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The role of reactive sulfhydryl groups of sarcoplasmic reticulum ATPase has been investigated. Incubation of 
ATPase with 17 mol o-iodosobenzoic acid per mol ATPase results in a 15% inhibition of Ca 2+ uptake with 
only a 5% loss of ATPase activity. When ATPase is treated with 15 mol KMnO 4 per tool ATPase, Ca 2+ 
uptake is completely inhibited. From the measurement of remaining SH groups using 5,5'-dithiobis- 
(2-nitrobenzoic acid), it is found that the oxidation of approximately four SH groups per ATPase molecule 
with KMnO 4 leads to a complete loss of Ca 2 + uptake, while the oxidation of five SH groups per ATPase with 
o-iodosobenzoic acid results in only 15% inhibition of Ca 2+ uptake. The results of amino acid analysis 
indicate that KMnO 4 oxidizes the reactive SH groups to sulfonic acid groups. Among the five o-iodosoben- 
zoic acid-reactive SH groups, at least one shows a distinct Ca 2 + dependence. Addition of o-iodosobenzoic 
acid to the reaction medium containing KMnO 4 does not increase the number of oxidized SH groups, 
indicating that both o-iodosobenzoic acid and KMnO 4 oxidize the same SH groups of the enzyme. The 
different effects of two oxidizing agents on sarcoplasmie reticulum ATPase eliminate the possibility of direct 
involvement of SH  group(s) in the ATPase reaction. 

Introduction 

Sarcoplasmic reticulum vesicles actively accu- 
mulate Ca 2+ by an ATP-dependent transport sys- 
tem [1,2]. The (Ca2+ + Mg2+)-ATPase accounts for 
about 70% of total sarcoplasmic reticulum protein 
and is responsible for active Ca 2÷ transport [3,4]. 
The ATPase has been shown to contain about 26 
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cysteine residues from the results of amino acid 
analysis [5]. It has been reported that both sarco- 
plasmic reticulum and purified ATPase contain 
about 20 thiol groups per ATPase [6-8], indicating 
the presence of three disulfide residues. 

The blocking of thiol groups of sarcoplasmic 
reticulum ATPase with SH-directed agents leads 
to the loss of ATPase activity and Ca 2 ÷ transport 
[9-17]. From the modification studies using N-eth- 
ylmaleimide, it has been shown that ATPase has 
two to four reactive SH groups [12,15,17]. Yamada 
and Ikemoto [15] have suggested that there are at 
least two functionally important thiols, the block- 
ing of which results in inhibition of different steps 
of the ATPase reaction. Kawakita et al. [17] also 
indicated the presence of two SH groups essential 
for Ca 2÷ transport of sarcoplasmic reticulum 
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vesicles, one being involved in formation of the 
phosphorylated intermediate (E-P) and the other 
in its decomposition. Although it is likely that SH 
groups are important for the ATPase reaction, no 
clear evidence for actual involvement of SH groups 
in the catalytic cylce has ever been obtained. 

The present study was undertaken to test the 
possibility of direct involvement of SH group(s) in 
the catalytic process of sarcoplasmic reticulum 
ATPase. For this purpose, SH groups were selec- 
tively oxidized to different oxidation states: to 
sulfenic acid groups (-SOH) by o-iodosobenzoic 
acid [18-22] and to sulfonic acid groups ( -so3n)  
by KMnO 4 [23-25]. The results indicate that SH 
groups are not catalytically involved in Ca 2 ÷ trans- 
port. 

Materials and Methods 

Potassium permanganate, o-iodosobenzoic acid, 
and 5,5'-dithiobis(2-nitrobenzoic acid) were 
purchased from Sigma. Arsenazo III was obtained 
from Aldrich and purified according to the meth- 
ods of Kendrick [26]. The Ca 2 ÷ ionophore A 23187 
was obtained from Calbiochem. 

Sarcoplasmic reticulum vesicles were prepared 
from the white skeletal muscle of rabbit hindlegs 
according to Eletr and Inesi [27] with minor mod- 
ifications. 

