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SUMMARY: An obligatory early step in the transport of calcium across the 
internal membranes of smooth muscle cells is the binding of calcium to the 
Ca,Mg-ATPase. The characterizat ion of calcium binding to sarcoplasmic ret iculum 
from smooth muscle has not been reported. Calcium binding to a bovine 
myometr ium preparation was investigated using Scatchard analysis and a computer 
program uti l izing weighted least squares curve f i t t ing and an exact mathematical  
model of binding. This permitted objective measurement of goodness of f i t  and 
showed that best f i t  was obtained using a two site model. Magnesium did not 
change the a f f in i ty  for calcium of the two sites; but reduced the number of low 
a f f in i ty  sites to half. o 1987 Academic P ..... Inc. 

The sarcoplasmic ret iculum of smooth muscle plays a major role in the 

control of intracel lular  free calcium and thereby of smooth muscle contraction. 

The uptake of calcium into the sarcoplasmic ret iculum depends on the presence 

of a calcium transporting Mg-ATPase, and multi-step reaction schemes have been 

proposed (1). An understanding of the events involved in the transport of 

calcium by the sarcoplasmic reticulum membranes requires the examination of 

partial  reactions which are easier to interpret. Using a well characterized 

microsomal preparation from bovine myometrial  sarcoplasmic ret iculum we were 

able to demonstrate the phosphorylation of the Ca transporting Mg-ATPase (1), 

and transport of calcium to the inside of the vesicles (2). An obligatory early 

step, which has not been characterized in smooth muscle, is the binding of 

calcium. 

Magnesium is required for the phosphorylation of the enzyme and calcium 

transport; however, it decreases the amount of calcium bound to these 

membranes in the absence of ATP (3). The release of bound calcium by 

magnesium could occur by a decrease in number and/or  a f f in i ty  of calcium 

binding sites. 

In this study we have used atomic absorption spectroscopy to examine the 

calcium binding. Scatchard analysis using weighted least squares curve f i t t ing 

and an exact mathematical  model of binding permitted objective measurement of 

goodness of f i t  for  several models. Our findings offer  the first  evidence for the 

specific binding of calcium to smooth 

demonstrate the existence of two binding sites. 
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M a t e r i a l s  a n d  M e t h o d s  

U t e r i ,  o b t a i n e d  at  the  s l a u g h t e r h o u s e  f r o m  c lose - to - t e rm p r e g n a n t  cows, 
were  i m m e d i a t e l y  d i s sec ted  a n d  the  m y o m e t r i u m  c a r e f u l l y  s t r i p p e d  f r ee  of  
e n d o m e t r i u m  as d e s c r i b e d  (4). The  muscle  s t r ips  were  r insed ,  i m m e r s e d  in 
ice-cold  b u f f e r  (0.3 M sucrose,  0.01 M glucose,  5 mM d i t h i o t h r e i t o l ,  0.02 M Tris ,  
pH 7.2), a n d  t r a n s p o r t e d  on ice to the  l a b o r a t o r y .  The  musc le  t i ssue  was d i ced  
w i t h  scissors,  m i n c e d  in  a mea t  g r i n d e r ,  a n d  h o m o g e n i z e d  in  a War ing  B lende r  
f i r s t  fo r  15 s, a n d  a g a i n  fo r  10 s. Al l  o p e r a t i o n s  were  c a r r i e d  out  in  the  cold  
room a t  0-4°C. D i f f e r e n t i a l  c e n t r i f u g a t i o n  was a t  2,500 g fo r  20 rain,  15,000 g 
fo r  20 min.  in  a Sorva l l  GS-3 ro tor  a n d  a t  40,000 g fo r  90 min . in  a Spinco  21 
ro tor .  The  f i n a l  pe l le ts  were  s u s p e n d e d  in 0.08 M NaCI,  0.005 M sod ium oxa la te  
a n d  p l aced  on  a sucrose  d e n s i t y  g r a d i e n t  cons i s t ing  of  l ayers  of  35, 45, a n d  55% 
sucrose.  A f t e r  3 h of  c e n t r i f u g a t i o n  in a Spinco  27.1 s w i n g i n g  b u c k e t  ro to r  
( ave rage  fo rce  63,000 g), the  m a i n  p r o t e i n  l ayer  was i so la t ed  f r o m  the  35% 
sucrose  layer  (dens i t y  of  1.136). T he  p r o t e i n  was s to red  at  4°C and  used the  
f o l l o w i n g  day.  P r o t e i n  c o n c e n t r a t i o n  was d e t e r m i n e d  by the  m e t h o d  of  L o w r y  et 
at  (5). P r o t e i n  was i n c u b a t e d  at  37°C in an  i n c u b a t i o n  m e d i u m  c o n t a i n i n g  
20 m M  imidazo le ,  pH 7.0, 10 m M  KC1, 2.5 mM Na  azide ,  0.1 M sucrose,  0.5 m g / m l  
p ro te in .  D u p l i c a t e  samples  were  i n c u b a t e d  at  ten  c a l c i u m  c o n c e n t r a t i o n s  f r o m  
0.2 200 u M  f r ee  ca l c ium,  us ing  2 m M  to ta l  c a l c i u m  a n d  a d j u s t i n g  the  f r ee  
c a l c i u m  w i t h  1.8 - 6.8 mM EGTA.  An  a d d i t i o n a l  sample  was i n c u b a t e d  in 9.1 mM 
E G T A  w i t h o u t  a d d e d  c a l c i u m  to d e t e r m i n e  c a l c i u m  b i n d i n g  in the  p resence  of  less 
t h a n  10 -8 M f r ee  ca lc ium.  Th i s  was used  as b l a n k  a n d  s u b t r a c t e d  f r o m  the  va lue  
of  al l  o the r  samples .  In  the  p resence  of  Mg the  f r ee  Mg c o n c e n t r a t i o n  was kep t  
c o n s t a n t  a t  5.0 raM, us ing  5 5.8 mM to ta l  Mg. F ree  me ta l  c o n c e n t r a t i o n s  
were  c a l c u l a t e d  a c c o r d i n g  to F a b i a t o  and  F a b i a t o  (6). A f t e r  i n c u b a t i o n  the  
samples  were  r a p i d l y  cooled to 0°C in an  iced slush,  p l aced  in a B e c k m a n  TI 50 
c e n t r i f u g e  a n d  spun  at  165,000 g fo r  30 minu tes .  The  pel le ts  were  w a s h e d  and  
a n a l y z e d  fo r  c a l c i u m  by a t o m i c  a b s o r p t i o n  spec t roscopy  by  a m e t h o d  p rev ious ly  
d e s c r i b e d  (4). A n a l y s i s  of  the  resu l t s  were  by  S c a t c h a r d  plot  a n d  the  use of  the  
p r o g r a m  "Ligand"  as m o d i f i e d  fo r  the  Apple  c o m p u t e r  (7,8). 

