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ABSTRACT Both calcium and strontium could be transported actively from 
erythroeytes if adenosine triphosphate, guanosine triphosphate, or inosine tri- 
phosphate were included in the hypotonie medium used to infuse calcium or 
strontium into the cells. Aeetyl phosphate and pyrophosphate were not energy 
sources for the transport of either ion. Neither calcium nor strontium transport 
was accompanied by magnesium exchange, and the addition of Mg ++ to the 
reaction medium in a final concentration of 3.0 mmoles/liter did not promote 
the transport of either ion. In the absence of nucleotide triphosphates, the addi- 
tion of 1.5 mmoles/liter of Sr ++ to the reaction solution did not bring about 
active calcium transport and similarly 1.5 mmoles/liter of Ca ++ did not bring 
about active strontium transport. The inclusion of 1.5 mmoles/liter of Ca++ or 
St++ in the reaction medium did not interfere with the transport of the other 
ion when the erythrocytes were infused with adenosine triphosphate. 

The  transport of sodium and potassium has received considerable attention in 
the last decade. In erythrocytes this transport  appears to be associated with a 
membrane  ATPase which is activated by sodium, potassium, and magnesium 
(Dunham and Glynn, 1961; Post et al., 1960). The  Na + + K + + Mg ++- 
activated ATPases of erythrocyte membranes (Nakao et al., 1963) and micro- 
somes (Rendi and Uhr,  1964), have been separated from Ca ++ + Mg ++- 
activated ATPases. Wins and Schoffeniels (1966 a) investigated the Ca ++ + 
Mg++ ATPase  and found that strontium also could stimulate ATPase  ac- 
tivity in these preparations when magnesium was present. Since sodium 
amytal  and dinitrophenol inhibit both Ca ++ + Mg ++ and Sr ++ + M g  ++ 
ATPase activity, it is considered that strontium substitutes for calcium in the 
Ca ++ + Mg ++ erythrocyte membrane  ATPase. 

Recent ly Schatzmann (1966) demonstrated that  intraceUular calcium can 
be transported out  of erythrocyte ghosts. The  process required adenosine tri- 
phosphate bu t  not external magnesium or sodium. Mersalyl inhibited both 
active calcium transport (Schatzmann, 1966) and the Ca ++ + M g  ++- 
activated ATPase  (Vincenzi and Schatzmann, 1967), indicating that the 
transport of calcium was dependent  on the Ca ++ + Mg++-act ivated ATPase  
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of  e ry th rocy t e  membranes .  T h e  present  invest igat ion sought  to de t e rmine  
whe the r  Sr  ++ could  be t ranspor ted  f rom the cells and,  if so, wha t  similarities 
exist be tween  act ive ca lc ium and  act ive s t ron t ium t ranspor t .  

M E T H O D S  

Infusion of Erythrocytes with Calcium or Strontium Human erythrocytes were col- 
lected from heparinized blood and washed several times with a solution which con- 
tained NaC1 in a concentration of 0.13 M and Tris in a concentration of 0.02 M, pH 
7.4. Calcium or strontium was then infused into two equal portions of erythrocytes by 
the method of Sehatzmann (1966). The  first portion of erythrocytes was exposed to a 
hypotonic solution which contained 1 mmole/liter of CaCt2 or SrCI~ and 5 mmoles/ 

T A B L E  I 

R E C O V E R I E S  OF CALCIUM, STRONTIUM,  AND MAGNESIU1V[ 
F R O M  INFUSED RED CELL GHOSTS 

Recovery of calcium, strontium, and magnesium after known amounts of 
these cations were added to infused erythrocyte ghosts prior to digestion with 
nitr ic acid. Only one cation was added in each experiment.  

Cells infused with 
Conccntratiom 

Ca Sr Mg 

Ca++ 3 .2  
Ca++ + 2.0 mEq/ l i te r  Ca 5.1 

S t + +  

Sr++ + 2.0 mEq/liter Sr 

C a  + +  

Ca ++ + 2.0 mEq/ l i te r  Mg 

m 

mEq/li~* ghosts 

Recovery 95% 
2.3 
4.5 

Recovery 110% 
- -  0 . 7  

- -  2.5 
Recovery 90% 

* In this and the following tables this abbreviat ion stands for milliequiva- 
lents per liter of ghosts. 

liter of Tris buffered at pH 7.4. The  second portion was exposed to this same hypo- 
tonic solution with one of the following additions in minGles: adenosine triphosphate, 
1.65, inosine triphosphate, 1.69, guanosine triphosphate, 1.64, acetyl phosphate, 13.1, 
or potassium pyrophosphate, 3.13. The  cells were then brought back to isotonicity 
with 3 M KC1. After the infusion, the cells were centrifuged and washed at 0°C in the 
calcium or strontium reaction mixture which was used in the subsequent incubations. 

