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SUMMARY 

Calcium binding to isolated rat  liver plasma membranes shows saturation 
kinetics, has a pH opt imum of 7.8-8.o, and is independent of metabolic energy. 
Scatchard analysis shows two classes of calcium binding sites. The higher affinity 
sites, with an association constant of 4.o. IO 3 M-I, accomodate 22 i 2 (S.D.) nmoles 
of calcium/rag membrane protein. The lower affinity sites with an association con- 
stant of 3.2" Io ~ M-z accomodate 12o -4- I6 (S.D.) nmoles of calclum/mg membrane 
protein. Mg ~+ competes with Ca ~+ only for the low affinity binding sites. K+ and Na + 
do not inhibit calcium binding. EDTA decreases the amount of calcium bound to the 
membranes. 

The ATP effect on calcium binding depends on the calcium concentration. At 
I mM calcium, ATP at o.3 mM inhibits binding but at 3 mM calcium, ATP stimulates 
binding. ADP and AMP at o. 3 mM have no effect on calcium binding at I mM 
calcium but ADP stimulates binding at 3 mM calcium. Cyclic AMP at I o-3 M increases 
calcium binding at both I and 3 mM levels of calcium. 

Phospholipases, neuraminidase and proteases were used to determine the role 
of phospholipids, neuraminic acid and proteins in the binding of calcium. Of the 
total  extrapolated maximum calcium binding sites (142 ~ 18 (S.D.) nmoles/mg 
membrane protein), acidic phospholipids accounted for approximately IOO nmoles/mg 
membrane protein while neuraminic acid residues accounted for approximately 50 
nmoles/mg membrane protein. 

Treatment  of the membrane with a variety of functional group reagents showed 
that  agents which react with amino groups or hydroxyl groups of proteins have a 
small or no effect on calcium binding. However, SH agents increase calcium binding 
but  only when the calcium concentration in the medium was I mM or greater. 

Sodium dodecyl sulfate (o.I %) increases calcium binding very markedly, 
Triton X-Ioo (o.I %) gave a 3-fold increase in calcium binding and Lubrol (o 1%) 
had no influence on calcium binding. Triton may  unmask certain acidic phospholipids. 
Sodium dodecyl sulfate is believed to become incorporated into the membrane and 
convert it to a highly charged form which now binds calcium. This detergent may  
also unmask acidic phospholipids. 

* Present address: Mr. Sinai School of Medicine, Physiology Dept, New York, N.Y., U.S.A. 
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CALCIUM BINDING TO PLASMA MEMBRANE 71 

INTRODUCTION 

Ca 2+ binds to artificial and natural membranes and alters the permeability, 
excitability, and adhesiveness of these structures 1,~. Mitochondria and sarcoplasmic 
reticulum bind calcium passively and, in addition, accumulate the cation actively, 
utilizing ATP as an energy source3, 4. Reynafarje and Lehninger s have demonstrated 
that  non-respiring mitochondria possess at least two classes of metabolism-indepen- 
dent calcium binding sites. Three types of passive calcium binding sites have been 
distinguished on membranes of the sarcoplasmic reticulum s. Gent et al. ~ have shown 
that calcium binding to red cell membranes was dependent on the pH and ionic 
strength of the medium but independent of any metabolic process. Liver microsomes 
have been shown to have similar cation binding characteristics s. 

Rasmussen 9 has discussed the relationship between Ca ~+, hormones and cyclic 
AMP and has postulated a model to integrate these interrelations. The model considers 
Ca 2+ as mediators of the action of certain hormones. I t  is postulated that  certain 
hormones increase the influx of Ca ~+ into the cell or require extracellular Ca ~+ for 
activating adenyl cyclase. The increase in Ca 2+ then moderates the activities of certain 
enzymes which had previously been stimulated by cyclic AMP. A relatively impressive 
body of evidence is presented by Rasmussen 9 which shows the role of calcium in a 
fairly large number of cyclic AMP-dependent processes. Calcium efflux from cells is 
required to restore the calcium concentration within the cell. A specific Ca~+-dependent 
ATPase appears to play an important role in this process. 

This report describes the properties of calcium binding to isolated rat liver 
plasma membranes, the number and relative affinities of calcium binding sites and 
the nature of the functional groups involved in the binding process. 

EXPERIMENTAL SECTION 

Materials 
Type HAWP Millipore filters, o.45 #m pore size, were obtained from Millipore 

Corporation. 45Ca was purchased from International Chemical and Nuclear Corpora- 
tion as CaCI~ in 0.5 M HCI (5.96 mCi/mg calcium). ATP, ADP, AMP and cyclic AMP 
were obtained from P-L Biochemicals Inc. Trypsin was obtained from Worthington 
Biochemical Corp., chymotrypsin from Nutritional Biochemicals Corp., and Pronase 
from Calbiochem. Neuraminidase from Vibrio cholerae (500 units/ml) was obtained 
from General Biochemicals. Phospholipase A, from Naja naja snake venom was 
purchased from the Miami Serpentarium. Phospholipase C was from C. F. Boehringer 
und Soehne. The following chemical agents were used: azobenzene-2-sulfenyl bromide 
(Nutritional Biochem.); 5,5'-dithiobis-2-nitrobenzoic acid (K and K Labs); phenyl- 
methylsulfonyl fluoride (Sigma), succinic anhydride (Eastman Organic), iodoaceta- 
mide (Sigma); mercaptoethanol (Eastman Organic), p-chloromercuribenzoate (Sigma). 