Resu l t s  and  Di scuss ion  

C a l c i u m  b i n d i n g  at  less t h a n  10 -8 M f ree  c a l c i u m  a m o u n t e d  to 3- 

4 n m o l / m g .  In o rde r  to p e r m i t  e x t r a p o l a t i o n  to a r e l i ab l e  to ta l  r ecep to r  c apac i t y  

h i g h  e n o u g h  c o n c e n t r a t i o n s  mus t  be used. Th i s  is v e r i f i e d  by the  p resence  of  an  

i n f l e c t i o n  p o i n t  w i t h  severa l  po in t s  a b o v e  t h a t  va lue  w h e n  the  b o u n d  c a l c i u m  vs 

f r ee  c a l c i u m  is p lo t t ed  on s e m i l o g a r i t h m i c  c o o r d i n a t e s  (9,10) a n d  is seen in 

Fig. 1. T he  a v e r a g e  b i n d i n g  of  c a l c i u m  in the  absence  of  m a g n e s i u m  is shown  

in  Fig. 2 us ing  a S c a t c h a r d  plot.  In al l  cases the  p r o g r a m  was asked  fo r  a best  

f i t  u s ing  one b i n d i n g  site, one  b i n d i n g  site a n d  n o n - s p e c i f i c  b i n d i n g ,  two b i n d i n g  

si tes a n d  two b i n d i n g  si tes w i t h  n o n - s p e c i f i c  b ind ing .  The  bes t  f i t  was chosen  

based  on b o t h  the  runs  test  a n d  the  F p a r a m e t e r .  We j u s t i f i e d  the  use of  a 

more  complex  mode l  w h e n  the  goodness  of f i t  as s h o w n  by the  F p a r a m e t e r  was 

at  the  p < 0.05. T he  bes t  f i t  r e q u i r e d  two b i n d i n g  s i tes  a n d  n o n - s p e c i f i c  

b i n d i n g .  T he  b i n d i n g  a f f i n i t i e s  were  K I =  8.4 + 0.4 x 106 M-, K 2 = 0.11 + 0.02 x 

106 M' ;  m a x i m u m  n u m b e r  of  b i n d i n g  si tes r 1 = 3.9 + 0.4 x 10 -6 moles /g ,  r 2 = 

10.5 + 0.5 x 10 -6 m o l e s / g  a n d  n o n - s p e c i f i c  b i n d i n g  = 0.021. The  doub le  b i n d i n g  

si te  model  s i g n i f i c a n t l y  i m p r o v e d  the  f i t  F[2,5] = 65 a n d  a p< 0.01 as c o m p a r e d  

to the  s ingle  b i n d i n g  s i te  model .  
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Fig. 1. Semilogarithmic plot of calcium bound to membranes from bovine 
myometrial sarcoplasmic reticulum against the concentrat ion of free Ca. Each 
point represents the average of 14 experiments. The arrow is at the inflection 
point. 