ATPase activity was measured according to the 
method of Warren et al. [28]. The reaction mixture 
in a 1 ml cuvette contained 30 mM Mops, pH 6.9, 
5 mM ATP, 10 mM MgC12, 0.1 mM CaC12, 100 
mM KCI, 0.45 mM NADH, 20/~M A 23187, 0.75 
mM phosphoenolpyruvate, pyruvate kinase (10 
units/ml), lactate dehydrogenase (50 units/ml), 
and sarcoplasmic reticulum vesicles (2 to 5 # g / m l  
protein). The absorbance decrease at 340 nm was 
monitored at 28°C in a Cary 219 spectrophotome- 
ter, and the specific activity was calculated from 
this absorbance decrease using a molar extinction 
coefficient of 6220 [29]. Thus our measurements 
are for total ATPase activity and that the Mg 2÷- 
dependent moiety was less than 10% in all pre- 
parations. 

Ca 2÷ uptake was measured using Arsenazo III 
as an indicator of free calcium [30]. The reaction 
mixture in a 1 ml cuvette contained 20 mM Mops, 
pH 6.9, 1.25 mM ATP, 5 mM MgCI2, 40 #M 

CaCI 2, 5 mM potassium oxalate, 100 mM KCI, 60 
mM sucrose, 25 ktM Arsenazo III, and sarco- 
plasmic reticulum vesicles (15 to 20 #g /ml  pro- 
tein). Absorbance decrease at 655 nm was moni- 
tored at 28°C in a Cary 219 spectrophotometer. 
The Arsenazo III absorption was calibrated as a 
function of calcium concentration. In the presence 
of 25/~M Arsenazo III, absorbance changes were 
linear for calcium concentrations up to 40 #M. 

The protein concentration of sarcoplasmic re- 
ticulum vesicles was determined either spectropho- 
tometrically at 280 nm in the presence of 1% SDS 
[6] or by the method of Lowry et al. [31]. 

The number of thiol groups was determined 
with DTNB using a value of e at 412 nm of 
1.36-104 M - 1 . c m  - t  [32] and is expressed per 
1.5 • 105 g protein since the ATPase has a molecu- 
lar weight of 106 000 and accounts for about 70% 
of the protein of sarcoplasmic reticulum [3,4]. The 
reaction mixture in a cuvette (1 ml) contained 0.1 
M Tris-HC1 buffer, pH 8.0, 1 mM EDTA, 1% 
SDS, 1 mM DTNB, and sarcoplasmic reticulum 
vesicles (30 to 40 # g / m l  protein) and the ab- 
sorbance increase at 412 nm was monitored at 
25°C. 

Tryptophan was spectrophotometrically de- 
termined in the presence of 1% SDS using a value 
of~ at 288 nm of 4815 M -~ .cm -1 [33]. 

Acid hydrolysis of sarcoplasmic reticulum pro- 
tein was performed as recommended by Moore 
and Stein [34]. A Glenco model MM-100 amino 
acid analyzer was used for analyses of the hydro- 
lysates. 

Results 

Oxidation of sarcoplasmic reticulum A TPase by 
o-iodosobenzoic acid and KMn04 

Potassium permanganate (KMnO 4), a powerful 
oxidizing agent, has been used as an active site-di- 
rected reagent for phosphate binding sites [23,25]. 
The basis of its action on phosphate binding sites 
is its structural similarity to phosphate [35,36]. The 
reagent has been known to oxidize thiol groups to 
sulfonic acid groups [23,25] as illustrated in Scheme 
I. 

As shown in Fig. 1, Ca 2+ uptake activity of 
sarcoplasmic reticulum vesicles was almost com- 
pletely inhibited when vesicles were treated with 
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160 PM KMnO,. Our time resolution was not fast 
enough to measure the initial rates of inactivation. 
However, after the inhibition of 80% of Ca2’ 
uptake, a relatively slow phase with a pseudo 
first-order rate constant, k, = 3.6 - 10m2 min- ’ was 
observed. In contrast, the inactivation rate was 
considerably slower (k, = 2.6 - low3 rnin-‘) when 
sarcoplasmic reticulum vesicles were incubated 
with the same concentration of o-iodosobenzoic 
acid. As shown in Scheme 1. o-iodosobenzoic acid 
oxidizes thiol groups to sulfenic acid groups [19]. 
Even after 1 h incubation with o-iodosobenzoic 
acid, sarcoplasmic reticulum vesicles still main- 
tained about 80% of their initial Ca” uptake 
activity (Fig. 1). During the oxidation of sarco- 

TlME(min) 