Incubations of the Infused Cells The first portion of the cells that had been exposed 
to a hypotonic solution without the added nucleotides, acetyl phosphate, or pyrophos- 
phate was then incubated with an equal volume of a reaction solution containing: 
NaC1 in a concentration of 0.13 M; Tris in a concentration of 0.02 M, pH 7.4; CaCI2 or 
SrCI2 in a concentration of 1.5 minGles/liter and 1.0 g/liter of bovine serum albumin. 
The  addition of bovine serum albumin to the reaction mixture minimized the loss of 
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h e m o g l o b i n  f r o m  the  ceils  d u r i n g  the  i n c u b a t i o n  per iod .  O t h e r  a l i quo t s  of  this  p o r -  

t ion  of  the  cells  w e r e  i n c u b a t e d  w i t h  t he  s a m e  r e a c t i o n  so lu t ion  p lus  MgCI2  a t  a c o n -  

c e n t r a t i o n  of  3 .0  m m o l e s / l i t e r .  T h e  second p o r t i o n  o f  t he  cells  t h a t  h a d  b e e n  p r ev ious ly  

exposed  to  the  nuc l eo t i de s  d u r i n g  the  infus ion p r o c e d u r e  was  also i n c u b a t e d  w i t h  an  

T A B L E  I I  

T H E  E F F E C T  OF M A G N E S I U M  ON C A L C I U M  T R A N S P O R T  

Ca ++ concentration Mg ++ concentration 
Red cell sample Time Dry weight 

mpernatant celb mpernatam cells 

rain % mEq /lit# mF~ /lit= 

Experiment A 

- -  - -  3 . 0  - -  0 . 0  - -  

- -  22.0 - -  3.4 - -  0.80 
0 22.0 2.6 3.7 0.1 0.80 

60 21.0 3.0 3.6 0.2 0.75 

- -  - -  3 . 0  - -  0 . 0  - -  

- -  22.0 - -  3.7 - -  1.00 
0 23.0 3.1 4.1 0.1 0.95 

30 25.0 4. l 3.3 O. 1 1.00 
60 20.0 4.6 2.9 0.1 1.10 

- -  - -  3 . 0  - -  2 . 0  

0 22.0 3.6 3.6 1.4 1.40 
30 24.0 4.2 2.7 1.4 1.50 
60 20.5 4.6 2.6 1.3 1.55 

Experiment B 

- -  - -  3 . 0  - -  0 . 0  

- -  1 5 . 0  - -  2 . 8  - -  0.8 
0 13.7 2.8 3.1 0.15 0.7 

30 15.0 2.8 3.2 0.10 0.7 
60* 14.0 2.8 2.8 0.10 0.7 

- -  - -  3 . 0  - -  6 . 0  

0 12.8 2.8 3.2 4.7 2.0 
30 14.6 2.8 3.2 4.7 2.0 
60 13.5 2.8 3.3 4.7 2.4 

- -  - -  3 . 0  ~ 0 . 0  

- -  1 7 . 0  - -  3 . 0  - -  1 . 0  

0 14.7 3.6 2.5 0.1 0.8 
30 15.9 4.1 2.0 0.1 0.8 
60* 15.4 4.3 2.1 0.1 0.8 

- -  ~ 3 . 0  - -  1 . 0  - -  

0 14.5 3.6 2.9 0.8 1.0 
30 14.8 4.1 1.8 0.8 1.0 
60 15.0 4.3 2.1 0.8 1.0 

None 
Control stock 
Control 
Control 

None 
ATP stock 
ATP 
ATP 
ATP 

None 
ATP 
ATP 
ATP 

None 
Control stock 
Control 
Control 
Control 

N o n e  

Control 
Control 
Control 

None 
ATP stock 
A T P  
ATP 
ATP 

None 
ATP 
ATP 
ATP 

* Averages of five runs ATP-60, 4.5, SD -4- 0.4, control--60, 3.0 sn -4- 0.2. Significance by Student 's  
t t e s t  P < 0.01. 



