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Abstract. The location of reactive cysteine residues onand skeletal muscle, as well as in the endoplasmic re-
the ryanodine receptor (RyR) calcium release channeficulum of smooth muscle and non-muscle cell types
was assessed from the changes in channel activity whewhere it shares a functional role with JReceptor cal-
oxidizing or reducing reagents were added to the luminatium channels (Coronado et al., 1994; Dulhunty et al.,
or cytoplasmic solution. Single sheep cardiac RyRs1996). C&" efflux through the RyR is thought to con-
were incorporated into lipid bilayers with T0m cyto-  tribute to the detrimental increase in cytoplasmiciGa
plasmic C&". The thiol specific-lipophilic-4,4dithiodi-  which occurs under pathological conditions, e.g., isch-
pyridine (4,4-DTDP, 1 nm), as well as the hydrophilic emia and reperfusion (Sies et al., 1972; Curello et al.,
thimerosal (1 mw), activated and then inhibited RyRs 1985) and perhaps during aging (Stadtman, 1992). Re-
from either thecis (cytoplasmic) ortrans (luminal) so-  active oxygen species, whose concentrations increase
lutions. Activation was associated with an increase inynder these pathological conditions, can open RyR
the (a) mean channel open time and (b) number of exchannels and release €drom the internal C&' stores
ponential components in the open time distribution_from(|_|c,|,mJerg et al., 1991; Holmberg & Williams, 1992;
one (2 msec) to threelfl msec{7 msec{1l5 msec) in  Boraso & Williams, 1994; Favero, Zable & Abramson,
channels activated birans 4,4-DTDP or cis or trans  19g5). Cysteine residues on the RyR are likely to be the
thimerosal. ,A longer component(5 msec) appeared (5rqets for the reactive oxygen species because oxidatior
with cis 4,4-DTDP. Activation by either oxidant was o gyithydryl (SH) groups induces Earelease from SR
reversed by the thiol reducing agent, dithiothreitol. Thevesicles and increases single RyR channel activity

results suggest that three classes of cysteines are av !&bramson & Salama. 1989° Boraso & Williams. 1994
able to 4,4-DTDP or thimerosal, SHa or SHa* activatinga(Eager et al., 1997) ' ' ' ’

the channel and SHi closing the channel. SHa is either Evidence that oxidants act by oxidizing sulfhydryl

glrsitsflltz)%t:tde g\ﬁtrdi%r?r'lneaéﬁggngtogrlgsrg'lii?Syzsiolrggé?;’]groups on cysteine residues is that their effects are re-
e pore. . versed by reducing agents (Boraso & Williams, 1994;
within the transmembrane domain. SHa* is located on | . |
the cytoplasmic domain of the protein. Abram_son_ et al., 1995; Fa\_/ero eF al., 1995). How_ever,
SH oxidation has been confirmed in only three studies of
] ] ~_ the effects on single RyR channel activity of oxidizing
Key words: Ryanodine receptor — Luminal oxidation reagents which react specifically with free -SH groups
— Reactive disulfides — Sarcoplasmic reticulum — (Nagura et al., 1988; Eager et al., 1997; Eager & Dul-
Sulfhydryl oxidation hunty, 1998). Eager et al. (1997) showed that the thiol-
specific reactive disulfides, 4 4ithiodipyridine (4,4-
DTDP) and 2,2-dithiodipyridine (2,2-DTDP), induce a
transient activation of cardiac RyR channels followed

by an irreversible loss of activity. The actions of the

The ryanodine receptor (RyR) is the calcium reIeaseDTDPS are not seen when reducint agent, dithiothreitol

channel in the sarcoplasmic reticulum (SR) of Card'aC(DTT), is added to the solution before 4BTDP, and

activation by 4,4DTDP is reversed by addition of DTT
I (Eager et al., 1997).
Correspondence toA.F. Dulhunty Because of the potential for in vivo modulation of

Introduction
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RyRs by oxidants (Eley et al., 1991), it is important to LiPID BILAYERS AND SOLUTIONS

understand the mechanisms by which oxidation of sulf-_ _ _ _
hydryl residues alters RyR activity. Information about Bllaiyers were formeq from .phosphatldyletha.nolamlng,_phosphatldyl-
the influence of SH oxidation on channel activity is also serine and phosphatidylcholine (5:3:2) (Avanti Polar Lipid, AL) across

. . . . a 150-20Qum diameter aperture in a Delrin cup. Bilayer potential was
Important in underStandmg the mechanisms that IFegulatgontrolled and currents recorded using an Axopatch 200A amplifier

RyR opening, _the way in which CySte.ine rESiqueS arqaxon Instruments). Bilayer potential is expressed/as— Vians i-€-
involved in gating the channel and which cysteine resi-Vgpiasm= Viomen

dues can modify channel activity. There is, at present,  The normalcis solution contained (in m): 250 CsCl, 1 CagCl
very little information about which of the 89 Cysteine and 10 N-tris[hyroxymethyl]methyl-2-aminoethanesulfonic acid (TES,
residues on the cardiac RyR (Otsu et al., 1990) can ian 7.4 with CsOH) and th&ans solution contained (in m) 50 CsCl,

fl h | tivity. A . tud t CaCl, and 10 TES (pH= 7.4). Cis[C&?*] was changed by perfusion
uence channel activity. previous study suggeste ith solutions containing (in m): 250 CsCl, 10 TES and 2 BAPTA

that an SH group near the ATP-binding domain on theiyrated with CaCj to the required free [C4], measured with a C&-
cytoplasmic surface of the RyR may be involved in chan-selective electrode—Radiometer ION83). SR vesicles were added to the
nel activation (Eager & Dulhunty, 1998). However, 1 ml cis chamber to a final concentration &fL0 wg/ml. Vesicle in-
there are many other cysteine residues located on botprporation was sometimes facilitated by adding 500 mannitol to
the putative luminal and cytoplasmic sides of the Rthhecissqution, increasing theis [CsCl] to 500 nm and/or increasing

