant changes in the nature of the,{B}] .;--reduced
levels had remained modified after a return to perfusioncurrent, which remains a Clcurrent. The effect of
with a control solution for all voltages between —70 and[H,0,].s on the voltage-dependent open probability of
+60 mV. Similarly, HO,, which readily crosses lipid the SCI channel was also examined at voltages between
membranessge[20]), inhibited the SCI channel activity -70 and +60 mV (Fig. B). It is apparent that the pres-
at all voltages when it was added to tinensside of the  ence of 8.8 m [H,0,].s modified the typically bell-
channel protein (Fig. 3). shaped voltage dependencyRyf(Fig. 4B). The peak of
The current-voltagel€V) relationship for the cur- the bell-shaped voltage dependencygthifted towards
rent amplitude, shows that it is reduced significantly more negative values, from —40 mV in conti@s$ solu-
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Fig. 3. Effects of [H,0,];;ans ON the voltage-dependence of SCI chan-
nel activity. (A) Voltage protocol.B) Control current traces recorded in
asymmetrical choline-Cl (250 mi50 mw; cis/trang. (C) Current traces

N recorded(60 sec after the addition of 13.2vMmH,0, to the trans
A —— chamber. The rest as in Fig. 2.

30 pA

L

0.2s CONCENTRATION-DEPENDENCY OFH,O, EFFECTS ON

CONDUCTANCE AND KINETIC PROPERTIES
Fig. 2. Effects of [H,0,] s 0n the voltage-dependence of SCI channel

activity. (A) The bilayer was clamped from a holding potential of +60 . .
MV to a range of voltages between —70 mV (bottom trace) and +60 mv1 N€ [H02] ;s dependency of the conductance and kinetic
(top trace) in steps of —10 mVBJ Control current traces recorded in properties of the SCI channel at -40 mV was also ex-
asymmetrical choline-Cl (250 mi50 mw; cis/trang. (C) Currenttraces  amined. The current amplitude declines in steps to
recorded60 sec after the addition of 8.8 Mm[H,O,].s to the cis around -2.90 and -2.86 pA at 8.8 and 13.2um
chamber. D) Wash, recovery of the channel activity after perfusion [HZOZ]CiS! respectively (Fig. 5)_ Both values are close to

with H,0,-free cis solution. Following convention the downward de- e oy rrent amplitude of the intermediate subconduc-
flections denote activation of the inward Glurrent, i.e., chloride ions

moving from thecis chamber to thdérans chamber. The capacitative tance levels (_2'96 and -2.86 pA) of the SCI channel.
and leakage currents were removed by using the pClamp softwar¥Vhereas the decline of the current to —1.86 and —0.66 pA
(Axon Instruments) which allows the subtraction of a family of current at 17.6 and 22 m [H,0,] ., respectively, represents a
traces containing no channel activity from another containing SCltransition in channel activity to the first two subconduc-
channel activity. The current traces are filt'erenﬂcaet: 0.2kHz,andthe  tgnce levels (-0.71 and —-1.62 pA) from the closed state.
traces are offset by 9.0 pA for a better display. The estimated concentration of the,[B] ;s for the half
inhibitory constantK;, was 11.78 m, higher than those
tion to at least =70 mV in 8.8 mn [H,0,]. s The volt- estimated for the parametd?gandT, (see beloyw This
age-dependency of the conductance, as indicated frommay indicate that the conductance of the SCI channel is
the |-V relationships (Fig. A), recovers after a wash less sensitive than the gating kinetics of the channel.
with an H,0,-free controlcis solution. As previously reported [18], the changes in the ki-
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o
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Fig. 4. Effects of [H,0O,]s on the
voltage-dependence of SCI channel current
parameters.X) Current amplitudel, and B) open
0.0 probability, P,. (O) Control, (0) 8.8 mv, and (A\)
-80 -60 -40 -20 0 20 40 60 wash. The solid lines are drawn to a second-order
Vp, (mV) exponential fit A) and a third order polynomial fit
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Fig. 5. Current amplitude of different $D, concentrations-induced
steps in single SCI channel activity recorded after an SR vesicle of C
skeletal muscle incorporated into an optimal bilayer held at -40 mV &
and in asymmetrical choline-Cl (250Mf60 mwv; cis/trang. The am- E
plitude values of the measured current steps of -0.66, —1.81, -2.85¢
—2.96 pA are similar or close to the current amplitude values of the g
immediate and intermediate subconductance states of the SCI chann'@
at-0.71, -1.62, -2.68, —2.96 and —5.43 pA, respectively. The solid line &,
is drawn to a second-order exponential fit.

