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Summary 

Electrophoretic mobil i ty and 31p NMR measurements were combined to test 
whether the combination of the Henry, Boltzmann and Grahame equations is 
capable of describing the adsorption of divalent cations to phosphatidylcholine 
membranes. Cobalt was chosen for this study because, of all the common diva- 
lent cations, its effects on the 3, p NMR spectrum of phosphatidylcholine mem- 
branes are easiest to interpret. Both the 3,p NMR data on the adsorption of 
cobalt and the zeta potential data calculated from the electrophoretic mobili ty 
in the presence of cobalt are well described by the combination of  these three 
equations. Electrophoretic mobili ty measurements were also performed with a 
number  of other divalent cations and the zeta potentials were, in all cases, 
well described by the combination of  these three equations. The binding 
deduced from such measurements decreases in the sequence: Mn 2÷, Mg 2÷, Ca 2÷, 
Co 2÷, Ni 2÷, Sr 2÷, Ba 2÷. If we assume that  a lipid molecule occupies an area of 
60/~2 and that  there is a 1 : 1 stoichiometry for the binding of the divalent 
ions to phosphatidylcholine, the dissociation constants are, respectively: 0.3, 
1.0, 1.0, 1.2, 1.2, 2.8, 3.6 M. 

Introduct ion 

Divalent cations affect biological membranes in many ways. Although a 
number  of these effects probably arise from specific binding to membrane pro- 
teins, some of the effects may arise from a more general interaction with the 
membrane surface. Calcium, for example, has long been known to 'stabilize' 
the electrically excitable membranes of nerve and muscle; in the presence of an 
increased concentrat ion of  calcium in the extracellular fluid the membrane 
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must  be depolarized to a greater degree to elicit an action potential.  The 
voltage clamp studies of  Frankenhaeuser and Hodgkin [ 1 ] clearly demonstrated 
that  this stabilizing effect  was due to the ability of  calcium to shift the 
conductance-voltage curves of  the nerve along the voltage axis. Huxley [ 1] sug- 
gested that  calcium produced this shift by  adsorbing to the outer  surface of  the 
membrane,  creating a positive surface potential.  A positive potential  at the 
outer  surface of  the membrane would produce a larger drop in the potential 
within the membrane.  The potential  difference which can be measured by 
electrodes in the bulk aqueous phases, essentially a diffusion potential due to 
the exit of  potassium ions from the cell, remains, as one would expect  theoreti- 
cally, unchanged by  calcium. Gilbert and Ehrenstein [2] and McLaughlin et al. 
[3] modified the hypothesis  slightly by suggesting that calcium and other 
divalent cations could decrease the magnitude of  the potential at the outer  
surface of  the nerve by  'screening' existing negative charges on the membrane 
as well as by  binding to specific sites. The term 'screening' is used to connote 
the existence of  ions a few angstroms from the surface of  the membrane in the 
aqueous diffuse double layer and to distinguish this effect  from the phenome- 
non of  specific adsorption. In the last few years, results have accumulated from 
experiments on excitable biological membranes which strongly support  this 
modified hypothesis  [4--11].  The work of  Hille et al. [10] is particularly 
convincing because these investigators have shown that monovalent  as well as 
divalent cations are capable of  producing shifts in the conductance-voltage 
curves, as predicted by the theory of  the diffuse double layer 

Artificial phospholipid monolayers and bilayers are good model  systems for 
testing the applicability of  the diffuse double layer theory to biological inter- 
faces. Many independent  studies have confirmed that the electrostatic poten- 
tials at the surfaces of  negatively charged bilayers and monolayers do vary in 
the predicted manner with changes in the charge density and the concentra- 
tions of  both monovalent  and divalent cations in the bulk solutions (for reviews 
refs. 12 and 13), Until recently, however, it has not  been possible to measure 
the adsorption of  divalent cations to the polar head groups of  lipids. Classical 
techniques (e.g. measurements of  the uptake of  radioactive calcium beneath a 
monolayer,  equilibrium dialysis measurements on bilayer vesicles) are not  suit- 
able for this purpose because they do not  distinguish between ions actually 
adsorbed to the surface of  a negatively charged membrane and ions merely con- 
fined to the aqueous diffuse double layer. They are not  sensitive enough, 
furthermore,  to measure the relatively weak adsorption of  ions as such as cal- 
cium to zwitterionic lipids, the topic of  this report.  

To describe the adsorption of  divalent cations to phosphatidylcholine 
bilayers one must  recognize that  the adsorption produces a positive electro- 
static potential  at the surface of  the membrane. This positive potential will 
lower the concentrat ion of  the adsorbing cations in the aqueous phase imme- 
diately adjacent to the membrane.  The simplest theoretical relation between 
the number  of  adsorbed divalent cations, the surface potential and the concen- 
tration of  cations in the bulk aqueous phase is provided by  a combinat ion of  
the Boltzmann relation, the Grahame equation from the theory of  the diffuse 
double layer, and a Henry law adsorption isotherm. 

Grasdalen et al. [14] and Hut ton  et al. [15] have recently measured shifts in 
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the 31p NMR signals of phosphatidylcholine upon addition of calcium. Gras- 
dalen et al. argued that  their results were consistent with the combination of 
the above three equations and the zeta potential measurements reported here 
support this claim. 31p NMR measurements with calcium do not ,  however, 
provide a satisfactory test of these equations because the shifts produced by 
calcium are very small and no calibration factor is available to relate the 
observed shift to the fraction of bound phosphate groups. 

