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SUMMARY 

Measurements  have been made  of the b ind ing  of rad ioac t ive  Ca ̀ '~ to uni-  
molecular  films of purified phospha t idy l se r ine  and  phospha t idy l inos i to l  at  various 
film pressures. Three  theoret ica l  t r e a tmen t s  based on the mass equat ion  have been 
appl ied  to the  expe r imen ta l  d a t a  to eva lua te  the b ind ing  of Ca ̀ '+ in terms of Ka,  the  
a p p a r e n t  associat ion cons tant ,  and  ,~z, the fract ion of phosphol ip id  molecules ac t ing 
as b ind ing  sites for a Ca z+. 

At  low tihn pressures (or low charge densities) the  b ind ing  of Ca ̀ '+ follows the 
mass  equat ion.  Devia t ions  from the mass equat ion are observed with  increasing film 
pressure (charge densi ty)  and  are a t t r i b u t e d  to e lec t ros ta t ic  in terac t ion  between 
ad jacen t  b ind ing  sites. The ra t io  of Ca`' ~ bound/ l ip id  reaches a m a x i m u m  at about  
3o dynes /cm when the spacing between phosphol ip id  molecules is most  favourable  
for two-poin t  e lec t ros ta t ic  a t t a c h m e n t  of Ca ~ .  Ca ~ bound  to phospha t idy lse r ine  and  
phospha t idy l inos i to l  form a Stern layer  and  do not  pene t ra te  in to  the  plane of the 
Gouy  potent ia l .  

INTRODUCTION 

Phosphol ip ids  are i m p o r t a n t  cons t i tuents  of cell membranes ,  and  one of thei r  
charac ter i s t ic  proper t ies  is thei r  ab i l i ty  to in te rac t  wi th  me ta l  ions. I t  is well known 
tha t  phosphol ip ids  such as cephalinL phosphoinos i t ides  ~-5, gangliosides2,6, 7, phos- 
pha t id i c  acid2,8, 9 and  phospha t idy l se r ine  2,~,l°,u have a high affinity for bo th  Ca ̀ '+ 
and  Mg ̀'~ . The b ind ing  abi l i t ies  of phospha t idy lse r ine  and phospha t idy le thano lamine  
tot  Ca e ~ have been re la ted  by  RoJAs axD TOBias ~ '̀ to the  ioniza t ion  of their  polar  
head  groups.  Previous  work b y  HAUS~R aXD DAWSON z on the adsorp t ion  of Ca z+ to 
phosphol ip id  monolayers  a t  high film pressures has shown tha t  the  b inding  of Ca R+ 
depends  on the surface-charge character is t ics  of the phosphol ip id  monolayer  and  the 
chemical  s t ruc ture  of the  phosphol ip id  molecule ma t t e r s  only  to the  ex ten t  to which 
i t  de te rmines  the number  of ne t  charges per molecule. The surface charge of phospho-  
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lipids is significant in relation to cell adhesivenessla, ~, to the action of phospho- 
lipases ~.,~, to the mechanism of blood coagulation ~ and many  other important  
properties of biological membranes. These physiological activities are known to be 
remarkably influenced by  the presence of metal  ions interacting with the phospholipid 
surface. 

In this paper we study the adsorption of Ca "+ on phospholipid monolayers of 
pure phosphatidylserine and phosphatidylinositol and its variation with surface- 
charge density or film pressure assuming full ionization of the phospholipid at the 
pH used~m. With the monolayer technique the packing of the molecules can be 
readily controlled and thus the surface-charge density is known accurately. 

METHODS 

A polytetrafluoroethylene trough (Fluon, I.C.I.) of dimensions 2o cm × 4.5 cm × 
o.8 cin was used. I t  was stirred by a glass-sheathed steel stirrer which was moved by a 
reciprocating magnet underneath the trough. Phosphatidylinositol dissolved in chloro- 
form-methanol  (~:~, v/v) and phosphatidylserine dissolved in chloroform-light 
petroleum (~:~, v[v) were spread on the surface from a micrometer syringe 
(Agla, Burroughs Wellcome). The surface pressure was adjusted by moving a teflon 
barrier and measured by means of a Wilhelmy dipping plate made from half a micro- 
scope cover slip suspended from the arm of a torsion balance. The molecular areas 
were reproducible to ± 5% a t  IO dynes/cm, at higher pressures the experimental 
error decreased to ~ 2 %. The molecular areas were lower by up to 3 % when deter- 
mined on the Flt!on trough described above as compared with areas determined on a 
conventional Langmuir trough (area = 3oo cm2). 

The Ca ~+ adsorption was measured by  using ~aCaCle (Radiochemical Centre, 
Alnersham, England). Aliquots of ~CaC12 (o.154 mg ~Ca~+/mC) were added to the 
trough which had been filled to the brim with distilled water. The water was deionized 
before double distillation, the average pH of which was 5.5. The increase in radio- 
act ivi ty due to the adsorption of Ca 2+ from the bulk phase to the mono!ayer was 
detected by a gas-flow counter with a large window (6. 5 cm X 1.2 cm) covered with a 
sheet of 6-/x-thick polyethyleneterephthalate plastic (Melinex I.C.I.) Is. The pulses 
were integrated in an Ekco ratemeter (over 20 sec) and continuously recorded with a 
pen recorder. 