N W A o

Mean o,
Mean closed time T (ms)

Oo 5 10 15 20 25
netic parameter8,, F, andT,, but not inT,, obtained for [H,0,] i (mM) [H,0,];5 (mM)

SCI channel activity at —40 mV are dependent on the

current level that has been set to detect channel openingsig. 6. Concentration-dependency of@, effects on the SCI channel
Typical changes in the kinetic parameters of the SCkinetic parameters.A) Open probability,P,, (B) frequency,F,, (C)
channel in response to channel inhibitors include: demean open timeT,, and ) mean closed timeJ. Single-channel

0 5 10 15 20 25

creases iP. andT. and an increase i (fOI’ the Iarger currents are recorded after an SR vesicle of skeletal muscle incorpo-
o ° ¢ rated in an optimal bilayer held at -40 mV and in asymmetrical cho-

condgctlng states), respectively (Fig. 6). Similarly, in- line-CI (250 ma/50 mw; cis/trang. The solid lines are drawn to second
creasing the [BO,|;s reduces thé, of the SCI channel  gyponential fits or third order polynomial fits. The data were obtained
(Fig. 6A) mainly because of a decrease in the mean opefiom Channel 2 analysis using 0.5 p®Y, 1.0 pA (J) and 1.5 pA {\)
time T, (Fig. 6C). The changes ifr, of the SCI channel threshold, i.e., the current amplitude from the base line where the
(Fig. 6B) are characterized by an initial increase atchannelis closed and current amplitude is 0 pA.

[H,0,]s of less than 17.6 m, followed by a decrease at
[H,0,].s of more than 17.6 m. The initial increase in
F, at [H,0,] s between 0 and 17.6 mconfirms that the
decline inP, of the SCI channel is caused by a decreas
in T,. At [H,0,].s higher than 17.6 m, the decline in
P, of the SCI channel is due not only to a decreas&;in DIFFERENCES IN THEEFFECTS OF4,4-DTDP AND H,0,
but also to a decrease Iy and a slight increase iR, for

the larger conducting states. The estimated concentraFhe effects of HO, on the SCI channel activity were in
tions of [H,0O,]s for the half-inhibitory constantK;, contrast to the reported effects of the '4lMTDP [17].

were 8.0 and 8.1 m, for the parameter®, and T,,
Jespectively.
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A Control [H,0,]; = 0.0 mM
y ' r A " r | n 0.050
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Fig. 7. Effects of [4,4-DTDP]s on the SCI channel activity recorded at —40 mV in the presence ¢DJfld. Shown are representative
single-channel current traces (each two are continuous) and corresponding all-points histograms measi@hfol( 8) 8.8 mv [H,0,] s and
(C) 8.8 [H,0,] s + 1.0 mv [4,4'-DTDP],;. The all-points histograms were constructed from longer data segmeht®8iandC 83.12, 106.14, and
80.89 sec, respectively.

To ascertain the nature of these differences, the effects afes obtained fot and P, for three SCI channels were:
these oxidizing agents were examined on the same SCI5.78 + 0.72 pA and 0.64 + 0.05 in control 0.0Mm
channel (Fig. A-C). After a lag period of between 30to [H,0O,].. reduced significantly ¥ < 0.01,n = 4) to

60 sec, 1.0 m [4,4'-DTDP],, removed the inhibitory -1.45 + 0.38 pA and 0.09 + 0.03 in 8.8MMH 0] s
effects of 8.8 mu [H,0,]. (Fig. 7C). The recovered andremained at —1.34 + 0.47 pA and 0.08 £ 0.02, in 1.0
SCI channel activity is characterized by the presence ofnm [GSH] s + 8.8 mm [H,0,] ., respectively.