In this article we a t tempt  to circumvent these problems by using the divalent 
cation cobalt. Cobalt was chosen for these studies because it is paramagnetic 
and, in contrast to calcium which is diamagnetic, has very large effects on the 
31p NMR spectrum of phospholipid bilayer membranes. The effects of  cobalt 
on the 31p NMR spectrum of phosphodiester groups are, furthermore, well 
understood theoretically [9,16,17]; by calibrating the effects with a model 
compound,  glycerophosphoryl choline, we can calculate the fraction of phos- 
phate groups in phosphatidylcholine bound to cobalt. To test whether the com- 
bination of  the Boltzmann, Grahame and Henry equations is capable of quanti- 
tatively describing the adsorption of divalent cations to membranes we com- 
bined electrophoretic mobility and 'probe'  estimates of the surface potential 
with 31p NMR measurements. 

Materials and Methods 

Estimates of  the surface potential 
The vesicles for the microelectrophoresis experiments were prepared from 

either egg phosphatidylcholine (Avanti, Lipid Products, Supelco, and a sample 
kindly supplied by M. Eisenberg) or dioleoyl phosphatidylcholine (Supelco). 
Identical results were obtained with all samples and the results were pooled for 
the final analysis. The phosphatidylcholine was dissolved in spectroscopic 
grade chloroform and methanol,  dried in a rotary evaporator, then a solution 
containing 0.1 M NaC1 buffered to pH 7.5 with 0.01 M Tris-HC1 was added. 
Multilamellar dispersions of  the appropriate size (1--10 tzm) for mobility mea- 
surements were prepared by adding a few glass beads and gently shaking the 
flask [18]. The appropriate divalent cation was added as the chloride salt 
(Baker or Fisher), then measurements of  the electrophoretic mobility were made 
at 25 + I°C on a commercially available machine (Rank Bros., U.K.) based on 
a design by Bangham et al. [19]. Care was taken to focus at the stationary 
layer. The zeta potential,  ~', or potential at the hydrodynamic plane of shear 
was calculated from the Helmholtz-Smoluchowski equation: ~ = r~u/ereo where 
u is the mobility,  ~ is the viscosity, eo is the permittivity of  free space and e r 
is the dielectric constant of the aqueous solutions. The assumptions inherent in 
the derivation of  this equation are discussed elsewhere [ 20,21 ]. 

In two recent studies the zeta potentials of lipid dispersions were compared 
with the measured values of the charge density [22,23]. Good agreement with 
the Gouy equation from the theory of  the diffuse double layer was observed in 
all cases. For low charge densities the plane of shear is thought  to lie within a 
few angstroms of  the envelope of the head groups. The experimentally deter- 
mined zeta potentials reported here should, therefore, provide a reasonable 
approximation to the electrostatic potential at the surface of the bilayer, 4 ,  the 
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parameter which appears in the theoretical equations below. 
To confirm this expectation, we measured the change in electrostatic poten- 

tial which occurred in the middle of  a phosphatidylcholine membrane when a 
divalent cation was added to the aqueous phases. We chose calcium for this 
purpose. To moni tor  the change in potential in the middle of  the membrane we 
measured the anion and cation conductances produced, respectively, by 5,6- 
dichloro-2-trifluoromethylbenzimidazole (DTFB) and by nonactin. The use of 
conductance measurements to deduce changes in electrostatic potentials 
within membranes is discussed elsewhere [24,12 ]. The membranes were formed 
from diphytanoyl  phosphatidylcholine (Avanti) in 0.1 M NaC1 buffered to pH 
7.5 with 0.01 M Tris at 22°C. The solutions for the cationic probe measure- 
ments also contained 0.01 M KC1. We checked that  the lipid did not  contain 
negatively charged contaminants by making multilamellar dispersions and con- 
firming that  their electrophoretic mobilities were zero. We also agitated the 
membrane-forming solution (10 mg/ml of  lipid in decane) with the aqueous 
solution. The zeta potentials of these monolayer-coated decane droplets were 
also zero. The planar black lipid membranes were formed using standard tech- 
niques and the conductances of the membranes were measured in the presence 
of  the carrier. Calcium was then added to both bathing solutions and the 
change in conductance noted.  The membranes were aged 20 min before each 
experiment and measurements were only accepted when a single membrane 
lasted for an entire experiment because the changes in conductance were quite 
small. 

Estimates of  the fraction of  phosphate groups bound to cobalt 
(a) Variation of  temperature and magnetic field strength at constant cobalt 

concentration. In order to calibrate the observed 31p NMR linewidth in terms 
of the fraction of bound phosphate groups the value of rM, the lifetime of the 
phosphate group in the first coordination sphere of cobalt, must be deter- 
mined. To do this the temperature and magnetic field strength dependence of 
the effects of cobalt on the 31p NMR spectrum were investigated (see Appen- 
dix). Egg-yolk lecithin (Grade I) was obtained from Lipid Products, South Nut- 
field, U.K., and was used wi thout  further purification. Multilamellar dispersions 
formed in 0.1 M NaC1 from the batch of lipid used in these experiments had 
zeta potentials of 0 mV. The sonicated vesicles for the 31p NMR experiments 
were prepared in 99.9% deuterium oxide containing 0.1 M NaC1, 0.006 M 
CoC12 and 0.01 M Tris at pH 7.5. The sonication was performed in an ice-bath 
under a stream of nitrogen with a probe-type sonicator (Dawes) using a 30% 
duty  cycle. The vesicles were sonicated for a total of 4--6 min, during which 
time the solution became clear. The vesicles were then centrifuged to remove 
ti tanium. Since the size of the vesicles does not  substantially affect the 
observed line-width in the presence of 0.006 M CoC12, the sonicated vesicle 
preparation was not  fractionated. After centrifugation the sample was divided 
into two aliquots for measurements in the different spectrometers. The two 
NMR spectrometers employed in these experiments were a Bruker WH-90 and 
an instrument constructed in the Biochemistry Department at Oxford operat- 
ing at 129 MHz on phosphorus. Both instruments were interfaced with Nicolet 
1080 computers,  were operated in the Fourier transform mode and were equip- 
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ped with variable temperature accessories which maintained the temperature 
constant to + 1 ° C. Both spectrometers employed a deuterium 'lock'. 

