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Summary. 99.8 % Deuterium oxide, as obtained commercially, has been shown to 
contain a contaminant which strongly inhibits calcium transport and binding by sarco- 
plasmic reticulum (S.R.) and the associated ATPase activity. The contaminant is removed 
by distillation of deuterium oxide. Calcium binding by S.R. is maximal at pH 6.5 whereas 
calcium transport (in the presence of oxalate) is maximal at a pH of 7.2 to 7.5. In the 
presence of deuterium oxide, these maxima are shifted to a pD of 7.2 and a pD of 7.5 
to 8.0, respectively. The maximum binding and transport rates are not affected by the 
change from aqueous to deuterium oxide medium. The same phenomena are observed 
with the ATPase activity. In the presence of oxalate, calcium/magnesium ATPase is 
maximal at pH 7.2 and pD 8.0. The maximum rate is unchanged, however. 

At pH 7.2 or higher, the amount of calcium which may be bound by S.R. remains 
constant with time. At lower pH, calcium initially bound is slowly displaced from the 
membrane with time. It has been reported that deuterium oxide inhibits excitation- 
contraction coupling. The results presented here indicate that S.R. is probably not the 
site of deuterium oxide inhibition, and raise the possibility that the measured inhibition 
is due to an impurity in the deuterium oxide. 

In  skeletal muscle,  the sarcoplasmic  re t iculum m e m b r a n e s  (S.R.) have  

the abil i ty to release enough  calc ium ion into the m y o p l a s m  to br ing a b o u t  

myof ibr i l la r  cont rac t ion ,  p r o b a b l y  in response  to the muscle  act ion po ten-  

tial. S.R. also conta in  an  active p u m p ,  mani fes t  as a C a / M g - A T P a s e ,  which 

can  lower  ca lc ium concen t ra t ion  in the cell to 10 -v M, at  which level re laxa-  

t ion occurs  [5, 21]. I t  has  been pos tu la ted  tha t  deu te r ium oxide inhibits  

exc i ta t ion-cont rac t ion  coupl ing at  a site as yet  u n k n o w n  [11]. We  have  

examined,  therefore,  the possibil i ty tha t  S.R. is the site of deu te r ium oxide 

inhibit ion,  using a ra t  muscle  S.R. p r epa ra t i on  isolated by  con t inuous  

sucrose densi ty gradient  centr i fugat ion.  To  our  knowledge,  this is the first 

r epor t  on the behav io r  of S.R. in deu te r ium oxide. 

I t  has  been suggested tha t  intracel lular  p H  of ra t  skeletal  muscle  m a y  

be a funct ion  of m e m b r a n e  potent ia l  [4]. The  behav io r  of S.R. as a funct ion  
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of  p H  m a y ,  t he re fo re ,  be  of  p h y s i o l o g i c a l  i m p o r t a n c e .  O n  the  bas i s  of  

e x p e r i m e n t s  d e m o n s t r a t i n g  t h a t  s u d d e n  c h a n g e s  in  p H  c a n  cause  re lease  of  

c a l c i u m  f r o m  S .R.  m e m b r a n e s ,  S c h w a r t z  a n d  his  c o - w o r k e r s  h a v e  sugges t ed  

t h a t  h y d r o g e n  i o n  c o n c e n t r a t i o n  m a y  p a r t i c i p a t e  in  e x c i t a t i o n - c o n t r a c t i o n  

c o u p l i n g  [15, 16]. 

Experimental Procedures 

All counting was done in a Beckman LSC 250 counter. Sucrose used was the enzyme 
grade from Schwarz-Mann, Orangeburg, New York. ATP was obtained from P-L 
Biochemicals, Milwaukee, Wisconsin and 45Ca from Amersham-Searle, Arlington 
Heights, Illinois. Sodium deuteroxide was obtained from K and K Laboratories, Cali- 
fornia, and deuterium chloride from Sigma. Deuterium oxide was obtained in four 
separate batches from Sigma between May and November, 1972. In addition, one batch 
of deuterium oxide was obtained from Diaprep, Inc., Atlanta, Georgia. 