Fig. 1. Effect of SH oxidation by o-iodosobenzoic acid and 
KMnO, on CA2’ uptake of sarcoplasmic reticulum vesicles. 
Sarcoplasmic reticulum vesicles (14.4 pM ATPase) were treated 
with 160 pM o-iodosobenzoic acid (0) or 160 uM KMnO, (X) 
at 22°C in 0.5 ml of 30 mM Mops buffer, pH 6.9, containing 
100 mM KC1 and 115 mM sucrose. At different time intervals 
after the addition of oxidants, lo-p1 aliquots were taken for 
Ca2+ uptake measurement. The specific activity of a control 
sample (0) was 0.83 pmol Ca2+/min/mg. 

mol KMnO, per mol ATPase 

Fig. 2. Effect of oxidant concentration on the inactivation of 
sarcoplasmic reticulum ATPase. (A) Sarcoplasmic reticulum 
vesicles (14.2 pM ATPase) were treated with 30 to 240 ph4 
o-iodosobenzoic acid (IOB) at 22°C in 0.5 ml of 30 mM Mops 
buffer, pH 6.9, containing 100 mM KC1 and 115 mM sucrose. 
After 50 min incubation, aliquots were taken for Ca2+ uptake 
measurement and ATPase activity assay. (B) Sarcoplasmic re- 
ticulum vesicles (12.1 n M ATPase) were treated with 30 to 240 
PM KMnO., at 22OC in the same medium as indicated in (A). 
The CaZ+ uptake activity and ATPase activity of untreated 
samples were 0.81 pmol Ca2+/min per mg and 7.3 pmol 
Pi/mm per mg, respectively. Key: 0, Ca2’ uptake activity; l , 
ATPase activity. 

plasmic reticulum vesicles with o-iodosobenzoic 
acid, ATPase activity was almost completely re- 
tained as shown in Fig. 2A. Increasing concentra- 
tions of o-iodosobenzoic acid did not cause any 
further decrease in either Ca” uptake or ATPase 
activity. This indicates that the number of SH 
groups accessible to o-iodosobenzoic acid is rela- 
tively small and that modification of these SH 
groups with this oxidant does not cause a progres- 
sive denaturation of the ATPase molecule. 

As Fig. 2B shows, the loss of Ca” transport 
activity is linear with respect to initial KMnO, 
concentration until the latter is eight times the 
ATPase concentration. As shown in Scheme 1, it 
requires 2 mol KMnO, to oxidize 1 mol SH groups 
to sulfonic acid groups [23]. This suggests that 
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ox ida t ion  of  a m a x i m u m  of  4 SH groups  per  
A T P a s e  molecule  is respons ib le  for 80% inhib i t ion  
of  Ca 2+ t ranspor t .  Unl ike  Ca 2+ uptake,  the loss of 
A T P a s e  act ivi ty  was somewhat  non l inear  with re- 
spect  to the reagent  concentra t ion .  Moreover ,  
A T P a s e  act ivi ty  was less sensitive than Ca 2÷ up- 

take towards  SH oxida t ion  by  K M n O  4. 
Stoichiometry of inactivation. The comple te  in- 

h ibi t ion of  Ca 2+ uptake  required KMnO4 oxida-  
t ion of approx.  4 SH groups  per  ATPase  as il- 
lus t ra ted  in Fig. 3. Fu r the r  ox ida t ion  of  SH groups  
might  be due  to dena tu ra t ion  of  the protein,  result-  
ing in the exposure  of bur ied  SH groups.  In  con- 
trast,  the loss of  Ca  2÷ up take  act ivi ty  appea red  to 
be independen t  of  the number  of thiol groups  

oxidized by  o- iodosobenzoic  acid. More  than 80% 
of  the original  Ca 2÷ t ranspor t  act ivi ty was re ta ined  
even after ox ida t ion  of  5 SH groups  by  this mi ld  
oxidiz ing agent.  

It has been repor ted  that  2 SH groups  are 
essential  for ATPase  act ivi ty  [12,15]. K a w a k i t a  et 
al. [17] have shown that  only  4 SH groups  per  
A T P a s e  in sa rcoplasmic  re t iculum vesicles are 
modi f ied  by  N-e thy lmale imide  even at a high con- 
cen t ra t ion  (1.5 m M )  of  this a lkyla t ing  reagent.  
They  have shown that  two of  those SH groups  are 
essential  for Ca 2+ t ranspor t  while the other  two 
are  appa ren t ly  nonessent ia l .  As  shown in Fig.  3, 
only  5 SH groups  are accessible to o- iodosobenzoic  
acid, even with 17 mol  of  the ox idan t  per  mol  
ATPase ,  suggesting that  o- iodosobenzoic  acid-  
oxidized SH groups  might  include those which 
have been modi f ied  N-e thy lmale imide  [17]. 

