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Sulfhydryl oxidation induces calcium release from fragmented sarcoplasmic reticulum 
even in the presence of glutathione 
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Abstract. Alcian blue and plumbagin induced transient Ca 2+ release from fragmented sarcoplasmic reticulum. 
Dithiothreitol  (DTT) and glutathione (GSH)  part ial ly blocked Ca 2§ release induced by these oxidizing com- 
pounds. Pretreatment of  alcian blue and plumbagin with DTT or GSH for more than 1 min was required to abolish 
the ability of  the oxidizing compounds to release Ca 2§ Mg 2§ and ruthenium red completely blocked alcian blue- 
and plumbagin-induced Ca 2+ release. These results suggest that  oxidation of  sulfhydryls on Ca 2+ release channels 
induces Ca 2+ release even in the presence of GSH in situ. 
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In skeletal muscle, depolarizat ion of  transverse tubular  
membrane causes Ca 2+ release from sarcoplasmic 
reticulum (SR). The mechanism responsible for trigger- 
ing Ca 2+ release from the SR remains unknown ~ 3. 
Redox reactions are involved in many biological sys- 
tems, and oxidation compounds such as phthalocyanine 
dye (alcian blue) and naphtholquinone (plumbagin) 
induce Ca 2+ release from the SR 4'5. Salama's  group has 
purified sulfhydryl(SH)-gated Ca 2+ release channels 
with similar characteristics to ryanodine binding 
protein 6'7. Since the first report  by Abramson et al. ~, 
many studies have shown that heavy metals (Hg a~, 
Ag § and Cu 2+) at laM concentrations induce rapid 
Ca 2+ release from the SR by binding to or by oxidizing 
SHs. Therefore, the oxidation-reduction response of 
SHs in Ca 2+ release channel protein may play a physio- 
logical role in triggering Ca 2+ release from the SR 9. 
However, muscle fibres contain enough endogenous 
GSH to protect  SHs from oxidation '~ Brunder et 
al. ~2 reported that  treatment of  voltage-clamped cut 
fibres with 10mM GSH or DTT did not affect the 
calcium transient obtained by a brief depolarization, 
while treatment of  SR vesicles with such reducing 
agents inhibited heavy metal-induced Ca 2+ release. 
They refuted the hypothesis that  SH oxidation plays a 
crucial role in excitation-contraction (E-C) coupling in 
situ. However, SH oxidation might be involved in phys- 
iological Ca 2+ release, if the interaction of oxidants with 
SHs in the Ca 2+ release channel was much faster than 
that of  oxidants with GSH or DTT. This issue is ex- 
plored here to evaluate whether SH oxidation is in- 
volved physiologically in Ca 2+ release from the skeletal 
muscle SR. 

Mater&& and methods' 
A heavy fraction of  SR enriched in terminal cisternae 
was isolated from leg muscle of  the bullfrog (Rana 
catesbeiana) as described previously ~3. Protein concen- 

trat ion was determined by the Biuret method using 
bovine serum albumin as the standard. 
SR (0.2 mg protein/ml) was loaded with 0.05 m M  CaC12 
in a solution containing 100mM KC1, 2 0 m M  Tris- 
maleate (pH 6.8), 0.5 m M  MgC12, 0.5 mM ATP, 3 mM 
phosphoenolpyruvate  (PEP), and 10 units of  pyruvate 
kinase (PK) /ml  at 25 ~ unless otherwise indicated. The 
SR, which was contaminated with about  50 nmol Ca2+/ 
mg protein, and CaC12 were added in KCI buffer solu- 
tion. The mixture of MgCle, ATP, PEP, and PK was 
then added to initiate Ca 2+ uptake. Ca 2~ release was 
triggered by adding concentrated drug solutions after 
about  95% of  the Ca 2§ in the reaction solution was taken 
up by the SR. The reaction solution (500 I~1) was contin- 
uously stirred in a chamber with a magnetic stirrer. 
Extravesicular calcium concentration was measured us- 
ing a calcium-selective electrode as described 14, except 
that 20 mM Tris-maleate (pH 6.8) was used instead of 
20 mM MOPS (pH 7). The calcium electrode gave a 
slope of  28.17 _+ 0.28 mV (n = 25) per pCa unit between 
pCa 3 and 7 at 25 ~ in calibration solutions containing 
100 mM KC1, 2 0 m M  Tris-maleate (pH 6.8), 1 mM 
CaC12, and various concentrations of  EGTA.  In the 
presence of 10mM MgC12, the slope was 25.89_+ 
0.35 mV (n = 9) per pCa unit. 
The amount  of  Ca 2§ in the SR was calculated from the 
pCa value by using the following binding constants: 
2.45 x 104 M i for Mg-ATPIS; 8.5 x 103 M 1 for Ca- 
ATpIS; 3.16 x 106M i for H-ATP 16. The maximum 