In order to relate the surface radioactivity to the number of Ca ~+ per cm ~ two 
i -ml  samples of the bulk phase were evaporated on planchettes and counted with a 
gas-flow counter, the first one before spreading the phospholipid and the second one 
after  spreading the phospholipid 9n ~the snrface of the trough. If we define the ratio 

c o u n t s / r a i n  f r o m  I m l  w i t h o u t  f i lm 
/ .=  

counts/min from ~ ml with film 

then 

ECa'~+~s = [Ca2+~total [Ca')+~t°tal[ - -  [Ca2+~total I - -  ~ 

where [Ca"+?s = total  amount of Ca 2+ adsorbed to the monolayer; [Ca~+~total = 
amount  of Ca l+ added to the trough. The increase in surface radioactivity above the 
background was directly proportional to the amount  of ICa2+ls, or the amount  of 
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Ca ~+ bound to i cm e of monolayer  (Fig. I). The reduction of the original background 
caused by  the adsorption of Ca ~+ on the film was considered to be too small to make a 
correction necessary. The characteristics of the curve preclude any  possibility of 
contaminat ing Ca ~+ or other divalent ions affecting the results appreciably. 
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Fig. L Increase in sur[ace rad ioac t iv i ty  above the  background as a funct ion  o[ [CaS+]s, the  total  
amoun t  of Ca ~+ adsorbed to phosphat idylser ine  and phosphat idyl inos i to l  monolayers  of 32. 4 and 
3L5 dynes/cm, respectively. 

MATERIALS 

Phosphatidylinosi tol  was prepared from frozen peas by a method developed 
in R.M.C. Dawson 's  laboratory and based on methods described by ROUSER et al. 1~ 

and ANSELL AND HAWTHORNE ~0. Phosphatidylserine was a gift from Mr. N. Miller. 
Bo th  phospholipids were converted to the sodium salts. Thin-layer chromatography  
and alkaline degradat ion indicated tha t  both  were pure. 

RESULTS 

The experimental  da ta  are analysed in terms of apparent  association constants,  
K A ,  for the reaction Ca 2+ + Lip ~ Ca2+s (Ca2+s referring to Ca 2+ adsorbed on the 
surface) and n, the fraction of phospholipid molecules act ing as binding sites for Ca ~+ 
at a given film pressure. The various methods used for calculating KA and n based 
on the application of the mass equation in the form 

[Ca~+]~ 
KA - -  (,) 

[Ca2+] f[Lip]t 

where [Ca*+], -= Ca ~+ concentrat ion in the bulk phase; [Lip]t = concentrat ion of free 
binding sites in the surface~ and since [Ca*+]t = [Ca*+],o,al - [Ca~+]s 

[Lip] t  = n [ L i p ] t o t a l -  [Ca2÷]s 

where [Lip]total --~ total  number  of lipid molecules spread on the surface, hence 

[Ca~+]~ 
KA = (2) 

( [ C a 2 + ] t o m l -  [Ca2+]s) ( n [ L i p ] t o t a l -  [Ca2+]s) 

Three theoretical methods are used for analysing the experimental  da ta  in 
terms of K~ and n and we shall number  them I, I I  and I I I .  
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Me~hod I 
The adsorption of Ca ~+ expressed in counts/sac onto monolayers of phosphatidyl- 

serine and phosphatidylinositol of various film pressures is shown in Fig. 2. For 
comparison the pressures of corresponding monolayers of phosphatidylserine and 
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Fig. 2. B ind ing  of Ca ~+ onto  mono laye r s  of phospha t i dy l s e r i ne  and  phospha t idy l inos i t o l  of var ious  
film pressures  as a func t ion  ot t he  to ta l  a m o u n t  of Ca ~+. The  Ca a+ b o u n d  is expressed  in counts /sec ,  
the  to ta l  concn,  of Ca ~+ in /~M. ® - - ® ,  p h o s p h a t i d y l s e r i n e  a t  7 d y n e s / c m ;  0 - - 0 ,  p h o s p h a t i d y l -  
serine a t  32-4 dyne s ] cm;  ~ - - ~ ,  p h o s p h a t i d y l s e r i n e  a t  col lapse pressure ;  * - - * ,  phospha -  
t idy l inos i to l  a t  ~o d y n e s / c m ;  (?)--@, phospha t i dy l i nos i t o l  a t  31.5 d y n e s / c m ;  / ~ - - ~ ,  p h o s p h a -  
t idy l inos i to l  a t  collapse pressure .  