The temperature variations were performed by raising the temperature by 
10°C steps and, after offsetting the temperature by 5 ° C, lowering the tempera- 
ture in 10 ° C steps. This procedure would have given an indication of any irre- 
versible phenomena, such as aggregation or precipitation. Neither time-depen- 
dent effects on the linewidths nor precipitation was observed over the period of 
the experiments (approx. 8 h). 

(b) Variation o f  cobalt concentration at constant temperature and magnetic 
field strength. Egg-yolk lecithin was obtained from Sigma Chemical Company 
(type V-E), Avanti Biochemicals Inc., or was kindly supplied by M. Eisenberg. 
The samples from M. Eisenberg or Sigma were used for the experiments in 0.1 
M NaC1 while the samples from Avanti were used for the experiments in 1 M 
NaC1. Multilamellar dispersions formed from all these samples in 0.1 M NaC1 
had zeta potentials of 0 mV, within experimental error. The sonication proce- 
dure was identical to that  given above except that  a Branson model W185D 
sonicator was employed and a longer (12 min) continuous sonication at low 
power was used. Multilamellar dispersions formed from lipids extracted from 
the sonicated samples had zeta potentials of less than 2 mV in magnitude. 

A Bruker WH-360 spectrometer operating at 145 MHz on phosphorus was 
employed in these experiments. The spectrometer was interfaced with a Nico- 
let 1180 computer and was equipped with a Bruker variable temperature acces- 
sory which maintained the temperature constant to within ±I°C. The ti tration 
of the 31p NMR linewidth as a function of cobalt concentration was performed 
at 20 ° C. Both lipid samples gave identical results. At this temperature and mag- 
netic field strength the fraction of phosphate groups bound to cobalt, f, may be 
estimated from the equation (see Appendix) 1/T2e = f / V M ,  where 1/T2e =rrAv 
and Av is the observed linewidth of the 31p NMR signal. T M is the lifetime of 
the phosphate groups in the first coordination sphere of the cobalt ions. From 
the temperature and magnetic field dependence of the 31p NMR signal at a con- 
stant cobalt concentration (see Appendix) the value of T M at 20°C was calcu- 
lated to be 3.0 • 10 -6 s. 

Theory 

Both a Langmuir and a Volmer adsorption isotherm reduce to Henry's law 
when the fraction of bound sites is much less than uni ty [20]. A Henry's law 
adsorption isotherm is appropriate in our case because cobalt is bound to less 
than 5% of the phosphatidylcholine molecules (Fig. 4). The number of 
adsorbed divalent ions per unit area of membrane, F, is half the charge density, 
o, which we assume to be linearly related to the concentration of divalent ions 
in the aqueous phase at x = o, the membrane-solution interface, C 2÷ (0): 

o KC2+(0 ) ( 1 )  r = ~ = 

The constant K is discussed below and an interpretation in terms of statistical 
mechanics is given by Aveyard and Haydon [20]. The Boltzmann equation 
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relates the interfacial concentration to the bulk concentration C2+(oo) by 
means of the surface potential,  @: 

C2+(0) = C2+(~) exp(--2F@/RT) (2) 

The Grahame equation [12,20] from the theory of the diffuse double layer 
relates the surface potential  to the charge density and the bulk aqueous concen- 
tration of monovalent  and divalent ions, C i(co ): 

o = {2ereoRT ~ ci(oo)[exp(--ziF~/RT)- 1]} 1/2 (3) 
i 

where eo is the permittivity of free space and er is the dielectric constant of 
water. 

Many assumptions enter into Eqns. 1--3. These assumptions have been dis- 
cussed many times in the past, and the validity of these three equations has 
been tested and found to describe quite accurately the hydrophobic adsorption 
of monovalent  anions and cations to bilayer membranes [12,13]. We are deal- 
ing here, however, with divalent rather than monovalent ions and with specific 
adsorption rather than non-specific hydrophobic adsorption. It is not  unreason- 
able to suspect that  the discrete charge effect, for example, could be more 
important  when dealing with the adsorption of these divalent cations. Note 
that  Eqns. 1--3 can be combined to eliminate either a or ~. We refer to both of 
these relations as Stern equations. To test experimentally the ability of the 
Stern equations to describe the adsorption both the surface potential and the 
number of  bound phosphate groups were measured. 

In a similar analysis of  the adsorption of  calcium to phosphatidylcholine mem- 
branes, Grasdalen et al. [14] assumed that  chloride ions could also adsorb to 
the membranes. We know of no evidence that  either sodium or chloride can 
bind to phosphatidylcholine vesicles and we will assume that  such binding is 
negligible here * 

If the lipid molecules formed only 1 : 1 complexes with cobalt, the resulting 
surface concentration of divalent cations (number of adsorbed divalent cations 
per unit  area), F1, would be: 

F, = K, C2+(O) (4) 

and the fraction of phosphate groups bound to cobalt, fl, would be: 

f, = F, • b (5) 

