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Summary 

Surface potentials of phosphatidylserine monolayers have been measured 
in the presence of different divalent ion concentrations in order to determine 
the way in which divalent ions bind to the membrane surface. The association 
constants for divalent ions (Mg 2÷, Ca 2÷ and Mn 2÷) with the phosphatidyl- 
serine membrane have been obtained from the experimental data and simple 
ion binding theory.  The order of  divalent ion binding to the membrane is 
Mn2÷> Ca2÷> Mg 2÷. However, none of  the divalent ions used completely 
neutralized the negative charge of  phosphatidylserine even at relatively high 
concentrations. The amounts  of  the divalent ions bound depended upon the 
concentration of the monovalent  ions present in the subphase. It is suggested 
that  the amounts  of bound ions obtained from the use of radioisotope tracer 
methods may include a considerable contribution from the excess free ions 
in the double layer region of the phosphatidylserine membrane. 

Introduction 

The importance of  the surface potential associated with membranes has 
been pointed out  by many authors in connection with ionic permeability 
through membranes [1,2], membrane stability [3--7], ion adsorption on the 
membranes [8--12,41], transmembrane potentials [13--17,47,48] etc. 

In order to obtain some insight into ionic interaction mechanisms with 
biological membranes, several authors have investigated the surface potential 
of both monolayer  [20--27] and bilayer membranes [16,28--30,41,42] made 
of phospholipids relative to various ionic environments. 

Bangham and Papahadjopoulos [23] observed the 'd i f fe ren t  effects of var- 
ious divalent cations on the surface potential of acidic phospholipid mono- 
layers and suggested that  these differences reflected the specific interaction 
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of the divalent ions with the acidic phospholipids. Barton [31] determined 
the degree of  divalent cation association with phosphatidylserine membranes 
by measuring the electrophoretic mobility of phospholipid vesicles. McLaughlin 
et al. [28] obtained the association constants of various divalent cations by 
measuring the conductance of phosphatidylserine membranes. 

Another way to study ionic interactions with membrane surfaces is the 
use of radioisotope tracer methods [32]. The adsorption of Ca 2÷ on phospho- 
lipid monolayers has been studied with this method by many workers 
[33--39]. 

However, there are different interpretations concerning the extent  of binding 
of divalent metal ions to the membrane surfaces obtained by these two 
methods.  For example, the surface potential measurement technique suggests 
weak binding of Ca 2÷, while the radioisotope method suggests strong binding of 
Ca 2÷ on the phosphatidylserine membrane. 

To clarify this difference regarding interpretations of  ion interaction with 
the membrane surface, we have measured the surface potential of  phospholipid 
monolayers as a function of various divalent ion concentrations and analyzed 
the observed experimental results with a simple adsorption theory [28]. 
Adsorption and screening effects of  divalent ions on the phosphatidylserine 
monolayer  are discussed and the advantages and disadvantages of  the experi- 
ments of surface potential measurements and isotope tracer methods are com- 
pared. 

Materials and Methods 

Materials. Phosphatidylserine was extracted from beef brain and purified 
according to the method of  Rouser et al. [40] with minor modifications. Ultra 
pure monovalent  salts (Brinkman Instruments), Tris-base (hydroxymethyl  
amino methane, Mann Research Laboratory),  and analytical grade reagents 
(Baker Chemicals) were used in the experiments. The inorganic salts were 
roasted at about 600°C for 1 h to eliminate contaminants of organic materials. 
Water was triple distilled, including a process of alkaline KMnO4. 

Methods and procedures. Surface potential was measured by use of an 
Americium air electrode (approx. 3 mm above the air/water interface) and a 
calomel pH reference electrode. The latter electrode was grounded and the 
ionizing air electrode was connected to the input of  an electrometer (Keithley 
610C). The output  potential of the electrometer, which was related to "surface 
potential" ,  was monitored by a strip chart recorder. The entire apparatus 
was shielded by a Faraday cage. 

A lipid monolayer  was formed on the aqueous phase in a glass dish (9 cm 
in diameter) by spreading an aliquot of the hexane-lipid solution from a micro- 
syringe (Hamilton). The concentration of phospholipid was determined by 
phosphate analysis. All the monolayers used in the experiments had the same 
area per molecule of  65 A 2. 