Fig. 3. L a n g m u i r - t y p e  plot.  The  ra t io  of the  to ta l  a m o u n t  of Ca ~+ to t he  a m o u n t  of Ca 2+ b o u n d  a t  
va r ious  fihn pressures  is p lo t ted  as a func t ion  of the  to ta l  a m o u n t  of Ca 2+ p resen t  in/~M. ® - - ® ,  
phospha t i dy l s e r ine  a t  7 d y n e s / c m ;  * - - * ,  phospha t i dy l i nos i t o l  a t  lO d y n e s / c m ;  @ @, p h o s p h a -  
t idyl inos i to l  a t  31.5 dynes [cm;  ~ - - ~ ,  phospha t idy l inos i to l  a t  collapse pressure.  

phosphatidylinositol are chosen from the respective force-area curves so that they 
possess approximately equal spacing between the phospholipid molecules. With all 
films increasing amounts of Ca ~+ are adsorbed with increasing Ca t+ concentration 
in the bulk phase, the relation, however, is not linear, but resembles rather a Langmuir 
adsorption isotherm. 

Rearranging Eqn. 2 leads to 

n ELip~ total [C a~ +1 total 
[Ca~+~s = (3) 

I/KA + n[Lip] to ta l  + ECa2+]total 

since, as a first approximation, [Ca~+Js~ is small compared with the other terms. 
Since KA, n and [Lipltotal are constant Eqn. 3 is equivalent to a Langmuir adsorption 
isotherm as derived originally for the adsorption of gas on solid surfaces. If the ex- 
perimental data conform with a Langmuir-type adsorption isotherm as derived in 
Eqn. 3 a straight line should be obtained plotting [Ca~+!total/[Ca2+!s against [Ca2+ltotal. 
Straight lines result for the adsorption of Ca ~+ on phosphatidylserine and phospha- 
tidylinositol monolayers of various film pressures (Fig. 3), although some deviations 
occur at high film pressures and higher values of ~Cae+~total (Fig. 3, Curves a and b). 
Under these circumstances the assumption that [Ca~+~s~ is small is no longer valid. 

Values for KA and n can be obtained from the slope and intercept of the straight 
lines, respectively. For a phosphatidylserine monolayer of 7 dynes/cm, KA = 1.46" lO 7 
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and n = o.297 ; for a phosphatidylinositol  monolayer  of Io  dynes/cm, KA = 2.97" IO v 
and n = 0.278. 

At higher film pressures greater deviations in the K ,  and n values are observed 
as compared with the values obtained with either of the following methods. For 
instance n from the slope of Curves b and a (Fig. 3) amounts  to 0.724 and 0.62 for the 
adsorption of Ca ~+ on phosphatidylinositol  monolayers  of collapse pressure and 31. 5 
dynes/cm, respectively. The n values are considerably higher than the corresponding 
values obtained from the other methods used. 

Method I I  
The direct application of the mass equation in the form of Eqn. 2 to the ex- 

perimental  da ta  is not  possible even if ICa2+~tota~, ICa2+~s and ILip~total are known 
from the experiment because Eqn. 2 contains two unknown quantities, KA and ~z. 
Using a similar mathemat ica l  t rea tment  to tha t  of MILDVAN AND COHN m who 
examined the interaction of Mn z+ with bovine serum albumin, and solving Eqn. 2 for 
[Ca~+ls and dividing by  [Ca2+ltotal ,  w e  get Eqn. 4. 

[Ca2+]s ( I / K A  + ECa2+]total --  n[Lip]total)  ± 

[Ca 2 +] total - -  2 [Ca 2 +] tot al 

~ ~ / ( I / K a  .4- [Ca2+]total + n[Lip]tota])  2 - -  4[Ca2+ltotaln[Lip]tota  ~ 
(4/ 

~ ECa"+~tot~l 

As [Ca2+qmtnl + zero the expression [Ca2+~s/[Ca2+]total  becomes indeterminate.  
Del 'Hospi tal ' s  rule can be applied to Eqn. 4. By  differentiation of both numer- 

a tor  and denominator  of Eqn.  4 with respect to [Ca2+~total we obtain Eqn. 5 

[Ca 2+] s n [Lip]  total 
l i ra  - (5) 
[Ca2+jtotal--~ 0 [Ca2+]total I /KA ~1- n[Lip]tota~ 

Generally the amount  of Ca z+ bound on a phospholipid film in the limit of [Ca2+itota~ 
-> o varies from none to all, depending o n  I / K  A = K D (dissociation constant) and 
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Fig. 4. Var ia t ion  of t he  ra t io  of Ca ~+ b o u n d / t o t a l  ~ m o u n t  of Ca ~+ wi th  t he  to ta l  Ca ~+ conch.  
expressed in ~M. The  curves  are ex t r apo la t ed  ~o [Ca2+~/total ~ o .  @ ~ ,  phospha t idy l se r ine  a t  
7 d y n e s / c m ;  ~ ,  phospha t i dy l s e r ine  a t  3~.~ d y n e s / c m ;  * ~ $ ,  phospha t idy l inos i to l  a t  io 
d y n e s / c m ;  x ~ x ,  phospha t idy l inos i to l  a t  ~z.5 d y n e s / c m ;  ~ ,  phospha t idy l inos i to l  a t  3~.5 
dynes /cm.  
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n iLip]total. F rom Eqn.  5 we see that  all the Ca ~+ is bound  as ~CaZ+]totel --> o if the 
number  of binding sites n[Lip]total is large compared with KD. In  Fig. 4 [CaZ+]s/ 
[Ca2+~ total is plotted as a function of [Ca ~+] total. The lira [Ca~+] total -->- O [Ca2+ls/[Ca2+l  total 
is obtained by  extrapolat ion of the curve to ~Cae+]total ---> O. 