Fi~. 2. Scatchard plot of the same data as Fig. 1. The line drawn is one 
calculated using the "best fit" parameters for association constant of the high 
and low af f in i ty  binding sites and maximum number of high and low af f in i ty  
sites, respectively) and non-specific binding. 

To c o m p a r e  the  e f f e c t  of  m a g n e s i u m  on the  b i n d i n g  of  c a l c i u m  f i v e  p a i r e d  

e x p e r i m e n t s  were  p e r f o r m e d .  Each  e x p e r i m e n t  was p e r f o r m e d  us ing  the  same 

p r o t e i n  on  the  same day.  T he  best  f i t  r e q u i r e d  the  use of  two b i n d i n g  si tes a n d  

n o n - s p e c i f i c  b i n d i n g .  T he  c o n s t r a i n i n g  of  the  b i n d i n g  c o n s t a n t s  to those  

r e p o r t e d  fo r  all  14 e x p e r i m e n t s  d id  not  c h a n g e  the  f i t  F[2,5] = 0.9 a n d  0.3 p> 0.1 

fo r  ab sence  a n d  p re sence  of  m a g n e s i u m  respec t ive ly .  The  m a x i m u m  n u m b e r  of  

h i g h  a f f i n i t y  si tes was  2.47 + 0.2 a n d  2.24 + 0.1 x 10 -6 mo le s /g  fo r  c a l c i u m  

b i n d i n g  in the  abs ence  a n d  p resence  of  m a g n e s i u m ;  w h e r e a s  the  m a x i m u m  n u m b e r  

of  b i n d i n g  si tes at  t he  low a f f i n i t y  si te  was 12 + 0.8 a n d  5.3 + 0.4 x 10 -6 

moles /g ,  r e spec t ive ly .  M a g n e s i u m  r e d u c e d  the  n u m b e r  of  low a f f i n i t y  si tes 

w i t h o u t  c h a n g i n g  r ecep to r  a f f i n i t y  or the  n u m b e r  of  h i g h  a f f i n i t y  si tes see 

Fig. 3. 

The  use of  a c a l c i u m  i o n o p h o r e  a l lows us to see w h e t h e r  ou r  resu l t s  a re  

i n f l u e n c e d  by  the  e n t r a p m e n t  of  c a l c i u m  w i t h i n  the  vesicles,  I t  also wil l  

d i s t i n g u i s h  b e t w e e n  c a l c i u m  b i n d i n g  si tes loca ted  on the  i n s ide  a n d  ou t s ide  of  the  

m e m b r a n e s  i f  t he  m a j o r i t y  of  the  ves ic les  a re  in t ac t .  T h u s  we h a v e  m e a s u r e d  

c a l c i u m  b i n d i n g  in  the  p re sence  a n d  absence  of  the  c a l c i u m  i o n o p h o r e  A23187 

(0.2 uM). E i g h t  p a i r e d  e x p e r i m e n t s  were  p e r f o r m e d .  T h e r e  was no  s i g n i f i c a n t  

d i f f e r e n c e  in  e i t h e r  the  a f f i n i t y  or n u m b e r  of  b i n d i n g  si tes in  the  p re sence  or 

ab sence  of  the  i onophore .  The  n u m b e r  of  h i g h  a f f i n i t y  b i n d i n g  si tes was 2.89 

a n d  low a f f i n i t y  b i n d i n g  si tes 13.6 x 10 -6 mo les /g  p ro t e in .  Since m a n y  of  the  

ves ic les  p r e s en t  a re  p r o b a b l y  open,  (we can  h a r v e s t  less t h a n  ten  p e r c e n t  by  

i n c r e a s i n g  the  d e n s i t y  by  Ca oxa la t e  d r i v e n  u p t a k e  (2)) we w o u l d  no t  expec t  to 
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Fig. 3. Comparison of the binding of calcium to microsomes in the presence 
and absence • of 5 mM free magnesium. The data are plotted on Scatchard 
coordinates. Each point represents the average of 5 experiments. The lines are 
calculated using the same af f in i ty  constants found in the previous graph but 
allowing the maximum number of binding sites to vary. 

see a n y  c h a n g e  in the  p re sence  of  an  ionophore .  These  resu l t s  c o n f i r m  t h a t  

i n t e r n a l l y  t r a p p e d  c a l c i u m  is no t  r e spons ib l e  f o r  the  resu l t s  o b t a i n e d .  It  is no t  

p r ac t i ca l ,  a t  t h i s  t ime,  to m eas u r e  ca l c ium b i n d i n g  in a p r e p a r a t i o n  of  i n t a c t  

ves ic les  o b t a i n e d  by  Ca oxa la te  load ing ,  s ince  large  q u a n t i t i e s  of  i n t r i n s i c  

c a l c i u m  would  obscu re  a n y  b i n d i n g  (2). 