Before the addition of  salt, the aqueous subphase was stirred well and it was 
ascertained that  the monolayer  surface potential was not  altered by further 
stirring of  the subphase solution. Then, a concentrated salt solution was 
injected into the subphase of  the monolayer  by using a microsyringe to alter 
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the salt concentrat ion of  the subphase. The subphase solution was again stirred 
well for at least 90 s. The homogeneous  mixing of  the solution, which was 
attained within 30 s, was checked by use of  dyes. Successive additions of  salts 
were made after the surface potential  was stabilized at each salt concentration.  
The final experimental results were corrected for the surface potential changes 
resulting from the change of  aqueous level caused by injection of  concentrated 
salt solutions. All experiments were done at room temperature of  21°C. 

Experimental  results and analysis 

In the first series of  experiments,  the changes in surface potentials of  phos- 
phatidylserine monolayers with various divalent cation (Ca 2÷, Mg 2÷, and Mn 2÷) 
concentrations were measured in the presence of  different concentrations 
of  monovalent  salt. Fig. 1 shows the surface potential change AAV of  the 
monolayer  with various divalent ion concentrat ions in the presence of  0.1 M 
monovalent  salt {0.09 M NaCl + 0.01 M Tris buffer  solution of  pH 7.4). 
Increasing Ca 2+ concentrations in the subphase resulted in gradual increases 
in surface potential.  Above 5 mM of  Ca 2÷, the increase in surface potential 
was at the rate of  about  27 mV/10-fold Ca 2÷ concentrat ion difference. The 
theoretical curve assuming no-ion binding with the monolayer  is shown by a 
solid line with K = 0 (where K is the association constant  of  divalent ions, 
described in Appendix).  With the experimental results shown in Fig. 1, the 
association constants (K) of  these divalent ions with the phosphatidylserine 
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Fig. 1. Surface  p o t e n t i a l  change  o f  p h o s p h a t i d y l s e r i n e  m o n o l a y e r  (6b  A 2 / m o l e c u l e )  w i t h  the  variat ion o f  
divalent  i on  c o n c e n t r a t i o n  in the  p r e s e n c e  o f  0 . 0 9  M NaCI and  0 .01  M Tris • HCI at  p H  7.4 in the  sub- 
phase .  A A V  = A V  ( w i t h  d ivalent  ions )  - -  AV ( w i t h o u t  d iva len t  ions).  Filled circles,  Mg2+; o p e n  circles ,  
Ca2+; o p e n  tr iangles,  Mn 2+. Th e  sol id l ines  are the  t h e o r e t i c a l  resul ts  for  surface  d o u b l e  layer  p o t e n t i a l  
for  the  c o r r e s p o n d i n g  K values  w h e r e  K is the  assoc ia t ion  c o n s t a n t  o f  d iva lent  ion  ( see  A p p e n d i x ) .  
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Fig .  2.  S u r f a c e  p o t e n t i a l  c h a n g e  o f  p h o s p h a t i d y l s e r i n e  m o n o l a y e r  w i t h  r e s p e c t  t o  d i v a l e n t  i o n  c o n c e n t r a -  

t i o n s  in  the presence  o f  0 . 0 0 9  M NaC1 a n d  0 . 0 0 1  M Tr i s  i n  t h e  s u b p h a s e  a t  p H  7 .4 .  O p e n  c i rc les ,  Ca2+; 

f i l l e d  c i rc les ,  Mg 2+. T h e  s o l i d  l i n e s  are t h e  t h e o r e t i c a l  r e s u l t s  w i t h  K = 0 .0 ,  0 . 0 2  a n d  0 .1 .  