the main conductance and the intermediate subconduc-

tance states as seen in control (Fig).7The values ob-

tained forl andP, for three SCI channels were: —6.01 + EFFECTS OFH,0, AND 4,4-DTDP IN THE PRESENCE

0.59 pA and 0.67 + 0.04 in control 0.0Mn[H,O,],,  OFATP

reduced significantlyR < 0.01,n = 3) to -1.23 + 0.58

pA and 0.13 + 0.03 in 8.8 m [H,0,]. (Fig. 7B); and It was shown that reducing and oxidizing agents, respec-
restored to —5.84 + 0.33 pA and 0.66 + 0.07, in 1.0 m tively, reduce and increase the probability of the ATP-
[4,4-DTDP] s+ 8.8 mv [H,0,] s respectively. Incon- sensitive SCI channel being opeftie redox-sensitive SH
trast, the reducing agent GSH, and also DTT, which in-groups that are involved in gating the channel [17]. It
hibits the SCI channel activity [17] failed to remove has also been reported that an SH group is located in the
[H,O,]sinduced channel inhibition (Fig.®. The val-  vicinity of the ATP-binding site of the ATP-sensitive'K
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Fig. 9. ATP block of the activating action of the SH-oxidizing agent

4,4-DTDP on the SCI channel activity. Channel activity recorded in

response to a single voltage step protocol from 0 to -40 @)V (B)

Fig. 8. Effects of [GSH],; on the SCI channel activity recorded at -40 Control current activity of a single SCI channeC)(the activity of the

mV in the presence of [50,].;s. (A) Control, @) 8.8 mv [H,0,];cand  same SCl channel 15 sec after the addition of.[14'-DTDP], (D)

(C) 8.8 [HyOslis + 1.0 Mv [GSH]ie in the presence of 1 m[4,4'-DTDP],, and 0.5 nm [ATP] s and E)
wash.

channels in skeletal muscle [34]. Hence, the location 00.69 + 0.03 in control to —=6.12 £ 0.27 pA and 0.81 £ 0.03
the ATP-binding site relative to the cysteine residuesin 1.0 mv [4,4'-DTDP] and significantly decreased to

containing the SH-group of the SCI channel was probed-0.68

However, because both [ATR] and [H,O,]. induce
SCI channel inhibition, the addition of 2.0MmATP to
the cis solution had no effects on the 8.8njH,0,] s
induced channel inhibition angice versa(data not
showr). This finding is different from the findings be-
low for the sequence effects of [ATR]and [DTDP];
on the SCI channel (Figs. 9 and 10).

In agreement with previous finding [17], thés ad-
dition of 1.0 mm SH-oxidizing agent 4/4DTDP typi-

+ 0.18 pA and 0.10 + 0.3, in 1.0vm[4,4'-
DTDP];s + 0.5 mv [ATP] . The effects of 4,4DTDP
and ATP were rapidly reversible, after a mean period of
5.8 sec i = 2) (see alsdrig. %) where the values df
and P, recovered to —5.81 + 0.71 pA and 0.68 + 0.02,
respectively.

Furthermore, it was found that the addition of 1.0
mm SH-oxidizing agent 4,/4DTDP to thecis solution
facing an SCI channel already subjected to 0.8 m
[ATP].. (Fig. 10C), failed to activate the SCI channel

cally increases the probability of the SCI channel being(Fig. 1D). However, the ATP-inhibited SCI channel re-
in the open state (Fig.®. The 4,4-DTDP-enhanced covered rapidly 6.7 + 1.4 sea (= 3) after perfusion
SCl channel activity was blocked after the addition of 0.5with the ATP- and 4,4DTDP- free controkis solutions
mm ATP to thecis side of the channel (Fig.¥). The  (Fig. 1(E). The values ofl and P, decreased signifi-
values ofl and P, increased from -5.87 £ 0.17 pA and cantly P <0.01,n = 4) from -5.84 + 0.28 pA and 0.69
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A Vi (mV) SCI channel were rapidly reversible. Afteéd5 sec of
0 wash with the controtis solutionP, recovered to 0.71.
The addition of 1.0 m GSH to thecis or/andtranssides
of the channel also did not remove the ATP-induced
-40 inhibition of the SCI channeln( = 6).