* O u r  unpubl i shed  e l e c t r o p h o r e t i c  m o b i l i t y  m e a s u r e m e n t s ,  w h i c h  c o n f i r m  and  e x t e n d  those  o f  Hana i  e t  

al. [ 2 5 ] ,  d e m o n s t r a t e  that  in  NaC1 s o l u t i o n s  r a n g i n g  f r o m  0 .001  to 0 .5  M, the  ze ta  p o t e n t i a l s  o f  phos-  
p h a t i d y l c h o l i n e  ves ic les  are  zero  w i t h i n  e x p e r i m e n t a l  e r ror .  This  r esu l t  is a d m i t t e d l y  c o n s i s t e n t  w i th  the 
un l ike ly  poss ib i l i ty  t h a t  b o t h  s o d i u m  and ch lo r ide  ions  adso rb  to  the  s a m e  deg ree  to  p h o s p h a t i d y l c h o -  
l ine ves ic les ,  b u t  the re  is s o m e  N M R  ev idence  wh ich  a rgues  aga ins t  th i s  poss ib i l i ty .  The  o b s e r v a t i o n s  of  
J e n d r a s i a k  [ 2 6 ]  d e m o n s t r a t e  that  w h e n  a n i o n s  such  as  t h i o c y a n a t e ,  w h i c h  do  adso rb  w e a k l y  to  phos-  
p h a t i d y l c h o l i n e  b i l aye r s  [ 2 7 , 2 8 ] ,  are a d d e d  to  p h o s p h a t i d y l c h o l i n e  ves ic les  to  a c o n c e n t r a t i o n  o f  0°1 M 

t h e y  p r o d u c e  a sh i f t  in  t he  N+(CH3)3  s igna l  o f  the  e x t e r i o r  head  g roups .  Ch lor ide  ions ,  a t  the  s a m e  con-  
c e n t r a t i o n ,  had  no  e f f e c t  on  the  h e a d  g r o u p  s ignal .  These  m e a s u r e m e n t s  are c o n s i s t e n t  w i t h  o u r  observa-  

t i on  tha t  t he  ze t a  p o t e n t i a l s  o f  p h o s p h a t i d y l c h o l i n e  ves ic les  in NaCl  s o l u t i o n s  are  zero ,  and  we i n t e r p r e t  
t he se  e l e e t r o p h o r e t i c  m o b i l i t y  m e a s u r e m e n t s  to  m e a n  tha t  t he  d i s s o c i a t i o n  c o n s t a n t  o f  ch lo r ide  ions  
w i t h  p h o s p h a t i d y l c h o l i n e  is g r ea t e r  t h a n  40 M. (The  vesic les  w o u l d  have  a ze ta  p o t e n t i a l  o f  --2 m V  in a 
0 .5  M s o l u t i o n  i f  t he  d i s s o c i a t i o n  c o n s t a n t  w e r e  40 M).  
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where b is the area per lipid molecule, which we assume is 60/~2 [29], and KI is 
a constant. On the other hand, if the lipid molecules formed only 2 : 1 com- 
plexes with cobalt, the resulting surface concentration of divalent cations, F2, 
would be: 

F: = K2C2+(0) (6) 

and the fraction of phosphate groups bound to cobalt, f2, would be: 

fz = 2Pz.  b (7) 

where K2 is a constant. If both 1 : 1 and 2 : 1 complexes are present, we 
assume that  the total surface concentration of divalent cations, F, and the total 
fraction of bound phosphate groups, f, are simply F1 + P2 and fl + f2, respectiv- 
ely. It follows, from Eqns. 1, 4 and 6 that: 

K = Kl + K: (8) 

and from Eqns. 4, 5, 6 and 7 that: 

f = kCZ+(O) (9) 

where 

k = (K1 + 2K2)- b (10) 

Eqns. 1--3 may be combined to eliminate o and yield an expression for ~ as a 
function of C2+(~). Fitting the zeta potential data obtained from the micro- 
electrophoresis measurements to this expression yields a value for K. Once K 
has been determined, Eqns. 1, 2, 3 and 9 may be combined to yield an expres- 
sion for f as a function of C2÷(~). Fitting the f data obtained from the 3~p 
NMR experiment to this expression yields a value for k. Once k and K are 
known, the values of KI and K2 may be determined from Eqns. 8 and 10 and 
these numbers define the amount  of lipid in each type of complex. In essence, 
we are using the zeta potential data to determine the number of bound cobalt 
ions and the 3~p NMR data to determine the number of bound phosphate 
groups: the combination of the two numbers gives the effective stoichiometry. 
It is not  necessary to assume a specific adsorption model to determine the frac- 
tion of lipid bound to cobalt in 1 : 1 and 2 : 1 complexes. To express our 
results in terms of conventional dissociation constants we make the following 
assumptions. 

For the 1 : 1 complex we assume that  each phosphate group forms an inde- 
pendent  binding site. The surface area per binding site is then b, the surface 
area per lipid molecule. The surface density of binding sites is simply 1lb. The 
dissociation constant for the 1 : 1 complex, KD1 , is then given by the expres- 
sion: 

KD1 = 1/(b. K~) (11) 

where K~ is defined in Eqn. 4. 
The t reatment  of the 2 : 1 complex is n o t  s o  straightforward *. While the sur- 

* We express  the  n u m b e r  o f  2 : 1 binding  s i tes  and 2 : 1 c o m p l e x e s  i n  t e r m s  o f  c o n v e n t i o n a l  surface  con-  
centra t ions .  As w e  d e a l  o n l y  w i t h  v e r y  l o w  binding  levels ,  the  free c o n c e n t r a t i o n  o f  s i tes  is approxi -  
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face area per binding site is 2b, the effective surface density of  binding sites 
may be larger than 1/2b because of  statistical factors. For simplicity, we make 
the conventional [31] assumption that the surface density of  binding sites is 
1/2b. The dissociation constant for the 2 : 1 complex,  KD2 , is then given by the 
fol lowing expression: 

K D 2  ---- 1/(2bK2) ( 1 2 )  

Results 

Fig. 1 illustrates the effect of  the divalent cations manganese, magnesium, 
nickel, strontium and barium on the zeta potentials of  unsonicated phos- 
phatidylcholine vesicles. Note  that the zeta potentials were all initially zero. 
This indicates that the phosphatidylcholine did not contain a significant per- 
centage of  charged contaminants **. The addition of divalent cations produced 
an increase in the zeta potential, which in all cases could be well described by 
the combination of  Eqns. 1--3, a combination we refer to as a Stern equation. 
Recall that there is only one adjustable parameter in this equation, the value of  
the constant K. 