monolayer  were calculated from the theory  proposed by McLaughlin et al. 
[28];  also see Appendix.  The theoretical  curves with the values of  K = 0.36 
for Mn 2÷, 0.1 for  Ca 2÷ and 0.02 for Mg 2÷ fit the experimental  data fairly 
well below 1 mM of  divalent ion concentrat ions.  The association constant  
of  0.1 obtained for Ca 2÷ is in good agreement with that  (K = 0.1) obtained 
by McLaughlin et  al. [28] ,  whereas the value (K = 0.02) for  Mg 2÷ is quite 
different  from their value (K = 0.1). Above 1 mM of  Mg 2÷, the theoretical  curve 
with K = 0 and the experimental  curve are approximately  parallel. This indi- 
cates [28] that  there is no appreciable divalent ion binding with the membrane 
because the divalent ion concentra t ion near the interface becomes constant  
at these ionic concentrat ions.  It should be noted,  however, that  for  the cases 
of  Ca :+ and Mn 2+ at concentrat ions greater than 1 mM, there were deviations 
of  the experimental  points from the theoretical  values. This tendency was also 
observed in the earlier studies [23,24].  

Fig. 2 shows the surface potential  change of  the monolayer  with divalent 
cation concentra t ion in 0.009 M NaC1 and 0.001 M Tris buffer  solutions of 
pH 7.4. The experimental  data for Ca 2+ and Mg 2+ fit well the theoretical  curves 
of  K = 0.1 and 0.02, respectively, below 0.2 mM divalent ion concentrat ions.  
Above 0.2 mM, however, the experimental  data for both divalent ions show 
slight deviations from the theoretical  curves. 

The changes in surface potential  with respect to divalent ion concentrat ions 
in the subphase solution wi thout  monovalent  salts are plot ted in Fig. 3. The 
pH of  the solution, which was checked before and after the measurements,  
was 5.5 -+ 0.2. The experimental  points for  both Ca 2+ and Mg 2÷ fall approxi- 
mately on a straight line with a slope of  29 mV per 10-fold divalent ion 
concentra t ion difference over the range of  0.1 mM--50 mM. The experimental  
data consistently show a constant  difference (approx. 7 mV) in potential  
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Fig. 3.  Surface  po t en t i a l  change  o f  p h o s p h a t i d y l s e r i n e  m o n o l a y e r  w i t h  the  variat ion o f  divalent  ion  
c o n c e n t r a t i o n  w i t h o u t  m o n o v a l e n t  salt  in the  subphase .  O p e n  circles ,  Ca2+; fil led circles,  Mg 2+. The  
sol id  l ines  are the  t heore t i ca l  results  for  K = 0 . 0 ,  0 . 0 2  a n d  0 . 1 .  The theo re t i ca l  values  o f  surface  po ten t ia l  
changes  A A V  (= A V  (w i th  d ivalent  ions  at pH 5 . 5 )  - -  A V  (wi thoUt 'd iva lent  ions  at p H  5 . 5 )  are s h o w n  on  
the  ordinate  scale  on  the  right hand s ide.  Th e  surface  p o t e n t i a l  changes  for  the  e x p e r i m e n t a l  as we l l  as 
t h e o r e t i c a l  resul ts  expres sed  as A A V '  (= A V  (w i th  d ivalent  ions  at p H  5 . 5 )  - -  AV' ( w i t h o u t . d i v a l e n t  ions  
but  w i t h  c o n t a m i n a n t s  equiva lent  to  3 • 1 0  - 1 0  M divalent  ions  at p H  5 . 5 )  are s h o w n  on  the  ordinate  scale  
on  the  le f t .  

between the two cases (Ca 2* and Mg2+). The solid lines with K = 0.0,  K = 0.02 
and K = 0.1,, respectively, which have all the same slopes of  29 mV/10-fo ld  
difference in di:galent ion concentrations,  are the theoretical results for the 
solution of  pH 5.5. The difference in potential between the two theoretical 
lines (K = 0 .02 and 0.1) is about  7 mV. The theoretical values of  surface 
potential  changes should be  read by the ordinate scale on the right hand side 
in Fig. 3. The observed surface potential change for 0.1 mM Ca 2÷ (AAV= 
AV(Ca 2*= 0.1 m M ) - - A V ( C a  2*= 0.0 mM)) and that for 0.1 mM Mg 2* were 
160 mV and 153 mV, respectively, which are smaller values than those calcu- 
lated from the theory.  The differences can be accounted for by the presence * of  
3 • 10 -1° calcium ion equivalent as contaminants in water, The surface poten- 
tial changes for the experimental as well as theoretical results expressed as 
A A V ' =  AV (with divalent i o n s ) -  AV' (without  divalent ions but with con- 
taminants equivalent to 3 . 1 0 - 1 °  M calcium ions) are referred to the ordinate 
scale on the left side in Fig. 3. The above experimental results suggest that for 
very low monovalent  ion concentrations the divalent cations may be adsorbed 
mostly at their very low concentrations and show no further substantial 
binding at the membrane surface with increasing concentration,  even though 
there still seems to be a net  negative charge on the membrane surface. 

