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Summary 

1. All sulfhydryl groups of  a purified Ca2÷-ATPase (ATP phosphohydro!ase,  
EC 3.6.1.3) vesicle preparation of  sarcoplasmic reticulum from rabbit skeletal 
muscle were reactive with 5,5'-dithiobis(2-nitrobenzoate) (DTNB). In the 
absence of substrates, four groups per ATPase molecule (115 000 daltons) 
reacted with a pseudo first-order constant of 0.18 rain -1 (0.5 mM DTNB, 
pH 7.5, I = 0.11, and 20°C), while the remaining 15 groups were characterized 
by a rate constant of  0.016 min -1. Reaction rates were markedly enhanced by a 
rise of  pH and ionic strength. 

2. At 0.1 mM ATP, ADP and Mg • ADP, two of the rapidly reacting groups 
disappeared, and at 1 mM nucleotide there was in addition a decrease of  the 
modification rate of  slowly reacting groups. ATPase activity decreased linearly 
with the number  of modified groups, complete inactivation occurring after 
reaction of  12 groups. Protection by ATP against DTNB inactivation was 
accompanied by  a reduction in modification rate. 

3. Ca 2÷ and Mg 2÷ did not  appear to affect modification rates except  at high 
concentrations (0.5--1 mM), where the reaction was stimulated. 

4. During phosphorylat ion (simultaneous presence of  Ca 2÷, Mg 2÷ and 0.1 mM 
ATP) the number  of  rapidly reacting groups increased from two to three or 
four, while the modification rate of  slowly reacting groups was reduced. 

5. Reaction of  DTNB with the low molecular weight substrate, glutathion, 
was found to be 350--4000 times faster than with the sulfhydryl groups of 
ATPase. The reaction was similarly affected as that  of  ATPase by ionic strength 
and pH, but  not  by the substrates of  ATPase. 

6. It is suggested that  the disappearance of two rapidly reacting sulfhydryl 
groups by adenine nucleotide is caused by  a masking effect of bound 
nucleotide, while the decrease in modification rate of slowly reacting groups 

* To whom c o r r e s p o n d e n c e  shou ld  be  addressed.  
Abbreviations: DTNB, 5,5'-dithiobis(2-nitzobenzolc acid); EGTA, ethylene glycolbis(-aminoethyl- 
ether)-N,N'-tetraacetic acid. 
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during phosphorylat ion and at high adenine nucleotide concentrations is 
at tr ibuted to conformational  changes of  the protein. 

Introduct ion  

Active accumulation of  Ca 2÷ in vesicles prepared from sarcoplasmic 
reticulum of skeletal muscle is dependent  on a Ca 2÷ and Mg 2÷ activated ATPase 
(ATP phosphohydrolase,  EC 3.6.1.3) [1--3]. In intact preparations of 
sarcoplasmic reticulum vesicles transport of  2 mol Ca 2÷ ordinarily requires 
hydrolysis of  1 mol ATP [2,3]. Two high-affinity binding sites for Ca 2+ (KDiss 
0.3--0.5 pM) have been demonstrated [4--6].  These sites may be involved in 
translocation since Ca 2÷ transport, phosphorylat ion and ATP hydrolysis occur 
in the same concentration range (0.1--1 /aM) at which the binding sites are 
occupied by Ca 2÷. If so, translocation of Ca 2+ must involve movement  of  the 
Ca:÷-binding sites from the sarcoplasmic facing side of  the membrane to the 
aqueous phase in contact  with the inner side of  the membrane. In contrast, 
both phosphorylat ion and dephosphorylat ion appear to occur on the 
sarcoplasmic side of  the membrane [7,8],  and the phosphorylat ion site is thus 
presumably localized in a different region on the protein than are the high 
affinity Ca2÷-binding sites. The simultaneous requirement of  Ca 2÷ and Mg • 
ATP for both Ca 2÷ transport and phosphorylat ion of  the ATPase suggests a 
concerted effect of  these two compounds  to produce a conformation of  phos- 
phorylated protein which is different from that found in the absence of 
substrates. Such a change in the state of  the protein could be the basis for 
active transport of  Ca 2÷. In agreement with this view Ikemoto  [5] has demon- 
strated decreased affinity of  phosphorylated protein for Ca 2÷, which accounts 
for the different activities of  Ca 2÷ on the two sides of  the membrane caused 
by the active transport process. 

In agreement with a central role of  the phosphorylated intermediate in the 
transport process Francois [9] detected slower exchange of  labile hydrogen 
in Ca2÷-transporting vesicles of  sarcoplasmic reticulum as compared to prepara- 
tions examined under non-transporting conditions. Evidence of  conformational 
changes accompanying phosphorylat ion of  the protein has also been obtained 
by electron spin resonance (ESR) [10,11] and fluorescence [12] changes in 
suitable spectroscopic probes covalently attached to sulfhydryl groups of  the 
ATPase. Landgraf and Inesi [13] from earlier ESR measurements reported an 
effect  of  ATP per se at high nucleotide concentrations (1--5 mM). This finding 
was confirmed by Pang et al. [14],  but  these authors attr ibuted the effect to 
residual phosphorylat ion in their preparations. More recently small effects of  
Ca 2÷ alone on the ESR probe spectrum [15],  intrinsic fluorescence [16],  and 
sulfhydryl reactivity [17] of  ATPase have been reported. That a major 
reorganization of  the membrane protein in relation to Ca 2÷ transport probably 
does not  take place is suggested by the failure to observe changes in the circular 
dichroism spectrum of the protein during transport [ 18]. 