B Control Discussion

‘ The SCI channel protein(s) has not been isolated, se-
quenced, cloned nor has its structure been determined.
In this study the role of the reactive cysteine residues in

the function of the SCI channel was indirectly assessed
C[ATP); = 0.5 mM by examining the changes in the channel activity induced
by SH-oxidizing and -reducing agents. Such pharmaco-
Sttt L logical probes have also been used to examine other SR
channel proteins [9, 10]. The major findings of this
study provide novel information on the regulation of
ATP-sensitive SCI channels of the skeletal SR byDH
D [ATP].; = 0.5 mM + [DTDP].; = 2.0 mM Specifically, we have found: (i) that &, modified SCI
i channel functions, as indicated by conductance and ki-
netic parameters of the channel activity; (ii) that the ef-
fects were not mediated via changes in the bilayer but
directly on the SCI channel proteins; (iii) that,®L-
E Wash induced effects differ from those of 4D TDP; (iv) that
modulation of the SCI channel by,B, and 4,4-DTDP
depends on the presence of ATP, which interferes with
the binding of these substances to the channel protein.

MobiFicATION oF SC| CHANNEL CONDUCTANCE AND
GATING KINETICS

10 pA }

The conductance and kinetics of the SCI channels-(
1.0s 26) exposed to [KD,].s are dominated by the conduc-

Fig. 10. 4,4-DTDP effects on ATP-inhibited SCI channel activity. tance and kinetics of the submaximal states. The data in

Channel activity recorded at in response to a voltage step from 0 to —4&'9' 1 ShO.W that .st.e.pllke transitions t? su.bconductance
mV (A). (B) control current activity of a single SCI channeC)(the  States, which are initially seen along with higher conduc-
activity of the same SCI channel 15 sec after the addition of 05 m tance states under control conditions, become dominant
[ATP].s (D) in the presence of 0.5 m[ATP].s and 2.0 m [4,4-  in the presence of 8.8m[H,0,] on the cytoplasmic side
DTDP]s and €) Wash. of the SCI channel. The kinetic parameters of the SCI
channel show that th®, and the frequency of transi-
+0.02 in control to —0.86 + 0.14 pA and 0.08 + 0.02 in tions, F,, from the closed and partially open subconduc-
0.5 mv [ATP], and remained low at -1.06 + 0.14 pA fance states to the main open conductance state, and the
and 0.10 + 0.01, in 0.5 m [ATP] . + 2.0 nm [4,4-  Mean open timeJ,, at the maximal conductance state,
DTDP],.. Thel andP, values respectively recovered to 65-75 pS, decreased (Figs-&). The open probabil-
-5.65 + 0.23 pA and 0.67 + 0.03 after washing with anity; Po, Of SCI channels exposed to §8,] higher than
ATP- and 4,4-DTDP-freecis solution. 8.8 mm is mainly that of current transitions between the
The lipophilic and SH-oxidizing agent 4TDP  closed conductance state and the unequally spaced sub-
[7] at 1.0 mu in the trans solution increased the prob- Maximal conductance states. Sincedj readily
ability of the SCI channel being in the open state. ThisCrosses biological membranese€[20]), the [H.0]ans
increase in the open probability of the channel wasnduced inhibition of the SCI channel could be due to
blocked after the addition of 0.5 MATP to thetrans ~ Dinding to an inhibitory site(s) on thteansand/or on the
side of the channel in a manner typical of that shown inCiS Side(s) of the channel protein.
Fig. 9 for the addition of 1.0 m [4,4'-DTDP].. The
mean value oP, increased from 0.65 in control to 0.88
in 1.0 mv [4,4'-DTDP), s and significantly decreased
t00.12,in 1.0 1 [4,4'-DTDP}; a0+ 0.5 Mv [ATP]rans The response of the SCI channel to eitheOklor 4,4 -
These effects of 4,ADTDP and ATP on thé>, of the ~ DTDP was not mediated via changes in the biophysical

CONCENTRATIONS AND MECHANISMS OF H,O, ACTION
ON loN CHANNELS IN MUSCLES
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properties of the phospholipids forming the bilay- bonds, e.g., by dissociating the,®l-induced disulfide

er. Rather, the effects occurred directly on the SR SClinked RYR protein complex [12].