In the second series of  experiments,  the surface potential changes were 
measured with various NaC1 concentrations in the presence of  0.1 mM 
divalent salts (MgC12, CaCl2 and MnCl2) ire the subphase (Fig. 4). For all three 

~; I n  the  case  o f  non-b inding  d ivalent  ions ,  the  equ iva lent  c o n t a m i n a n t s  w o u l d  be  8 - 1 0  - 1 0  M.  
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Fig. 4. Sur face  po t en t i a l  change  of  phospha t idy l s e r ine  m o n o l a y e r  wi th  m o n o v a l e n t  ion  c o n c e n t r a t i o n s  in 
the presence  of  0.1 m M  diva len t  ions. The  subphase  a lways  c o n t a i n e d  1 rnM Tris • HC1, p H  7.4. A A V  = 
AV (wi th  0.1 m M  diva len t  ions + m o n o v a l e n t  s a l t s ) -  AV (wi th  0.1 rnM d iva len t  ions).  Filled circles, 
Mg2+; o p e n  circles,  Ca2+; o p e n  tr iangles,  Mn 2+. The  solid lines are the  theore t i ca l  resul ts  of  doub le  l aye r  
po ten t i a l  wi th  the  associa t ion  cons t an t s  of  K = 0.0,  0 .02 ,  0.1 a n d  0 .36  as i nd i ca t ed  in the  figures.  

cases, there was no appreciable change in surface potential with the change 
of  NaC1 concentrations below 1 mM. The potential change developed gradually 
with an increase in NaC1 concentration above 1 mM. Above 200 mM a linear 
relationship between the change in surface potential and the logarithm of 
NaCl concentration was obtained. The theoretical curves calculated using the 
same association constants for individual divalent ions as obtained from the 
first series of  experiments (i.e., K = 0.02 for Mg 2÷, 0.1 for Ca 2÷ and 0.36 for 
Mn 2÷ ) fit the experimental results farily well (see Fig. 4). It is also seen from 
this figure that  the amount  of  monovalent  ion necessary to cause considerable 
surface potential change in the presence of  divalent ions is about  500--1000 
times greater than that  of divalent ions. This estimate can also be obtained 
from an analysis of Fig. 1. 

All experimental points presented here are values averaged over at least six 
individual measurements. The standard mean error for the experimental points 
is 2.2 mV or less. 

Discussion 

The association constants of three divalent ions with phosphatidylserine 
monolayers were in the order of  Mn 2÷ > Ca 2÷ > Mg 2÷ which agrees with that  
obtained from electrophoretic measurements of  phosphatidylserine vesicles 
[31], and also from direct measurements of  divalent ion binding to phosphati- 
dylserine molecules [49]. The fact that  all the present experimental results 
obtained in the different monovalent  ionic environments are fairly well 
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Fig. 5. The theoret ical values o f  rat io (T) o f  the tota l  effect ive surface charge reduct ion caused hy divalent 
i o n  b i n d i n g  t o  t h e  t o t a l  s u r f a c e  c h a r g e  w i t h o u t  i o n  b i n d i n g  f o r  t h e  p h o s p h a t i d y l s e r i n e  m o n o l a y e r  ( o n e  

n e t  n e g a t i v e  c h a r g e  p e r  m o l e c u l e  a n d  a n  a r e a  o f  6 5  A 2 p e r  m o l e c u l e )  v e r s u s  d i v a l e n t  i o n  c o n c e n t r a t i o n s .  