. cis[CaClL] to 5 mm. To prevent multiple fusions, thes chamber was
channel (Otsu et al., 1990), some of which may also

infl h | f . Indeed Itipl | erfused with normatis solution when channel activity was observed.
influence channel function. Indeed, multiple classes Olcs was used as the conducting ion because RyRs have a high Cs

sulfhydryls modulate the skeletal muscle ryanodine rexonductance and because*Qsocks SR K channels (Cukierman,
ceptor (Aghdasi et al., 1997). Since most reactive 0xy-vellen & Miller, 1985; Coronado et al., 1992). RyR activity was re-
gen species and reactive disulfides are lipid soluble it isorded at the Cl equilibrium potential (+40 mV) to minimize Cl

not clear where their functional reactions occur, althouglfurrents. Experiments were performed at room temperature (21—
the reagents are generally added to solutions in contad*©):

with the cytoplasmic face of the channel. The presence

of reactive sulfhydryls on the luminal domain of mam- Data AcQUISITION AND ANALYSIS

malian RyRs has not yet been demonstrated. Neither

glutathione, nor glutathione disulfide, alter rabbit RyR Channel activity was displayed on an oscilloscope and stored on video
activity when added to the luminal side of the Channeitape and later digitized for analysis. Current was recorded at 1 kHz

(10-pole low pass Bessel, -3 dB) and digitized at 2 kHz (Labmaster
(Zable’ Favero & Abramson, 1997)' Conversely’ fmg 125 MHz Interface, Axon Instruments). Channel open probabty, (

skeletal mFJSde RyRS are_ activated Wheiﬂihs _added frequency of eventsH;), open and closed times and mean open time
to the luminal solution, with catalase present in the cy-(1,) were determined using an analysis progr@hannel2(developed
toplasmic solution (Oba, Ishikawa & Yamaguchi, 1998). by P.w. Gage and M. Smith). A 50% threshold discriminator was used
In the present study we compare the effects on cardiaty detect channel opening and closing, since subconductance levels

RyR activity of adding the |ip0phi|iC 4'ADTDP to the were seldom observed in cardiac RyRs (Laver et al., 1995). Open time
luminal or cytoplasmic solutions. We then look at distributions were displayed as described by Sigworth & Sine (1987)

h in RVR ch | activity followi topl . _for data obtained durgna 2 mincontrol period, and during the 5 min
changes In RyR channel activity following cytoplasmic immediately after drug addition. For display of average trends in the

or luminal addition of the membrane impermeable or-gistinutions, open time constants were allocatecrtp<3 msecir,,
ganomercurial, thimerosal. Thimerosal reacts specifis-12 msecr,, 12-50 msec; ot,, 50-500 msec (Eager et al., 1997).
cally with SH groups on cysteine residues (Sayers et alNo time constants were measuredin (>500 msec) in the present
1993) and is used as a hydrophilic oxidizing agent (Chi-study. Sampling at double the filter frequency was considered suffi-
amvimonvat et al., 1995). The results show that residuesient for the analysis performed in the present study, since we have
accessible to the luminal as well as the cytoplasmic soPreViously shown that the effects of €a4,4-DTDP or caffeine on the

. . . . open time distribution of the cardiac RyR are not influenced by pos-
Iut!ons bathl.ng ihe card|§c RyR are susceptible to moduz . “undersampling” (Eager et al., 1997).
lation by oxidation reactions.

STATISTICS
Materials and Methods _ - .
The 2-tailed studentstest was used to test the significance of paired
and independent data. The significance of the difference between mean
of the logarithms of paired variables was tested. A value of <0.05 was

PREPARATION OF SR MICROSOMES considered significant. Data are presented as mearseml

Methods, based on Sitsapesan et al. (1991), are described in detail in

Laver et al. (1995). Ventricular muscle from fresh sheep heart wasDRUGS

differentially centrifuged to yield a crude microsomal fraction which

was run on a discontinuous sucrose gradient. Heavy SR vesicles wetll solutions were prepared using MilliQ deionized water. "4ADADP
collected from the 35-40% (wt/vol) interface. The crude fraction and (Sigma, St. Louis, MO) was dissolved in ethanol. Thimerosal and DTT
heavy SR were stored in liquid Nor at —=70°C. (Sigma, St. Louis, MO) were dissolved in deionized water.
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Fig. 1. Effect of 1 nm 4,4-DTDP addition to theranschamber on the 0 '
single channel activity of a cardiac RyR incorporated into an artificial C 4D
lipid bilayer from native SR vesiclesA] Control activity immediately cis
before 4,4-DTDP addition. B) During the period of maximum acti-
vation within 3 min of adding 1 m 4,4'-DTDP. Channel activity was
recorded at +40 mV with I8 m/107° m C&* cis/trans.The dotted line C 1 .
shows the zero current level. Channel opening is upward.
o
"0
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4 |

4.4 -DTDP AcTivaTeEs CARDIAC RYRs WHEN ADDED C 4D c .4D
trans cis
TO THE TRANSCHAMBER

Fig. 2. Effects of 1 nm 4,4-DTDP onP, (A), T, (B) andF, (C) in 5

Addition of the Iipophilic 4 4-DTDP to thecis chamber single channels under control conditions (2 min immediately before

| . id f th h | (E | 1997_4,4’—DTDP addition, C), and after adding 4,4DTDP to thetrans
(cytoplasmic side of the channel (Eager et al, chamber (during the 30 sec of highest channel activid), Zhe single