In conclusion, the above-mentioned studies support  the view that detectable 
conformational  changes probably occur in relation to Ca 2÷ transport. In the 
present s tudy we have explored the possibility of  using the rate of  modification 
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rate of  the sulfhydryl groups of sarcoplasmic reticulum Ca2+-ATPase for 
detecting conformational changes during the functional cycle of  the transport 
protein. In order to assess the usefulness of DTNB for this purpose, the paper 
includes a s tudy of  various factors affecting modification rates of the ATPase 
and a low molecular weight su l fhydryl ' compound (reduced glutathione). The 
presence of a considerable number  of  reactive sulfhydryl groups in sarcoplasmic 
reticulum vesicles was first reported by Hasselbach and Seraydarian [19].  In 
recent papers Murphy [17] and Thorley-Lawson and Green [20] have also 
published observations on the reaction of  sarcoplasmic reticulum Ca2 + ATPase 
under different conditions. The results obtained by the different groups of 
investigators are considered in the Discussion section. 

Materials and Methods 

Materials. DTNB, ATP (disodium salt), ADP (monosodium salt), phosphoenol- 
pyruvate (monopotassium salt), and pyruvate kinase {from rabbit muscle, 
400--500 units/mg) were purchased from Sigma Chemical Co., Miss. Glutathione 
in reduced form was obtained from Boehringer, Mannheim, and [7-32P]ATP 
(500--3000 mCi/mmol) from The Radiochemical Centre, Amersham. 

Sarcoplasmic reticulum vesicles were prepared from rabbit skeletal muscle 
according to the method of  Meissner et al. [21].  Proteins other  than Ca 2+- 
ATPase were removed from the 26.5--30% sucrose fraction of the second zonal 
centrifugation by extraction with deoxycholate  and KC1 according to method 2 
of Meissner et al. [21]. The resulting vesicular preparation showed a major 
band of  ATPase by dodecyl  sulfate polyacrylamide electrophoresis, while the 
other bands found in sarcoplasmic reticulum were faint and estimated not  to 
consti tute more than 5% of  the ATPase. The Ca2÷-dependent phosphorylat ion 
capacity as measured at 0°C by the procedure described below was 7--9 nmol/ 
mg protein. The phospholipid content,  analyzed according to the procedure of 
Bartlett [22],  was 0.45 mg/mg protein, and the vesicles were leaky to Ca 2÷. 
Electron microscopic observation of  preparations negatively stained with 
uranylacetate showed that most of  the ATPase vesicles had a spherical shape 
with rather uniform size (400--800 A diameter). 

Reaction o f  Ca2+-ATPase with DTNB. The reaction of  sarcoplasmic reticu- 
lum and purified ATPase vesicles with DTNB was followed by measuring the 
increase in light absorbance at 412 nm [23].  The incubation media usually 
contained 0.5 mM DTNB, 0.01 M imidazole (pH 7.5), 0.1 M KCI, 0.1 mM 
EGTA or EDTA, and other  additions as described in the legends of  the figures. 
To 2.5 ml of  incubation medium (20°C) in an optical cuvette was added 0.01--  
0.03 ml of ATPase or sarcoplasmic reticulum vesicles to a final concentration 
of  about  0.06 mg protein/ml. The sample was placed in a cuvette holder of a 
Zeiss PMQ II spectrophotometer  at 20 ° C. The light absorbance of  the sample 
was read 5--10 s after mixing, and then at appropriate intervals, usually over a 
period of  1 h. DTNB was present in a 50-fold molar excess as compared with 
the concentration of  reactive sulfhydryl groups. Control experiments established 
that the increase in light absorbance at 412 nm was proportional to the vesicle 
concentration. The light-scattering properties of  added vesicles did not  measur- 
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ably affect the increase in absorption at 412 nm resulting from the formation 
of nitrothiobenzoate.  

Reaction of  glutathion with DTNB. The modification rate of reduced 
glutathion by DTNB was studied with an Aminco-Morrow stopped flow 
apparatus. A solution containing DTNB (1 mM) was m i x e d a t  20°C with a solu- 
tion of freshly prepared, reduced glutathione (25 mM), having the same 
electrolyte composition as the DTNB solution. Light absorption was registered 
by a Beckman DU spectrophotometer,  and displayed on a Tektronix Dual 
Beam oscilloscope. 

Phosphorylation. Incorporation of 32p into protein was measured after 
incubation of ATPase vesicles (0.02 mg protein) in 1 ml of 0.01 M imidazole 
(pH 7.5), 0.1 M KC1, 0.1 mM Ca 2÷, 1 mM Mg 2÷, and 0.1 mM ATP, containing 
[7-32P]ATP. Phosphorylation was stopped after 6 s by addition of 25 ml ice- 
cold 4% trichloroacetic acid containing 2.5 mM ATP and 5 mM phosphate, 
filtered through a Millipore filter (pore size 0.45 pm), and washed with 35 ml 
5% trichloroacetic acid. Control samples were treated in exactly the same way, 
except that  0.1 mM Ca 2÷ in the phosphorylation medium was substituted for 
1 mM EGTA. The radioactive content  after solubilization of the filters in 10 ml 
Bray mixture [24] was measured by liquid scintillation counting. Ca 2÷ 
dependent phosphorylation was calculated after subtraction of counts in the 
control filters from those of the phosphorylated samples. 

Other methods. ATPase activity of DTNB treated ATPase vesicles was 
assayed by measurement of  the formation of inorganic phosphate [25] at 20°C 
in a medium containing 0.01 M imidazole (pH 7.5), 0.1 M KC1, 5 mM Mg • ATP, 
and 0.1 mM Ca 2+. Protein concentration was determined by the method of 
Lowry et al. [26] as previously described [27]. Dodecyl sulfate polyacryl- 
amide gel electrophoresis was performed according to the method of Weber and 
Osborn [28]. The level of contaminating Ca 2÷ in the solutions used for 
modification of ATPase was estimated to be around 5 pM by a Ca 2÷ sensitive 
electrode (Ca-selectrode, Radiometer, Copenhagen), calibrated with Ca 2÷ 
standard solutions as described by Ruzicka et al. [ 29]. 