Methods and reagents 
Preparation of plasma membranes 
The plasma membranes were isolated by the modification 1° of the Neville 

method n. After isolation, the membrane preparations were washed with o.I M 
Tris-HC1 buffer (pH 7.5) followed by I.O mM EDTA. The washed pellets obtained by 
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centrifugation at 3000 rev./min were resuspended in o.i  M Tris buffer (pH 7.5) to a 
concentration of 3oo-4oo #g membrane protein/ml. Protein concentration was de- 
termined by the method of Lowry et al. 12. 

Measurement of calcium binding 
M,lliporefiltration. Samples containing 60-80 #g of membrane protein in o 2 ml 

of Tris-HC1 buffer (pH 7.5), 0.7 ml of o.I M Tris-HC1 (pH 7.5), 5 #1 containing o.5 #Ci 
of 45CAC12, varying concentrations of cold CaC12, and any reagent noted in the legends 
were incubated at 37 °C for IO min in a shaking water bath. The final volume of the 
incubation medium was I.O ml Unless otherwise specified the test agents were made 
in o.I  M Tris-HC1 buffer (pH 7.5). Using a Pasteur pipette the samples were placed in 
a Millipore suction apparatus containing a 0.45 /~m, type HAWP Millipore filter 
(25-mm diameter) which had previously been rinsed with 250 mM KC1 and washed 
with glass-distilled water. The mixture was completely filtered by  vacuum within 5 s and 
then washed twice with 5.o-ml aliquots of o.I M Tris-HC1 buffer (pH 7.5). The filters 
were removed, allowed to dry and placed in scintillation vials containing IO ml of 
Bray 's  scintillation cocktail 13. Controls containing all reagents except the membranes 
were run simultaneously in each experiment to correct for the amount of 45Ca2+ 
bound nonspecifically to the filters. Standards of the asCaC12 solutions were prepared 
by  spotting 5/A (0.5/~Ci) of each radioactive solution on Millipore filters, drying and 
counting them under the same conditions as the membrane samples. Samples and 
standards were counted in a Packard Tri-Carb Liquid Scintillation Spectrometer, 
Model 314 . 

Equilibrium dialys,s. Calcium binding to the membrane was measured by use 
of a Multi-Micro Equilibrium Dialysis Apparatus (Interscience, Philadelphia, Pa  ). 
The two plastic chambers were separated by dialysis tubing No. 18 (Union Carbide 
Corp.) which had previously been soaked in o.I M Tris-HC1 buffer (pH 7.5) and 
blotted dry. Each chamber contained a total volume of I ml and possessed an injec- 
tion port. 

To 2 ml of the membrane suspension were added 8 ml of o.I M Tris-HC1 buffer 
(pH 7.5) to give a final membrane protein concentration of 8O-lOO/~g/ml. I ml of 
this membrane suspension was injected into the left chamber. To the right chamber 
was added 0.99 ml of the Tris-HC1 buffer and IO #1 of CaCI~ solution containing 
I.O #Ci of 45Ca 2+. The final calcium solutions varied in concentration from 5" Io-v to 
5" lO-3 M. The temperature was maintained at 5 °C. 

After equilibrium was established (42 h as determined by time studies) IO-/~1 
aliquots in triplicate from each chamber were removed and placed into scintillation 
vials containing IO ml of Bray 's  scintillation cocktail. IO-#1 (I.O #Ci) aliquots of 
each stock 45CaC12 solution, which served as standards, were placed into scintillation 
vials containing IO ml of Bray 's  scintillation cocktail. The samples and standards 
were counted as stated above. 

RESULTS 

M, llipore filtration versus equilibrium dialys,s for determ,mng Ca 2+ bind,rig 
MiUipore filtration measures calcium binding in short time intervals whereas 

equilibrium dialysis requires a long t ime interval (42 h). The results in Fig. I show 
the amount of calcium bound as a function of calcium concentration Equilibrium 
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CALCIUM BINDING TO PLASMA MEMBRANE 73 

dialysis gave higher values than the Millipore method but the latter values are 
believed to be more meaningful since the membrane is altered during the binding 
studies to a minimal extent. During the 42 h required for equilibrium dialysis the 
membrane is susceptible to alteration and proteolytic degradation. 
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Fig  i Concen t r a t ion  dependence  of ca lc ium binding .  The  concen t r a t ion  dependence  of ca lc ium 
b ind ing  was  d e t e r m i n e d  b y  equ i l ib r ium dialysis ,  Curve  A and  Mllllpore f i l t rat ion,  Curve  B. 
E x p e r i m e n t a l  de ta i l s  are  g iven  in  t he  t ex t .  E a c h  po in t  r epresen t s  the  m e a n  4- S D. of d u p h c a t e  
d e t e r m i n a t i o n s  of four  s epa ra t e  e x p e r i m e n t s  

Fig 2 Sca t cha rd  plot  of ca lc ium b ind ing  T he  resu l t s  s h o w n  in  F ig  I for t he  Milhpore d a t a  are  
depic ted  as a Sca t cha rd  plot  in t he  f igure 

T A B L E  I 

N U M B E R  A N D  A F F I N I T Y  OF C A L C I U M  B I N D I N G  S I T E S  

The  figures were ex t r a po l a t ed  g raph ica l ly  f rom in te rcep t s  on t he  o rd ina te  (nK) a n d  absc issa  (n) 
of t h e  l inear  po r t ions  of t he  Sca t cha rd  plots  m Fig  i (for t he  Mllhpore  f i l t ra t ion method)  The  
n u m b e r s  were ob t a ined  f rom t he  m e a n  va lues  in F ig  i a n d  t h u s  r ep re sen t  t he  m e a n  ex t r apo l a t ed  
m a x i m u m  b ind ing  s i tes  4- S D 