T A B L E  I I I  

C A L C I U M  T R A N S P O R T  W I T H  D I F F E R E N T  
H I G H  E N E R G Y  P H O S P H A T E  C O M P O U N D S  

Ca ++ concentration Mg ++ concentration 
Red cell ~mple Time Dry/weight supernatant celb supernatant celh 

rain % mEq /liter mEq /liter 

E x p e r i m e n t  A 

- -  - -  3 . 0  - -  0 . 0  - -  

- -  1 2 . 5  - -  3 . 1  - -  0.4  
0 10.8 3.2 3.7 0.1 0 .3  

60 11.2 3.2 3.9 0 . I  0 .3  

- -  - -  3 . 0  - -  0 . 0  - -  

- -  1 4 . 0  - -  3 . 7  - -  0.7 
0 12.6 3.6 3.6 0.1 0.6 

30 13.3 4 .0  - -  0.1 0.6 
60 13.7 4 .3  2.7 0.1 0.6 

- -  - -  3 . 0  - -  1 . 0  - -  

0 13.1 3.5 3.7 0 .8  0 .8  
30 13.8 4 .2  - -  0 .8  0 .8  
60 13.2 4 .5  2.6 0 .8  0.7 

Expe r imen t  B 

- -  - -  3 . 0  - -  0 . 0 0  - -  

- -  1 9 . 4  - -  3 . 0  - -  1 . 0 5  

0 18.0 3.0 3.0 0.05 1.10 
60 16.8 3.2 2.8 1.10 1.00 

- -  - -  3 . 0  - -  0 . 0 0  - -  

- -  1 7 . 8  - -  3 . 8  - -  1 . 5 0  

0 18. l 3.6 3.0 0.05 1.60 
60 18.4 4 .4  2.8 0.05 1.30 

- -  - -  3 . 0  - -  1 . 0  - -  

0 19.0 3.5 3.0 0.95 1.30 
30 18.3 3.8 - -  0.90 1.30 
60 20.1 4 .6  2.8 1.10 1.60 

Expe r imen t  C 

- -  3 . 0  - -  0 . 0 0  - -  

- -  1 4 . 5  - -  3 . 1  - -  0.70 
0 11.7 2.9 2.9 0.15 0.80 

60 12.2 3.0 3.0 0.15 0.60 

- -  - -  3 . 0  - -  0 . 0 0  - -  

- -  16.6 - -  2.6 - -  0.80 
0 13.4 2.7 3.0 0.15 0.80 

60 15.3 4 .3  1.9 0.10 0.80 

- -  - -  3 . 0  - -  0 . 0 0  - -  

- -  13.4 - -  2.5 - -  0.70 
0 13.1 2.9 2.9 0.10 1.00 

30 14.3 3.0 2.9 0.10 1.00 
60 13.8 3.1 3.1 O. 10 0.60 

- -  - -  3 . 0  - -  1 . 0 0  - -  

0 13.0 2.9 3.1 0.80 0.60 
30 13.5 3.0 2.9 0.85 0.80 
60 13.5 3.1 2.9 0.80 1.00 

N o n e  
Cont ro l  stock 
Cont ro l  
Cont ro l  

None  
G T P  stock 
G T P  
G T P  
G T P  

None  
G T P  
G T P  
G T P  

N o n e  
Cont ro l  stock 
Cont ro l  
Con t ro l  

None  
I T P  stock 
I T P  
I T P  

None  
I T P  
I T P  
I T P  

None  
Cont ro l  stock 
Cont ro l  
Con t ro l  

None  
A T P  stock 
A T P  
A T P  

None  
AcP stock 
AcP 
AcP 
AcP 

None  
AcP 
AcP 
AcP 

3 t 4  
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T A S L E I I I--Concluded 

Ca ++ concen~adon MS ++ concen~a~on 
R~ c~ tample ~me D W w~ht lupcr~ta~ cdls ~pe~t~t c~ 

~n % ~ q  /~t~ ~ q  ]liter 

Experiment D 
- -  - -  3 . 0  - -  0 . 0  - -  

- -  1 7 . 5  - -  3 . 7  - -  1.3 
0 16.4 3.1 4.0 0.1 1.2 

18.3 3.0 3.3 0.1 1.1 

- -  - -  3 . 0  - -  0 . 0  - -  

- -  1 8 . 3  - -  3 . 8  - -  1.2 
0 16.2 4.2 3.7 0.1 1.1 

18.1 4.9 2.5 0.1 1.1 

- -  - -  3 . 0  - -  0 . 0  - -  

1 4 . 8  - -  4 . 0  - -  1.1 
0 14.2 2.9 4.4 0.1 1.0 

30 15.0 2.6 4.8 0.1 1.1 
15.8 2.7 4.6 0.1 1.1 

- -  - -  3 . 0  - -  1 . 0  - -  

0 14.4 2.5 4.4 0.7 1.3 
30 14.6 2.3 4.6 0.7 1.5 

15.8 2.4 5.2 0.7 1.7 

Nonc 
Control stock 
Control 
Control 

None 
ATP stock 
ATP 
ATP 

None 
Pyrophosphate stock 
Pyrophosphatc 
Pyrophosphatc 
Pyrophosphatc 

Nonc 
Pyrophosphatc 
Pyrophosphatc 
Pyrophosphatc 

equal volume of the reaction solution or the same reaction solution containing MgCI~ 
in a concentration of 0.5 to 1.0 mmoles/liter. Some of the experiments with Ca ++- 
infused cells employed reaction solutions containing 1.5 mmoles/l i ter of SrCI~ while 
some experiments with Sr++-infused cells employed reaction solutions which con- 
mined 1.5 mmoles/l i ter of CaCI2.  