In  o rder  to see whether  o- iodosobenzoic  acid- 
oxidized SH groups  were ident ia l  to those mod-  
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Fig. 3. Stoichiometry of o-iodosobenzoic acid and KMnO 4 
inactivation of sarcoplasmic reticulum ATPase. Sarcoplasmic 
reticulum vesicles were treated with various concentrations of 
o-iodosobenzoic acid or KMnO a as described in Fig. 2 and 
dialyzed twice at room temperature for several hours against 
400 ml of 30 mM Mops, pH 6.9, containing 100 mM KCI and 
115 mM sucrose with nitrogen bubbling. Protein concentration 
and thiol content of dialyzed samples were determined as 
described under Materials and Methods. Remaining Ca 2+ 
transport activity of o-iodosobensoic acid-treated vesicles (©) 
and KMnO4-treated vesicles (×)  was plotted against the num- 
ber of modified SH groups. The specific activity of untreated 
samples was 0.81 #mol Ca2+/min per mg. 

if ied with N-e thy lmale imide ,  Ca  2÷ effect on reac- 
t ivi ty of SH groups  with o- iodosobenzoic  acid was 
tested (Table  I). D T N B  react ion with cont ro l  sam- 
ples shows that  there are 19.5 thiol groups  per  
1 .5 .105 g pro te in  (per  mol ATPase) ,  in good 
agreement  with abou t  20 thiol groups  per  1.5 • 10 5 
da l tons  which has  been previous ly  repor ted  [6,8]. 
As  shown in Table  I, the removal  of  d iva lent  

TABLE I 

EFFECT OF DIVALENT CATIONS ON o-IODOSOBENZOIC ACID OXIDATION OF SARCOPLASMIC RETICULUM 
PROTEIN 

SH groups of sarcoplasmic reticulum protein were oxidized by o-iodosobenzoic acid as described in Fig. 3. The numbers indicate 
mean___ S.D. (three separate experiments). Specific activity of control samples was 0.78 ~mol Ca 2 +/min per mg protein. 

Additions to reaction medium Remaining SH groups a Ca 2 + uptake (%) 

Control 19.4 + 0.8 100 
160 # M o-iodosobenzoic acid 14.5 _+ 0.4 77 + 5 
160 # M o-iodosobenzoic acid + 0.4 mM EDTA 15.94- 0.3 54 + 4 
160 #M o-iodosobenzoic acid + 0.4 mM EDTA + 0.5 mM CaC12 14.7 4- 0.3 84 4- 3 

a The values are expressed as number of SH groups per 1.5.105 g sarcoplasmic reticulum protein. 



cations from the reaction medium by the addition 
of 0.4 mM EDTA decreased the number of o- 
iodosobenzoic acid-reactive SH groups from 4.9 to 
3.5. A significant decrease in Ca 2+ uptake ob- 
served with the samples containing 0.4 mM EDTA 
might be due to instability of sarcoplasmic reticu- 
lum vesicles in the absence of Ca 2÷ since sarco- 
plasmic reticulum vesicles containing 0.4 mM 
EDTA showed a gradual loss of Ca 2÷ uptake even 
without o-iodosobenzoic acid during the period of 
incubation. Duggan and Martonosi [37] reported 
that incubation of sarcoplasmic reticulum vesicles 
with 1 mM EDTA at pH 7.0 causes a significant 
increase in permeability of sarcoplasmic reticulum 
membrane, accompanied by the higher rate of 
Ca 2÷ release from sarcoplasmic reticulum. The 
addition of 0.5 mM CaC12 to the samples contain- 
ing 0.4 mM EDTA increased the number of reac- 
tive thiol groups by 1.2, regaining approximately 
the same number of reactive thiol groups obtained 
for the samples without EDTA. Data not shown 
where we used 0.4 mM EGTA instead of 0.4 mM 
EDTA, it was found that 4 mM MgCI 2 had no 
protective effect on Ca 2 +-uptake and that 0.4 mM 
CaC12 with EDTA or EGTA did have the protec- 
tive effect on Ca2+-uptake. It is of interest to note 
that both EDTA and EGTA have the same affin- 
ity for Ca 2÷. This clearly demonstrates that the 
observed change in the number of reactive SH 
groups is not due to heavy metal binding to SH 
groups, but to Ca 2+ binding to ATPase. The re- 
suits also show that the reactivity of one of the 5 
reactive SH groups has a distinct Ca 2+ concentra- 
tion dependence. Data not shown indicate that the 
time course of reaction of SH groups with the 
reagent is slower in the presence of Ca 2÷ but it 
reaches the same end-point within 50 min. 