In Fig. 2 the zeta potential data are illustrated for cobalt and calcium. The 
data may again be well described by the Stern equation. Note  that cobalt and 
calcium have similar binding constants. 

To test that the zeta potential,  the potential measured at the hydrodynamic 
plane of  shear, is a reasonable approximation to the average electrostatic poten- 
tial sensed by the divalent cations at the surface of  the membrane, we measured 
the effect of  calcium on the carrier mediated conductance of  phosphatidyl- 
choline black lipid membranes. It is apparent from Table I that calcium pro- 
duces an increase in the conductance of  an anion selective membrane (DTFB) 

m a t e l y  equa l  to the  to ta l  c o n c e n t r a t i o n  of  sites. If one  wished  to def ine  an  equ i l ib r ium 2 : 1 b ind ing  
c o n s t a n t  wh ich  d e p e n d e d  quad ra t i ca l l y  on  the  surface  c o n c e n t r a t i o n  of  lipids, our  b ind ing  c o n s t a n t s  
w o u l d  be  c h a n g e d  on ly  by  a c o n s t a n t  f ac to r .  Hause r  et  al. [30]  on  the  o t h e r  hand ,  de f ined  a b ind ing  
c o n s t a n t  for  2 : 1 c o m p l e x e s  in t e r m s  of  a v o l u m e  c o n c e n t r a t i o n  of  lipids. This  leads  to co n t r ad i c t i o n s .  
For  e x a m p l e ,  e q u a t i o n  1 in the i r  p a p e r  p red ic t s  t ha t  the  n u m b e r  of  2 : 1 c o m p l e x e s  will d e p e n d  
quadra t i ca l ly  on  the  v o l u m e  c o n c e n t r a t i o n  o f  l iplds w h e n  the  sys t em is far  f r o m  sa tu ra t ion .  This  is 
obv ious ly  no t  t rue  if the  2 : 1 c o m p l e x  is f o r m e d  b e t w e e n  a m e t a l  ion  and  two  lipids in the  s ame  
vesicle.  The i r  f o r m u l a t i o n  wou ld  be  c o r r e c t  if the  c o m p l e x e s  were  f o r m e d  b e t w e e n  lipids on  t w o  
d i f f e r en t  vesicles and a m e t a l  ion.  

** The s t a n d a r d  dev ia t ions  are  a b o u t  1 m V  (Fig.  1). This  impl ies ,  via the  G r a h a m e  or  G o u y  e q u a t i o n ,  t ha t  
nega t ive ly  cha rged  c o n t a m i n a n t s  cons t i t u t e  less t h a n  0.3% of  the  lipids. By m a k i n g  m e a s u r e m e n t s  at  
l ow er  e l ec t ro ly t e  c o n c e n t r a t i o n s  we c o n f i r m e d  t h a t  the  c o n t a m i n a n t  level was ac tua l ly  m u c h  less t han  
this.  We no te  in passing tha t  m i c r o e l e c t r o p h o r e s i s  appears  to  be one  of  the  m o s t  sensit ive m e t h o d s  
avai lable for  de t ec t ing  charged  c o n t a m i n a n t s  in zwi t t e r ion lc  or  n eu t r a l  lipids. When  m e a s u r e m e n t s  are 
m a d e  in a so lu t ion  of  low salt  c o n c e n t r a t i o n ,  it  is at  leas t  an  o rd e r  of  m a g n i t u d e  m o r e  sensitive t han  
th in  l aye r  c h r o m a t o g r a p h y .  We used  the  e lec t rophores i s  t e c h n i q u e  to  c h e c k  tha t  the  u l t rasonic  irradia-  
t ion  of  egg PC samples  did n o t  i n t r o d u c e  a s ignif icant  p e r c e n t a g e  of  nega t ive ly  ch a rg ed  c o n t a m i n a n t s  
[ 3 2 ] .  A f t e r  son ica t ion  we e x t r a c t e d  the  lipids in to  e i the r  c h l o r o f o r m  or  c h i o r o f o n n  : m e t h a n o l  (2  : 1)~ 
r e s u s p e n d e d  the  l ipids in 0.1 M NaCI in the  f o r m  of  large mu l t i l ame l l a r  vesicles,  an d  m e a s u r e d  the  ze ta  
po ten t ia l s .  The  ze ta  po ten t i a l s  were  l owe r  in m a g n i t u d e  t h a n  --2 m V ,  wh ich  impl ies ,  by  m e a n s  of  the  
G o u y  e q u a t i o n ,  t ha t  less t han  0.6% nega t ive  c o n t a m i n a n t s  were  i n t r o d u c e d  by the  son lca t ion  proce-  
d u r e  used  to p r e p a r e  vesicles for  the  NMR e x p e r i m e n t s .  The  son ica t ion  was  car r ied  o u t  u n d e r  n i t ro-  
gen  a t m o s p h e r e  a t  0 ° C. 
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Fig. 1.  T he  e f f e c t s  o f  the  d ivalent  ca t ions  Mn 2+ (o),  Mg2 + (e ) ,  Ni 2+ (u) ,  Sr 2+ (m), an d  Ba 2+ (~) on  the  ze ta  
po ten t ia l s  o f  p h o s p h a t i d y l c h o l i n e  ves ic les .  Th e  curves  through  the  po ints  w e r e  dra wn  accord ing  to  the  
c o m b i n a t i o n  o f  Eqns .  1 - - 3 ,  assuming  that  the  area o c c u p i e d  b y  a l ipid is 60 A 2 and that  the  1 : 1 dissocia-  
t i on  c o n s t a n t s  are,  r e sp e c t ive ly ,  0.3,  1 .0 ,  1.2,  2.8,  and  3.6 M. If  t w o  p h o s p h a t i d y c h o l i n e  m o l e c u l e s  c o m -  
b ine  w i t h  o n e  divalent  ca t ion  the  d i s soc ia t ion  c o n s t a n t s  are half  these  values.  The a queo us  so lu t ions  c o n -  
ta lned  0.1 M NaC1 b u f f e r e d  to  p H  7 . 5  w i t h  0 .01  M Tris and the  t e m p e r a t u r e  wa s  25°C.  