amount  of  released Ca 2+ and the maximum rate of 
Ca 2+ release were expressed as m e a n + S E M  ( n =  
number  of  preparat ions)  in nmol Ca2+/mg SR protein 
and nmol Ca2+/mg SR protein/s, respectively. 
ATPase  activity was measured in a solution containing 
100 mM KCI, 20 mM Tris-maleate (pH 6.8), 0.5 mM 
MgC12, 0 . 5 m M  ATP, 3 m M  PEP, 10 units of  
PK/ml,  0 .2mg SR protein/ml,  2~tM A23187, and 
0.05 mM CaC12 or 1 mM E G T A  at 25 ~ The reaction 
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was initiated by addition of Mg-ATP, PEP, and PK, 
and terminated by adding ice-cold 5% trichloroacetic 
acid. Pi liberated was measured by the method of LeBel 
et al. 17 Ca2+-ATPase activity was calculated by sub- 

tracting Mg2+-ATPase activity (EGTA was added) 
from Ca R§ MgZ+-ATPase activity (CaC12 was added). 
Alcian blue, plumbagin, ruthenium red, dithiothreitol, 
glutathione, ATP, phosphoenolpyruvate, pyruvate ki- 
nase, superoxide dismutase, and catalase were obtained 
from Sigma Chemical Co., St. Louis, MO. A23187 was 
from Calbiochem-Behring Corp., La Jolla, CA. Other 
reagents were of analytical grade. Plumbagin (20 mM) 
and A23187 (2 mM) were dissolved in 99.5% ethanol as 

stock solutions. 
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Results and discussion 
Addition of ATP to the reaction solution suddenly 
decreased the Ca 2+ concentration due to the chelation 
of Ca 2+ by ATP. This was followed by a gradual 
decrease in Ca 2+ concentration due to Ca 2+ uptake 
by the fragmented SR (fig. 1 a). The amount  of Ca 2+ 
taken up 7min  after addition of ATP was 
230.4 • 3.5 nmol/mg protein (n = 6). Addition of 
10 laM alcian blue led to a transient increase in extra- 
vesicular Ca 2+ concentration due to Ca 2+ release from 
and re-uptake by the SR (fig. 1 a). The maximum 
amount  of released Ca 2+ and the maximum rate of 
Ca 2+ release were 2 0 . 3 •  and 2.42+ 
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Figure 1. Effects of Mg 2+, ruthenium red, and dithiothreitol on 
alcian blue-induced Ca 2§ release from actively Ca2+-loaded SR. 
Ca 2§ uptake was carried out as described in 'Materials and 
methods'. Alcian blue (10 ~tM) was added 7 min after addition of 
ATP (a). After addition of 10 mM MgCI 2 (b), 2 laM ruthenium red 
(c), or 5 mM dithiothreitol (d), Ca 2+ uptake was initiated, and then 
10 gM alcian blue was added (at open arrows). In b, c, and d, initial 
parts of pCa changes produced by applications of SR and Ca 2§ 
were omitted. Similar results were obtained in 6 experiments. 
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Figure 2. Effects of Mg 2+, ruthenium red, and glutathione on 
plumbagin-induced Ca 2+ release. Ca 2+ uptake was carried out as 
described in 'Materials and methods'. Plumbagin (100 laM) was 
added 7 min after addition of ATP (a). After addition of 10 mM 
MgC12 (b), 2 gM ruthenium red (c), or 5 mM glutathione (d), Ca 2 ~ 
uptake was initiated, and then 100 gM plumbagin was added (at 
open arrows). Changes in pCa produced by applications of SR and 
Ca R ~ were omitted. Similar results were obtained in 6 experiments. 