channel proteinssge alsd5]). The inhibition of the SCI

channel activity exposed toxmconcentrations of 5D,  DiFFerencEs IN THEEFFECTS oFH,O, AND 4,4 -DTDP

in this study was in contrast to the,8,-enhanced chan- o _ _ N
nel activation reported for RYR Cérelease channels Oxidizing agents have different properties. Hydrophilic
[5, 27]. Oba et al. [27] have shown that in skeletal@gents can affect the channel by interacting with the
muscle, 1.5-5 m [H,0,] induced C&*-release from the channel proteins on the side to which they were added
SR by increasing th®, of RYR C&*-release channels. and/or by passing through the channel to the modulating
Similarly, in cardiac SR from sheep, after a lag period ofSite. Lipophilic agents partition the lipid membrane and
1-3 min. HO, (3-5 mv) modified the gating of the thus can modify the channel activity by interacting with
RYR C&*-release channel causing an increase irP{e sites present on both sides of the channel, regardless of
without affecting the conductance or channel modulatiorfn® side to which they are added. Additionally, a lipo-
with ATP, caffeine, Mg* or RY [5]. Previously, philic agent may reach a binding-site by passing through
Holmberg et al. [15] reported that ROS (in the form of the channel.

superoxide anion radical @pand singlet oxygen'Q.,) , The differe_nce_s in thedeffect§ ?]f_kt)h_e oxidizi?]g age;nts
increase theéd, of the cardiac RYR C-release chan- %4 -DTDP (activation) and b, (inhibition) on the SC

nels. However, this ROS-induced increas@jwas fol- channel reported in this study suggest that channel acti-
lowed by irrevérsible loss of channel function and the Yation is dependent on the oxidation of certain sites on

appearance of subconductance states. Inthe SR of rabl%ﬂe SCl channel protein. There is also evidence of oxi-

skeletal muscle, [5D,]... at less than 1 m increased the zing agents inhibiting other ion channels in muscles
P of the RYR,Cé"-rcelslease channel whereas 104m that support this suggestion [33]. The precise molecular
o

o mechanisms of action of these agents are not known.
[Hzoz]cis_decreased the, [12.]' _The AT.P'S?nS.'t'.Ve K ._If these agents were competitively oxidizing the same
channel in skeletal muscle is irreversibly inhibited, via

Sy site the consequences of their binding to this site on the
oxidation qf SH groups, by 50. w[H 292] [34]' The_rrM channel activity would be expected to be the same. Itis
concentrations of KD, used in the in vitro studies of

. . _.unlikely that the variation in the effects of,B, and
muscle ion channels recorded in patch-clamp and artifiy 4 _Tpp on the SCI channel is due to differences in

cial lipid bilayer membrane techniques are higher thary, e pinging affinity. The differences in the specificity

those (uv) generated during skeletal muscle fatigue and,, 4 reversibility effects of kD,, and other oxidizing