Oxidation of amino acid residues in sarcoplasmic 
reticulum protein by KMnO 4. No significant 
changes in the content of sensitive amino acid 
residues [23,25] other than cysteine were observed 
after treating sarcoplasmic reticulum protein with 
100 #M KMnO 4 (Table II). The results also show 
the appearance of 3.1 mol of cysteic acid corre- 
sponding to the disappearance of 3.5 mol of cy- 
steine, indicating that KMnO4 oxidized the cy- 
steine of sarcoplasmic reticulum protein to cysteic 
acid residues. Moreover, most of the KMnO 4 (8 
mol per mol of ATPase) was consumed by cysteine 
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TABLE II 

EFFECT OF K M n O  4 OXIDATION ON SENSITIVE AMINO 
ACIDS OF SARCOPLASMIC R E T I C U L U M  PROTEIN 

Sarcoplasmic reticulum vesicles (12.1/x M ATPase) were treated 
with 100 #M K M n O  4 at 22°C in 1 ml of 30 m M  Mops buffer, 
pH 6.9 containing 100 m M  KC1 and 115 mM sucrose. After 50 
min incubation, the reaction was stopped by adding 5/xl of 100 
m M  dithiothreitol to the reaction medium. At this point, 10 #1 
aliquots were taken for Ca 2 + uptake measurement.  The specific 
activity of control samples was 0.83 ~tmol Ca2+/min  per nag. 
The solutions were dialyzed at room temperature for 2 h 
against 1 liter of 2 m M  Mops buffer, pH 6.9 containing 100 
m M  KCI and 57 mM sucrose. The samples were, then, exten- 
sively dialyzed at 4°C against distilled water. The dialyzed 
proteins were lyophilyzed and subjected to amino acid analysis 
as described under Materials and Methods. 

Amino acid Native enzyme KMnO4-treated 
enzyme 

Methionine a 22.8 23.2 
Tyrosine a 22.8 23.6 
Tryptophan a 12.0 12.0 
Histidine a 15.1 15.1 
Cysteine b 21.0 17.5 
Cysteic acid c 1.4 4.5 

Ca 2 + uptake (%) 100 11 

a The values are expressed as number  of residues per 1 • 105 g 
sarcoplasmic reticulum protein. 

b The values were determined by DTNB method as described 
under Materials and Methods and are expressed as number  
of residues per 1.5- 105 g sarcoplasmic reticulum protein. 

c The values are expressed as number  of residues per 1.5.105 g 
sarcoplasmic reticulum protein. 

oxidation in this experiment, since 2 mol of KMnO 4 
is required for oxidation of 1 mol of thiol group to 
sulfonate group [23]. Thus, it is clear that the 
observed inactivation by reaction with KMnO 4 is a 
result of the oxidation of three to four reactive 
thiol groups to sulfonate groups. 

Effect of reducing agents on oxidized sarco- 
plasmic reticulum A TPase. In order to see whether 
the loss of Ca 2÷ uptake observed in KMnO a- 
oxidized sarcoplasmic reticulum ATPase can be 
regained by reducing agent, sarcoplasmic reticu- 
lum ATPase incubated with 100 /~M KMnO 4 (8 
mol per mol of ATPase) for 5 min was treated 
with various reducing agents: 0.5 mM dithiothrei- 
tol, dithioerythritol, and glutathione. Even after 20 
min incubation of KMnO4-oxidized sarcoplasmic 
reticulum. ATPase with these reducing agents, no 
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significant reactivation was observed. The results 
indicate that sulfonic acid is the major species in 
KMnO4-oxidized thiol groups since sulfonic acid 
groups are quite stable to reduction [23]. Similarly, 
neither 0.5 mM dithiothreitol nor 10 mM sodium 
arsenite [19,38-40] proved to be effective in restor- 
ing activity of o-iodosobenzoic acid-oxidized 
sarcoplasmic reticulum ATPase. This suggests that 
some irreversible changes in local protein confor- 
mation near an active site may occur during o- 
iodosobenzoic acid oxidation. Parker and Allison 
[19] have reported that o-iodosobenzoic acid- 
treated glyceraldhyde-3-phosphate dehydrogenase 
shows an irreversible inactivation at high tempera- 
ture, suggesting that the irreversible inactivation is 
characteristic of o-iodosobenzoic acid-inactivated 
enzymes. 