Method of determznat,on Number of A ssocmt*on 
b*nd*ng sztes constant 
(nmoles/mg) (l/mole) 

E q u l h b r l u m  dialysis  72 4- 3 4 8. lO 3 

Mllhpore  f i l t ra t ion 22 i 2 4 o. IO a 
:2o -4- I6 3.2. io  3 

Scatchard :4 derived a method for plotting data on the binding of small molecules 
to macromolecules from which the relative affinities and number of binding sites can 
be extrapolated. Fig. 2 shows the Scatchard plot of the Millipore data presented 
in Fig. I. The plot is biphasic indicating the presence of two classes of binding sites. 
The extrapolated intercepts of the linear segments of the plot are used to calculate 
the number of binding sites and the association constant for each type of binding site. 
The intercept on the abscissa (n) represents the number of binding sites per mg of 
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membrane protein. The intercept on the ordinate is nK where K is the association 
constant of the Ca z+ binding sites. The higher affinity binding sites for Ca 2+ with an 
association constant of 4.o. lO 3 M -1 accommodated 22 -/ 2 (S.D.) nmoles of Ca2+/mg 
membrane protein. The lower affinity sites had an association constant of 3.2" lO S M-1 
and accommodated 12o ~ 16 (S.D.) nmoles of Ca2+/mg membrane protein.These 
results are summarized in Table I. The maximum amount of Ca ~+ bound to the mem- 
branes would be 4.3 #g Ca2+/mg membrane (this takes into account the plasma 
membrane consisting of 75 % protein and 25 % lipid 1°, 14). 

Optimal condit,ons for calcmm binding 
The membranes used in these studies were prepared by  the Ray  modification 1° 

of the Neville method 11. Since the Ray  method uses Ca 2+ to increase the membrane 
yield, a significant amount  of endogenous Ca *+ in the rat  liver membrane prep- 
aration would exchange with the added 4sCaC12, thus the apparent  amount of 
Ca 2+ bound would be lowered as a result of isotope dilution. The membranes were 
therefore washed with EDTA before use. When the membrane preparations were 
washed with I.O mM EDTA, and then with o.I  M Tris-HC1 buffer (pH 7.5), the amount  
of Ca ~+ bound was increased by 85 % as compared to control membranes not washed 
with EDTA. Thus, the binding measurements were routinely carried out with EDTA- 
washed then buffer-washed membranes. 

The binding of Ca 2+ as a function of membrane concentration was studied. 
The binding increased linearly over the concentration range of 30 to IOO #g of mem- 
brane. (Fig. 3). 

The binding of Ca ~+ was fairly rapid and was dependent on pH and ionic 
strength but was independent of temperature in the range of 0-37 °C. After 2 min 
of incubation at 37 °C, 64 % of maximal  binding was attained (Fig. 4). After lO-15 
rain the amount of Ca ~÷ bound had attained saturation. The pH opt imum was shown 
to be between 7.8 and 8.0 (Fig. 5). 
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Fig.  3 Ca lc ium b ind ing  as a f unc t i on  of m e m b r a n e  concen t ra t ion .  The  i ncuba t i on  s y s t e m  cons is ted  
of I o inM CaCI~ con ta in ing  o. 5/~Ci of  45Ca, o . i  1~I T n s - H C 1  buffer  (pH 7.5) a n d  v a r y i n g  a m o u n t s  
of m e m b r a n e .  T h e  final v o l u m e  was  I.o ml.  I n c u b a t i o n  was  carr ied ou t  a t  37 °C for Io min .  
The  samples  were  ana lyzed  b y  Millipore f i l t ra t ion as  exp la ined  in t h e  t ex t .  E a c h  po in t  r ep resen t s  
t h e  m e a n  -V S.D. of dup l i ca te  d e t e r m i n a t i o n s  of t h ree  s epa ra t e  exper imen t s .  

F ig  4 The  t i m e  course  of ca lc ium binding .  T h e  i ncuba t i on  s y s t e m  con ta ined  60-80  # g  of m e m -  
b r a n e  p ro te in  a n d  I .o m M  46CaC12 (o 5/~Ci) in  o . i  M Tr is -HC1 buffer,  p H  7 5 in a final v o l u m e  
of i .o  ml.  Af t e r  z, 2, 5, IO, 15 a n d  2o rain i n c u b a t i o n  a t  37 °C t h e  samples  were  ana lyzed  b y  
Millipore f i l t ra t ion as exp la ined  m t he  t ex t .  E a c h  po in t  r ep resen t s  t h e  m e a n  -~- S.D. of  dup l i ca te  
d e t e r m i n a t i o n s  of t h ree  s epa ra t e  e x p e r i m e n t s  
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CALCIUM BINDING TO PLASMA MEMBRANE 75 

Effect of E D TA and temperature on calcium binding 
The da ta  in Table  I I  show tha t  calcium binding was marked ly  inhibi ted by  

E D T A  and by  boiling the membrane .  However ,  calcium binding was not  influenced 

significantly over  the t empera tu re  range of o to 37 °C. 