A ,  M g  2+ in  t h e  p r e s e n c e  o f  1 0 0  m M  m o n o v a l e n t  s a l t  in  t h e  s u b p h a s e  f o r  K = 0 . 0 2 ;  B, Ca  2+ in  t h e  p r e s e n c e  

o f  1 0 0  m M  m o n o v a l e n t  s a l t  i n  t h e  s u b p h a s e  f o r  K = 0 . 1 ;  C,  M n  2+ in  t h e  p r e s e n c e  o f  1 0 0  m M  m o n o v a l e n t  

s a l t  f o r  K = 0 . 3 6 ;  D ,  C a  2+ in  t h e  p r e s e n c e  o f  1 m M  m o n o v a l e n t  s a l t  f o r  K = 0 . 1 ;  E ,  C a  2+ w i t h o u t  m o n o -  
v a l e n t  c a t i o n  f o r  K = 0 . 1 .  

explained by the theory with the same association constant  for each divalent 
cation below a certain divalent ion concentration,  indicates that  the present 
simple adsorption theory is sufficient to explain ion binding on the phosphati- 
dylserine membrane in a low concentration range of divalent ions. 

The theoretical values of ratios (~) of  the reduction of effective surface 
charge density, 0 " i n i t  - -  O, caused by divalent ion binding to the original surface 
charge density a init (with no ion binding) of  the phosphatidylserine monolayer  
(see Appendix), is plotted against divalent ion concentrations (Fig. 5). The cal- 
culations were carried out  with the corresponding association constants (K = 
0.36 for Mn 2+, 0.1 for Ca 2+ and 0.02 for Mg 2÷) obtained for the divalent 
cations. According to this simple adsorption theory,  it is seen that  Mg 2+ is 
only slightly bound on the phosphatidylserine monolayer  surface in the pres- 
ence of 100 mM monovalent  salt, and the binding tends to show a saturation- 
like behaviour above 5 mM Mg 2+ (see Fig. 5, curve A). On the other hand, 
Mn 2+ binds fairly extensively to the same membrane and causes a reduction 
of 40% of the net negative charge of phosphatidylserine at 1 mM Mn 2÷ (Fig. 5, 
curve C). The binding capacity for Ca :+ is between those of Mn 2+ and Mg 2+. 
The binding seems to approach a plateau level for each divalent ion in the range 
of relatively high concentrations. These levels are approximately 3, = 0.2 for 
Mg 2+, 0.4 for Ca 2÷ and close to 0.6 for Mn 2÷ (Fig. 5, A, B and C). The reason this 
saturation-like behaviour occurs is due to the fact that  the concentration of free 
divalent ions at the surface of the membrane becomes independent  of the bulk 
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concentrat ion when the bulk concentration is high enough (10 -3 < M 2÷ < 10 -1 M) 
as shown by the earlier workers [ 28], and that  the concentration of free divalent 
ions at the surface is a function of the association constants of different divalent 
ions. However, it should be recalled that  the above argument of ion binding is 
derived from a simple adsorption theory and is limited to the lower limit of 
the amount  of divalent cation binding to the phosphatidylserine membrane. 
As pointed out  earlier, above 1 mM of Ca 2÷ or Mn 2÷ there was a slight deviation 
of experimental results from the theoretical results with their own association 
constants (see Fig. 1). Therefore, further refinements of the theory should be 
made in order to explain satisfactorily the adsorption process at the higher con- 
centrations of divalent ions. (a) There might be more complicated adsorption 
processes of divalent ions taking place at relatively high divalent ion concen- 
trations. These values of the divalent ion concentrations depend upon the 
monovalent  ion concentrations in the solution. One of  these processes would be 
that  by releasing hydrogen ion from its amino group by Ca 2÷ adsorption [43] a 
phosphatidylserine molecule could effectively possess two net  negative 
charges and thus be able to accommodate one divalent ion per molecule. This 
possibility could account for the recent observation [39] of the high ratio 
(0.7) of  adsorbed Ca 2÷ to phosphatidylserine molecules at a high Ca 2÷ concen- 
tration. (b) Modification of the surface dipole [29,44] or alteration of dielec- 
tric constant  in the adsorption region caused by the adsorption of divalent ions, 
wi thout  assuming any additional ion adsorption process could also explain the 
discrepancies between the experimental and theoretical results. These points 
should be clarified in the future studies. 