Identification of cysteine residues as a basis for 
number of reactive SH groups 

To see if o-iodosobenzoic acid-oxidized SH 
groups are same as those oxidized with KMnO4, 
sarcoplasmic reticulum vesicles were treated with 
o-iodosobenzoic acid in the absence and presence 

TABLE III 

EFFECT OF o-IODOSOBENZOIC ACID ON NATIVE AND 
KMnO4-OXIDIZED SARCOPLASMIC RETICULUM 
ATPase 

Sarcoplasmic reticulum vesicles (14.2 FM ATPase) were in- 
cubated with o-iodosobenzoic acid and KMnO 4 at 22°C. The 
vesicles were treated with 240 #M o-iodosobenzoic acid for 45 
rain (line 2) or with 100 #M KMnO4 for 50 min (line 3). In line 
4, 240 #M o-iodosobenzoic acid was added to the reaction 
medium after 5 rain incubation of the vesicles with 100 FM 
KMnO 4 and the reaction was continued for additional 45 min. 
After incubation for the period indicated above, the samples 
were dialyzed as described in Fig. 3. The number of SH groups 
were determined with DTNB titration (see Materials and 
Methods). The specific activity of control samples was 0.75 
#mol Ca2+/min per mg. 

Additions to reaction SH groups Ca 2+ uptake 
medium oxidized (%) 

1. Control 0 100 
2. 240 #M o-iodosobenzoic acid 4.6 + 0.3 88 + 1 
3. 100 #M KMnO 4 4.7+0.1 29+1 
4. 100#M KMnO 4 +240 #M 

o-iodosobenzoic acid 4.7 + 0.1 29 + 2 

" The values are expressed as number of SH groups per 1.5.105 
g sarcoplasmic reticulum protein. 

of KMnO 4. As summarized in Table III, o- 
iodosobenzoic acid alone oxidized 4.6 SH groups 
while retaining 88% of original Ca 2÷ uptake activ- 
ity. This number is about the same as that of 
KMnO4-oxidized SH groups (Table III, line 3). 
The addition of 240/~M o-iodosobenzoic acid to 
the reaction medium containing 100 #M KMnO 4 
did not increase the number of oxidized SH groups 
(Table III, line 4). Moreover, no additional inhibi- 
tion due to the o-iodosobenzoic acid oxidation 
could be seen. Reversing the order of vesicle treat- 
ment whereby o-iodosobenzoic acid oxidation was 
first performed followed by KMnO 4 gave similar 
results in terms of Ca2+-uptake decrease and num- 
ber of SH groups to those treated with KMnO4 
first followed by o-iodosobenzoic acid as shown in 
Table III. 

Discussion 

The reaction of SH groups of sarcoplasmic re- 
ticulum ATPase with o-iodosobenzoic acid and 
KMnO 4 consistently indicates the presence of four 
to five reactive SH groups. Kawakita et al. [17] 
have shown that only four SH groups of sarco- 
plasrnic reticulum ATPase are modified with an 
excess of N-ethylmaleimide. They suggested the 
existence of two essential SH groups for Ca 2+ 
transport, one being involved in E-P formation, 
and the other in its decomposition, which is con- 
sistent with the previous results obtained from 
N-ethylmaleimide modification of purified ATPase 
[151. 

While KMnO 4 oxidation of SH groups com- 
pletely inhibited Ca 2 ÷ uptake, o-iodosobenzoic acid 
did not show a drastic inhibitory effect on either 
Ca 2÷ uptake of ATPase activity (Fig. 2). Even 
after oxidation of five SH groups with o-iodoso- 
benzoic acid, the enzyme still retained more than 
80% of the initial Ca 2÷ uptake activity, as shown 
in Fig. 3. These results imply that o-iodosobenzoic 
acid oxidation of SH groups has a very little effect 
on the active site conformation. 