The  b o v i n e  m y o m e t r i a l  m i c r o s o m a l  f r a c t i o n  used he re  has  been  wel l  

c h a r a c t e r i z e d  in  our  l a b o r a t o r y  a n d  its o r ig in  f r o m  sa r cop l a smic  r e t i c u l u m  r a t h e r  

t h a n  s a r e o l e m m a  es tab l i shed .  T he  mic rosomes  show oxa l a t e  s t i m u l a t i o n  of  

A T P - d e p e n d e n t  Ca +2 u p t a k e  (2), inos i to l  t r i s p h o s p h a t e  i n d u c e d  c a l c i u m  

re lease  (11), p r e sence  of  a Ca ,Mg-ATPase  w i t h  a m o l e c u l a r  w e i g h t  of 100,000 to 

110,000 (1), a b s e n c e  of  a 130,000 m o l e c u l a r  w e i g h t  Ca ,Mg-ATPase  c h a r a c t e r i s t i c  

of  s a r co l em m a ,  lack of  c a l m o d u l i n  or l a n t h a n u m  e f f e c t  on A T P a s e  

p h o s p h o r y l a t i o n  (12). These  p r o p e r t i e s  d i s t i n g u i s h  the  s a r cop l a smic  r e t i c u l u m  

f r o m  cell  m e m b r a n e  (13). 

P r io r  w o r k  d e m o n s t r a t e d  t h a t  c a l c i u m  e q u i l i b r a t e s  w i t h  the  vesic les  in  less 

t h a n  one m i n u t e  (4), t hus  the  cho ice  of  e igh t  m i n u t e s  i n c u b a t i o n  t ime  wou ld  give 

exce l l en t  c o n d i t i o n s  fo r  r e a c h i n g  e q u i l i b r i u m .  We chose to use a n  a t o m i c  

a b s o r p t i o n  s p e c t r o p h o t o m e t r i c  m e t h o d  fo r  m e a s u r i n g  ca lc ium.  Th i s  m e t h o d  

measu res  the  to ta l  c a l c i u m  p r e s en t  in  the  microsomes .  The  use of  r a d i o a c t i v e  

t r a c e r  Ca 45 has  s eve ra l  p roblems .  I n t r i n s i c  Ca 40 e x c h a n g e s  w i t h  the  r a d i o a c t i v e  

t r a c e r  g iv ing  a f a l se  e s t ima te  of  the  t rue  b i n d i n g  (4), un less  al l  i n t r i n s i c  c a l c i u m  

is r e m o v e d  (14); w h i c h  m i g h t  i n t r o d u c e  o the r  errors .  

The  use of  a c o m p u t e r i z e d  w e i g h t e d  leas t  squares  c u r v e  f i t t i n g  a l g o r i t h m  

fo r  the  e s t i m a t i o n  of  c a l c i u m  b i n d i n g  a l lows fo r  g r ea t e r  a c c u r a c y  a n d  at  the  

same t ime  p e r m i t s  s t a t i s t i c a l  ana lys i s  to j u s t i f y  the  use of  more  complex  models  

( two vs one  b i n d i n g  si te)  a n d  c o m p a r i s o n  of  c o n s t r a i n e d  vs u n c o n s t r a i n e d  

v a r i a b l e s  (7). 
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The physiological significance of our f indings remains to be determined. 

The high a f f in i ty  site may well be associated with the Ca transport ATPase, 

since its a f f in i ty  is in the correct range to permit the reduction of free calcium 

to resting levels. The lower a f f in i ty  site may represent another calcium binding 

protein, or a conformational  change of the enzyme. Such a change has been 

hypothesized as the means of releasing calcium to the inside of the vesicle. The 

fact that there is no change in either the a f f in i ty  or number of high a f f in i ty  Ca 

binding sites in the presence of Mg is consistent with the requirement of the 

Ca,Mg-ATPase for Mg. A reduction in the number of low a f f in i ty  sites may be 

involved in the unloading of calcium to the inside of the vesicles. The use of 

only intact  vesicles with the correct orientation is necessary to reach more 

detailed conclusions. 
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