Calculations. The number of  sulfhydryl groups per ATPase modified by 
DTNB was calculated from the concentration of reacted DTNB (absorbance 
coefficient 13 600 M -1 • cm -1 [23]), and the molar concentration of protein 
(molecular weight 115 000 [30]). The number of modified groups as a func- 
tion of  time was analyzed in terms of  modification constants and classes of 
reactive sulfhydryl groups. Since DTNB is present in large excess the un- 
modified fraction of  a particular sulfhydryl group at time t may be represented 
by a pseudounimolecular reaction scheme, provided that the process is un- 
affected by the modification of  other reactive groups. Under specified experi- 
mental conditions (DTNB concentration, pH, temperature, etc.) we obtain 

i 

N~ - -Nt  = ~ nie -~it 
i = l  

where N t and N are the numbers of sulfhydryl groups modified at time t and 
infinite time respectively, ] is the number of  classes of sulfhydryl groups with 
similar modification constants, and n i and ki are the number and an average 
value for the pseudounimolecular modification constant of  the ith group. 
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Results 

Reaction o f  Ca2+-A TPase with DTNB in absence o f  substrates 
Modification of  ATPase vesicles carried out  in presence of 0.5 mM DTNB 

over a period of  3 h indicated a total number of  reactive groups of approx. 
16 mol per l 0  s g protein, which corresponds to about  19 reactive sulfhydryl 
groups per ATPase molecule (115 000 daltons). The same number  of  reactive 
sulfhydryl groups was obtained after solubilization of  ATPase vesicles in 3% 
dodecyl  sulfate as can be seen from Fig. 1. In the case of  sarcoplasmic reticu- 
lum vesicles a total of  11 mol reacted per 10Sg protein, while there were 
around 13 mol of  reactive sulfhydryl groups after solubilization of the vesicles 
in dodecyl  sulfate. Thus, in contrast to sarcoplasmic reticulum, all sulfhydryl 
groups of  the purified ATPase preparation appear to be reactive. The lower 
degree of  modification of  sulfhydryl groups of  sarcoplasmic reticulum 
solubilized by dodecyl  sulfate may be accounted for by the presence of  other 
proteins like calsequestrin and the high affinity Ca 2+ binding protein which 
according to amino acid analysis has a lower content  of  cysteinyl residues than 
ATPase [21,31,32].  

Fig. 1 shows the reaction rate of  ATPase vesicles with DTNB at different 
concentrations of  the modifying reagent at pH 7.5 and I 0.11. The curves at 
the highest DTNB concentrations are characterized by a much steeper rise 
during the first 5--10 min than in the following part of  the reaction. A similar 
set of  curves was obtained in presence of  sarcoplasmic reticulum vesicles. With 
a total number  of  19 reactive sites per 115 000 daltons, analysis of  the results 
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Fig. 1, E f fec t  o f  D T N B  concen t ra t i on  on m o d i f i c a t i o n  o f  Ca2+-ATPase, The rate o f  reac t ion  was f o l l o w e d  
by  the  abso rp t i on  increase at  412  n m  as desc r ibed  u n d e r  Methods ,  a f t e r  add i t i on  of  A T P a s e  ves ic les  
(0 .06  m g  pro te in /m1)  to  a m e d i u m  consis t ing of  0 .01 M imidazo le  ( p H  7 .50) ,  0.1 M KC1, 0.1 m M  E D T A ,  
and var ious  c o n c e n t r a t i o n  of  DTNB:  m, 0 . 025  raM; A 0 .125  mM;  u, 0 .25  raM; X, 0 .5  raM; v ,  1 .25 raM. 
The  filled circles (o)  show the  r eac t i on  in 0 .5  m M  D T N B  and  3% d o d ecy l  sulfa te  (SDS).  In  this  case t h e  
m e d i u m  con t a i ned  0.1 M NaC1 ins tead  of  0.1 M KCL T h e  crosses  d e n o t e  the  m e a n  value  of  15 exper i -  
m e n t s ,  and  the  curve  co r r e spond ing  to  these  resul ts  was d r a w n  accord ing  to Eq. 1 : ( N =  - -  N t )  = 4 X e - 0  • 18  t + 

15 X e - 0 . 0 1 6 t ,  i.e. n 1 = 4, h I = 0 .18  m i n  -1 ;  n 2 = 15, k 2 = 0 .016  m i n  -1 .  T h e  o t h e r  p o i n t s  in the  f igure  
d e n o t e  the  averages  ob t a ined  in 5 expe r imen t s .  
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on ATPase vesicles according to Eqn. 1 indicates t h a t  in the higher range of  
DTNB concentrat ion the reaction is satisfactorily described in terms of  two 
classes, the most  rapidly reacting class consisting of  four sulfhydryl groups. At 
0.5 mM DTNB the average modification constants of  the two classes are 0.18 
min -1 and 0.016 min -1. It should be noted that the modification constants are 
not  proportional to the DTNB concentration, and therefore the reaction does 
not  follow a bimolecular reaction scheme. On the contrary, Fig. 1 demonstrates 
that  the reaction rate approaches zero-order dependence on DTNB at a concen- 
tration of  the reagent of  1.25 mM. The reaction of  DTNB with the low molec- 
ular weight substrate glutathion was, on the other  hand, found to be strictly 
bimolecular. In the same electrolyte medium and at a DTNB concentration of  
0.5 mM the modification rate constant  was 62 min -1 at 20 ° C. The reactivity of 
sulfhydryl groups of  ATPase is thus around 350--4000 times slower than that 
of  glutathione. These observations and the relatively high reactivity in dodecyl  
sulfate (Fig. 1) indicate that the membrane structure imparts a severe restric- 
tion on the modification rate of  sulfhydryl groups. A possible reason for the 
saturation of  the reaction at high DTNB concentrations is that  the reaction 
proceeds via modification agent bound to the membrane rather than by a 
collision type  of  reaction. 