4- 

o 
5'o ;o /o 8'o ;o 

nH 
Fig. 5 The effect of pH on calcium binding. Membranes (8O-lOO/ug protein) were subjected to 
equihbrlum dialysis against 5" IO-e M CaC12 containing 1 .o pCi ot 45Ca over a pH range of 5.o-9 o. 
In the 5 o-5 6 pH range o I M acetic acid-sodium acetate buffer was used. o.o2 M KH2PO 4- 
I~Ia2HPO 4 buffer was used from pH 5.6-6 8 and o.I M Tris-HC1 buffer was employed to obtain 
a pH range of 7.o--9 o. Each point represents the mean -¢- S.D of duphcate determinations of 
four separate experiments Equilibrium dialysis was carried out as explained in the text. 

TABLE II 

THE EFFECT OF EDTA AND TENIPERATURE ON CALCIUM BINDING 

Membranes (60-80/~g protein) suspended in o.i M Tris-HC1 buffer (pH 7 5) were incubated for 
io mm with 5" lO-4 M 4~CaCI~ (o.5/~Ci) under the conditions hsted The amount of calcium bound 
to the membrane was determined by Mllhpore filtration Each point represents the mean of 
duplicate determinations of two separate experiments (-¢- S.E ). 

Cond,t,ons A mount of talc,urn bound 
(nmoles/mg membrane protein) 

Control, 37 °C 16 2 ~ 0.8 
o °C 15 8 ~ o.7 

22 °C 16.5 :~x o.7 
Membranes boiled prior to incubation 4.2 ~ o i 
lO -3 M EDTA 2. 4 ~ o 6 

Cat,on competition for calcmm binding sites 
Table  I I I  shows the results of compet i t ion  studies wi th  var ious cations. Nei ther  

15o mM K + nor  15o mM Na + interfered with  Ca 2+ binding to the p lasma membranes  
to any  appreciable extent .  In  the presence of 1.5 mM Mg 2+, however,  Ca 2+ binding 

was inhibited.  At  an added Ca 2+ concentra t ion  of 3.0 mM, Mg 2+ decreased Ca ~+ binding 

by  43 % even though the Mg2+/Ca 2+ rat io was o.5. 

Sca tchard  plot  analysis of the Mg ~+ compet i t ion  for Ca 2+ binding sites revealed 
tha t  Mg 2+ did not  al ter  the binding of Ca 2+ to the high affinity sites. However ,  the 

mean number  of low affinity sites available for Ca 2+ binding was decreased f rom 

12o to 46 nmoles Ca 2+ per mg of membrane  protein.  The  ex t rapo la ted  m a x i m u m  

binding is thus decreased by 68 % as contras ted  to the 45 % decrease in the measured  
n o n - m a x i m u m  binding. 
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The effect of nucleotides on calcium binding 
The isolated rat liver plasma membranes have been shown to possess Mg 2+- 

activated ATPase, ATP pyrophosphohydrolase, 5'-nucleotidase and adenyl cyclase 
activity10,15. Since there is a wide array of nucleotide metabolism which occurs at the 
cell surface and since nucleotides bind Ca 2+, the effect of nucleotides on Ca 2+ binding 
was examined. 

In Table IV it is shown that 0.3 mM ADP or AMP had no effect on the amount 
of Ca 2÷ bound at I mM Ca 2+ in the medium. At 3.0 mM added Ca 2+, ADP stimulated 
Ca 2+ binding by 16 %. ATP, which is known to be a strong divalent cation complexing 
agent, gave a 51% decrease in the amount of Ca 2+ bound when the added Ca ~+ con- 
centratlon was I.O mM. At 3.0 mM added Ca 2+, ATP stimulated Ca 2+ binding by 27 %. 

Scatchard plot analysis of these results showed that ATP decreased the number 
of high affinity Ca 2+ binding sites from 22 to IO nmoles of Ca2+/mg membrane protein 
but led to an increase in binding sites with low affinity. 

Rasmussen 9 has discussed the relationships between cyclic AMP, calcium and 
cell membranes. Ca +2 is required either for the stimulus which activates adenyl 
cyclase or for the physiological action of cyclic AMP within the cell. I t  therefore 

T A B L E  I I I  

EFFECT OF CATIONS ON CALCIUM BINDING TO THE PLASMA MEMBRANE 

The incubat ion sys tem consisted of 60-80 pg  of membrane  protein  in o i M Trm-HC1 buffer 
(pH 7 5) containing either 15o mM NaC1, 15o mM KC1 or I 5 mM MgC12 and either i mM or 
3 mM CaC12 (o 5 ~C1 of 45Ca) Incuba t ion  was carried out  at  37 °C for io mm. Each  poin t  represents  
the  mean 4- S D of duplicate determinat ions  of three separate  experiments .  Binding was deter- 
mined by  Mlllipore filtration as explained in the text .  

nmoles Ca 2+ bound[rag membrane prote,n 

I m-M Ca 2+ 3 m M  Ca 2+ 

Control 29 4- 5 51 4- 3 
NaC1, 15o mM 3 ° 4- 3 49 4- 2 
KC1, 15o mM 31 -¢- 2 4 6 4 - 3  
MgCI~, i 5 mM 25 4- 2 29 4- i 