Except in experiments in which acetyl phosphate was infused into cells, the cells 
were equilibrated at 37°C for 10 rain before suspension in the reaction solution. This  
step was omitted for acetyl phosphate to minimize its possible breakdown by a K + 
stimulated acyl phosphatase in the erythroeyte membrane  (Bader and Sen, 1966; 
Isreal and Titus, 1967; Sachs et al., 1967). At the prescribed time intervals the cells 
were separated from the supernatant by centrifugation. The  cells and supernatants 
were then subjected to appropriate analysis. 

Dry Weight Determinations Aliquots of the infused ceils were added to weighed 
vials, heated for 24 hr at 100°C, and weighed again. 

Calcium, Strontium, and Magnesium Analysis of Infused Cells and Supernatants The  
cells were digested at  room temperature in 3 volumes of concentrated nitric acid for a 
period of several days. The  digest was then evaporated to dryness and taken up in 3 
volumes of 1 M HC1, and analyzed for calcium, magnesium, and strontium by atomic 
absorption spectroscopy (Dawson and Heaton, 1961). Undigested supernatants were 
also analyzed for these ions by atomic absorption spectroscopy. All samples were di- 
luted with 0.5 % lanthanum chloride. 
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Recoveries Known amounts of calcium and strontium were added to one of two 
equal aliquots of infused cells and, after digestion, the increase in the particular ion 
was noted and compared with the predicted value. 

Chemicals Adenosine triphosphate, inosine triphosphate, and guanosine tri- 
phosphate were obtained as their sodium salts from Nutritional Biochemicals Corp. 
(Cleveland, Ohio). Dilithium acetyl phosphate was obtained from Sigma Chemical 
Company (St. Louis, Mo.), Bovine serum albumin was obtained from Armour, Inc. 
(Chicago, Ill.). 

R E S U L T S  

General Considerations It can be seen from Tables II through VII that 
calcium and strontium were transported out of the ghosts against moderate 
gradients and that, within the limits of experimental error, there was agree- 
ment between the increase in calcium and strontium in the supernatant and 
the decrease in the concentrations of these ions in the ghosts. Dry weight 
analysis showed that the observed concentration changes were not due to 
water entering the ceils during the incubation (Tables I I -VII) .  The varia- 
tion in the dry weights between individual experiments was probably due to 
variations in the time of the hypotonic exposure period for the infusion of 
calcium or strontium into the cells. The tables represent typical experiments. 
Most experiments were performed three times while experiment B in Table II 
was performed five times. Active transport of calcium and strontium was 
always observed in the presence of a nucleotide triphosphate. The recoveries 
of added calcium, strontium, and magnesium were checked twice and found 
to be near 100% (Table I). 

Magnesium and Active Calcium Transport It is apparent that calcium was 
transported from the cells without a significant uptake of magnesium when 
magnesium ions were present at concentrations of 0.5 mmole/liter or 1 
mmole/liter in the external medium (Table II). Furthermore, in the same 
medium Mg ++ in a concentration of 3 mmoles/liter failed to bring about 
calcium transport in ceils that were not infused with ATP. 

Specificity The data shown in Table III  indicate that inosine triphos- 
phate and guanosine triphosphate can support calcium transport as well as 
adenosine triphosphate can. The transport observed with these nucleotides 
also occurred without the uptake of magnesium. Acetyl phosphate was not an 
energy source for calcium transport. The transport usually observed with 
ATP at zero time did not occur when the equilibration period was eliminated 
as in experiment C (Table III).  Evidently some transport occurred when the 
infused cells were incubated for 10 min at 37°C and when the ceils were 
centrifuged from the reaction solution. 

The failure of pyrophosphate and acetyl phosphate to induce active 
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c a l c i u m  t r a n s p o r t  i n d i c a t e d  t h a t  the  t r a n s p o r t  of  c a l c i u m  was n o t  d u e  to  the  

d i f fus ion of  p h o s p h a t e  c o m p o u n d s  f rom the  e r y t h r o c y t e  ghosts.  