0.87nmol/mg/s (n =6) ,  respectively. The release of 
Ca 2+ induced by 10 gM alcian blue was almost com- 
pletely inhibited by 10 mM MgC12 or 2 gM ruthenium 
red, blockers of CaZ+-induced Ca 2+ release channel 
(fig. l b ,  c). Interestingly, 5 mM DTT (fig. 1 d) and 
5 mM GSH (data not shown) only partially inhibited 
Ca R+ release induced by the oxidizing compound. 
Plumbagin (100 gM) also induced a transient Ca 2+ re- 
lease from the SR, which took up 234.6 + 3.5 nmol/mg 
(n = 6) 7 min after ATP addition (fig. 2a). The maxi- 
mum amount  of released Ca 2+ and the maximum rate 
of Ca 2+ release were 20.2 • 9.5 nmol/mg and 4.75 • 
1.34 nmol/mg/s (n = 6), respectively. Ca R+ release in- 
duced by 1001aM plumbagin (fig. 2a) was almost 
completely inhibited by 10 mM MgC12 or 2 laM ruthe- 
nium red (fig. 2b, c), but only partially by 5 mM GSH 
(fig. 2 d) or 5 mM DTT (data not shown), similar to 
Ca R+ release induced by alcian blue. 
When alcian blue and plumbagin were pretreated with 
DTT or GSH, these oxidizing compounds lost the ability 
to release Ca 2+ in a time-dependent manner.  Fig. 3 
shows that pretreatment of alcian blue with DTT for 10 s 
only slightly decreased the amount  of Ca 2+ released by 
10 gM alcian blue (22% decrease), but pretreatment for 
1 min inhibited Ca 2+ release almost completely (99.6% 
decrease). These results indicate that DTT and GSH can 
reduce alcian blue and plumbagin on a time scale of 
1 min, and reduced alcian blue and plumbagin have no 
ability to release Ca 2+. This suggests that interaction of 
oxidizing compounds with Ca 2+ release channel protein 
is faster than that of oxidants with reducing reagents. 
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Effects of superoxide dismutase and catalase on oxidizing compound-induced Ca 2 § release 
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Oxidizing compound Control + SOD + SOD + catalase 

Alcian blue (25 gM) R ~ 1.05 _+0.19 1.37 • 1.31 +0.22 
A b 10.6 +2.1 13.1 +3.9 12.4 +2.9 

Plumbagin (200 jaM) R 4.20 -+ 0.45 3.43 • 0.55 3.36 • 0.99 
A 27.6 -+ 1.6 24.2 -+2.9 25.3 -+4.8 

Active Ca 2§ uptake was performed as described in 'Materials and methods', except 0.5 mg SR protein/ml was used. The amount of 
Ca 2 ~ taken up was 95.0 • 0.72 nmol/mg (n = 4). Ca 2+ release was induced by the addition of alcian blue or plumbagin. Superoxide 
dismutase (SOD) and catalase were added 60 s and 30 s, respectively, before addition of oxidizing compounds. Values given represent 
the mean + SEM of four preparations. 
aRate of Ca 2+ release (nmol/mg/s); bamount of Ca 2+ release (nmol/mg). 
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Figure 3. Effect of pretreatment of alcian blue with dithiothreitol 
on Ca 2~ release induced by alcian blue. Ca z+ uptake was carried 
out as described in 'Materials and methods'. Alcian blue (10 gM) 
was added 7 min after addition of ATP (a). Alcian blue (2raM) 
was mixed with an equal volume of dithiothreitol (1 M) for 10 s 
(b), 30 s (c), or I min (d), and 5 jal of the mixture was added to 
500/al of the reaction solution. Changes in pCa produced by 
applications of SR and Ca 2+ were omitted. Similar results were 
obtained in 3 experiments. 