Fig. 2 shows the effect  of  pH on the DTNB reaction with Ca2*-ATPase. A 
sigmoidal relation is observed between the number  of  groups modified after a 
reaction period of  10 and 30 min as a function of  pH. Since DTNB reacts with 
the deprotonated form of sulfhydryl groups [33,34] this result is consistent 
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Fig.  2. M o d i f i c a t i o n  o f  C a 2 + A T P a s e  b y  D T N B  a t  d i f f e r e n t  p H .  M o d i f i c a t i o n  rates  o f  A T P a s e  vesicles  
( 0 . 0 6  m g  p r o t e i n / m l )  we re  m e a s u r e d  in  0 . 5  m M  D T N B ,  0 .1  M KCI,  0 .1  m M  E D T A  a n d  0 .01  M i m i d a z o l e ,  
adjus ted  to  v a r i o u s  p H  va lues .  T h e  n u m b e r  o f  g r o u p s  per  A T P a s e  m o l e c u l e  m o d i f i e d  a f ter  1 0  ( I )  a n d  3 0  
m i n  (o)  a re  s h o w n  in  the  f igure .  E a c h  p o i n t  d e n o t e s  the  m e a n  o f  5 e x p e r i m e n t s .  

Fig,  3. M o d i f i c a t i o n  o f  Ca2+-ATPase  as a f u n c t i o n  o f  i on i c  s t rength .  M o d i f i c a t i o n  rates  w e r e  m e a s u r e d  in  
0 . 5  m M  D T N B ,  0 . 0 1  M i m i d a z o l e  ( p H  7 . 5 0 ) ,  0.1 m M  E D T A  a n d  v a r i o u s  c o n c e n t r a t i o n s  o f  KCI: A, 0 . 0 5  M 
K C | ;  X, 0 .1  M KCI;  o, 0 .2  M KCI;  D, 0 .4  M KCI.  E a c h  p o i n t  d e n o t e s  t h e  m e a n  o f  5 e x p e r i m e n t s .  
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with the view that  the reaction takes place with -S- groups of ATPase having 
apparent pK values around 7.5--8, although an effect of pH on the structure 
of ATPase is not  excluded. Fig. 3 shows that  the modification rate is also very 
sensitive to changes in ionic strength. At I = 0.41 the reaction runs to comple- 
tion in around 50 min, while only approx. 1/3 of the sulfhydryl groups have 
reacted with DTNB at I = 0.06 during the same time period. Analysis according 
to Eqn. 1 indicates an approx. 10-fold decrease in modification rates by 
lowering the ionic strength from 0.41 to 0.06. By comparison, the modifica- 
tion constant of gluthathion was reduced 3-fold by the same reduction of ionic 
strength. The decrease in reactivity at low ionic strength may in part by 
attributed to a change of the apparent pK of the sulfhydryl groups which in the 
case of gluthathion by spectrophotometric titration [35] was found to be 8.95 
at I = 0.41 and 9.1 at I = 0.06. Another factor which probably contributes to 
enhanced reactivity of ATPase is the at tenuation of electrostatic repulsion at 
high ionic strengths between negatively charged DTNB and ATPase, as is 
generally observed in the interaction of charged ligands and proteins [36] in 
accordance with the Debye-Htickel theory for electrolytes [ 37]. 

Effect  o f  adenine nucleotides on sulfhydryl  reactivity 
Fig. 4 shows that  ATP or ADP added at concentrations of 0.1 or 1 mM in 

presence of 0.1 mM EDTA inhibits the modification of sulfhydryl groups by 
DTNB, while a very modest effect is observed at nucleotide concentrations of 
10 pM. Analysis of  the rate curves indicates that  at 0.1 mM the number of 
rapidly reacting groups is reduced from four to two with no apparent change in 
the rate constants of the two classes of sites. At 1 mM there remain two rapidly 
reacting sulfhydryl groups with unaltered reactivity, while the modification 
constants of the slowly reacting groups are reduced to less than half of those 
observed in absence of nucleotide. The same inhibitory effect of ATP was also 
observed in modification experiments on sarcoplasmic reticulum vesicles and in 
presence of 10 mM EDTA to ensure that  phosphorylation was efficiently 
prevented from taking place. Measurement of phosphate liberation in the reac- 
t ion media containing ATPase vesicles showed that  less than 5% of added ATP 
was hydrolyzed during 1 h. A similar set of curves as those of Fig. 4 was 
obtained in presence of 0.5 mM free Mg 2÷ and various concentrations of ADP, 
except that  reactivities both in the absence and presence of nucleotide were 
somewhat higher, due to the presence of Mg 2÷ (see below). Thus the effect of 
0.1--1 mM nucleotide on sulfhydryl reactivity seems to be independent of the 
7-phosphate group and of complexation of the nucleotide with Mg 2÷. Finally 
it may be mentioned that  ATP had no effect on the reaction of DTNB with 
glutathione. 

Nucleotide protection o f  Ca2+-A TPase against inactivation by D T N B  
Fig. 5 shows that  0.1 and 1 mM ATP protects against inactivation of ATP 