Isolation of Sarcoplasmic Reticulum Fraction 

The isolation was as previously reported [10]. All incubations were done at 37 ~ 
Unless stated otherwise in the text, ATP was used as the Tris salt, prepared by passage 
of ATP through an A G  50 (H +) ion exchange column, followed by adjustment to the 
desired pH with Tris base. Protein was determined by the biuret [7] or Folin method [13] 
and phosphate as previously described [9]. Mg-ATPase was measured in a solution 
containing 0.15 mg protein, 20 mM Tris, 3 mM MgCI2, 0.2 mM EGTA and 4 mM ATP 
at pH 7.2. Total volume of incubation was 2 ml and length of incubation was 10 min. 

The calcium binding assay (calcium uptake in the absence of oxatate) was measured 
in a solution containing 16 mM histidine, 4 mM ATP, 5 mM MgCI2, 100 mM KC1, and 
0.05 mM 4SCaC12 at the appropriate pH. Reactions were terminated using the millipore 
filtration method of Martonosi and Feretos [14]. Phosphate and 45Ca were determined 
in the filtrate. Individual blanks were run for every reaction to correct for phosphate 
background and changes in 4SCa counting efficiency. Calcium transport was measured 
in a solution containing 3.5 mM MgCI 2, t00 mM KC1, 20 mM NaCI, 4 mM ATP, 3 mM 
potassium oxalate and 0.1 mM 4sCaCl2 at the appropriate pH (pD). 

Binding and transport assays were rtm for 4 rain and samples taken at 0.5, 1, 2, 
and 4 min and calcium bound and ATP hydrolyzed determined on these samples. Initial 
volume of incubation was 4 ml. For  the binding assay, 0.2 ml (approximately 0.15 nag 
protein) of stock S.R. was used, and for the transport assay, 0.05 mt (approximately 
0.04 mg protein) was used. 

A lower concentration of MgC12 is used in the transport assay to lower the [calcium] 
[oxalate] product. Under the conditions used, [Ca] [oxalate] product is 23.1 • 10 -9 M 2 
at pi.i 7.2 and 254.9 • 10 -9 M 2 at pH 6.5 [12]. These solutions are therefore super- 
saturated with calcium oxalate (solubility product is 2 • 10 -9 Mz), but are metastable. 
No removal of calcium from solution occurs in the absence of protein, or in the presence 
of protein and the absence of ATP ([Ca] [oxalate] = 300 • 10-9 Mz under these conditions). 

Over the pH (pD) range 5 to 7.2, histidine (16 raM) buffer was used, and over the 
pH (pD) range 7.2 to 9 Tris (16 raM) buffer was used. Final adjustments of pH (pD) 
were made with HC1 (DC1) or NaOH (NaOD). Protein concentration was so adjusted 
that calcium uptake did not exceed 75 % of the calcium present in the transport assay. 
Owing to the precipitation of calcium oxalate within the S.R. vesicles, much greater 
uptakes of calcium occur with this assay. 
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Deuterium oxide was distilled from EDTA before use. Measurement of pD was 
performed by use of a pH meter, employing the relationship [6]: 

pD = pH reading + 0.4. 

S.R. was added to deuterium oxide media either as a water suspension (0.05 ml in a 
4 ml reaction medium for transport assay, and 0.2 ml in a 4 ml reaction medium for 
binding assay) or after being precipitated by centrifugation and resuspended in deuterium 
oxide. 

Results 

Effect of Undistilled Deuterium Oxide on S.R. 

All samples of deuter ium oxide (99.8 %) as received almost  totally in- 

hibited the calcium t ranspor t  and binding and ATPase  functions of S.R., 

as shown by the data  in Table  1. Much  of this inhibi tory activity disappeared 

after  D 2 0  had  been distilled f rom E D T A .  The  impur i ty  present  in the D 2 0  

also interfered with the phospha te  assay procedure  [9] in such a way as to 

yield a high blank color  value, perhaps  indicating the presence of a heavy 

metal  phosphate .  