T A B L E  IV 

E F F E C T  O F  N U C L E O T I D E S  ON CALCIUM BINDING TO T H E  PLASMA MEMBRANE 

The incubat ion  sys tem contained 6o-8o/zg  membrane  protein, o i M Trls-HC1 buffer (pH 7 5), 
ei ther i mM or 3 mM CaC12 containing o 5 pC1 of 45Ca and either ATP, ADP, AMP or cychc AMP 
at  the concent ra t ions  given in the table The samples were incubated for io  min at  37 °C and 
then  analyzed by  Mfllipore filtration as explained m the t ex t  Each poin t  represents  the mean 
-+- S.D of duplicate de terminat ions  of three separate  exper iments  

nmoles Ca 2+ bound/rag membrane protein 

I m M  Ca 2+ 3 m M  Ca 2+ 

Control 29 -¢- 5 51 -¢- 3 
ATP, o 3 mM 14 4- i 65 -I- 3 
ADP, o 3 mM 29 4- 3 59 -V 4 
AMP, 0. 3 mM 28 4-4- I 50 4-4- 7 
Cyclic AMP, I mM 58 + 3 94 4- 4 
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seemed of interest  to see if cyclic AMP influenced calcium b inding  to the membrane .  
I t  can be seen in Table IV tha t  cyclic AMP increased calcium binding at bo th  the 

I mM and  3 mM level of calcium in the medium. 
The results of Scatchard analyses of the effect of cyclic AMP on calcium binding 

over a wide range of calcium concentra t ion showed tha t  the main  effect of cyclic AMP 
was to increase the number  of low affinity sites. At an added Ca 2÷ concentra t ion of 
I.O raM, I.O mM cyclic AMP increased the amoun t  of Ca 2+ bound  to the membrane  
by  IOO %. At 3 mM Ca 2+ the increase was 86 %. Scatchard analysis showed tha t  
cyclic AMP increased the n u m b e r  of high affinity sites from 22 to 30 nmoles of CaZ÷/mg 
membrane  protein and increased the number  of low affinity sites from 12o to 240 

nmoles of Ca~÷/mg membrane  protein 

The effect of  enzymatic mod,ficatwn of the membrane on calcmm banding 
The effect of  proteolytic enzymes. To determine which components  in the plasma 

membrane  were involved in the binding,  the effect of t reat ing the membrane  with 
various modifying agents was observed. Proteolytxc hydrolysis of the plasma mem- 
brane  by  chymotrypsln ,  t rypsin  or Pronase produced a 14-2 5 % decrease in the 
amoun t  of Ca ~+ bound  (Table V) when the added calcium concentrat ion was 5 o mM. 
These enzymes had no effect when the added calcium concentrat ion was I.O mM. 
Benedet t i  and  Emmelo t  16 found tha t  when liver plasma membranes  were t reated 
with t rypsin,  the overall thickness of the tr i lamellar  membrane  was reduced from a 
normal  value of 8o A to about  6o A. I t  would appear tha t  the decrease in Ca ~+ b inding 
to the plasma membrane  after proteolytic hydrolysis is due primari ly to a s t ructural  

modification of the membrane  system 
The effect of  neuram~n~dase Since the carboxyl groups of neuraminlc  acid 

residues are possible b ind ing  sites for Ca ~+, the effect of their removal  by  neuramini -  
dase was studied. The results are shown in Fig. 6. A 26 % decrease in Ca 2+ b inding 
was observed. Scatchard plot analysis of these results revealed tha t  the mean  n u m b e r  
of high affinity b ind ing  sites decreased only slightly from 22 to 18 nmoles of Ca2÷/mg 
membrane  protein. The low affinity b inding  sites decreased in number  from 12o to 74 

TABLE V 

EFFECT OF PROTEOLYTIC ENZYMES ON CALCIUM BINDING TO THE PLASMA MEMBRANE 

Membranes (2- 3 mg protein) suspended in 4 o ml of o I M Trls-HC1 buffer (pH 7 5) were pre- 
incubated with ioo big of either trypsin, chymotrypsin or Pronase for 45 mm at 37 °C The 
proteolytlc enzyme was omitted in the control samples The mixtures were centrifuged and the 
pellets washed with Tns-HC1 buffer and recentrlfuged The resulting pellets were resuspended 
in 4 o ml of Tris-HC1 buffer Ahquots of the membrane suspensions (60-80/~g protein) were 
incubated with either I mM or 5 mM CaC12 containing 5 /*CI of ~Ca Binding was determined 
by Mxlhpore filtration as explained m the text Each point represents the mean 4- S D of duphcate 
determmataons of three separate experiments 

nmoles Ca 2+ bound/rag membrane protezn 

I mM Ca 2+ 5 mM Ca ~+ 

Control 29 i 5 53 4- 2 
Trypsin 32 + i 41 4- 3 
Chymotrypsm 25 4- 3 46 4- 2 
Pronase 26 4- i 4 ° 4- i 
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nmoles/mg membrane  protein. The tota l  decrease in Ca 2÷ b inding sites by  neurammi-  
dase t r ea tmen t  was 50 nmoles/mg membrane  protein. This corresponds closely to the 
amoun t  of neuraminic  acid (51 nmoles/mg membrane  protein) shown to be present  in  
the plasma membrane  1°, a l though only 7 ° % of the total  neuraminic  acid residues 
are susceptible to neuraminidase.  This finding indicates tha t  the carboxyl  groups of the 
neuraminic  acid residues play an impor tan t  role in Ca 2+ b inding to the plasma mem- 
brane  and  tha t  the major  par t  of these carboxyl  groups are available for binding.  