TABLE I 

F i l m  P r e s s u r e  n I~A × lO -7 
(@nes/cm) 

Phosphatidylserine 7 0.25 1.46 
Phosphatidylinositol i o o.25 2.4 
Phosphatidylinositol 12.5 0.27 2.51 
Phosphatidylserine 32.4 o.46 1.89 

Both Eqns. 2 and 5 can be solved for KA and n. Values of KA and n for phospha- 
tidylserine and phosphatidylinositol  monolayers of various pressures are listed in 
Table I. 

I t  can be seen from Fig. 5 tha t  the KA values are concentrat ion dependent.  The 
values in Table I have been obtained by  extrapolat ion to ECa~+ls/~Lipltota~ --> o. 
Because at collapse pressure lim [Ca2+~ total ~ >  O ~Ca~+~s/ICa~+~tota~ cannot  be determined 
u n a m b i g u o u s l y ,  KA values for collapse pressure are not  included in Table I. 

Eqn.  2 can be rearranged to give Eqn. 6 (ref. 22). 
0 

- -  [CA2+]IKA (6) 
I ~  0 

where ~ ~ ~CaZ+~s]n~Lip~tota, ~ (number of ions bound)](number of binding sites). 
The association constant is given by KA ~ e-~d~T, where 2G 0 is the stan- 

dard free energy change of the reaction. 2G 0 can bc resolved into an electrostatic, 
polarization and Van der Waals term ~. 

- - A G o = - - Z ~ s  + 2p + W (7) 

B 

- ~  

~ ~ ~ 
~ ~ 
~ ~ 

. 

~ I I ~ o ~  I I I I 
OA 0 . 2  r O.B o ~  OA o .~  O B  o . ~  

Fig. 5. Variation of the apparent association constant K~ with r = Ca ~+ bound (ions/cm~)/total 
amount of phospholipid in the surface (molecules/cm~). Ka  values for monolayers of phosphatidyl- 
serine of various film pressures: @ ~ @ ,  7 dynes/cm; ~ ,  3e.4 dynes/cm; ~ ,  collapse 
pressure. K~ values for monolayers of phosphatidylinositol of various film pressures: * ~ * ,  
~o dynes/cm; @ ~ @ ,  3L5 dynes]cm; ~ ,  collapse pressure. 
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where Z = va lency of the  me ta l  ion;  e = electronic charge;  ~os = poten t ia l  in the 
plane of the  first layer  of counter ions  (Stern potent ial)  ; ;tp = energy of polar iza t ion;  
W = Van der Waals  energy.  

In t roduc ing  KA = e-,~a,,/~T and using Eqns.  7 and  6 one obta ins  Eqn. 8. 
This resembles  the  Stern equat ion and  enables us to calculate  ~0s. 

0 2~ + W --Ze~#s 
log - - - -  - -  log [Ca'-'+]r - (8) 

I -  0 2.3kT 2.3kT 

k ~ Bol tzmann  cons tan t  and  7' = absolute  t empera ture .  The value 24 for ( ~  + W)/kT" 
is t aken  as 9.3 6 (see later) and  so ~os can be obta ined.  The Stern  potentialvos is p lo t ted  
in Fig. 6 as a funct ion of !CaeV~s/!Lip~'totai - -  r. 
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Fig. 6. Variat ion of the Stern potent ial  ~Vs calculated from Eqn.  8 ~vith the anlount  of Ca '~ bound. 
The amoun t  of Ca ~+ bound is expressed as r = Ca ~+ bound/ to ta l  amoun t  of phosphol ipid in the 
surface. @---@, phosphat idyl inosi tol  at 31. 5 dynes/cm; ~ - - ~ k ,  phosphat idyl inosi tol  at  collapse 
pressure;  [2]--[~, var iat ion of the Gouy potential  ~Vs wi th  the anlount  of Ca ~+ bound if Ca 2+ 
penetra ted into the plane of the negative charges of the phosphol ipid  molecules. The curve is 
calculated from Eqn.  I I for a monolayer  of phosphat idyt inosi to l  at 31. 5 dynes/cm. 

Method I I I  (Hughes-Klotz plots) 
In  this  me thod  we app ly  the  inass equat ion  to the in te rac t ion  of Ca 2÷ with 

phosphol ip ids  in a s imilar  way  as to tha t  carr ied out  b y  HUGHES AND KLOTZ as for 
the  b ind ing  of me ta l  ions to proteins.  