A lc i an  blue a n d  p l u m b a g i n  can  p r o d u c e  superox ide  a n d  

h y d r o x y  free radicals ,  wh ich  m a y  in te rac t  in the  SR 

m e m b r a n e  wi th  SH g roups  a n d  u n s a t u r a t e d  fa t ty  acids,  

respect ively,  to  increase  ion permeabi l i ty .  However ,  

these  free radica ls  p layed  no  cri t ical  role in a lc ian  blue-  

a n d  p l u m b a g i n - i n d u c e d  Ca  2+ release,  since the  Ca  2+ 

release was ha rd ly  affected by  I00 un i t s /ml  superox ide  

d i s m u t a s e  wh ich  reduces  superox ide  radicals ,  or 100 

un i t s /ml  ca ta lase ,  wh ich  p reven t s  the  p r o d u c t i o n  o f  

h y d r o x y  radica ls  ( table) .  

N e i t h e r  10 ~tM alc ian  b lue  n o r  100 g M  p l u m b a g i n  inh ib-  

i ted SR Ca2+-ATPas e  ( d a t a  no t  shown) ,  ind ica t ing  t h a t  

Ca  2+ efflux t h r o u g h  Ca  2+ release channe l s ,  bu t  n o t  Ca  2+ 

leakage  caused  by  Ca  2+ p u m p  inh ib i t ion ,  is invo lved  in 

the  Ca  2+ release i nduced  by  a lc ian  b lue  or  p l u m b a g i n .  

A b r a m s o n  a n d  S a l a m a  9 have  p r o p o s e d  an  i n v o l v e m e n t  

of  SH o x i d a t i o n  in E-C  coup l ing  f rom evidence  t h a t  

va r ious  SH reagen ts  induce  Ca  2+ release f rom the  termi-  

nal  c i s t e rnae  o f  the  SR. However ,  the  f inding t ha t  

sufficient e n d o g e n o u s  G S H  was p resen t  in the  muscle  

f ibre and  t h a t  in t race l lu la r ly  appl ied G S H  did no t  inh ib i t  

E-C coup l ing  led to disagreement1% In  the  p resen t  s tudy,  

we asser t  t h a t  a lc ian  b lue  a n d  p l u m b a g i n  induce  C a  2+ 

release f rom the  SR t h r o u g h  ox ida t ion  of  SH g roups  

in Ca2+- induced  Ca  2+ release channe l s ,  even in the  

presence  o f  5 m M  D T T  or  5 m M  G S H  (figs 1 and  2). The  

a m o u n t s  o f  SH reduc ing  reagen t  used (5 lamol/0.2 m g  

SR p ro t e in  = 250 lamol/g muscle)  were m u c h  larger  

t h a n  the  a m o u n t  of  G S H  presen t  in skeletal  musc le  in 

situ, 0 .5 -1 .1  lamol/g wet  weight  l~ Thus ,  ou r  f indings  

p rov ide  ev idence  t h a t  h ighly  react ive  SH g roups  are 

p r o b a b l y  loca ted  in the  Ca  2+ release channe l ,  a n d  those  

g roups  can  be oxidized even in the  presence  of  endoge-  

nous  G S H .  There fore ,  SH ox ida t i on  m a y  be invo lved  in 

the phys io log ica l  E-C coup l ing  in skeletal  muscle.  
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