The effect of phospholipases. The role tha t  phospholipids play in b ind ing  Ca 2+ 
to the plasma membrane  was invest igated by  the use of phospholipases AI, C, and  D. 
Fig. 7 shows tha t  phospholipase D was effective in increasing (by 34 %) Ca2+ binding,  
while the phospholipase C caused a 49 % decrease in the amoun t  of Ca 2+ bound.  Since 
phospholipase D cleavage results in the formation of phosphatidic acid, the resu l tan t  
polar phosphate group is capable of b inding  Ca 2+. Phospholipase C, however, removes 
the entire polar head of the phospholipid and  would be expected to decrease the 
n u m b e r  of b ind ing  sites available to Ca 2+. Scatchard plot analysis (Table VI) revealed 
tha t  phosphohpase C t r ea tmen t  of the membranes  reduced the extrapolated m a x i m u m  
tota l  n u m b e r  of Ca 2+ b inding  sites from 142 to 38 nmoles/mg membrane  protein. I t  

t /~ CONTROL f CONTROl. 
501 ,. ~ 50- 

qEM~NIDASE 
~, 30t ~-~ 30- 

/ c 
~2o ~ 2o- t loJ S lo- 

O~' , 0" " w , , 

Fig. 6. The effect of neurammldase on calcium binding. Membranes (2-3 mg protein) suspended 
in 4 o ml of o 1 M Tris-HC1 buffer (pH 7 5) were preincubated with 1o units of neurannmdase 
and i mM CaC12 for 45 min at 37 °C. Neurarmmdase was omitted an the control samples. The 
mixtures were centrifuged and the pellets washed with 4 ml of Trls--HC1 buffer containing i mM 
EDTA and recentnfuged, The resulting pellets were resuspended in 4 o ml of Tris-HCl buffer. 
Allquots of the membrane suspension (6o-8o #g protein) were incubated with varying concen- 
trations of ~CaC12 (o 5/~C1) for 1o iron at 37 °C and then analyzed by Milhpore filtration. Each 
point represents the mean of duplicate determination of three separate experiments 

Fig 7 The effect of phospholipases on calcium binding. Membranes (2- 3 mg protein) suspended 
in 4 oml of o.1 M Tris-HC1 buffer (pH 7 5) were preincubated with 2oo/~g of either phosphollpase 
C, D or A 1 for 45 mm at 37 °C as explained in the text Phosphohpase was omitted in the control 
samples. The rmxtures were centrifuged and the pellets washed with 4 o m l  of Tris-HC1 buffer 
and recentrifuged. The resulting pellets were resuspended in 4,0 ml of Trls-HC1 buffer. Ahquots 
of the membrane suspensions (60-8o/~g protein) were incubated with varying concentrations of 
46CaC12 (o.5/,Ci) for io min at 37 °C and then analyzed by Mlllipore filtration Each point repre- 
sents the mean of duphcate determinatmns of three separate experiments 
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has been shown that  isolated rat liver plasma membranes contain about 780 nmoles 
of total phospholipid P per mg of protein 1°. The acidic phospholipids account for 
approximately 35 % of the total phospholipids 17 or approximately 27 ° nmoles of 
phospholipids/per mg of protein. I t  appears that not all of these acidic phospholipids 
in the membrane are available for binding Ca 2+ since phospholipase C reduced the 
maximum number of Ca 2+ sites by approximately zoo nmoles/mg membrane protein, 
and moreover the maximum total number of Ca 2+ binding sites is 142 which is close to 
half the 270 nmoles of acidic phospholipids/mg of membrane protein. This might 
suggest that in part each Ca 2+ forms an ionic bridge with two phospholipid molecules. 

T A B L E  VI 

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

The figures were ext rapola ted  graphically from the intercepts  on the ordinate and abscissa of 
the linear por t ions  of the Scatchard plots derived from the da ta  presented in Fig 7. Mean values 
are shown in the table. 

Prior treatment Number of Assocmtwn 
b,nd,ng sites constant 

(l/mole) 

None 2 2  4 OO" I O  3 

1 2 0  3 1 7 "  IO= 

Phosphohpase  D 24 2 92" lO 3 
136 4 4 I" lO2 

Phosphol ipase  A 18 4 I7" IO3 
90 6 56. lO 2 

Phosphohpase  C 4 i 60. io 4 
34 i oo. io 3 

T A B L E  V I I  

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

Membranes  (2-  3 protein) suspended in 4.0 ml of o.i  M Tris-HC1 buffer, p H  7 5, were incubated 
for 45 min a t  37 °C wi th  the  test  agent  a t  the concentrat ion given in the table The chemical 
agents  were omi t ted  i n  the  control  samples.  Acetate  buffer, o 2 M (pH 5 o) was subs t i tu ted  for 
Trls buffer when  test ing azobenzenesulfenylbromlde The mix tures  were centrifuged and the pellets 
washed wi th  Tras-HC1 buffer and recentrifuged. The resul t ing pellets were resuspended in 4.o ml 
of TrIs-HC1 buffer Ahquo t s  of the membrane  suspensions (6o-80 #g  protein) were Incubated 
wi th  5 mM CaC12 containing 45CaC12 (o 5/At1) for IO mln a t  37 °C and then  analyzed by  Mfllipore 
filtration as explained In the  tex t  Each  poin t  represents  the  mean 4- S.D of duplicate determi-  
nat ions  of three separate  exper iments  

Agent added nmoles Ca 2+ bound/rag 
membrane prote*n 

None, control 53 4- 2 
5,5-Dlthlobis-2-nltrobenzolc acid, I mM 60 ± 4 
Iodoacetamxde, i mM 7 2 4- 2 
Azobenzene-2-sulfenylbromlde,  io  mM 78 q- 2 
p-Chloromercur ibenzoate ,  o I mM 72 + z 
Mercaptoethanol ,  o i mM 75 i 4 
Succinlc anhydride,  o 5 mM 6i ! 2 
Phenylmethylsulfonylf luorlde,  o.I  mM 66 + 2 
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E~ect of chemical agents on calcmm binding 
The effects of SH agents and acylating agents on calcium binding are shown in 

Table VII.  These agents had little or no effect on calcium binding at calcium concen- 
trations of less than I mM but increased Ca 2+ binding at 5.0 mM calcium. The percent 
increase varied from 24-47 %. 