[Lip. Ca] 
Lip + Ca 2+ ~ [Lip.Ca~; /gA 1 

- [Lip]ac~+ 

[Lip. Ca2] 
[Lip.Ca] + Ca 2+ ~ [Lip.Ca2]; KA~ [Lip.Ca]aca2 + 

and so on, where KA~, KA~ are the  equi l ibr ium cons tan ts  for the  consecut ive reactions,  
[LipS, [Lip.Ca~, ~Lip.Ca~l are the  concent ra t ions  of phosphol ip id  and  phospho l ip id -  
me ta l  complexes,  respect ively,  aca~+ is the  Ca e+ ac t iv i ty .  When  each b inding  site of 
the  phosphol ip id  is uninf luenced b y  i ts  neighbours  and  each one has the  same affinity 
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for Ca ~+, then a definite statistical relation exists between the diffterent equilibrium 
constants KA1, K A ~  . . . .  and to a single association constant K A .  

KA~ --  ~ ( n - - i  @ I ) / i ~ K A ;  i - -  1 , 2 , 3 . . . n  

Using this relation and the general mass equation the quanti ty r defined above is 
given by the following equation 

--  n K a - -  r K A  (9) 
~Ca2+~f 

Provided that  there is no electrostatic interaction between neighbouring binding 
sites, a plot of r/[Cae+lt as a function of r should give a straight-line relation. This 

~ O~ _~-A • 
.,~,- ~ -: 
~ 2  ~. 

i 

/ I I o L,.4 ~ 0.1 0.2 0.3 P 

14 

1(3- 

i 01 02 03 0 
Fig. 7. H u g h e s - K l o t z  plots.  The  ra t io  r]ECa~+]f is p lo t t ed  as a f unc t i on  of r = Ca ~+ b o u n d / t o t a l  
a m o u n t  of phospho l ip id  in t he  surface.  ~CaZ+~t = concn,  of Ca ~+ in t he  bu lk  phase  in  M. O - - O ,  
phospha t idy l se r ine  a t  7 d y n e s / c m ;  ~ - - ~ ,  p h o s p h a t i d y l s e r i n e  a t  32-4 d y n e s / c m ;  ~ - - ~ ,  p h o s p h a -  
t idy lser ine  a t  collapse pressure ;  * - - * ,  phospha t i dy l i nos i t o l  a t  io  d y n e s / c m ;  × - - × ,  p h o s p h a -  
t idy l inos i to l  a t  12.5 dynes ] cm;  O - - O ,  phospha t i dy l i nos i t o l  a t  31.5 d y n e s / c m ;  ~ - - ~ ,  p h o s p h a -  
t idy l inos i to l  a t  collapse pressure .  

plot is shown in Fig. 7 for phosphatidylserine and phosphatidylinositol monolayers 
of various film pressures. With low pressure films, as predicted by Eqn. 9 straight lines 
are obtained. As the pressure increases a greater deviation from a straight-line rela- 
tionship occurs. 

T A B L E  II 

3lo~olayer Pressure n KA × zo -7 
(dynes/cm) 

Phospha t idy l s e r ine  7 0.25 1.38 
Phospha t idy l se r ine*  7 n 1 ~  25" Io 14 1.36 
Phospha t i dy l s e r i ne  32.4 0.46 1.7 
Phospha t idy l inos i t o l  I o o.24 2.23 
Phospha t idy l inos i t o l  12.5 o. 27 2.2 i 
Phospha t idy l inos i t o l  31.5 0.50 3-93 

* The  xvhole phospho l ip id  film is regarded  as t he  r eac t ing  en t i ty .  K n o w i n g  the  to ta l  n u m b e r  
of phospha t i dy l s e r i ne  molecules  in t he  sur face  (97" IOt4) t he  n 1 va lue  can  be re la ted to  n (n = 0.26). 
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Table I I  contains the KA and n values obtained from such plots. As r--> o: then 
r/ICa"+lr = nK~,; also as r / [ C a ~ + ~  o: then r = n. 

The K a  and n values of low-pressure films are readily obtained by extrapolation 
of the straight lines. Since the extrapolation is not unambiguous for monolayers of 
higher film pressures, the KA and n values must be regarded as approximate. For 
this reason KA and n values for collapse pressure are not included in Table II. 

The shape of Curves b, c, f and g in Fig. 7 could also be interpreted in terms of 
two different binding sites with different KA values. The extrapolation of the curves, 
however, was carried out on the assumption that there is only one kind of binding 
site per phospholipid molecule. This seems reasonable since there is no indication ol a 
second binding site at low film pressures. 

DISCUSSION 

The surface-radioactivity technique precisely measures net movements of 
Ca 2+ into the entire surface phase adjacent to the film, as distinct from surface- 
potential (AV) measurements which are presumed to register changes in the various 
dipole contributions to AV brought about by the interaction of Ca 2+ with the phos- 
pholipid monolayer 3~. However, since the '5Ca2+ adsorbed at the phospholipid/water 
interface are completely and rapidly removed when nonactive Ca ~+ is added to the 
subphase ~, it is perhaps artificial to assume that there can be a clear distinction 
between a 'fixed' and diffuse electrical double layer of Ca e+. It  is probable that on 
moving out from the interface the bonding forces are reduced by the usual inverse 
square relationship for electrostatic adhesion so there is a constant gradation of 
binding. 