Strontium Transport T h e  ac t ive  t r a n s p o r t  of  s t r o n t i u m  is s imi l a r  in  some 

respects  to  the  ac t ive  t r a n s p o r t  of  ca l c ium.  F o r  e x a m p l e ,  s t r o n t i u m  is re -  

m o v e d  f rom the  cells w i t h o u t  the  e x c h a n g e  of  m a g n e s i u m  a n d  i t  c a n n o t  be  

r e m o v e d  f rom the  cell  b y  the  pass ive  d i f fus ion of  m a g n e s i u m  in to  the  cell  

( T a b l e  I V ) .  As w i th  c a l c i u m  t r anspo r t ,  inos ine  a n d  g u a n o s i n e  t r i p h o s p h a t e s  

T A B L E  I V  

THE EFFECT OF MAGNESIUM ON STRONTIUM TRANSPORT 

Sr ++ concentration Mg ++ concentration 
Red cell gample Time Dry weight lupernatant cel~ lupernatant eelll 

rain % mgq/liter mEq/liter 

- -  - -  3 . 0  - -  0 . 0 0  - -  

- -  1 2 . 4  - -  2 . 5  - -  0 . 6  

0 9.7 2.9 3.2 0.10 0.5 
30 11.6 2.9 2.6 0.08 0.5 
60 12.1 3.0 2.7 0.08 0.5 

None 
Control s t o c k  

Control 
Control 
Control 

None - -  - -  3.0 - -  6.0 - -  
Control 0 9.9 3,0 2.9 4.6 2.4 
Control 30 11.6 3.0 2.8 4.4 2.1 
Control 60 12.2 3.2 2.7 4.6 2.0 

None - -  - -  3.0 - -  0.00 - -  
ATP stock - -  11.9 - -  3.0 - -  0.7 
ATP 0 9.6 4.2 2.7 0.10 0.6 
ATP 30 10.6 4.8 2.2 0,05 0.7 
ATP 60 11.7 4.9 1.6 0.05 0.7 

None - -  - -  3.0 - -  1.00 - -  
ATP 0 9.4 4.3 2.6 0,85 0.9 
ATP 30 10.2 4.8 2.0 0.85 0.8 
ATP 60 11.2 4.8 1.6 0.80 0.9 

can  serve as well as adenos ine  t r i p h o s p h a t e  for ac t ive  s t r o n t i u m  t r a n s p o r t  

( T a b l e  V) .  I t  m a y  also be  no ted ,  t h a t  ne i t he r  ace ty l  p h o s p h a t e  no r  p y r o p h o s -  

p h a t e  can  serve as an  e n e r g y  source  for s t r o n t i u m  t r anspor t .  

Calcium and Strontium Interactions I t  is e v i d e n t  f rom T a b l e s  V I  a n d  V I I  

t h a t  b o t h  c a l c i u m  a n d  s t r o n t i u m  t r a n s p o r t  p r o c e e d  w i t h o u t  in t e r fe rence  

f rom s t r o n t i u m  a n d  ca l c ium,  respect ive ly .  I n  these  e x p e r i m e n t s  t he re  was  

v i r t u a l l y  no  m o v e m e n t  of  m a g n e s i u m .  I t  is also a p p a r e n t ,  t h a t  e x t e r n a l  

s t r o n t i u m  c a n n o t  i n d u c e  c a l c i u m  t r a n s p o r t  a n d  t h a t  e x t e r n a l  c a l c i u m  c a n n o t  

i n d u c e  s t r o n t i u m  t r anspor t .  



T A B L E  V 

S T R O N T I U M  TRANSPORT W I T H  D I F F E R E N T  
H I G H  ENERGY PHOSPHATE COMPOUNDS 

Sr ++ concentration Mg +÷ concentration 
Red cell lample Time Dry weight ~pernatant cell, lupernatant cells 