Effect of pH and pD on Calcium Binding by S.R. 

Fig. 1 illustrates that  calcium binding occurs  to a greater extent  at 

p H  6.5 than p H  7.2. At  p H  7.2 the a m o u n t  of calcium bound  to the mem- 

brane  at any one time is cons tant  over  the assay period,  whereas at  p H  6.5 

there is a progressive release of calcium f rom the S.R. The  fall in the a m o u n t  

of calcium bound  is significant at the p < 0 . 0 0 1  level between any two 

Table 1. Effect of undistilled deuterium oxide on S.R. functions 

Experiment Time ATPase Calcium uptake 
(min) (lamole PJmg prot.) (nmole/mg prot.) 

HzO DzO H20 D20 

Calcium binding 0.5 0.7___0.2 0 165• 0 •  
pH or pD 6.5 1 3.0___0.7 0 165 +23 0___22 

2 5.5___0.5 0 152___17 0+3  
4 9.1_-t-0.8 0 123___9 0 + 7  

Calcium transport 0.5 2.7 -+ 1.3 0 1470 _ 470 190 -+ 100 
pH or pD 7.2 1 6,9-I-2.8 0 3010_+500 540--+260 

2 14.4-+3.1 0-+3.2 5610-+720 1150--+520 
4 26.3-1-5.8 0-+5.1 9030-+950 2310-t-690 

Values shown _ SE. Number of paired preparations studied = 3. Time is duration of 
incubation. HzO indicates incubation was performed in 100% water and D20 in 95% 
deuterium oxide. 
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Fig. 1. The binding of calcium by S.R. Values shown _+SE. O-  O pH 6.5 (Number of 
preparations studied = 33); zx - z~ pH 7.2 (Number of preparations studied=26). At 
pH 6.5, the difference between any two consecutive time intervals is significant at the 

p <0.001 level on a paired "t"  test comparison 

consecutive time intervals (Student's paired " t "  test). The preincubation 
of S.R. at pH 6.5 in the absence of calcium does not alter the initial binding 

level and leak rate seen when reaction is initiated by the addition of calcium, 

implying that incubation at pH 6.5 does not damage the S.R. p e r  se. 

The pH dependence of calcium binding is shown in Fig. 2. Data were 

averages from three preparations, each preparation being studied throughout 

the pH range on one day to prevent differences due to aging. The dependency 
of calcium binding on pD is also shown in Fig. 2. The degree of binding 
under optimal conditions is unchanged, but maximum binding occurs at a 

pD of 7.2. 
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Fig. 2. Effect of pH and pD on degree of calcium binding. Points given +_ sE. Number 
of preparations studied = 3. pD curve is a typical one of 3 run under slightly differing 
conditions. �9 Histidine buffer used; ~ Tris buffer used. Binding averaged for 0.5 min 

and 4.0 min of incubation 

Effect of pH and pD on Calcium Transport by S.R. 

pH dependence for calcium transport was measured in a similar way to 
the experiment shown in Fig. 2, and with the same precautions. The most 
rapid uptake and greatest storage of calcium oxalate occured at pH 7.2 to 
7.5. The pD curve was shifted by half a pD (pH) unit higher relative to the 
pH curve, but the maximum uptake remained the same. 

Effect of pH and pD on ATPase Activity of S.R. 

The dependency of ATPase activity on pH is shown in Fig. 3. The 
curves shown are typical of four or more preparations studied. Each S.R. 
was studied throughout the pH range in one day. There is sufficient con- 
taminating calcium in the isolated S.R. to cause the ATPase activity in the 
presence of magnesium but in the absence of exogenous calcium to be 
appreciably higher in the absence of EGTA. In the presence of oxalate, the 
Ca/Mg-ATPase activity rises to a sharp maximum at pH 7.2. When oxalate 
is omitted, ATPase activity is essentially constant over the range pH 6 to 8. 
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Fig. 3. Effect of pH on ATPase.  �9 --  �9 Ca /Mg-ATPase  measured under t ranspor t  assay 
condi t ions;  n_--,~ Ca/Mg-ATPase  measured  under binding assay condi t ions ;  x -  • 
ATPase in absence of E G T A  and  exogenous calcium; - - - -  ATPase in presence of 