and a decrease in the conductance of  a cation selective membrane (nonactin). 
To a crude first approximation these changes in conductance are equal in mag- 
nitude and opposite  in direction. We average the magnitudes of  the changes and 
calculate the change in the electrostatic potential in the interior of  the mem- 
brane A~o_ by means of  the formula: 

G = Ginit e x p ( - - z F A ~ o _ / R T  ) (13) 

where Ginit is the conductance measured in the presence of  the carrier before 
the addition of  calcium and G is the conductance measured after the addition 
of  the indicated concentration of  calcium to the aqueous solutions on both side 
of  the planar black lipid membrane. R T and F have their usual significance and 
z is the valence of  the charged permeant species (+1 for the potassium complex 
formed with nonactin [24] ,  --1 for the HA~ complex formed between the neu- 
tral HA and anionic A-  species of  DTFB [33]) .  The change in potential cal- 
culated from Eqn. 13 is indicated in the last row of  Table I. The excellent 
agreement (5%) between the change in potential in the interior of  the mem- 
brane estimated by the probes and the zeta potential (Fig. 2) is probably for- 
tuitous.  The results do indicate, however, that the adsorption of  calcium pro- 
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Fig. 2. The e f f e c t s  o f  the  divalent  ca t ions  Ca 2+ (a)  and Co 2+ (o)  on  the  ze ta  po ten t ia l s  o f  pho spha t idy l -  
cho l ine  ves ic les .  The  curves  through the  po in t s  w e r e  d r awn  accord ing  to  the  c o m b i n a t i o n  o f  Eqns.  1--3,  
assuming  that  the  area o c c u p i e d  b y  a l ipid is 6 0  .~2 and that  the  1 : 1 dis soc ia t ion  c o n s t a n t s  for Ca 2+ and 
Co 2+ axe 1.0 and 1 .2  M. The  aq u e ou s  so lu t ion s  c o n t a i n e d  0 .1  M NaC1 b u f f e r e d  to  p H  7.5 wi th  0 .01  M Tris 
and the  t e m p e r a t u r e  was  25°C.  

duces no large change in the dipole or boundary potential [12] and that the 
measured values of  the zeta potential should be a reasonable approximation to 
the value of  the surface potential, 4 ,  which appears in Eqns. 2 and 3. 

Fig. 3. illustrates how the percentage of  bound phosphate groups, as deter- 
mined from 31p NMR measurements, varies as the concentration of  cobalt in 
the bathing solution is increased. Note that there is a marked deviation from a 
linear isotherm, which is indicated in Fig. 3 by the dashed line. It is possible to 
describe the data with a normal Langmuir adsorption isotherm if one assumes 
that less than 10% of the phosphatidylcholine molecules are available to com- 
plex with cobalt. Such an assumption has been made to account for similar 
curves obtained with the lanthanides [34] .  We prefer to fit the data with the 
combination of  Eqns. 1, 2, 3 and 9, a combination we refer to as a Stern equa- 
tion. A best fit was obtained with k = 1/0.75 M. The value of K was taken to be 
(1/1.2 M) • (1/60/~2),  the value which gave a best fit to the zeta potential data. 

T A B L E  I 

T H E  E F F E C T  OF C A L C I U M  ON T H E  E L E C T R O S T A T I C  P O T E N T I A L  IN T H E  I N T E R I O R  OF B L A C K  
L I P I D  M E M B R A N E S  F O R M E D  F R O M  P H O S P H A T I D Y L C H O L I N E  AS E S T I M A T E D  BY " P R O B E "  
M E A S U R E M E N T S  

[Ca 2+] = 2 4 . 4  m M  [Ca 2+] = 4 7 . 6  m M  

log 1 0 ( G / G i n i t  ) for  the  negat ive  probe  D T F B  0 . 1 4  -+ 0 . 0 4  0 . 2 0  -+ 0 . 0 2  
loglo(G/Gini t  ) for  the  pos i t ive  p r ob e  n o n a c t i n  - - 0 . 1 2  + 0 . 0 1  - -O.16  + 0 . 0 1  
A ~ O -  ( f r o m  Eqn .  6)  7 .6  m V  1 0 . 5  m V  
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Fig.  3. The  f r a c t i o n  o f  p h o s p h a t i d y l c h o l i n e  m o l e c u l e s  b o u n d  to  coba l t  as a f u n c t i o n  of  coba l t  c o n c e n t r a -  
t ion .  The  f r a c t i o n  o f  l ip id  p h o s p h a t e  g r o u p s  b o u n d  to  coba l t  was  ca l cu l a t ed  f r o m  the 31 p N M R  l i n e w i d t h  