rain % mEq /liter mEq /liter 

Experiment A 

- -  - -  3 . 0  - -  0 . 0 0  - -  

- -  1 2 . 5  - -  2 . 5  - -  2.5 
0 l l .1  2.9 2.5 0.04 0.6 

30 12.5 3.0 2.2 0.04 0.4 
60 12.6 2.9 2.7 0.05 0.6 

- -  - -  3 . 0  - -  0 . 0 0  - -  

- -  1 1 . 7  - -  3 . 1  - -  0.6 
0 9.8 4.0 1.9 0.025 0.4 

30 11.3 4.5 1.8 0.025 0.5 
60 10.1 4.7 1.9 0.025 0.6 

- -  - -  3 . 0  - -  1 . 0  - -  

0 10.4 4.2 2.3 0.8 0.9 
30 10.4 4.5 1.7 0.75 0.8 
60 11.5 4.5 1.9 0.80 1.0 

Experiment  B 

- -  - -  3 . 0  - -  0 . 0 0  - -  

- -  1 4 . 3  - -  2 . 8  - -  0.8 
0 13.0 2.9 3.1 0.04 0.6 

60 15.3 3. l 2.7 0.05 0.8 

- -  - -  3 . 0  - -  0 . 0 0  - -  

- -  1 1 . 9  - -  2 . 4  - -  0.6 
0 10.8 3.8 1.9 0.02 1.0 

30 11.3 3.9 1.7 0.02 1.0 
60 11.2 4.0 1.9 0.04 1.1 

- -  - -  3 . 0  - -  1 . 0 0  - -  

0 11.2 3.6 2.6 0.85 1.2 
30 11.4 3.9 2.0 0.80 0.9 
60 11.4 4.0 1.7 0.80 1.3 

Experiment  C 

- -  - -  3 . 0  - -  0 . 0 0  - -  

m 1 4 . 6  - -  2 . 7  - -  0.5 
0 12.4 2.9 2.9 0.15 0.4 

60 13.0 3.0 2.7 0.20 0.4 

- -  - -  3 . 0  - -  0 . 0 0  - -  

- -  1 3 . 8  - -  2 . 7  - -  0.6 
0 10.8 2.9 3.5 0.10 0.5 

60 12.4 5.0 2.0 0.10 0.5 

- -  3 . 0  - -  0 . 0 0  - -  

- -  1 3 . 1  - -  2 . 5  - -  0.7 
0 12.1 2.9 2.2 0.10 0.5 

30 13.6 3.0 2.4 O. 10 0.6 
60 13.0 3.0 2.4 0.10 0.5 

None 
Control stock 
Control 
Control  
Control 

None 
GTP stock 
GTP 
GTP 
GTP 

None 
GTP 
GTP 
GTP 

Nonc 
Control  Stock 
Control 
Control 

N o n e  

ITP stock 
ITP 
ITP 
ITP 

None 
ITP 
ITP 
ITP 

N o n e  

Control  stock 
Control  
Control 

N o n e  

ATP stock 
ATP 
ATP 

N o n e  

AcP stock 
AcP 
AcP 
AcP 

318 
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T A B L ~. v - -Conc luded  

Sr  ++ concentration M g  +÷ concentration 
Red cell lample Time Dry weight Inapernatant celh lupernatant  celll 

rain % mEq /lit~ mgq /liter 

None - -  - -  3.0 - -  1.0 
AcP 0 12.0 2.9 2.0 0.80 0.8 
AcP 30 13.8 3.0 2.7 0.80 0.8 
AcP 60 12.8 3.0 2.3 0.80 0.8 

Experiment D 
None - -  - -  3.0 - -  0.0 - -  
Control stock - -  14.3 - -  3.1 - -  0.9 
Control 0 13.8 2.8 3.9 0.10 0.8 
Control 60 14.2 3.1 3.5 0.15 0.7 

None - -  - -  3.0 - -  0.00 
ATP stock - -  15.0 - -  3.5 - -  I.  I 
ATP 0 14.0 4.0 3.3 0.10 0.9 
ATP 60 12.9 5.2 2.5 0.15 0.9 

None - -  - -  3.0 ~ 0.00 
Pyrophosphate stock - -  10.0 - -  4.4 - -  0.6 
Pyrophosphate 0 10.6 2.7 3.8 O. I0 0.5 
Pyrophosphate 30 11.5 2.7 4.4 O. 10 0.9 
Pyrophosphate 60 9.8 2.7 4.4 O. 15 0.7 

None - -  ~ 3.0 - -  1.0 
Pyrophosphate 0 9.8 2.7 4.7 0.65 1.1 
Pyrophosphate 30 9.3 2.7 4.4 0.65 1.1 
Pyrophosphate 60 8.8 2.7 4.6 0.65 1.1 

D I S C U S S I O N  

U n d e r  o u r  e x p e r i m e n t a l  c o n d i t i o n s  t h e  c a l c i u m  a n d  s t r o n t i u m  t r a n s p o r t  sys-  

t e m  f u n c t i o n s  a t  i n t e r n a l  m a g n e s i u m  c o n c e n t r a t i o n s  t h a t  a r e  w e l l  b e l o w  t h e  

o b s e r v e d  M i c h a e l i s  c o n s t a n t  for  t h e  e n z y m e  ( W i n s  a n d  Schof fen i e l s ,  1966 a) .  