Eager & Dulhunty, 1998)) causes an initial increase iNchannel data are shown as the filled circles connected by lines. Stippled
cardiac RyR channel activity followed by an irreversible bars — mean 1sem for control and withtrans 4,4'-DTDP. Solid bars
loss of activity which occurs aftefb min with 1 mv — included for comparison, control activitZ] and after 4,4DTDP
4,.4-DTDP (Eager et al., 1997)_ Application of 44 _aintion (D) tp t_hgcischamber (_Eager&Dthunty, 1998). Asterisks
DTDP to thetrans chamber (luminal channel surface) indicate the S|_gn|f|car'1ce of the difference between the control data and
. . i et the data obtained with 44TDP. *P < 0.05; **P < 0.01; ***P <
also caused an increase in activity at +40 mV, with‘10 0.001.
M cisCa* and 10°m transC&™ (Fig. 1). The occasional
brief openings that characterized control channel activity
at 10 m cis Ca* were replaced, for a period of up to 3 erage value (Fig. 2). The increase iy was due to a
min after adding 1 m 4,4'-DTDP, by bursts of activity [b-fold increase in mean channel open time and éld
lasting several seconds and containing long channehcrease in event frequency. The solid bars in Fig. 2,
openings (Fig. 1). Long closed times separated both thehowing averag®,, T, andF, before and after adding
occasional openings in control activity, and the bursts o#4,4-DTDP to the cis chamber (Eager & Dulhunty,
openings in the 4/4DTDP-activated channels. The in- 1998), have been included for comparison. Although
crease in channel activity occurred with an average delagontrol values for thecis experiment werd 2.5 times
of 37 £ 16 secrf = 5) after 4,4-DTDP addition to the lower than those for therans experiment, the maximum
transchamber, a delay that was simil& & 0.85) tothe P, andT, with 1 mw cis 4,4-DTDP were[R to 3 times
42 sec reported when the reactive disulfide was appliethigher P < 0.05) than those measured afteans addi-
to thecis chamber (Eager & Dulhunty, 1998). tion of the drug. The differences between the control
Analysis of single channel records showed that thevalues reflect normal variations between control channel
values ofP,, T, andF, were increased above control in recordings. The microsomal preparation used in the pre-
each of five channels examined, during the 30-sec periodent experiments was the same as that used in the pre
with the highest activity after the channel had been exviously reported experiments. DTT was present in the
posed totrans 4,4 -DTDP, with an increase in each av- storage solution for all vesicles. Thus the redox state of
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B & Dulhunty, 1998). Seven of the 21 channels exposed to
cis 4,4-DTDP had openings if,.

To summarize, activation by 4ADTDP applied to
the cis or trans chamber differs in (a) the magnitude of
increase P, and T, and (b) the number of exponential
0 1 o 3 components in the open time distribution. These differ-
ences suggest that some SH groups, initially oxidized by
trans4,4'-DTDP, differ from the SH groups oxidized by
4,4-DTDP in thecis solution. The different actions of
cisandtrans4,4'-DTDP further suggests that activation

log open time (ms)

C 100 within 3 min of 4,4-DTDP addition to theranschamber
R | is not due to oxidation of cytoplasmic residues after drug
g 50 |t equilibration across the bilayer.
®© JEE RyR activation by 4,4DTDP was due to thiol oxi-
0 L) : *’2 dation. Channel activity returned to normal levels when

2 mm DTT was added to the#anschamber within 30—60

sec after RyR activation by 1wmtrans4,4-DTDP (n =

Fig. 3. Effect of 1 mv trans4,4'-DTDP on the open time distribution. ). A similar reversal of activation was seen whes

The square root of the frequency of open times is plotted in loggedapplication of 1 nw 4,4-DTDP was followed by either

bins: A and B — open time distributions for a single channek)( DTT or glutathione (Eager et al., 1997). Furthermore,

control (_2 min immgdiately before 4 DTDP addition) andE) during the activation by 4,4DTDP depended on the oxidation

the 5 min after addingrans4,4-DTDP. InA andB: open symbols — 4t _SH groups on the side of the bilayer to which the drug

gata pomts. cint_lnu_o_us line — best mulnple exponential fit _to the data,WaS added. Activation by 1 mcis 4,4-DTDP was seen

roken lines — individual exponential components (superimposed on .

the continuous line iM). (C) Average % of events (area %) in each in7 out of 7 Channe_ls when ZWD_TT was p_re_sent inthe

component, having an average open time constant time consgant ( trans chamber during the experiment. Similarly, Ivm

Filled circle — control datar( = 5). Filled triangles — aftetrans 4,4 -DTDP added to theranschamber activated RyRs in

4,4-DTDP addition ( = 5). Open circles — aftecis 4,4-DTDP 7 out of 8 experiments in which DTT was present in the

addition i = 21) (Eager & Dulhunty, 1998), included for comparison. ¢ijs chamber.

yertical bars indicate +Ikem of thg mean area and horizontal bars Channel activation witlirans 4,4 -DTDP was tran-

indicate +1sem of the mean open time constant. . .. . . s .
sient and all activity was irreversibly lost within 10 min
of adding the drug in 3 out of 3 experiments where
reversibility was tested. A similar biphasic effect@$

the channels should have been the same at the start of @|4'-DTDP (1 nm) was seen on cardiac RyR activity

experiments. (Eager et al., 1997). Channels could not be re-activated

The effect oftrans 4,4-DTDP on open times was by voltage pulses or by increasimis [Ca®*] to 1 mm

examined further by examining the open time distribu-when activity was lost after long exposures to eitbisr

tions for individual channels, plotted in logged bins (Sig- or trans 4,4'-DTDP.

worth & Sine, 1987) to illustrate exponential components  As with activation, the loss of activity was also due

over a wide range of times. The peaks in the distributionto an oxidation reaction since it was not seen wher2 m

correspond to the time constants of the exponential comBTT was added to thérans chamber within 4 min of

ponents (Fig. 3). Although the scatter of the control dataaddingtrans 4,4 -DTDP (n = 4) or whencis DTT was

is large because there were very few channel openingsdded prior tocis 4,4-DTDP (Eager et al., 1997). In-

the openings clearly fell into a single exponential com-terestingly, if thecis solution contained 2 mDTT when

ponent with a time constant,, of 1.2 msec. In contrast, 1 mw 4,4-DTDP was added to thieanschamber, chan-

3 exponential components were required to fit the datanel activation was not followed by the usual loss of ac-

with trans 4,4-DTDP, with time constants; = 0.5 tivity after 10 min in 5 out of 6 experiments. In the

msec,7, = 4.0 msec and; = 14.2 msec. On average converse situation, activity in 4 of 4 experiments was lost

(n = 5), the number of components increased from onen the usual way after adding 1nmcis 4,4-DTDP with

(74, filled circle) in control, to threen(;, 7, andrs, filled 2 mm DTT in the trans chamber. These results suggest

triangles) after adding 4,4DTDP (Fig. X). 4,4-DTDP that the loss of activity with 4/4ADTDP depends on the

induced openings iy, T, andtg, but not int,, in 8 other  oxidation of an SH group that is located on the cytoplas-

channels in which the reactive disulfide was added to thenic side of the channel protein.