E Bect of detergents on calcmm binding 
The effects of three detergents, triton, lubrol and sodium dodecyl sulfate on 

calcium binding are shown in Fig. 8. Sodium dodecyl sulfate markedly increased 
calcium binding. Triton gave nearly a 3-fold increase whereas lubrol did not influence 
calcium binding. These detergent effects are believed due in part  to masking or un- 
masking phospholipids in the membrane, or In the case of sodium dodecyl sulfate, 
the incorporation of this anionic detergent in the membrane. 

400" I SODIUMSULFATE DODECYL ~ 200- 

).~ TRITON 
 ,oo. ¢ 

0 ~~, , 
-50 -40 -30 -20 

Fig  8 The  effect of de t e rgen t s  on ca lc ium binding .  M e m b r a n e s  ( 8 o - l o o  p g  protein)  were s u s p e n d e d  
in i o ml  of o i M Tr ls -HC1 buffer  (pH 7.5) con ta in ing  o . 1 %  of e i ther  T r i t on  X-Ioo,  s o d i u m  
dodecyl  sul fa te  or Lubro l  P X  The  m e m b r a n e  suspens ions  were d ia lyzed  to e q u i h b r m m  for 42 h 
a t  5 °C aga in s t  ident ica l  d e t e r g e n t - b u f f e r  so lu t ions  w i th  va ry ing  concen t r a t i ons  of CaC12 con-  
r a in ing  i o #C1 of 45Ca T he  cont ro l  s amples  were ident ical  excep t  t h a t  t h e  de t e rgen t s  were o m i t t e d  
E a c h  po in t  r ep resen t s  t he  m e a n  ! S.D. of dup l i ca te  d e t e r m i n a t i o n s  of t h ree  s epa ra t e  expe r imen t s .  
E x p e r i m e n t a l  detaxls are  g iven  in t he  tex t .  

DISCUSSION 

Isolated plasma membranes bind a considerable amount of Ca *+ without the 
intervention of metabolic energy. The binding of Ca 2+ is a fairly rapid process which 
is influenced by pH and ionic strength but not affected appreciable by temperature 
m the range of 0-37 °C. The biphasic nature of the Scatchard plot of the Ca *+ binding 
data indicates the presence of two classes of binding sites with different affinity 
constants. The high affinity sites for Ca 2+ (K~soe = 4.0" lO 3 M-l) were small in number 
accommodating 22 nmoles of Ca2+/mg membrane protein, while the low affinity sites 
(Kassoe  = 3.2" 102 M-l) were greater in number accommodating 120 nmoles of Ca2+/mg 
membrane protein The possibility of some cooperative interaction between the two 
classes of sites or that  another set of binding sites with an intermediate affinity exists 
could not be excluded. A small number of very high affinity sites also cannot be 
excluded since Ca 2+ binding was not studied below I0 -s M. 
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Competition studies with various cations revealed that  the monovalent ions, 
K÷ and Na t ,  did not compete with Ca 2+ for the binding sites on the plasma membrane. 
Mg 2+, however, was capable of decreasing the amount of Ca ~+ bound to the membrane. 
Mg 2+ did not alter the binding of Ca 2+ to the high affinity sites; but, the number of 
low affinity Ca ~+ binding sites was decreased from 12o to 46 nmoles Ca~+/mg mem- 
brane protein. 

Since the binding of Ca 2+ by the plasma membranes exhibited saturation 
kinetics and was influenced by  the presence of other cations, the plasma membranes 
appeared to be capable of behaving as ion exchange membranes. These properhes 
of Ca 2+ binding to the plasma membrane resemble the metabolism-independent 
binding of Ca ~+ to other membranes. Gent et al. 7 have demonstrated that  45Ca*+ was 
adsorbed to the red cell membranes in a manner dependent on the pH and ionic 
strength of the surrounding medium but independent of any metabolic process since 
neither cooling, dinltrophenol, ouabain, or hydrocortisone altered the binding. Liver 
cell mlcrosomes have also been shown to behave as ion exchange membranes s. 
Reynafarje and Lehnlnger 5 have shown that  rat  liver mitochondria, in which respira- 
tion is inhibited by antimycin A and rotenone, possess two major classes of Ca 2+ 
binding sites. Three types of Ca 2+ binding rotes have been distinguished on membranes 
of the sarcoplasmlc reticutum 6. Therefore, it would appear that  Ca *+ can bind to both 
external membranes of cells and membranes of subcellular organelles in the absence 
of metabolic energy. 

The presence of ATP was shown to decrease Ca *+ binding at the lower Ca 2+ 
concentration range. When the added Ca ~+ was above I.O mM the effect produced by 
ATP was reversed, resulting in an increase in Ca ~+ binding. Thus ATP (and ADP) 
appear to alter the membrane structure such that  more binding sites are made avail- 
able. Some of the groups may  be phospholipld polar moieties. ATP has been shown 
to behave like EDTA in reducing the divalent cation binding of liver microsomes is. 
The interaction of Ca 2+ with ATP may  provide a mechanism by which Ca 2+ facilitates 
the regulation of membrane structure and function. Abood 19 has proposed the exis- 
tence of a l ipoprotein-Ca-ATP complex which regulates the permeability charac- 
teristics of nerve membranes. 