The observation that predictions from the mass equations are borne out by the 
experimental results is good evidence that it is legitimate to use the surface-radio- 
activity measurement of bound Ca ~+ in the derived expressions. 

Binding of Ca 2+ on phosphatidylserine and phosphatidylinositol monolayers at collapse 
pressure 

It  is clear that the adsorption of Ca ̀ '+ is dependent on the film pressure or the 
number of negative charges per cm 2. This is shown in Figs. 2 and 8. The adsorption 
isotherm for phosphatidylserine at collapse pressure is equivalent to that of phospha- 
tidylinositol (Fig. 2). This indicates that the adsorption of Ca 2+ on phosphatidylserine 
and phosphatidylinositol monolayers of collapse pressure is determined by the 
number of net negative charges per phospholipid molecule 2 and differences in the 
chemical structure have no influence on the metal binding. At the bulk pH used (5-5) 
the phosphate group on phosphatidylinositol is presumed to be fully ionized ~. With 
phosphatidylserine it is also known that the carboxyl group is fully ionized at this pH 
(ref. i i )  so that this phospholipid like phosphatidylinositol would have a single net 
negative charge. From the fact that (a) the negatively charged group in phosphatidyl- 
inositol is the phosphate group, (b) equal adsorption of Ca ~+ on phosphatidylserine and 
phosphatidylinositol monolayers at collapse pressure takes place, and (c) that the 
adsorption of Ca z+ on the carboxylic groups of gangliosides appears to be less than 
that for a phosphate group of phospholipids 2, it seems reasonable to conclude that it is 
the negatively charged phosphate group in phosphatidylserine which is responsible 
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for the attraction of Ca 2+ and that  the carboxyl group is compensated by the positively 
charged amino group. 
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Fig. 8. Var ia t ion  of the  phospho l ip id  to Ca 2+ b o u n d  ra t io  [Lipltotad[CaZ+]s wi th  the  Ca ~+ concn.  
[Ca2+]t in the  bu lk  phase .  (Ca*+]t in/*M, a. For b i n d i n g  of Ca 2+ to mono laye r s  of phospha t i dy l -  
ser ine:  @ - - ® ,  7 d y n e s / c m ;  ~ - - ~ ,  32.4 dynes /c rn ;  ~ - - ~ ,  collapse pressure ,  b. For  t he  
b ind ing  of Ca 2+ to mono laye r s  of phospha t i dy l i nos i t o l  * - - * ,  IO dynes /cn l ;  @ ~), 31.5 dynes /  
cm;  ~ - - ~ ,  collapse pressure .  

Binding of Ca ~+ on phosphatidylserine and phosphatidylinositol monolayers at film 
pressures lower than collapse pressure 

At film pressures lower than collapse pressures phosphatidylinositol molecules 
exhibit a stronger adsorption for Ca ~+ than phosphatidylserine; the difference in KA, 
however, is less than an order of magnitude. This difference may  be due to the 
different chemical structure of the polar groups of these molecules. The serine moiety 
of phosphatidylserine and the inositide ring of phosphatidylinositol may  contribute 
differently to the metal binding by chelating effects. These effects appear to become 
negligible at collapse pressure. Fig. 8 shows that  the ILip~/[Caa+ls ratio at any Ca ~+ 
concentration used in the bulk phase is smaller at 3o dyneslcm than at collapse 
pressure, indicating that  the binding of Ca ~÷ goes through a maximum both for 
phosphatidylserine and phosphatidylinositol a~. This is clearly demonstrated in 
Fig. 9 where the [Ca~+]s / [Lip~total ratio is plotted as a function of the charge density, 
a, where a = IO1%/A ; A = area/molecule and e =- electronic charge. This maximum 
of adsorption at a pressure of approx. 26-28 dynes/cm may  be due to the spacing 
between the phospholipid molecules at that  pressure becoming particularly favourable 
for two-point electrostatic a t tachment  of Ca 2+ (refs. 2 and 26). 

At low pressures the wider spacing may impede the two-point electrostatic 
a t tachment  of Ca ~+, while the closest spacing at collapse pressure may  inhibit the 
penetration of the hydrated Ca ~+ to the most suitable position. HAUSER AND DA~,VSON 26 
point out that  the distance between the negative charges of a phosphatidylinositol 
monolayer approaches the diameter of hydrated Ca ~+ (9.6 A) at the pressure at which 
Ca 2+ binding reaches a maximum. 
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The K ,  and n values obtained by the three different methods compare reason- 
ably with each other. Examinat ion  of the n values listed in Tables I and I I  shows that  
as the film pressure is increased to 3o dynes/cm the value approaches o.5. The ap- 
proach of ~z to a value of o.5 means by definition that  there are two phospholipid 
molecules for every Ca ~+ bound, or in other words two-point  electrostatic a t tachment .  
At  higher Ca ~+ concentrat ion it seems possible tha t  n could become larger and approach 
one, implying a single-point electrostatic a t t ract ion 10-. 