transchamber with DTT present in thes chamber $ee T A RYR L

Results below). The restriction of open times to the first HIMEROSAL ACTIVATES THE RYIR FROM THE LUMINAL

) . .~ AND CYTOPLASMIC SIDES

three time constant components is in contrast to openings

seen inT,—1, (N = 21, open circles) after 4DTDP  The lipid impermeable organomercurial, thimerosal, was

addition to thecis chamber with 10’ m cis C&* (Eager  used to further explore the effects of SH oxidation by

logT, (ms)
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A thimerosal B thimerosal A cis thimerosal
Cis trans

i) i) 7
”)WUMML “)MUMML.“ control thimerosﬁél

15 pA
B trans thimerosal

4s _17

Fig. 4. Effect of adding 10Qum thimerosal to theis (A) or trans (B)
chamber on the single channel activity of separate cardiac RyRs. (i) ©
Control activity immediately before thimerosal addition. (ii) During the o 3

- g e : } . o =9
period of maximum activation after adding thimerosal. Channel activ- &
ity was recorded at +40 mV with 10 m/1072 m C&* cigtrans. The
dotted line shows the zero current level. Channel opening is upward.

e R — — o1
using a class of oxidizing agent that was distinctly dif- control thimerosal
ferent from the reactive disulfides. Different classes of

S . - Fig. 5. The effects orP, of adding thimerosal to theis (n = 12, A)
oxidizing agents can have different accessibility to reac trans (n = 9, B) chamber. Control data (control) was recorded

tive thiol groups and have the potential to oxidize dif- during the 2 min immediately before thimerosal addition. Data in thi-
ferent thiol residues (van lwaarden, Driessen & Konings,merosal (thimerosal) were recorded during the 30 sec of highest activ-
1992). Thimerosal activated the RyR, when added taty after adding 10Qum or 1 mu of the oxidizing reagent. The broken
either thecis (n — 12) or thetrans (n — 9) chambert(is I!nes connect data obtai_ned Wi_th 106 Fhimerosal and the continuous
and trans additions were performed in separate eXperi-lmes connect data obtained with Ivnthimerosal. The two sets of data

. 7 . + 3 + = were lumped together to obtain average values. The stippled bars
ments), with 10" m cis C&"and 10°m transC& (Fig. show the mean + $ewm for control and in the presence of thimerosal.

4). The increase in activity witltis thimerosal had an  asterisks show the significance of the difference between control and
average latency of 54 + 16 sec (IMpm = 6) or 190 £  thimerosal data: *P < 0.01; ***P < 0.001.

36 sec (10Qum, n = 6). This 54 sec delay with 1 m
thimerosal was not significantly differen® & 0.6) from
the 42 sec delay when 1nm4,4' -DTDP was added to the  significantly different P > 0.05) when thimerosal was
cis chamber (Eager & Dulhunty, 1998). In contrast, added to thecis or trans chamber.
transthimerosal activated the RyRs after a latency of 14  The increases in the mean open time wéth and
+12sec (1 mi,n = 4)or 16 £ 2 sec (10@wm, n = 5).  transthimerosal were due to longer time constant com-
The delay of 16 sec before activation by 10f trans  ponents in the open time distribution. Open times fell
thimerosal was shorteP(< 0.01) than the 190 sec when into the usual single exponentiahj in control, and into
the drug was added to ttoés chamber. Activation by 1  three components{, T, andr;) after drug addition (Fig.
mm trans thimerosal also tended to be more rapid than6). The average percentage of events in the shortest
after cis application. componentt,) of 73 + 6.3% aftercis addition f = 12)
Because of the slow activation by 1Qv cis thi-  was greaterR < 0.01) than the 34 + 10%n(= 9) after
merosal, the 30 sec of maximum activation selected fotrans application and was greater than thatripafter
analysis was during the 5 min period after drug addition,either cis or trans additions of 4,4DTDP (seeFig. 3
rather than within the usual 2 min. Howevé@y,, T, or  above). Long openings in, (50 to 500 msec), charac-
F, during maximum activation, as well as the open timeteristic of 4,4-DTDP-activation from thecis side, were
distributions, were not significantly differenP(> 0.15)  not seen in channels activated &g or transthimerosal.
with either 100um or 1 mm thimerosal and data obtained The increase iR, induced by drug addition to either
with the two concentrations were combined for presenthe cytoplasmic or luminal side of the channel was sig-
tation in Figs. 5 and 6 and in Tables 1 andR, in- nificantly less with thimerosal than with 44 TDP and
creased with thimerosal, in each of 12 experiments aftethis difference inP, was most apparent after drug addi-
cis addition and in each of 9 experiments afteans  tion to thecis chamber, due to long mean open times
addition (Fig. 5), due to significant increases in b@th  with cis 4,4-DTDP (Table 2). The longer mean open
and F, (Table 1). Average parameter values were nottime with cis 4,4 -DTDP was due to long channel open-
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Table 1. Effects ofcis andtrans thimerosal orP,, T, andF, in 107" m Ca&*

Cis(n = 12) Trans(n = 9)

Control Thimerosal P Control Thimerosal P
P, 0.0006 + 0.0003 0.0189 £ 0.0065 <0.0001 0.0005 £ 0.0002 0.0111 £ 0.0031 <0.01
T, 16 +04 42 1.0 <0.01 1.5 0.2 6.1 +1.1 <0.001
Fo 03 0.1 58 +1.8 <0.001 03 0.1 20 +0.6 <0.01

Mean +sewm for n channels under control conditions and after thimerosal addiBgnopen probability.T,, mean open time (msedy,, number
of events (se¢). P values: significance of difference between means for control and thimerosal.