in cardiac and smooth muscles under the hypoxiazgents, on ion channels, e.g., RCK4 channel [30], KShi-
reperfusion processs¢e [20]). Therefore, the relative |pc and KShIID.1 channels [32] and on the SCI channel
contribution of HO, and the in vivo concentration (this study) may be due to: (i) a difference in the location
threshold necessary to induce changes in the muscle iokf the SH groups on these channel proteins and the rela-
channels underlying contraction remain to be quantifiedtjve significance of these SH groups in the channel func-
The interaction of BO, with the SCI channel pro- tion; (ji) binding to other sites on the channel protein that
teins is consistent with a thiol-disulfide redox state may not involve SH-groups; (iii) oxidizing agents differ
model for regulating ion transport [17]. Changes in thein their action, e.g., oxidizing agents may form different
redox state of the SH groups on the ion channel proteingisulfide bridges. Oxidation of KC&") channels by
result in physical changes that can directly modify theH,0, forms disulfide bonds that differ from those in-
function and/or the availability of regulatory sites on theduced by SH-oxidation with 5/5dithio-bis(2-
channel proteins. Vega-Saenz de Miera and Rudy [32hitrobenzoic acid) (5,5DTNB) and thimerosalgeeCai
have proposed that J®, modifies the redox state of the and SauV¢6]). Also oxidized glutathione, GSSG, which
K* channel protein by oxidizing the cysteine residuesis unlike other oxidizing agents (44 TDP, H,0,, thi-
which are involved in the “ball” and “chain” mechanism merosal, and DTNB), is not effective in releasing®Ca
gating the channel. The oxidizing agent of®} onion  [9, 10]. (iv) The activation state of the channel protein,
channel proteins in muscles, and also in other tissues, i8.g., the effects of the oxidizing agent 4[2TDP on the
confirmed by the findings that 4,-induced changes in ryanodine receptor G&release channel is dependent on
ion channel proteins can be reversed with SH-reducinghe channel being activated by €aor caffeine [10].
agents, e.g., dithiothreitol (DTT). Such,8,-induced (v) Biphasic effects of some oxidizing agents, e.g., 4,4
DTT-reversible effects on the biophysical properties of DTDP-induced activation and then inactivation of the
ion transport proteins include: (i) increaseRgof RYR  ryanodine receptor Carelease channel [11]. The abil-
in both cardiac and skeletal muscle [12, 27] and (ii)ity of 4,4-DTDP to activate the kD,-inhibited SCI
decline in the activity of the Cé-activated K channels channel may indicate that 4BTDP reverses the effect
in bovine aortic endothelial cells [6]. It is assumed thatof H,O, by binding to a site located deeper in the con-
SH-reducing agents act on,B,-induced disulfide ductance pathway away from the,®, binding site.
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The fact that both ATP and J®, inhibit the SCI channel
makes it difficult to determine the }J@, binding site,
which contains the SH groups, relative to the ATP bind-
ing site on the channel protein. However, the results in 1.
Fig. 10 point to the inability of the SH-oxidizing agent
4,4-DTDP to activate the SCI channel in the presence of
0.5 mv [ATP]. Therefore, the binding of the ATP to
the channel protein blocks the channel regardless of the
presence of 4/4ADTDP. ATP-induced inhibition of an- 5
other ATP-sensitive muscle channel is also observed re-
gardless of the presence of the irreversible inhibitor N- 4.
ethylmaleimide (NEM) [34]. The ATP-induced inhibi-
tion of 4,4-DTDP-enhanced SCI channel opening (Fig.
9) suggests that 4TDP is not preventing and/or dis-
lodging ATP from its binding site on the channel protein.

PHYSIoLOGICAL SIGNIFICANCE OF H,O,-INHIBITED
SCI CHANNEL

7.
The H,0,-induced potentiation of twitch tension in car-
diac and skeletal muscles [27, 29] which is decreased by
catalase [29], is not mediateth end effects on the myo-
filaments [24, 27]. This indicates that the,®, induces
modifications in ion transport mechanisms, which regu-
late C&* homeostasis. In the SR of cardiac and skeletal
muscles, both SCI channels (this study and [17]) and
Cé&*-release channels [5] are modulated by reducing and
oxidizing agents, which include J&@,. These studies are 10.
in agreement with (i) a linkage between the metabolism
of the muscle fiber and the electrical properties of the SR
membrane via KO,-production and (ii) a functional 11-
linkage between the SCI and €arelease channels. It is

not unreasonable to suggest that these SR channels COL!LIQ
be components of an affected molecular mechanism un-
derlying ROS role in C#-loading under hypoxic-
reperfusion conditions. Other observations in agreements.
with this suggestion include: (i) the fact that low JBi)
induced modification of these multisubconductance
Ca*-activated SCI channels in the presence of[Ca,
implies that HO, remains active when cytosolic [€3

of >10™*wm is achieved during muscle contraction and (ii) 14.
the hypoxia-induced transitions to subconductance stateg;
[17] would be further enhanced by an increase in
[H20;]¢,+ The mechanism of O,-induced mode shift

in the conductance of the SCI channel is physiologically
significant since the subconductance states of this chan-
nel are known to differ from main conductance states int®-
their regulation and this is in agreement with the possi-
bility of multiregulatory mechanisms involved in vivo.

8.

17.
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critical reading of the manuscript. | also acknowledge the reviewers forl8.
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