hydrolysis and phosphorylation by DTNB. But when ATPase activity is plotted 
as a function of the number of modified sulfhydryl groups in presence and 
absence of ATP no difference in the inactivation process is noted (Fig. 6). Thus 
the protective effect of ATP may be ascribed solely to the slowing of the 
modification reaction in presence of nucleotide, and there is no evidence for 
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Fig. 4. Modi f ica t ion  of  Ca2+-ATPase by  D T N B  in p resence  of  ATP  or ADP.  Modi f ica t ion  ra tes  of  ATPase  
(0 .06  m g  p r o t e i n / m l )  were  m e a s u r e d  in 0.5 m M  DTNB,  0.01 M imidazo le  ( p H  7 .50) ,  0.1 M KC1, 0.1 m M  
E D T A  and  var ious  c o n c e n t r a t i o n s  of  ATP  ( o p e n  symbo l s )  or  ADP (filed symbols ) :  re,o, 1 m M  nuc leo t ide ;  
4 ~  0.1 m M  nuc leo t ide ;  e ,o ,  10 #M nuc leo t ide ,  X, w i t h o u t  a dd ed  nuc leo t ide .  The  curves  have  b e e n  d r a w n  
accord ing  to the  fol lowing values  for  n u m b e r  a nd  m o d i f i c a t i o n  ra te  cons tan t s  of  su i fhydry l  g roups  in the  
two  classes: curve  1: n I = 4,/~ 1 = 0 .18  rain -1 ;n 2 = 15, k 2 = 0 .016  min  -1 ;curve  2: n 1 = 2,/z I ffi 0 .18  min  -1 ; 
n 2 = 17, /~2 = 0 .015  m i n  -1 ;  curve  3: n 1 = 2, k 1 = 0 .18  m i n  -1 ;  n 2 = 17, /~2 = 0 .007  m i n  -1 ;  Each po in t  
deno t e s  the  m e a n  of  5 e x p e r i m e n t s ,  excep t  the  crosses which  r ep re sen t  the  average  of  15 expe r imen t s .  

Fig. 5. ATPase  act ivi ty  and  p h o s p h o r y l a t i o n  dur ing  m o d i f i c a t i o n  of  Ca2+-ATPase wi th  D T N B  in presence  
and absence  of  ATP.  ATPase  vesicles (0 .06  m g / m l )  were  m o d i f i e d  in the  s ame  m e d i a  as used  for  the  
e x p e r i m e n t s  of  Fig. 4. A t  d i f f e r en t  t i m e  in tervals  0 .20  ml  was t r ans fe r red  to  1 ,80  ml  con ta in ing  5 m M  
MgATP,  0.1 m M  Ca 2+, 0.1 M KCI,  0 .01 M imidazo le  ( pH  7.5)  a t  20°C.  ATP  hydro lys i s  was s t o p p ed  a f te r  
2 rain by  add i t ion  of  1 m l  1N perch lor ic  acid. P h o s p h o r y l a t i o n  was d e t e r m i n e d  in separa te  e x p e r i m e n t s  as 
descr ibed  u n d e r  Methods .  Filled s y m b o l s  indica te  ATPase  ac t iv i ty ,  and  o p e n  s y m b o l s  p h o s p h o r y l a t i o n  of 
ATPase:  e ,o ,  0 m M  ATP;  a 0.1 m M  ATP;  A ~  1 m M  ATP.  Each p o in t  is the average of  4 - -5  expe r imen t s .  
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Fig. 6. ATPase  ac t iv i ty  as a f u n c t i o n  of  n u m b e r  of  g roups  of  Ca2+-ATPase m o d i f i e d  by  DTNB.  Modifica-  
t ion  rates o f  ATPase  w e r e  m e a s u r e d  in the  s a m e  m e d i a  as used  for  the  e x p e r i m e n t s  in Fig. 5, and ATPase  
act iv i ty  was  d e t e r m i n e d  as descr ibed  in the  l egend  o f  Fig. 5. Each po in t  is the  average o f  4 - - 5  exper i -  
m e n t s .  

Fig. 7. E f f e c t  o f  Ca 2+, Mg 2+, and Ca • E G T A  o n  m o d i f i c a t i o n  o f  Ca2+-ATPase by  D T N B .  M o d i f i c a t i o n  
rates  w e r e  m e a s u r e d  in 0 . 5  m M  D T N B ,  0 . 0 1  M i m i d a z o l e  (pH 7 . 5 0 ) ,  0 .1  M KCI w i t h  the  f o l l o w i n g  addi-  
t ions:  X, 0 .1  or  l m M  E G T A ;  o,  0 . 1 m M C a 2 + ; A  0 . 1 m M M g 2 + ; o ,  l m M C a 2 + ; A  l m M M g 2 + ; o  0 . 1 m M  
Ca 2+ and 0 .1  m M  Ca • E G T A .  Each p o in t  is the  average o f  5 e x p e r i m e n t s .  
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protection of ATPase activity by masking of one particular rapidly-reacting 
sulfhydryl group. This point is also apparent from the fact that  the reduction 
of  activity as a function of the number of modified cysteinyl residues is 
gradual, complete inactivation not being approached until after modification of 
12 sulfhydryl groups. The non-specific nature of inactivation of ATPase sug- 
gested by these findings is also supported'by dodecyl sulfate gel electrophoresis 
which showed that  most of the protein was not  capable of entering a 7.5% 
polyacrylamide gel after modification of around 10 sulfhydryl groups. This ob- 
servation is presumably indicative of extensive cross-linking of ATPase molec- 
ules by the bifunctional modification reagent. 

Effect of  Ca 2÷ and Mg 2÷ on sulfhydryl reactivity of  Ca2÷-ATPase 
In preliminary experiments in which Ca 2÷ activity was controlled by EGTA a 

distinct inhibitory effect on DTNB modification was noted with addition of 
Ca ~÷. However, it was subsequently found that the effect was dependent on the 
concentration of EGTA in addition to the ratio of Ca 2÷ and EGTA (which in a 
buffered system determines the concentration of free Ca2÷). This observation 
suggests an inhibitory effect of the Ca • EGTA complex on DTNB modification 
of sulfhydryl groups. A direct demonstration of such an effect is provided by 
Fig. 7, from which it can be seen that:  (1) the presence of 0.1 or 1 mM EGTA 
does not  affect the DTNB reaction in comparison with medium without  added 
Ca2÷; (2) addition of 0.1 mM Ca 2÷ (in absence of  EGTA) does not  alter the 
modification rate, either; and (3) the initial rate of modification is reduced in 
presence of 0.1 mM Ca 2÷ plus 0.1 mM Ca • EGTA. Assuming an apparent 
stability constant of the Ca • EGTA complex of 10 -6 M and a level of con- 
taminating Ca 2÷ of  5 pM (Methods) the concentration of free Ca 2÷ in presence 
of 1--0.1 mM EGTA is of the order 0.05--0.5 • 10 -7 M, which is below the level 
at which there is appreciable binding of Ca 2÷ to ATPase (Kdiss for binding of 
Ca 2÷ to the high affinity binding sites of ATPase being around 0 .3 -0 .5  pM 
[4--6]). The lack of effect of EGTA as shown in Fig. 7 therefore suggests that  
binding of Ca 2÷ to ATPase does not  noticeably influence sulfhydryl reactivity. 