A cis thimerosal was not altered by 1 mn cis thimerosal if thecis cham-
ber contained 5 m DTT before the oxidant was added
100 -e- (n = 3).
& Thimerosal, like 4,4DTDP, induced irreversible
50 \ loss of channel activity within several minutes of its
application to either thérans or the cis chamber. All
'¢'\o activity was lost within 10 min oftrans additions of
Q-+ — ™ either 100pm (n = 2) or 1 mv (n = 2) thimerosal, in 4
0 1 2 RyRs tested with voltage pulses and by increasiigy
log T, (ms) [Ca%"] to 1 mm. In separate experiments, adding thi-
merosal to theis chamber caused the loss of activity in
] each of 7 experiments tested: 3 of 4 lost activity within
B trans thimerosal 10 min after 1 nw thimerosal, while 2 of 3 lost activity
within 20 min of adding 10Qum thimerosal.

area (%)

100 A

<

© 50 | (‘) ACTIVATION OF THE RYR BY 4,4-DTDP OR

% "‘?/l\. THIMEROSAL WAs NoT REVERSED WHEN THE DRUG

? WAas WASHED OuT oF THE Cis CHAMBER
° 1 2
The effect of washing the oxidizing agents out of the
log T, (ms)

chamber was tested in 3 channels activated byM m
’ . . )

Fig. 6. Effects of adding 10Gwm or 1 mv thimerosal to thesis (A) or 4,4-DTDP and in 4 channels activated b)_/ 106 thl.-

trans (B) chamber on the open time distributions of RyRs &at’10cis merosal. The Chann_els S.e!eCteq _for this eXpe“mem

ca*, Open times were plotted as the square root of frequency in logge®howed an increase in activity within 30 sec of adding

bins and fitted with a multiple exponential functiosegFig. 3 above).  the oxidizing reagents to theis chamber. The drugs

The open time distributions were the same with 300 and 1 nm were then perfused out of thes chamber 30 sec after

thimerosal and the results at the two concentrations have been lumpggheir addition. Channel activity remained elevated after

together. The graphs show the average % of events (area %) in ea%moval of either drug, in much the same way as it had
exponential component having an average open time constant time ’

constant £,). Filled circle — control data, 2 min before thimerosal Ir,] th_e, presence of the drUgS' The _averﬁgencreased
addition. Open circles — the 5-min period following 4BTDP ad-  Significantly from 0.0006 + 0.0007 in control to 0.16 +
dition. Vertical bars indicate +$em of the mean area and horizontal 0.06 during the 30 sec of maximal activity after 4,4
bars indicate +1em of the mean open time constant. DTDP addition and removaP(< 0.05), and from 0.002
+ 0.002 to 0.04 £ 0.04 during the 30 sec of maximum
activity after addition and removal of thimerosd &

ings in T, which were not seen with eithérans 4,4'- 0.05). Activity was irreversibly lost after the drugs were

DTDP or with thimerosal in either chamber. added and then removed, in the same way as it was wher
As with 4,4-DTDP, activation by thimerosal was the reagents remained in the solution.

due to oxidation of SH groups. Addition of 2-5vm The fact that the effects of the two oxidizing re-

DTT to either thecis (n = 3) ortrans(n = 3) solution, agents on the RyR could not be reversed by removing the
within 40 sec to 4 min after adding 1nmthimerosal to  reagents from theis chamber is consistent with the hy-
either thecis or trans solution respectively, reversed the pothesis that the reagents alter channel activity as a resul
thimerosal-induced activation and restored channel acef oxidation of protein SH groups, rather than by binding
tivity to control values. Furthermore, channel activity to the RyR. Since inactivation continued after removal
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Table 2. Comparison of the effects of thimerosal and’4)ADP on RyR activity in subactivating €&

Cis Trans

Thimerosal 4,4-DTDP P Thimerosal 4,4-DTDP P

(n = 12) (n = 21) (n=29) (n =05)
P, 0.0189 + 0.0065 0.0654 +0.0129 0.0025 0.0111 £ 0.0031 0.0270 + 0.0084 0.0353
T, 42 +1.0 222 £5.1 0.0018 6.1 1.1 95 14 0.0631
Fo 58 +1.8 46 +1.2 0.5727 20 *0.6 27 05 0.4169

Mean +sem for n channelsP values: significance of difference between means for thimerosal arDZ2P.

of the drug, it might well be that the modification that 1997) and that channel activity in the presence of-4,4
leads to inactivation occurred within 30 sec in theseDTDP can occasionally be lost without the channel being
channels, but a lag period was required before the effectiitially activated (Eager & Dulhunty, 1998). Further, at
of modification altered channel activity. least two classes of SH group must be involved in chan-
nel activation. Long open events iy (>50 msec), seen
when 1 mu 4,4-DTDP is added to theis chamber, are
not seen when channels are activated<t}00 pm cis
Both 4,4-DTDP and thimerosal transiently activated na- 4,4 -DTDP, with cis Ca&* <107’ m (Eager et al., 1997),
tive cardiac RyR channels when added to eithecteer ~ and are not seen with 44TDP added to therans

the trans chamber. Since channel activation was pre-chamber, or witftis or transthimerosal. The long open
vented or rapidly reversed by DTT, both the reactiveevents are likely to depend on oxidation of an additional
disulfide and the organomercurial activated cardiacclass of SH group (SHa*) that is accessible only to 4,4
RyRs by oxidizing protein thiol groupsée alsdager et  DTDP from the cytoplasmic side of the channel. Thus at
al., 1997). In agreement with the present results, the hyleast three classes of cysteine residue (two activating —
drophilic 5,5-dithio-bis(2-nitrobenzoic acid) (DTNB) SHa and SHa* — and one abolishing channel activity —
activates skeletal RyRs by oxidation of thiol groups, SHi), must be accessible to 4BTDP in the cytoplas-
when added to either the luminal or cytoplasmic solu-mic solution to explain the channel’s respomseappli-
tions (C.S. Haarmann, R.A. Fink & A.F. Dulhuntyn-  cation of the drug.

published. Interestingly, HBO, activates frog skeletal Openings inry, 7, andts, but not int,, were seen in
RyRs by oxidizing luminal, but not cytoplasmic, thiols channels activated by 1mrcis or transthimerosal and in
(Oba et al., 1998). In contrast, glutathione disulfidechannels activated by 10@mv cis or 1 mm trans 4,4'-
(GSSG) does not activate skeletal RyRs from titams  DTDP. Thus SHa is accessible to both "4lXTDP and
chamber (Zable et al., 1997). GSSG may be a weakethimerosal from the cytoplasmic and luminal side of the
oxidizing agent that 4/4DTDP, thimerosal, DTNB or channel. However, SHa appears to be most easily ac-
H,O, since, unlike each of these four oxidizing agents,cessed by thimerosal from theans chamber, because
GSSG in thecis chamber does not activate RyRs at sub-the delay of 14 sec before activation by 1a trans