Although monovalent  ions seem not  to bind appreciably with the fixed 
charge groups of the membrane [26], they do influence rather remarkably 
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the adsorption process of  divalent ions on the membrane through alteration 
of  the double layer potential  (see Fig. 6). The much greater ability of  the 
divalent ion over monovalent  ion (500--1000-fold)  to influence the surface 
potential o f  the phosphatidylserine monolayer  is comparable to the ratio 
of  competi t ive affinities of  divalent (Ca 2÷) to monovalent  (Na ÷ or K*) ion 
adsorption on the same monolayer  (obtained by  the radioisotope tracer tech- 
nique [37]).  

Here we would like to make some comments  concerning ion adsorption 
studies using radioactive isotope tracers [32--39] .  With this technique, the 
adsorption measurements include not  only the ions closely bound with the 
negatively charged sites of  the membrane,  but  also the excess free ions in 
the diffuse double layer of  the monolayer.  This occurs because the half 
distance of  the fl-ray emit ted by radioactive 4SCa in water is much greater 
than the effective distance of  the double layer of  the usual electrolyte solu- 
tion (more than 10 -s M of  monovalent  salt). It can be calculated that  the 
contr ibut ion of  Ca 2÷ in the double layer region, to the total "apparent  Ca 2÷ 
adsorpt ion"  could be as high as 0.5 of  the ratio of  bound Ca2+/lipid [46].  
Even if the adsorption" of  divalent ions nearly attains its saturation level, the 
results in Fig. 5 show that  there is still considerable net  charge remaining with- 
out  being neutralized with bound  divalent ions. Studies by the radioisotope 
tracer technique [34--39] to determine the ratio of  "adsorbed divalent ions" to 
phospholipids of  the membrane,  therefore,  may have included both "specifi- 
cally adsorbed (bound)"  ions as well as excess free divalent ions in the double 
layer (in amounts  depending upon the monovalent  and divalent ion concentra- 
tions, see Figs. 5 and 6). 

In ion adsorption studies using monolayer  surface potential measurements,  
there are also many ambiguities concerning contr ibut ions of  the S tem and 
Gouy layer potentials to the surface potential.  However,  the divalent ion 
adsorption, which has been estimated here using surface potential  data, seems 
to be a lower limit of  the actual ion binding. In order to determine the precise 
quantities of  the actual ion binding on the membrane surface, the detailed 
mechanisms of  ion-polar group interaction within the adsorption region of  the 
membrane should be determined in the future. 

Appendix 

The relation between the diffuse double layer potential  and the surface 
charge density having a uniform distribution is given by the Grahame equation: 

o -- ~ Ci • exp Z .  F ~ ( 0 )  1 (A1) 
R T  

where o is the surface charge density in electronic charges per •2, and Ci is 
the ionic concentrat ion of  the ith species in the bulk solution in mol/1, Z i is 
its valence, RT/F  = 25 mV at T = 294 K and ~(0) is the surface potential  at 
the membrane interface. 

It is assumed that  a divalent ion may bind two phosphatidylserine molecules 
in the membrane,  with an association constant  K (in 1/mol) 

Ca 2÷ + A~- ~ CaA:, K = [CaA:] (A2) 
[Ca 2÷] [ h - ] / 2  
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where [A-] is the surface concentration of  phosphatidylserine molecules. 
Then, according to McLaughlin et al. [28] the charge density, o, is related to 
the initial charge density (no-ion binding), O i n i t ,  by 

o i n i t  o i n i t  

o - 1 + K .  [Ca:*(0)] 1 + K -  [Ca :÷] • exp(--2F~(O)/RT) (A3) 

where O i n i t  = 1/65 in our experiments, [Ca:÷(0)] is the concentration of free 
divalent ions at the surface of the membrane, and [Ca :+] is the Ca :÷ concentra- 
tion in the bulk solution. Eqn. A1 together with A3 was solved by using a 
subroutine for roots of  polynomials which is available at SUNYAB Computing 
Center. 

The ratio of the total net  charge reduction by the divalent ion adsorption 
to the total initial net  charge of the membrane surface, 7 is expressed by 

o K[Ca:÷(O)] 
7 = 1 O in i t  --  1 + K[Ca:÷(0)] " (A4) 
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