Fig. 7 also shows that  Ca 2÷ at a concentration of 1 mM stimulates the 
modification reaction and that  an even more pronounced rate enhancement is 
obtained in presence of 1 mM Mg 2÷. None of the divalent cations at this con- 
centration measurably affected the reaction of glutathion with DTNB. 

Effect of  phosphorylation on sulfhydryl reactivity of  A TPase 
The medium used for examination of ATPase in the phosphorylated state 

contained 0.5 mM DTNB, 0.1 mM Mg • ATP, 0.1 mM Ca 2÷, 0.5 mM free 
Mg 2÷, and an ATP generating system (5 mM phosphoenolpyruvate and 0.05 mg 
pyruvate kinase per mg ATPase). In this medium the initial phosphorylation 
was 4--5 nmol/mg ATPase. Sulfhydryl reactivity was compared with that  of an 
appropriate, non-phosphorylated control. In the series of experiments shown in 
Fig. 8 the control contained 0.1 mM Mg • ADP instead of 0.1 mM Mg • ATP 
and pyruvate kinase. The presence of Mg • ADP in the control medium corrects 
for the nucleotide induced reduction of  sulfhydryl reactivity. It is seen from 
the figure that  initially the rate of modification is larger in the phosphorylated 
sample, but after 12 min the two curves cross each other and the modification 
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Fig.  8. M o d i f i c a t i o n  o f  C a 2 + A T P a s e  b y  D T N B  in  the phosphory la ted  ( e )  a n d  n o n - p h o s p h o r y l a t e d  (o)  
s t a t e .  C o m p o s i t i o n  o f  p h o s p h o r y l a t i o n  m e d i u m :  0.1 m M  ATP,  5 m M  phosphoenolpyruvate, 0 . 0 5  m g  
p y r u v a t e  k i n a s e / m l ,  0.1 m M  Ca 2+, 1 m M  Mg 2+' 0 .01  M i m i d a z o l e  ( p H  7 . 5 0 ) ,  a n d  0.1 M KCI. Compos i t i on  
o f  n o n - p h o s p h o r y l a t i o n  m e d i u m :  T h e  s a m e  as p h o s p h o r y l a t i o n  m e d i u m ,  e x c e p t  t h a t  0 .1  m M  A D P  
replaces ATP and t h a t  p y r u v a t e  k inase  is omit ted .  The curves  have  b e e n  drawn according to t he  f o l l o w i n g  
va lues  f o r  the number  and modi f i ca t ion  rate cons tants  o f  s u l f h y d r y l  g r o u p s  in  the t w o  classes: curve  1: 
n I = 3,  k I = 0 . 2 9  m i n - 1 ;  n 2 = 16 ,  k 2 = 0 . 0 1 1  m i n - I  ; cu rve  2: n l  = 2,  k 1 ffi 0 . 29  r a i n - l ;  n 2 = 17 ,  k 2 = 
0 . 0 1 9  r a in  -1 . The broken  line s h o w s  phosphate  l i b e r a t i o n  m e a s u r e d  in  s a m p l e s  d r a w n  f r o m  the  p h o s -  
p h o r y l a t i o n  r e a c t i o n  m i x t u r e  a t  v a r i o u s  t imes .  E a c h  point  is the m e a n  of  5 e x p e r i m e n t s .  

rate becomes slower in the phosphorytat ion medium. The broken line showing 
liberation of  inorganic phosphate during the course of  the experiment indicates 
that  ATPase activity is present in the phosphorylat ion medium although at a 
reduced rate at the end of  the experiment. The higher reaction rate observed 
initially is apparently accounted for by the appearance of  a rapidly reacting 
sulfhydryl group which may be identical to one of  those masked by Mg • ADP 
in the control sample. On the other  hand the modification constants of  slowly 
reacting sulfhydryl groups are reduced from 0.019 min -1 in the control  to 
0.011 min -1 in the phosphorylated sample, resulting in the lesser degree of  
modification in the later stages of  the reaction. 

A similar result was obtained in another series of  experiments in which the 
control  medium contained 1 mM EGTA and no Ca 2÷, and both  the control 
medium and the phosphorylat ion medium contained ATP, Mg 2÷ and pyruvate 
kinase. In this case we observed four rapidly reacting sulfhydryl groups in the 
phosphorylat ion medium, and the modification rate of  the slowly reacting 
sulfhydryl groups was reduced from 0.019 min -1 to 0.011 min -~ during phos- 
phorylation. 

Discussion 

Sulfhydryl reactivity o f  A TPase in absence o f  substrates 
In agreement with other  studies [17,19,20,38] a total number  of  11 mol 

were found to be reactive per l 0  s g protein in sarcoplasmic reticulum vesicles, 
and this number  was increased to 13 mol after solubilization of  the vesicles in 
dodecyl  sulfate. Using a purified ATPase vesicle preparation we found 16 mol 
to be reactive per l 0  s g protein, both in the absence and presence of  dodecyl  
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sulfate, which corresponds to 19 groups per molecule ATPase (Mr = 115 000). 
Thus all free sulfhydryl groups in our preparation appear to be reactive. Amino 
acid analyses of the ATPase [21,39] have indicated the presence of about  26 
half-cystine residues per molecule protein, of which six appear to be disulfide 
linked according to the recent results of Thorley-Lawson and Green [20].  By 
contrast, Murphy [17] reports that all half-cystine residues are reactive after 
solubilization of  sarcoplasmic reticulum membranes in detergent. 