(see t e x t ) .  The  sol id curve  is the  b e s t  f i t  to  Eqns .  1, 2, 3 a n d  9 (see t e x t ) .  The  dashed  curve  is the  l inear  

b i n d i n g  i s o t h e r m  e x p e c t e d  in  the  absence  o f  su r f ace  p o t e n t i a l  e f fec t s .  The  e x p e r i m e n t a l  c o n d i t i o n s  were :  

s o d i u m  ch lor ide ,  0 . 0 9 5  M; egg p h o s p h a t i d y l c h o l i n e ,  17 m g / m l ;  d e u t e r i u m  ox ide ,  20%; Tr is  ch lo r ide ,  

0 .001  M, p H  7.5.  T = 20°C .  The  d i f f e r e n t  s y m b o l s  r e f e r  to  s epa ra t e  e x p e r i m e n t s .  Each  sample  was  soni-  

ca ted  in  the  p r e sence  o f  t he  spec i f i ed  c o b a l t  c o n c e n t r a t i o n .  

Note that  the combination of these equations can indeed describe the data in 
a satisfactory manner. 

Table II illustrates the effect of an increase in the concentration of sodium 
chloride on the fraction of  phosphate groups bound to cobalt. The observed 
results may be compared with the theoretical predictions obtained from the 
combination of Eqns. 1, 2, 3, and 9. At a given cobalt concentration an 
increase in the concentration of sodium chloride from 0.1 to 1.0 M should 
increase the fraction of bound phosphate groups. The observed enhancement in 
the binding, however, is somewhat larger than predicted theoretically. Gras- 
dalen et al. [14] observed a similar discrepancy in their s tudy of the adsorption 
of calcium to phosphatidylcholine. They chose to explain this discrepancy by 
invoking an adsorption of chloride ions to the membrane. While we cannot rule 
out this possibility, we know of no direct evidence that  chloride ions do adsorb 
to phosphatidylcholine membranes *. There are a number of other possible 
explanations for this discrepancy between theory and experiment. For exam- 
ple, the increase in the monovalent salt concentration would be expected to 
enhance the discrete charge effect [35--37], and might have an effect on the 
membrane structure [38]. 

The hydrocarbon chains of  all the phosphatidylcholines used in this study 
contained either double bonds or branched chains. Zeta potential  measure- 
ments on saturated phosphatidylcholines (e.g. dimyristoyl phosphatidylcho- 
line) indicate that  the dissocation constant  of divalent cations such as calcium 
to these membranes is about  an order of magnitude lower than the values 
reported here. This is true both above and below the phase transition tempera- 
ture of the saturated lipid. 

* S e e  f o o t n o t e  o n  p a g e  343 .  
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T A B L E  II 

E F F E C T  OF NaC1 ON T H E  F R A C T I O N  OF P H O S P H A T E  G R O U P S  OF P H O S P H A T I D Y L C H O L I N E  
B O U N D  TO C O B A L T  

All t heo re t i ca l  va lues  were  ca lcu la ted  assuming  T =  20°C,  K =  (1 /1 .2  M ) .  ( 1 / 6 0  A 2) and k = 1 / 0 7 5 M ,  
values chosen  to p rov ide  a bes t  f i t  to  the  ze ta  po t e n t i a l  and  31p NMR e x p e r i m e n t s  c o n d u c t e d  wi th  
[NaCI]  = 0.1 M. With the  e x c e p t i o n  t h a t  [NaC1] = 1 M, the cond i t ions  for  the resul ts  l isted in the  last 
c o l u m n  were  ident ica l  to those  given in Fig. 3. 

[Co 2+] [NaCl]  = 0.1 M [NaC1] = 1 M [NaC1] = 1 M 
(raM) theore t i ca l  (%) theore t i ca l  (%) e x p e r i m e n t a l  (%) 

13.2 1.2 1.5 1.7 
22 .8  1.8 2.4 2.9 
32.2 2.3 3.1 3.8 
44 .6  2.9 3.9 4.4 
56.6 3.4 4.6 5.6 

Discussion 

Our major conclusion is that the combination of  the Grahame, Boltzmann 
and Henry equations can adequately describe both the zeta potential and alp 
NMR data when cobalt adsorbs to membranes formed from the zwitterionic 
lipid phosphatidylcholine. We anticipated that discrete charge effects might be 
more important for the adsorption of  divalent than monovalent ions [35--37] ,  
but if this effect were of  overriding importance, we would have obtained 
steeper potential vs. concentration curves than we actually observed in Figs. 1 
and 2, and the deviation from Henry's law in Fig. 3 would have been less 
marked than observed. Our conclusion that the data are well described by 
Eqns. 1--3 must, however, be tempered by the caveat that we do not know the 
stoichiometry of  the binding between the phosphatidylcholine lipids and 
cobalt. This allowed us to chose the ratio of  1 : 1 and 2 : 1 complexes to fit the 
alp NMR data. 

The analysis of  the zeta potential data involves the number of  adsorbed 
cobalt ions per unit area *, while the analysis of  the 31p NMR data involves the 
number of  phosphate groups bound to cobalt **. To relate the two sets of data 
we need  to  a s sume  a s t o i c h i o m e t r y  fo r  the  p h o s p h a t i d y l c h o l i n e  • coba l t  com-  

• T he  G r a h a m e  equa t i on ,  wh ic h  re la tes  the  ze ta  or  sur face  po ten t i a l  to the  n u m b e r  of adso rbed  coba l t  
ions, shou ld  be tes ted  b y  i n d e p e n d e n t  experh-nents  for  the  case wh e re  d iva len t  ions such as ca l c ium 
and  coba l t  adso rb .  I t  is d i f f icul t ,  h o w e v e r ,  to  see h o w  Eqn .  3 can  be tes ted  d i rec t ly  ( for  example ,  by  
equ i l ib r ium dialysis  o r  H u m m e l  and  Drye r  t y p e  e x p e r i m e n t s )  for  these  ions because  t h e y  adsorb  so 
w e a k l y  to p h o s p h a t i d y l e h o l i n e  m e m b r a n e s .  