At I mM cyclic AMP, the measured Ca 2+ binding was increased by IOO %. 
Since cyclic AMP caused a 2-fold increase in the extrapolated maximum number of 
low affinity binding sites, it would appear that  the nucleotide m some manner induced 
a conformational change over a relatively large portion of the membrane resulting in 
a modification of the Ca ~+ binding pattern.  Kafka  and Pak 2° have shown that  cyclic 
AMP was capable of facilitating the adsorption of Ca 2+ to monomolecular films of 
monooctadecyl phosphate. The physiological significance of the effect of cyclic AMP 
on the plasma membrane binding pat tern is questionable since the concentration 
required to alter the Ca 2+ binding was high. Cyclic AMP may  make available certain 
masked polar groups of phospholipids in the plasma membrane. The total number of 
extrapolated binding sites for Ca *+ in the presence of IO -a M cyclic AMP is 270 
nmoles/mg membrane protein, a number identical to the 270 nmoles of acidic phos- 
pholipids present per mg membrane protein. 

Three molecular components of the plasma membrane, i .e .  proteins, phospho- 
lipids and neuraminic acid are capable of binding Ca ~+. Structural integrity of the 
plasma membrane was essential for optimal Ca ~'+ binding since both proteolytic and 
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lipolytic alteration of the membrane resulted in a decrease in the amount of Ca ~+ 
bound. Of the total Ca 2+ extrapolated maximum binding sites (142 + 16 nmoles/mg 
membrane protein), acidic phospholipids account for approximately IOO nmoles/mg 
membrane protein while neuraminic acid residues account for approximately 50 
nmoles/mg membrane protein. The phospholipids account for sites with low binding 
affinity. Long and Mouat ~1 have shown that  the binding of Ca ~+ to erythrocytes 
decreased linearly with the removal of N-acetylneurammic acid by neuraminidase. 
Palmer and Posey z2 have demonstrated that phospholipase C-pretreated renal micro- 
somes bound 4 ° to 60 % less Ca ~+ than untreated membranes. The results also sug- 
gested that  Ca 2+ binding to membrane proteins was relatively small in comparison 
to Ca ~+ binding to acidic phospholipids and neuraminic acid residues. Koketsu et al. 2s 

have shown that when membrane fragments capable of binding radioactive Ca 2+ 
were extracted by organic solvents the protein-containing residue would not bind 
Ca 2+, whereas the extracted lipids did bind Ca 2+. 

The binding of calcium to the liver plasma membrane can be contrasted to the 
binding of calcium to calsequestrm as reported by MacLennon and Wong 24. Calseque- 
strin, a protein isolated from rabbit sarcoplasmic reticulum, has a molecular weight 
of 44000 and binds 43 nmoles Ca2+/mole protein or 97 ° nmoles/mg protein. The 
binding constant for Ca z+ is 2.5" lO 4 M -1. The pH profile for binding shows a relatively 
small but  steady increase from pH 6.0 to 9.0 One type of binding site was observed. 
In our studies on the plasma membrane, there are at least two types of binding sites 
for Ca z+, the pH profile shows a peak between 7.8--8.0, and binding constants are 
slightly smaller. In our membrane system phospholiplds and neuraminic acid (not 
proteins) are quantitatively more important for binding Ca 2+. 

Inasmuch as the neuraminic acid residues are exposed on the membrane and 
that  proteins do not play a major role in binding, one must conclude that  phospho- 
lipids are the important components which bind Ca 2+ but a large number of these 
acidic phospholipids are masked. Therefore those agents such as nucleotides (ATP, 
ADP, AMP, cyclic AMP), SH agents, and certain detergents which increase Ca 2+ 
binding probably do so by unmasking these phospholipids or in the case of sodium 
dodecyl sulfate this detergent may become incorporated into the membrane and 
convert it to a highly anionic form w a  its sulfate groups which can bind Ca 2+ ions. 

In a previous publication ~5 we reported the phosphorylatlon of the plasma 
membrane by the cyclic AMP-dependent protein kinase and showed that the phos- 
phorylated membrane bound more calcium than the control membrane. I t  was 
further demonstrated that  glucagon and epinephrine could substitute for cyclic AMP 
for stimulation of the protein kinase phosphorylation of the plasma membrane since 
these hormones are capable of stimulating the membrane-bound adenyl cyclase which 
produces cyclic AMP. 

Another action of hormones on the plasma membrane is to modify the binding 
of Ca 2+. I t  was observed ~6 that  glucagon, epinephrine and hydrocortisone at levels 
of IO -s M increased the binding of calcium to plasma membranes whereas insulin 
decreased calcium binding. ATP at 0.3 mM inhibited the effects of epinephrine, 
glucagon and hydrocortisone and reversed the effect of insulin on calcium binding. 

These observations indicate that  hormones may modify the membrane structure 
and function by influencing directly the amount of bound calcium or by acting 
indirectly through adenyl cyclase and protein kinase to convert the membrane to a 
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p h o s p h o r y l a t e d  s t a t e  w h i c h  h a s  g r e a t e r  b i n d i n g  c a p a c i t y  for  Ca  ~+. T h e  low c a l c i u m  

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

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