Discussion

activatingcis [Ca®*] (Zable et al., 1997). thimerosal was shorter than the 190 sec delay when the
drug was added to th@s chamber. Because botisand
How MANY POPULATIONS OF SH GROUPSARE trans thimerosal eventually abolished channel activity

with the same delay, it is likely that SHi is also equally
accessible to the drug from either this or trans solu-

The observed differences in channel activity with addi-tion.

tion of sulfhydryl reagents to theis andtrans chambers The results thus clearly show at least three classes of
allows an estimate of the minimum number of SH resi-cysteine residue are responsible for the biphasic actions
dues that must be oxidized in order to explain the resultsof 4,4-DTDP and thimerosal on RyR channel activity,
Multiple populations of SH residues have been shown tdout do not yield information about the number of resi-
activate and inhibit skeletal RyRs (Aghdasi et al., 1997).dues included in each class. Since there is a minimum of
We postulate thaseparateclasses of SH groups are re- one residue per class, a minimum of 3 residues per RyR
sponsible for activation of the RyR and for the loss ofis required to explain the results. However, the fourfold
activity: SHa (oxidation/activation sites) and SHi (oxi- symmetry of the RyR, and the presence of binding sites
dation/closure sites). Evidence for separate sites is thdbr calmodulin and FKBP12 on each of the four subunits
low concentrations of 4/4DTDP (100wm) activate the  (Wagenknecht et al., 1997), suggests that each subuni
RyR, but do not always abolish activity (Eager et al.,contains each of the three classes of SH residues.

OxIDIZED TO ALTER CHANNEL ACTIVITY ?
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THE LOCATION OF THIOL GROUPS THAT INFLUENCE a solution containing 4,4DTDP or thimerosal, it re-
CHANNEL ACTIVITY duces the oxidant in the solution, as well as reducing
protein thiol-oxidant bonds. Conversely, DTT from the
Since 4,4-DTDP is lipophilic (Chiamvimonvat et al., opposite solution cannot rapidly reduce the bulk concen-
1995), it can partition into the bilayer and enter the op-tration of oxidant. In addition, the number of free oxi-
posite solution. Thus 4,4DTDP added to either theis  dants in the pore is likely to be greater than the number
or the trans chamber could act on cytoplasmic, trans- of protein thiol-oxidant complexes. Thus DTT entering
membrane or luminal channel domains. Experimentghe pore will have a greater chance of interacting with
with DTT in one chamber, when 4TDP was added free oxidant than with the protein thiol-oxidant complex.
to the opposite chamber, show that SHa is either locate®Reduced oxidants in the pore will rapidly be replaced by
on the side of the bilayer to which 44TDP was fresh oxidants from the bulk solution, which will again
added, or located in the transmembrane domain. An inbe available to interact with DTT entering from the op-
tramembrane location is also suggested by the similaposite side and to, once again, oxidize the protein thiol if
time course of activation of RyRs when 4@TDP was it was reduced by DTT. Oxidation reactions proceed in
added to thesis or thetrans chamber. Since thimerosal the presence of reducing agents if the interaction be-
similarly activated RyRs from theisandtranssolutions,  tween the protein thiol and the oxidant is faster than that
SHa must be located in a hydrophilic environment, per-of the oxidant with the reducing agent (Koshita, Miwa &
haps within the channel pore. In contrast SHa* is locatedDba, 1993).
on the cytoplasmic domain of the channel. SHa* is oxi- The interactions of organic cations with the channel
dized by 4,4-DTDP from thecis solution, and is not show that the cardiac RyR has a minimum pore radius of
accessible to 4;4DTDP from thetrans solution gee 3.4-3.5 A and is permeable to ions as large as triethyl-
Discussion above). Thus reactive disulfide added to thamine and diethylmethylamine (Tinker & Williams,
trans solution cannot equilibrate in theis solution in ~ 1993). Other studies suggest that the skeletal RyR has ¢
sufficient quantities to oxidize SHa* within 2 to 3 min of similar pore radius and show that organic cations such as
its addition. choline” (Smith et al., 1988) or Tris(Tinker, Lindsay &
Both 4,4-DTDP and thimerosal, added to either the Williams, 1992), and sugars like glucose and xylose pass
cis or thetranschamber, abolished channel activity after slowly through the channel (Meissner, 1986; Kasai, Ka-
the initial activation. Since channel activity was not lost wasaki & Yamamoto, 1992). Molecules with formula
when 4,4-DTDP was added to thigans chamber if the  weights (FW) similar to those of glucose and xylose (FW
cis solution contained DTT, it is likely that 4,4DTDP = 180 and 150, respectively) may also pass through the
added to either side of the bilayer gained access to SHRyR pore. 4,4DTDP (FW = 220) and DTT (FW=
only from the cytoplasmic solution, i.e., 4;®TDP  154) would fall into this category. Although thimerosal
added to théranssolution must have crossed the bilayer is larger (FW = 405), the organomercurials can pen-
to abolish activity. In contrast, the lipid impermeable etrate proteins more deeply than other oxidizing reagents
thimerosal abolished activity when added to either solu{van Ilwaarden et al., 1992). Thus thimerosal or'4,4
tion and thus had access to SHi from tigor transside.  DTDP might enter the pore from either the luminal or
Since organomercurials penetrate proteins more effeaytoplasmic solution, oxidize SHa and activate the chan-
tively than other thiol agents (van lwaarden et al., 1992) nel. Thimerosal could gain access to SHi from either
one explanation for these apparently conflicting results iside of bilayer, via the channel pore, and thus abolish
the SHi is located in the transmembrane part of the proechannel activity.
tein and is separated from the pore by a hydrophilic
region which allows thimerosal to pass, but excludes )
4,4-DTDP. Therefore thimerosal accesses SHi from thedVIODELS FOR THEDISTRIBUTION OF SHaAND SHi?
pore and thus from either solution. 4BTDP may
reach SHi via a hydrophobic pocket is accessible onlyThe results could be explained if SHa was either located
from the cytoplasmic solution. on both the cytoplasmic and luminal domains of the
If SHa is located in the channel pore, and accessibldRyR, or located in the transmembrane region and acces-
to 4,4-DTDP and thimerosal from either side of the sible to thecisandtranssolutions. The model in Fig.A
bilayer, then it should also be accessible to DTT fromsuggests that SHa is located on the luminal or cytoplas-
either solution. DTT in thesis chamber should prevent mic domains of the channel protein. The *“conver-
oxidation by 4,4-DTDP or thimerosal from thérans  gence” model (Eager et al., 1997) suggests that “acti-
chamber andvice versa.Since this does not happen, vating” or “inhibiting” cysteine residues (e.g., SHa,
either the SHa is not located in the pore or the effect ofSHa*, or SHi) and “activating” or “inhibiting” ligand
adding DTT to the solution containing the oxidizing binding sites (La or Li) are located at a distance from the
agent is not equivalent to adding DTT to the oppositechannel pore. The effects of reactions at these sites are
solution. When DTT is added in excess concentration tdransmitted to “gates” in the pore, via long range allo-
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“i” will be open. Although this model can explain the
results, it could be argued that oxidation of residues on
the luminal or the cytoplasmic domains of the protein
would be unlikely to have identical actions on channel
activity.