0.2 mM E G T A  and absence of exogenous calcium 
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Fig. 4. Effect of pD on ATPase.  �9 -- �9 Ca/Mg-ATPase  measured under  t ranspor t  assay 
condi t ions ;  ~ -  :J Ca /Mg ATPase  measured under binding assay condi t ions ;  x -  x 

ATPase measured in absence of E G T A  and  exogenous calcium 
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A similar result was obtained with the effect of pD on ATPase activity 
(Fig. 4 compared to Fig. 3). The initial pD of incubation has been used for 
the Figures. On average, the pD dropped by 0.2 during the course of a 
4-min incubation. 

For these experiments, S.R. suspended in aqueous media were used. 
Experiments in which S.R. were centrifuged out and resuspended in aqueous 
or DzO containing media yielded similar results. 

Discussion 

Effect of Undistilled Deuterium Oxide on S.R. 

It has long been known that deuterium oxide can retard muscle con- 
traction [1, 3, 20]. It has been reported that deuterium oxide inhibited the 
calcium release without affecting membrane potential [l 1]. Kaminer and 
Kimura postulate on this basis that deuterium oxide inhibits excitation- 
contraction coupling, and so we have examined the possibility that the site 
of inhibition is the S.R. Our results show that 99.8 % deuterium oxide from 
the bottle will almost totally inhibit calcium binding and transport functions 
and ATPase activities on S.R. However, to a large extent, the inhibition 
was due to an impurity in the deuterium oxide, removable by distillation, 
which gave a color reaction in the colorimetric method used to determined 
orthophosphate. These results clearly indicate the need for investigators to 
purify deuterium oxide before its use in biological experiments. Only rarely 
have investigators indicated that redistilled deuterium oxide was used (e.g., 
Ref. [8]). No mention is made by Kaminer and Kimura of having used 
distilled deuterium oxide, leaving the question as to whether their results 
are attributable to deuterium oxide or to a contaminant in it. 

Release of Calcium from S.R. in the Binding Assay 

Schwartz [18] has shown that in the absence of oxalate, maximum binding 
of calcium occurs within a few seconds. The first time interval at which we 
measure calcium binding is 30 sec after exposure of the S.R. to calcium. 
At pH 7.2 and above once equilibrium has been reached, the binding 
remains constant. Below pH 7.2, however, there is a progressive leakage of 
calcium from the membrane. The function or mechanism of this behavior 
is not known, but is highly characteristic of the S.R. The leaking occurred 
without any diminution in ATPase activity. Schwartz and Besch have 
observed a similar phenomenon using double beam spectrophotometry 
[2, 18] at shorter times than are possible by the methodology used here. It 
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has been repor ted that  monolayers  of phosphat idyl inosi to l  and diacetyl- 

phosphor ic  acid bound  calcium in a pH-dependen t  manner ,  and that  a 

leaking of the ini t ial ly-bound calcium occurred  between p H  3 and 6.5 [17]. 

The authors  excluded the possibility that  acid-catalyzed hydrolysis  led to 

the calcium leakage, and concluded that  H + slowly displaced Ca 2+ f rom 

binding sites. This implies that  the leaking p h e n o m e n o n  is a fundamenta l  

p roper ty  of the phosphol ip id  structure. 

Effect  o f  p H  and pD on S.R.  

The  p H  m a x imum for  calcium binding and calcium t ranspor t  differ by 

abou t  a pH  unit. This is in approximate  agreement  with results previously 

obtained with rabbi t  muscle S.R. [19]. 

Purified deuter ium oxide had inhibi tory effects on S.R. which were a 

funct ion of the pD of the medium.  In general, the pD dependency curves 

for  calcium binding and t ransport ,  and ATPase  activities were shifted 

towards lower D + concentra t ions  (higher pD)  relative to the cor responding  

p H  dependency curves. 
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