0.26! 

0,24 ~- 
I 

~.~ 
~ ~ 

I 
~'~ O. 20[- 

• I .4 I ?, t ~ ~ ~ ~o  ~ 6 ¢'x10 ~ (e.s.u. /cm2) 
Fig. 9. Relation between the ratio of Ca ~+ bound to phosphol ipid  ([Ca2+Js/[Lip~tota~) and the 
charge densi ty  (I of monolayers  of phosphat idylser ine  and phosphatidyl inosi tol .  ~ is expressed in 
e.s.u./cm ~. The total Ca ~+ concn. [Ca2+]tota~ = o.21 ffM. ~ - -~X,  phosphat idylser ine;  @---@, 
phosphatidyl inosi tol .  

Electroslatic effects account for deviations from the mass equation 
I;igs. 5A and 5B show that  only with low-pressure films do the /£A values 

remain constant  or decrease slightly with increasing r (r ---- ICa2+~s/ILip)otal ). At 
higher film pressures the KA values are dependent on the amount  of Ca =+ bound and 
decrease considerably with increasing r. The KA values decrease more rapidly at low r 
values and appear  to level out at higher r values. The Hughes -Klo tz  plots in Fig. 7 
confirm the results shown in Fig. 5. Only with low-pressure films is an ideal behaviour 
observed. A straight-line relationship is obtained, the experimental da ta  following 
Eqn. 9. This equation is derived for a single set of binding sites with no electrostatic 
interaction between them. At higher film pressures this assumption is no longer valid, 
and electrostatic interaction causes the deviations from a straight-line relationship. 

Comparing the distance between the negative charges in a phosphatidylinositol 
monolayer  of io  dynes/cm (area/molecule = 94 )t2, distance I I  A) with the distance 
at 3o dynes/cm (area/molecule = 68 A ~, distance 9.3 A) it is surprising that  with the 
former a straight line is obtained consistent with negligible electrostatic forces between 
adjacent binding sites. However, for a given concentrat ion of Ca ~+ added, the Ca ~+ 
adsorbed on the monolayer  will be much higher with the film at 3o dynes/cm (Vig. 2). 
Calculation shows that  at a film pressure of IO dynes/cm the electrostatic force of 
atrract ion between one Ca ~+ and a phosphate group is at least 3o times larger than the 
electrostatic force of repulsion between two Ca -°+ in the surface. Fig. 5 shows that  even 
at 7 dynes for phosphatidylserine and io  dynes for phosphatidylinositol,  the K.a 
values slightly decrease with increasing r, indicating that  also at lower pressures small 
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electrostatic interaction occurs between neighbouring binding sites. These electrostatic 
forces between adiacent  binding sites, however, are not  big enough to cause an ob- 
servable deviation from a straight line in the Hughes -Klo tz  plot. 

Comparison of the I~A values with apparent association constants determined b~, other 
techniques 

BARTON e~ determined the apparent  association constant  for the interaction 
of Ca 2+ with aqueous dispersion of phosphatidylserine and phosphatidic acid by 
measuring the charge reversal concentrat ion.  At the charge reversal point ~os - -  o 
and the s tandard  free energy change of the Ca ~+ adsorption reduces to AG o = 2p 
@ W. BARTON determined AG o and was able to calculate the apparent  association 
constant .  His values of KA = 1.17" I O  for phosphatidylserine and KA = 1.o 5" IO ~ 
for phosphatidic acid are consistent with values obtained for the reaction of Ca z ~ 
with aqueous dispersions of phosphatidylserine and phosphatidic acid by t i t rat ion a,~ 
and turbidi ty  methods 2~. These K a  values are, however, three orders of magni tude  
lower than the values tha t  we obtain for the binding of Ca 2+ onto monolayers of low 
fihn pressures (KA = 1. 4" IO 7 for a phosphatidylserine monolayer  at a pressure of 7 
dynes). This discrepancy can be explained in two ways. (1) Since with the charge 
reversal method ~ps = o, the difference between the apparent  association constant  of 
BARTON and our values might  be accounted for by the electrostatic term --Zeros of 
the s tandard  free energy - -AG o of Eqn. 7. Whereas in our experiments using distilled 
water as a bulk phase the electrostatic term is considerable, the contr ibution of this 
term is either zero (with the method of BARTON) or probably small (with the t i t rat ion 
and turb id i ty  methods) o~ving to the use of an ionic s t rength of at least o.1. (2) 
Although both HENDRICKSON AND FULLINGTON ~ and ABRAMSOX and co-workers s,~s 
found that  all acidic groups in the aqueous phospholipid dispersions prepared by 
ultrasonic irradiation were available for t i t rat ion this need not necessarily apply 
for the interaction with Ca z+. From K~ == e-~ao/kr and Eqn. 7 Eqn. lO is derived ~ 

/~A = KI e--Z~'s/k:fp (IO) 

where /~i is the intrinsic association constant  3° describing the specific binding of 
Ca ~+ by  the charged phospholipid. KI* is identical with e()-p: W)IkT, the association 
constant  of BARTON determined from the chalge reversal concentrat ion when ~r~-o 
(~0s = o). The association constants  of BARTON are identical with the values of 
HENDRICKSON AND FULLINGTON, al though these authors claim that  their association 
constants  include an electrostatic term due to the field of the phosphatidylserine 
particles. This is not  in agreement with Eqn. IO. 