Figure B suggests that SHa is within the channel
pore, but is consistent with the convergence model, since
reactions at SHa must be transmitted to the channel
gates. Thimerosal and 4;DTDP enter the pore from
the cis or trans solutions. SHa is shown on the luminal
side of the pore because it is more accessible to thimero-
sal from thetranschamber than theis chamber. In both
models SHa* is within a hydrophobic environment on
the cytoplasmic domain of the protein, because it is ac-
cessible only to 4,4DTDP and only from thecis solu-
tion. SHi is within the transmembrane part of the protein
and separated from the pore by charged residues whict
can be penetrated by thimerosal but not by ©2DP
(seeDiscussion above). 4,4DTDP reaches SHi through
a hydrophobic pocket accessible only from thgsolu-
tion.

The results of the present study do not allow us to
distinguish between the two models, but argue in favor of
that shown in Fig. B. The similar latency of channel
activation, with openings inr,, T, and 75, by agents
added to both the cytoplasmic and the luminal solutions
are most easily explained if the same residues are oxi-
dized by reagents added to either solution.

In conclusion the results show that the cardiac RyR
responds in a quantitatively similar manner, with activa-
tion followed by loss of channel activity, after lipid
Fig. 7. Two models predicting the location of SH groups that are soluble (4,4-DTDP) and lipid insoluble (thimerosal)
oxidized by 4,4-DTDP or thimerosal. The models are based on the oxidizing reagents are added to either cytoplasruis) (
convergence model proposed by Eager, Roden and Dulhunty (1997&r luminal frang sides of the bilayer. An additional

(seetext). It is assumed that channel activity depends on the probability” ..~ . . ,
of gates “a” and “i" being open (in a position parallel to the pore). activating response is evoked by 4[4TDP added to the

Binding of ligands to La or oxidation of SHa and SHa* increase the Cytoplasmic solution. The results suggest that a mini-

probability of gate “a” being open (the cross hatched position of “a”). mum of three classes of cysteine residues are evoked ir
Binding of ligands to Li or oxidation of SHi decreases the probability the response of the RyR to 4;BTDP and thimerosal.

that gate “i” is open (the cross hatched position of “i”). The only

difference between the two models is the location of SA§.SHa is

located on both the cytoplasmic and on the luminal domains of theThe authors are grateful to Professor P.W. Gage and to Dr. D.R. Laver
channel. It is assumed that oxidation of SHa on either the cytoplasmidor discussion and to Lin Roden, Suzy Pace, Joan Stivala and Michael
or the luminal domain have a similar action on gate “aB)(SHa is ~ Smith for assistance.

located within the channel pore and is accessible to oxidizing reagents

4,4-DTDP (44-) or thimerosal (TMS) from either thas or trans

solution. SHi a_md SHa* are in the same positions{\ianc_lB and 'both References

classes of residue are separated from the cytoplasmic solution by hy-

drophobic pocket (narrow cross-hatching) which allows-D4DP to  apramson, J.J., Zable, A.C., Favero, T.G., Salama, G. 1995. Thimero-
enter, but excludes thimerosal. Thimerosal gains access to SHi through g4 interacts with the G release channel ryanodine receptor from

a hydrophilic or polar region of the protein (+ -) which separates SHi gyeletal muscle sarcoplasmic reticuluinBiol. Chem270:29644—
from the channel pore. 20647

Abramson, J.J., Salama, G. 1989. Critical sulfhydryls regulate calcium

. . . . release from sarcoplasmic reticulud. Bioenerg. Biomembr.
steric effects. The mean position of the gate indicates its  51.og3 294

open probability, which is high when the gate is parallel \gngasi, B., zhang, 3.z, Wu, Y.L., Reid, M.B., Hamilton, S.L. 1997.
to the pore. Reactions at activation sites increase the wmultiple classes of sulfhydryls modulate the skeletal muscld"Ca
probability of gate “a” being open. In contrast, reac-  release channel. Biol. Chem272:3739-3748

tions at inhibition sites decrease the probability that gateBoraso, A., Williams, A.J. 1994. Modification of the gating of the