I t  is p o s s i b l e  t h a t  a s i g n i f i c a n t  p o r t i o n  o f  t h e  m a g n e s i u m  r e m a i n i n g  in  t h e  ce l l  

b e c a m e  b o u n d  to  t h e  m e m b r a n e  d u r i n g  t h e  c a l c i u m  i n f u s i o n  p r o c e d u r e  so 

t h a t  i t  w a s  c o n c e n t r a t e d  n e a r  t h e  C a  ++ + M g + + - s t i m u l a t e d  A T P a s e  o f  t h e  

m e m b r a n e .  

M a g n e s i u m  l e a k a g e  f r o m  t h e  cel ls  w a s  m i n i m a l  a n d  t h e  c a l c i u m  t r a n s p o r t  

s y s t e m  f u n c t i o n e d  a t  e x t e r n a l  m a g n e s i u m  c o n c e n t r a t i o n s  o f  0 .05  m m o l e / l i t e r  

o r  less. I n  a c c o r d  w i t h  t h e  p r e v i o u s  f i n d i n g s  o f  S c h a t z m a n n  (1967)  a d d e d  

m a g n e s i u m  w a s  n o t  t a k e n  u p  b y  cel ls  w h i c h  t r a n s p o r t  c a l c i u m .  I t  is, t h e r e -  

fore ,  v e r y  u n f i k e l y  t h a t  m a g n e s i u m  e x c h a n g e  is a n e c e s s a r y  o r  s u p p l e m e n t a l  

f e a t u r e  o f  t h e  c a l c i u m  t r a n s p o r t  sy s t em.  I n  th i s  r e g a r d  t h e  c a l c i u m  t r a n s p o r t  

s y s t e m  is d i f f e r e n t  f r o m  t h e  a c t i v e  s o d i u m  t r a n s p o r t  s y s t e m  in  w h i c h  t h e r e  is 

a n  e x c h a n g e  o f  i n t r a c e l l u l a r  s o d i u m  for  e x t r a c e l l u l a r  p o t a s s i u m  (Pos t  a n d  

J o l l y ,  1957;  G a r r a h a n  a n d  G l y n n ,  1967).  
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T A B L E  V I  

E F F E C T  O F  S T R O N T I U M  O N  C A L C I U M  T R A N S P O R T  

Ca ++ c o n ~ n ~ d o n  S ~  c~c~tion Mg ++ en~ntra t ion  
R ~  ~H ~mple T ~ e  Dry wdght ~ m a t ~ t  c~s  lupernat~t ~ nup~a tan t  c~s  

~n  % ~ q  /lit~ mEq/~r m ~  /liter 

- -  3 . 0  - -  0 . 0  - -  0 . 0  

- -  1 4 . 0  - -  2 . 9  - -  - -  - -  0 . 7  

0 12 .2  3 . 0  2 . 9  - -  - -  0 . 2  0 . 8  

60  12 .7  3 . 0  3 . 0  - -  - -  0 . 1  0 . 7  

- -  3 . 0  - -  3 . 0  - -  0 . 0  - -  

0 12 .6  3 . 0  3 . 0  2 . 6  0 . 6  0 .1  0 . 6  

13 .0  3 .1  3 . 0  2 . 3  0 . 7  0 . 2  0 . 6  

- -  3 . 0  - -  0 . 0  - -  0 . 0  - -  

- -  1 3 . 8  - -  3 . 0  - -  - -  - -  0 . 6  

0 12 .0  3 . 5  3 . 0  - -  - -  0 . 1  0 . 6  

12 .5  4 . 2  2 . 7  - -  - -  0 . 1  0 . 6  

i 3 . 2  4 . 7  2 .1  - -  - -  0 . 1  0 . 7  

- -  3 . 0  - -  3 . 0  - -  0 . 0  - -  

0 14 .4  3 . 5  2 . 9  2 . 3  0 . 7  0 .1  0 . 7  

13 .0  4 . 2  2 . 6  2 . 6  0 . 6  0 . 1  0 . 7  

13 .4  4 . 7  2 .1  2 . 3  0 . 6  0 . 1  0 . 7  

N o n e  

C o n t r o l  s t o c k  

C o n t r o l  

C o n t r o l  

N o n e  

C o n t r o l  

C o n t r o l  

N o n e  

A T P  s tock  

A T P  

A T P  

A T P  

N o n e  

A T P  

A T P  

A T P  

T A B L E  V I I  

T H E  E F F E C T  O F  C A L C I U M  O N  S T R O N T I U M  T R A N S P O R T  

Sr 4"+ concentration Ca ++ ccecentration Mg ++ concentration 
ReAl cell Jample Time Dry wdght supeenatant celll supeenatant cell  aupeenatant ceIll 