Ca 2+ bound to phosphatidylserine and phosphatidylinositol monolayers form a Stern laver 
In  Fig, 6 the Stern potential  ~0s for phosphatidylinositol  monolayers  at 31. 5 

dynes/cm and collapse pressure calculated from Eqn.  8 is plot ted as a function of r. 
If, however, Ca 2+ did not form a Stern layer, but  penetrated into the plane of the 
anionic binding sites of the phospholipid molecule (Fig. IoB),  then the charge density 
of the monolayer  would be reduced and the Gouy potential  would change steeply. 
Such a penetrat ion cannot  be interpreted by  the Stern equation, since (see Fig. ioA), 

* e(7,p -~- W)/kT = K I  would only be justified if ).p + W were independent of the fihn pressure. 
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the distance between the Gouy and the Stern potential becomes zero (Fig. IoB). The 
Gouy potential can be calculated from Eqn. I I .  

= (2kT) sin ]t-I [ ~ (5oo~--Li1/2] (II) 
~'; ~,;~,-, I.~,~ \ D k T !  J 

where c = concentration of [Ca~+~f in M; v = valency of Cae+; k = Boltzmann 
constant; T = absolute temperature; e = electronic charge; ~ = charge density; 
D ---- bulk dielectric constant; R = gas constant. 

/ ~  

~ phosphat ~ylino$itol 
® C(~2. 

- ~ _ . ~  . - ~ .  . . . .  

Fig. [o. Possible  pos i t ions  of Ca 2+ benea t h  a nega t ive ly  charged  monolayer .  A. Ca ~ fo rming  a 
Stern layer. B. Ca ~+ p e n e t r a t i n g  into t he  p lane  of the  nega t ive  charges  of t he  monolayer .  The  
plane of the  Gouy  potent ia l  and  the  p lane  of t he  Stern  po ten t ia l  are m a r k e d  by  ~'o and  *ps, 
~espectively. 

With the penetration of Ca ~+ into the plane of the anionic binding sites ~ of 
Eqn. I I  is given by ~ ~ e(IOa6/A 2[CaZ+]s ) where [CaZ+]s is the concentration of 
Ca z~ per cm ~. 

Eqn. IO describes the variation of the apparent association constant with the 
surface potential ~. In the case of Ca ~+ penetrating into the plane of the anionic 
binding sites the Gouy potential ~ has to be inserted into Eqn. IO. 

Fig. 6 demonstrates how the Gouy potential of a phosphatidylinositol mono- 
layer (31.5 dynes/cm) would change if Ca ~+ penetrated into the plane of the charged 
phosphate group. Using the Gouy potential in Eqn. IO leads to values not consistent 
with the experimental KA values of Fig. 5. We, therefore, conclude that the Ca a+ 
adsorbed to the monolayer forms a Stern layer as shown in Fig. IoA. This can be 
compared with the view of SHAH AND ~CHULMAN 31 who concluded from measurements 
of the surface potential that the Ca z+ penetrated beyond the Gouy layer in lecithin 
films. 

CONCLUSIONS 

I. The amount of Ca 2+ adsorbed on monolayers of pure phosphatidylserine and 
phosphatidylinositol is mainly a function of the charge density. 

2. At collapse pressure the binding of Ca ~+ is directly related to the net excess 
negative charge on the phospholipid molecule and largely independent of the chemical 
nature of the phospholipid molecule. Both with phosphatidylserine and phospha- 
tidylinositol the Ca 2+ is bound to the phosphate group. 

3. At film pressures lower than collapse pressure, small differences in the binding 
of Ca 2+ to phosphatidylserine and phosphatidylinositol are observed. These differences 
are accounted for by the different chemical structure of the polar groups of these 
molecules. 

4. At low film pressures (or low charge densities) the binding of Ca 2+ follows the 
mass equation. Deviations from the mass equation are observed with increasing film 
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pressure (charge density) and are attributed to electrostatic interaction between 
adjacent binding sites. 

5. Ca~+ is bound to the phospholipid molecules by two-point electrostatic 
attachment. 

6. The Ca ~+ bound/lipid ratio reaches a maximum at about 26-28 dynes/cm 
when the spacing between phospholipid molecules approaches the diameter of the 
hydrated Ca ~+. 

7- Ca~+ bound to phosphatidylserine and phosphatidylinositol form a Stern 
layer and do not penetrate into the plane of the Gouy potential. 
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