214 K.R. Eager and A.F. Dulhunty: RyR Oxidation from Luminal and Cytoplasmic Sides

cardiac sarcoplasmic reticulum €aelease channel by J, and release channel of sarcoplasmic reticulud. Biol. Chem.
dithiothreitol. Am. J. Physiol267:H1010-H1016 261:6300-6306
Chiamvimonvat, N., O’'Rourke, B., Kamp, T.J., Kallen, R.G., Hof- Nagura, S., Kawasaki, T., Taguchi, T., Kasai, M. 1988. Calcium release
mann, F., Flockerzi, V., Marban, E. 1995. Functional consequences from isolated sarcoplasmic reticulum due to'4cithiodipyridine.
of sulfhydryl modification in the pore-forming subunits of cardio- J. Biochem104:461-465
vascular C&" and Nd channelsCirc. Res.76:325-334 Oba, T., Ishikawa, T., Yamaguchi, M. 1998. Sulfhydryls associated
Coronado, R., Kawano, S., Lee, C.J., Valdivia, C., Valdivia, H.H. 1992.  with H,0,-induced channel activation are on luminal side of rya-
Planar bilayer recording of ryanodine receptors of sarcoplasmic  nodine receptorsAm. J. Physiol274:C914-C921

reticulum.Methods EnzymoR07:699-707 Otsu, K., Willard, H.F., Khanna, V.K., Zorzato, F., Green, N.M., Mac-
Coronado, R., Morrissette, J., Sukhareva, M., Vaughan, D.M. 1994. Lennan, D.H. 1990. Molecular cloning of cDNA encoding th&Ca
Structure and function of ryanodine receptofsn. J. Physiol. release channel (ryanodine receptor) of rabbit cardiac muscle sar-
266:C1485-C1504 coplasmic reticulumJ. Biol. Chem265:13472—-13483
Cukierman, S., Yellen, G., Miller, C. 1985. The" Khannel of sarco-  Sayers, L.G., Brown, G.R., Michell, R.H., Michelangeli, F. 1993. The
plasmic reticulum. A new look at Csblock. Biophys. J.48:477— effects of thimerosal on calcium uptake and inositol 1,4,5-
484 trisphosphate-induced calcium release in cerebellar microsomes.
Curello, S., Ceconi, C., Bigoli, C., Ferrari, R., Albertini, A., Guarnieri, Biochem. J289:883-887
C. 1985. Changes in the cardiac glutathione status after ischemi&ies, H., Gerstenecker, C., Menzel, H., Flohe, L. 1972. Oxidation in the
and reperfusionExperientia41:42—-43 NADP system and release of GSSG from hemoglobin-free perfused

Dulhunty, A.F., Junankar, P.R., Eager, K.R., Ahern, G.P., Laver, D.R. rat liver during peroxidatic oxidation of glutathione by hydroper-
1996. lon channels in the sarcoplasmic reticulum of striated muscle. oxides.FEBS Lett.27:171-175
Acta Physiol. Scandl56:375-385 Sigworth, F.J., Sine, S.M. 1987. Data transformations for improved
Eager, K.R., Roden, L.D., Dulhunty, A.F. 1997. Actions of sulfhydryl display and fitting of single-channel dwell time histograrBso-
reagents on single ryanodine receptor calcium release channels phys. J.52:1047-1054

from sheep myocardiunAm. J. Physiol272:C1908—C1918 Sitsapesan, R., Montgomery, R.A., MacLeod, K.T., Williams, A.J.
Eager, K.R., Dulhunty, A.F. 1998. Activation of the cardiac ryanodine 1991. Sheep cardiac sarcoplasmic reticulum calcium-release chan-
receptor by sulfhydryl oxidation is modified by Mgand ATP.J. nels: modification of conductance and gating by temperatilire.

Membrane Biol163:9-18 Physiol.434:469-488

Eley, D.W., Korecky, B., Fliss, H., Desilets, M. 1991. Calcium homeo- Smith, J.S., Imagawa, T., Ma, J., Fill, M., Campbell, K.P., Coronado,
stasis in rabbit ventricular myocytes. Disruption by hypochlorous  R. 1988. Purified ryanodine receptor from rabbit skeletal muscle is
acid and restoration by dithiothreitaCircl. Res.69:1132—-1138 the calcium-release channel of sarcoplasmic reticuldmGen.

Favero, T.G., Zable, A.C., Abramson, J.J. 1995. Hydrogen peroxide Physiol.92:1-26
stimulates the G release channel from skeletal muscle sarcoplas-Stadtman, E.R. 1992. Protein oxidation and ag®gence257:1220—
mic reticulum.J. Biol. Chem270:25557-25563 1224

Holmberg, S.R., Cumming, D.V., Kusama, Y., Hearse, D.J., Poole-Tinker, A., Lindsay, A.R., Williams, A.J. 1992. A model for ionic
Wilson, P.A., Shattock, M.J., Williams, A.J. 1991. Reactive oxygen conduction in the ryanodine receptor channel of sheep cardiac
species modify the structure and function of the cardiac sarcoplas- muscle sarcoplasmic reticulurd. Gen. Physiol100:495-517
mic reticulum calcium-release chann€lardioscience2:19-25 Tinker, A., Williams, A.J. 1993. Probing the structure of the conduction

Holmberg, S.R., Williams, A.J. 1992. The calcium-release channel pathway of the sheep cardiac sarcoplasmic reticulum calcium-
from cardiac sarcoplasmic reticulum: function in the failing and release channel with permeant and impermeant organic cafions.
acutely ischaemic hearBasic Res. Cardiol87 Suppl 1255-268 Gen. Physiol102:1107-1129

Kasai, M., Kawasaki, T., Yamamoto, K. 1992. Permeation of neutralvan Iwaarden, P.R., Driessen, A.J., Konings, W.N. 1992. What we can
molecules through calcium channel in sarcoplasmic reticulum  learn from the effects of thiol reagents on transport proteiis:
vesicles.J. Biochem112:197-203 chim. Biophys. Actd113161-170

Koshita, M., Miwa, K., Oba, T. 1993. Sulfhydryl oxidation induces Wagenknecht, T., Radermacher, M., Grassucci, R., Berkowitz, J., Xin,
calcium release from fragmented sarcoplasmic reticulum even in  H.B., Fleischer, S. 1997. Locations of calmodulin and FK506-
the presence of glutathionExperientia49:282-284 binding protein on the three-dimensional architecture of the skeletal

Laver, D.R., Roden, L.D., Ahern, G.P., Eager, K.R., Junankar, P.R., muscle ryanodine receptal. Biol. Chem272:32463-32471
Dulhunty, A.F. 1995. Cytoplasmic Gainhibits the ryanodine re-  Zable, A.C., Favero, T.G., Abramson, J.J. 1997. Glutathione modulates
ceptor from cardiac muscld. Membrane Biol147:7-22 ryanodine receptor from skeletal muscle sarcoplasmic reticulum.

Meissner, G. 1986. Ryanodine activation and inhibition of thé*Ca Biol. Chem.272:7069-7077