A rapid loss of Ca 2÷ uptake upon treatment of 
sarcoplasmic reticulum ATPase with KMnO4 (Fig. 
1) suggests that KMnO 4 oxidation has a more 
drastic effect on active site conformation that o- 
iodosobenzoic acid does. The loss of Ca 2÷ uptake 
is shown to be correlated with oxidation of reac- 



tive SH groups to sulfonic acid groups by KMnO4 
(Table II). Thus, inactivation by KMnO 4 is likely 
to be due to electrostatic repulsion between nega- 
tively charged -SO 3 groups. Inactivation by 
KMnO4 can be also explained by repulsive interac- 
tions between newly introduced -SO 3 groups and 
other negatively charged groups in the active site, 
such as carboxyl groups [41,42]. The different ef- 
fects of KMnO 4 oxidation on Ca 2+ uptake and 
ATPase activity can not be accounted to phos- 
pholipid oxidation since most of KMnO 4 in the 
reaction mixture is consumed for SH oxidation 
(Table II). It is more likely that conformational 
changes due to KMnO 4 oxidation of SH groups 
lead to a slight increase in the membrane permia- 
bility causing a Ca 2 ÷ efflux. Probably, some of the 
SH groups accessible to SH-directed agents may 
play an important role in the maintenance of the 
membrane integrity. 

In the case of o-iodosobenzoic acid oxidation, 
the retainment of most of the enzyme activity 
indicates that oxidation of -SH to -SOH does not 
have a significant effect on the conformation in 
the proximity of the active site. The extreme stabil- 
ity of the o-iodosobenzoic acid-modified enzyme 
can be interpreted as follows. (i) o-Iodosobenzoic 
acid oxidation does not alter the net charge in the 
vicinity of the active site since thiol groups are 
likely to exist in protonated form at pH 6.9 be- 
cause of their high pK a values, 7.5-8 [13]. (ii) 
Since the change in bulkiness due to oxidation of 
-SH to -SOH is much smaller than those caused by 
the blocking with bulky agents such as N-ethyl- 
maleimide or DTNB, steric interference with sub- 
strate binding due to o-iodosobenzoic acid oxida- 
tion is negligible. 

It is not clear, however, whether all of the 
reactive SH groups exist in the oxidation state of 
sulfenic acid after o-iodosobenzoic acid oxidation. 
Parker and Allison [19] have suggested, from the 
results of arsenite reactivation of o-iodosobenzoic 
acid-treated enzyme, that o-iodosobenzoic acid 
oxidizes a reactive SH group of glyceraldehyde-3- 
phosphate dehydrogenase to a stabilized sulfenic 
acid. There is no clear evidence for the absence of 
disulfide bridges in case of o-iodosobenzoic acid- 
oxidized ATPase since no significant reactivation 
of o-iodosobenzoic acid-oxidized enzyme was ob- 
served after the treatment with reducing agents. 
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The present results, however, show that the re- 
moval of heavy metals from the reaction medium 
does not have any significant effect on either the 
number of oxidized SH groups or the remaining 
Ca 2+ uptake activity if Ca 2÷ is present during 
o-iodosobenzoic acid oxidation (Table I). Thus, it 
is unlikely that the partial inactivation during o- 
iodosobenzoic acid oxidation is associated with 
heavy metal-mediated disulfide bond formation 
among the reactive SH groups. Recently, Scott [8] 
found that both HgC12 and methylmercuric chlo- 
ride (CH3HgC1) show the same stoichiometry of 
Ca 2+ uptake inhibition with sarcoplasmic reticu- 
lum ATPase, indicating that SH groups blocked 
by HgC12 exist as -S-Hg ÷ rather than -S-Hg-S-. 
These results imply that no two of the reactive SH 
groups are close enough to each other to form 
disulfide bonds. 

As shown in Table I, at least one out of five 
o-iodosobenzoic acid-reactive SH groups has a dis- 
tinct Ca 2+ dependence, suggesting that this SH 
group might be identical to the one designated 
'-SH 2' by Yamada and Ikemoto [15] or 'SH D' by 
Kawakita et al. [17]. Furthermore, the lack of 
additional effect of o-iodosobenzoic acid on 
KMnO 4 oxidation of SH groups clearly demon- 
strates that both o-iodosobenzoic acid and KMnO 4 
oxidize the same SH groups of the enzyme (Table 
II). Even though it is difficult to rule out com- 
pletely the possibility that SH groups or their 
substitute SOH are involved in the function, the 
results presented in this study are consistent with 
the conclusion that the reactive SH groups located 
near the active site are not directly involved in the 
catalytic cycle of sarcoplasmic reticulum ATPase, 
but are important for maintaining the active site 
conformation. 
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