The kinetics of  sulfhydryl modification indicated the presence of two classes 
o f  reactive sulfhydryl groups, in agreement with the original results of 
Hasselbach and Seraydarian [19].  Under our standard conditions (20°C, 
pH 7.5, I = 0.11, DTNB 0.5 mM) the two classes were characterized by average 
modification constants of 0.17 and 0.015 min -~, respectively. Under these con- 
ditions reaction rates were 350--4000 times slower than the disulfide inter- 
change reaction of DTNB with reduced glutathion. Other evidence of  con- 
straints in the reaction of  DTNB with the sulfhydryl groups of  ATPase is the 
finding that the reaction rate apparently approached an upper limit at high 
DTNB concentrations (Fig. 1). 

In the recent studies of Murphy [17] and Thorley-Lawson and Green [20] 
DTNB modification of  sarcoplasmic reticulum vesicles was examined in a way 
similar to that  reported here. Murphy analyzed his results in terms of three 
classes of  reactive sites, consisting of  2, 8 and 7 sulfhydryl groups per molecule 
ATPase, respectively. The reactivities of the two fastest reacting cysteinyl 
residues were approx. 40 times higher than those observed here. This suggests a 
definite difference in the reactivity of  some of the sulfhydryl groups of  ATPase 
in the two investigations, although part of  the difference could probably be 
accounted for by the use of  a higher temperature (25°C), higher pH (7.8), and 
higher DTNB concentration (4 mM) in Murphy's study. On the other hand 
Thorley-Lawson and Green [20] found only two classes of reactive sites which 
for a preparation of  purified ATPase was characterized by a ratio of  rapidly 
reacting to slowly reacting sites (approx. 1 : 4) similar to that  found in our 
study. The rate constants obtained by Thorley-Lawson and Green are com- 
parable to those reported by us when taking into account that Thorley-Lawson 
and Green performed their measurements at pH 8.4. However, in contrast to 
our findings they report  the presence of  approx, four unreactive sulfhydryl 
groups in their preparations of purified ATPase vesicles. 

Sulfhydryl reactivity in presence o f  adenine nucleotides 
Our observations indicated a significant decrease in the disulfide exchange of 

DTNB and ATPase at high concentrations of  adenine nucleotides as previously 
demonstrated in the reaction of  sarcoplasmic reticulum with N-ethylmaleimide 
[19,40].  ATP does not  interfere with the reaction of DTNB with gluathion, but  
in the case of ATPase it could do so by being bound at site(s) adjacent to a 
reactive sulfhydryl group or by inducing a conformational  change in the 
protein. The same effect  of  ATP, ADP and Mg • ADP was observed over a range 
of  nucleotide concentrations of  0.1--1 raM. Two rapidly reacting groups were 
converted to slowly reacting groups at a nucleotide concentration of  0.1 mM. 
It is apparent from the study of Meissner [4] that  ATP and ADP are bound 
with a much lower affinity than Mg • ATP (Kdiss = 4 pM at pH 7.3) to the 
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phosphorylat ion site. It is therefore possible that  the effect  observed at 0.1 mM 
nucleotide is due to protect ion of  one or two sulfhydryl groups which may be 
located near the phosphorylat ion site. It is of  interest iri this connection that a 
cysteinyl residue has been located two amino acid residues away from the 
aspartyl group which is phosph0rylated by Mg • ATP [41].  The appearance of  
one more rapidly reacting sulfhydryl group when the protein is in the phos- 
phorylated state (Fig. 8) is consonant  with a protective effect of  ATP on 
sulfhydryl reactivity. 

Increasing the adenine nucleotide level from 0.1 to 1 mM was accompanied 
by a decrease in the modification rate of  slowly reacting sulfhydryl groups. A 
similar retarding effect of  high concentrations of  ATP on the reaction of  the 
enzyme with N-ethylmaleimide was observed previously (see Table II of ref. 38 
and Fig. 1 of  ref. 40). According to Martonosi [42] high concentrations of  ATP 
1.6 mM) inhibit the incorporation of  14C-labelled N-ethylmaleimide into all 
fragments of  ATPase obtained by peptic digestion, suggesting a generalized 
reduction in the reactivity of  most of  the sulfhydryl groups. These results are 
consistent with an effect of  high concentrations of  ATP on the conformation 
of  the transport  protein, resulting in a decreased availability of  sulfhydryl 
groups for reaction with modifying agents. There is also evidence for con- 
formational changes in ATPase at high nucleotide levels, mainly by the ESR 
technique [13,40].  The functional significance of  such a conformational  
change requires further investigation. The possibility exists that it is related to 
the stimulatory effect  of  Mg • ATP on phosphate liberation which occurs at 
nucleotide concentrations higher than those required to saturate the high 
affinity phosphorylat ion site [44--46].  

Effect o f  sulfhydryl reagents on A TPase activity 
A pronounced protective effect  of  ATP on ATPase activity in presence of  N- 

ethylamide has previously been demonstrated,  and this effect  was attr ibuted to 
protect ion of  a rapidly reacting sulfhydryl group [19,38,40].  In our study, 
modification with DTNB resulted in a much less pronounced effect on ATPase 
activity than has been reported for N-ethylamide. Thus, inactivation was not  
complete  until after modification of  12 sulfhydryl groups. Under these condi- 
tions dodecyl  sulfate gel electrophoresis indicated extensive cross-linking 
between ATPase molecules. We conclude that in our s tudy none of  the rapidly 
reacting sulfhydryl groups proved to be essential to ATPase activity and that, in 
fact, the inactivation process may well be of  a non-specific nature, caused by 
structural alterations of  the whole enzyme. The presence of  ATP protected 
against inactivation, but  in accordance with Yoshida and Tonomura [40] we 
found the same activity decrease when the results were plot ted as a function of  
the number  of  modified residues in presence and absence of  ATP (Fig. 6). In 
other  words, ATP does not  appear to protect  preferentially a particular 
sulfhydryl group, important  for catalytic activity, against modification. The 
decline in activity was accompanied by a parallel decline in the phosphoryla- 
tion of  the ATPase, indicating an effect  of  DTNB on ATP binding and/or phos- 
phoryltransfer to the enzyme. 