N o n e  - -  - 3 . 0  - -  0 . 0  - -  0 . 0  - -  

C o n t r o l  s t ock  - -  13 .2  - -  2 . 7  - -  - -  - -  0 . 6  

C o n t r o l  0 13 .0  2 . 6  3 . 0  - -  - -  0 . 2  0 . 6  

C o n t r o l  30  14 .7  2 . 6  3 . 2  - -  - -  0 . 2  0 . 6  

C o n t r o l  60  12 .7  2 . 9  2 . 8  - -  - -  0 . 2  0 . 6  

N o n e  - -  - -  3 . 0  - -  3 . 0  - -  0 . 0  - -  

C o n t r o l  0 12 .7  2 . 7  2 . 8  1 .9  1 .4  0 . 2  0 . 6  

C o n t r o l  30 14 .0  2 . 8  2 . 8  2 . 2  1 .2  0 . 2  0 . 6  

C o n t r o l  60  14 .0  2 . 8  2 . 9  1 .9  1 .3  0 . 2  0 . 6  

N o n e  - -  - -  3 . 0  - -  0 . 0  - -  0 . 0  - -  

A T P  s tock  - -  13 .0  - -  2 . 6  - -  - -  - -  0 . 8  

A T P  0 12 .7  3 . 7  2 . 2  - -  - -  0 . 1  0 . 7  

A T P  30 13.5  4 . 2  1 .8  - -  - -  0 . 1  0 . 8  

A T P  60 14 .2  4 . 4  1 .4  - -  - -  0 . 1  0 . 8  

N o n e  - -  - -  3 . 0  - -  3 . 0  - -  0 . 0  

A T P  0 13.1 3 . 7  2 .1  2 . 3  1 .0  0 . 1  0 . 7  

A T P  30 13 .6  4 . 0  1 .9  2 . 2  1. I 0 . 1  0 . 7  

A T P  60  13 .8  4 . 2  1 .7  2 . 3  0 . 9  0 .1  0 , 7  
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Since no exchange was evident with active calcium transport, one might 
speculate that a nonspecific exchange with a monovalent cation or the extru- 
sion of an anionic carrier might accompany the removal of intracellular 
calcium. For example, aspartic acid release accompanied the transport of 
sodium from the crab nerve in a potassium-free medium (Baker, 1964). Ex- 
ternal potassium reduced this release of aspartic acid markedly. Perhaps 
aspartic acid served as a carrier for sodium when it was transported into a 
potassium-free medium. 

Since ITP and GTP can substitute effectively for ATP in the active trans- 
port of calcium, it can be speculated that a membrane adenosine triphospha- 
tase, which is activated by calcium and magnesium, can use ITP and GTP 
as well. The membrane Ca ++ + Mg++-activated adenosine triphosphate may 
either use ITP and GTP as such, or the terminal phosphate of GTP and ITP 
may be transferred to enzymatically bound adenosine diphosphate. 

It has been found that the Na + + K + + Mg++-stimulated adenosine tri- 
phosphatase of microsomes also has K+-stimulated acyl phosphatase activity 
(Bader and Sen, 1966; Isreal and Titus, 1967; Sachs et al., 1967). A small but 
significant background of acyl phosphatase activity was found in the absence 
of potassium (Bader and Sen, 1966). It is possible that the residual activity 
may be related to the calcium transport system. Although this possibility 
exists, acetyl phosphate was totally ineffective as an energy source for active 
calcium transport. However, a significant proportion of the infused acetyl 
phosphate may have been hydrolyzed by K+-stimulated acetyl phosphatase 
in the membrane. Furthermore, other compounds such as adenosine diphos- 
phate, which may be necessary for the functioning of the pump, were not 
present. 

The similarity of the calcium and strontium transport systems, and the fac 
that strontium can substitute for calcium with the Ca ++ + Mg++-activated 
adenosine triphosphatase of the erythrocyte membrane suggest that the two 
ions use the same transport system. The calcium ion has an atomic radius o 
0.98 A while the strontium ion has an atomic radius of 1.15 A (Glasstone, 
1940). Both ions have coordination numbers of six. The d orbitals of strontium 
do not prevent its transport. 

At the present time it is not known whether the active transport process is 
related in any way to the contraction of erythrocyte ghosts observed in the 
presence of ATP and calcium (Wins and Schoffeniels, 1966 b). Our dry 
weight analysis suggests that the two processes are unrelated. 

It has also been noted that the addition of calcium at the time of hemolysis 
increased the permeability of the ghost membrane to potassium (Hoffman, 
1962). Calcium infusion into erythrocytes could also alter the calcium trans- 
port system. 
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