Effect o f  Ca 2÷ on sulfhydryl reactivity 
The stimulation of  DTNB modification of  ATPase at high concentrations of  
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Ca 2÷ (1 mM) presumably must be considered non-specific, since Mg 2÷ exerted a 
similar effect  on sulfhydryl reactivity (Fig. 7). These results are similar to those 
reported by Thorley-Lawson and Green [20].  By contrast, Murphy [17] 
reported an enhancement of  the reaction rate of  slowly reacting sulfhydryl 
groups at concentrations of  free Ca ~÷ close to the concentration range where 
Ca 2÷ is actively transported by the protein in presence of  Mg • ATP. There is 
also evidence of  Ca 2÷ induced conformational changes by ESR [15] and 
fluorescence spectroscopy [16].  A priori it seems reasonable to assume that 
interaction of  Ca 2÷ with the high affinity sites on ATPase induces a conforma- 
tional change, since phosphorylat ion of  the ATPase by ATP requires Ca 2*, 
while the enzyme may be partially phosphorylated by inorganic phosphate in 
the absence of  Ca 2÷ and presence of  Mg 2÷ [46,47].  However, it seems unlikely 
that such a conformational  change could be the basis for Ca 2÷ movement  across 
the membrane, since there is no evidence for carrier-mediated transport  of  Ca 2+ 
in the absence of ATP. 

Effect of  phosphorylation on sulfhydryl reactivity 
The results obtained on DTNB modification of  ATPase in presence of Ca 2÷, 

Mg 2÷ and ATP (Fig. 8) showed that  during phosphorylat ion there was (1) a 
generalized decrease in the modification rates of  slowly reacting sulfhydryl 
groups, and (2) an increase in the number  of  rapidly reacting sulfhydryl groups 
from 2 to 3 or 4 per molecule ATPase, resulting in a net increase in the 
modification rate during the first minutes of  reaction. The decrease in the reac- 
tion rate of  the slowly reacting groups may be assumed to involve a conforma- 
tional change of  the protein in the phosphorylated state, while the increased 
number  of  rapidly reacting groups could be related to a release of the 
inhibitory effect  of  Mg • ATP as a result of removal of  the nucleotide from its 
high affinity binding site during phosphorylat ion [4]. The decrease in reaction 
rate of  the slowly reacting sulfhydryl groups of ATPase resembles the results 
obtained by Francois [9],  who observed less hydrogen exchange in Ca 2÷ 
transporting vesicles. The data of  Tonomura  and Morales [48] on ascorbate 
quenching of  nitroxide labelled sulfhydryl groups also suggest a less exposed 
state of the protein during phosphorylation.  Ikemoto [12] has reported a 
decreased fluorescence of S-mercuridansylcysteine attached to sulfhydryl groups 
of  ATPase. More information on the structure of the ATPase in the membrane 
is needed before observations such as these can be incorporated into a model 
for the Ca 2÷ translocation process. 

Conformational changes as a result of  modification of sulfhydryl groups 
Extensive modification of  enzymes, in particular of slowly reacting 

sulfhydryl groups, often leads to structural changes in the protein [33].  The 
modification process by itself may thus be expected to lead to conformational 
changes of  ATPase, at least after modification of  several sulfhydryl groups. This 
possibility could limit the use of  the DTNB reaction as an indication of  con- 
formational changes in the native state. However, there is evidence to suggest 
that  this is not  an important  factor in the interpretation of the decreased 
modification rate of  the slowly reacting groups of  ATPase during phosphoryla- 
tion in terms of  a conformational  change. (1) By reference to Fig. 8 it is seen 
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that appreciable enzymatic activity is maintained during the modification 
period, indicating that at least part of  the protein is in a native-like state at the 
end of  the experiment. (2) The modification rate of  slowly reacting sulfhydryl 
groups of  any inactivated and non-phosphorylatable protein might be expected 
to be altered towards that  present in the control  sample. But as can be seen 
from Fig. 8 the modification curves are still diverging at the end of  the experi- 
ment  suggesting that some features of  the protein in the phosphorylated state 
are maintained despite inactivation by  DTNB. (3) A difference in modification 
rate during the modification process must reflect a difference in the original 
state before addition of  DTNB, regardless of  any subsequent  event that  might 
potentiate such a difference. This situation would arise if, e.g., modification of  
some sulfhydryl groups resulted in a conformational change which increased 
the reaction of  the remaining unmodified sulhydryl groups. 

The usefulness of  sulfhydryl modification rate as an indicator of  conformational 
change 

As stated in the Introduction, the impetus for the present paper was explora- 
tion of  the applicability of  the reaction of  the sulfhydryl groups of  ATPase 
with DTNB as an indicator of  conformational  changes of  ATPase. Evidence has 
been presented suggesting conformational  changes of  the protein in the phos- 
phorylated state and in presence of  a high concentration of  Mg • ATP by this 
method.  It is evident from the results obtained that modification rates are very 
susceptible to environmental variables, both of  an unspecific (pH and ionic 
strength) and of  a more specific nature. Modification rates may be influenced 
both as a result of  conformational  changes and binding of  ligands, and an un- 
ambiguous discrimination between these two possibilities may not  be possible 
without  corroborating evidence from other experimental approaches. On the 
other  hand, structural changes caused by the modification process do not  
appear to consti tute an important  obstacle to the use of  the method for detec- 
tion of  conformational  changes in the intact protein. 
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