• * The  a c c u r a c y  of  the  31p NM R d e t e r m i n a t i o n  of  f d e p e n d s  on  the  a c c u r a c y  of  the  a s s u m p t i o n  tha t  
Ao9 M is ident ica l  for  p h o s p h a t i d y l  chol ine  in b i layer  m e m b r a n e s  and  g l y c e r o p h o s p h o r y l  chol ine in 
so lu t ion  [ 1 7 ] .  The  o t h e r  m a j o r  a s s u m p t i o n s  invo lved  in d e t e r m i n i n g  the  s t o i c h i o m e t r y  are t ha t  the  dis- 
soc ia t ion  cons t an t s  a nd  a rea  pe r  l ipid mo lecu l e  are ident ica l  for  the  u n s o n i c a t e d  vesicles and  b o t h  stir- 
faces of  the  son ica t ed  vesicles,  a s s u m p t i o n s  wh ich  are p r o b a b l y  incor rec t .  For  e x a m p l e ,  we a s sumed  
t h r o u g h o u t  ou r  analysis  t h a t  the  l ipid a rea  was 60 / ~ 2  an appr ip r i a te  a s s u m p t i o n  for  b lack  lipid m e m -  
b ranes  [ 2 9 ] .  X-ray s tudies  ind ica te ,  h o w e v e r ,  t h a t  the  area  pe r  egg p h o sp h a t i d y l ch o l i n e  mo lecu l e  in 
m u l t l l a m e l l a r  d ispers ions  is p r o b a b l y  b e t w e e n  70 and  75 ~ 2  [ 3 9 , 4 0 ]  while Huang  an d  Mason [41]  
have r ecen t ly  e s t i m a t e d  t h a t  the  average  area  pe r  l ipid h e a d  g ro u p  in a son ica ted  vesicle is 70 ~ 2 .  While 
it is d i f f icul t  to a c c u r a t e l y  e s t ima te  the  c o n s e q u e n c e s  of  the  e f fec t s  discussed in f o o t n o t e s  * an d  **,  
the  possible er rors  i nvo lved  cou ld  s igni f icant ly  a l te r  the  ca lcu la ted  d i s t r ibu t ion  b e t w e e n  1 : 1 and 2 : 1 
c o m p l e x e s .  We also ignored  ac t iv i ty  coe f f i c i en t  e f fec ts  in this  pape r ,  a l t h o u g h  t h e y  cou ld  readi ly  be 
i n c o r p o r a t e d  in to  the  b ind ing  f o r m a l i s m  if one  assumes  tha t  the  ac t iv i ty  coef f i c ien t  of  the  adsorb ing  
ca t ion  in the  a q u e o u s  phase  at  the  m e m b r a n e  so lu t ion  in te r face  is equal  to  the ac t iv i ty  coef f ic ien t  of  
the  ion  in the  bu lk  a q u e o u s  so lu t ion  [ 1 4 ] .  
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Fig, 4. The f r a c t i o n  o f  p h o s p h a t i d y l c h o l i n e  mo lecu les  h o u n d  to  coba l t  as a f u n c t i o n  o f  coba l t  eoneent ra-  
t i on .  The  f r ac t ion  of  l ipid p h o s p h a t e  g roups  b o u n d  to coba l t  was ca lcu la ted  f r o m  the 31 p NMR l inewid th  
(see t ex t ) .  The  solid curves  at t he  t op  a nd  the  b o t t o m  of  the  figure are  ca lcu la ted  f r o m  Eqns.  1, 2, 3 and  9 
using the  va lue  of  K der ived  f r o m  the  ze ta  po t e n t i a l  da t a  and  assuming  e i ther  a 1 : 1 or  a 2 : 1 s to i ch iom-  
e t ry .  T he  solid curve  t h r o u g h  the  da t a  poin ts  is t he  best - f i t  t o  Eqns .  1, 2, 3 and  9 a s suming  tha t  b o t h  1 : 1 
an, d 2 : 1  c o m p l e x e s  axe s imu l t aneous ly  p r e s e n t  (see t ex t ) .  E x p e r i m e n t a l  detai ls  are ident ica l  to those 
given fo r  Fig. 3. 

plex. The upper and lower curves in Fig. 4 illustrate the theoretically predicted 
curves for the 31p NMR data assuming either a 2 : 1 or a 1 : 1 stoichiometry,  
and using the value of K derived from the fit of  the Stern equation to the zeta 
potential  data. The 31p NMR data lie between the theoretically predicted curves 
for 2 : 1 and 1 : 1 stoichiometry. It is only to the extent that  the data lie 
between the two curves that  we can conclude the Stern equation provides an 
adequate description of experimental reality. The data can be quantitatively fit 
by assuming that  both 2 : 1 and I : 1 complexes are present simultaneously. 
From the theoretical fit to the data (middle line in Fig. 4) it is calculated that  
one lipid would be involved in a 1 : 1 complex for every three lipids involved in 
2 : 1 complexes with cobalt *. Assuming that  the surface densities of binding 
sites are lib and 1/2b, the dissociation constants for the 1 : 1 and the 2 : 1 
complexes are calculated to be KD1 = 3.0 M and KD2 = 1.0 M, respectively. 

The 3,p NMR results allow us to draw some conclusions about the lifetime 
and molecular nature of  the phosphatidylcholine • cobalt complex (Appendix). 
The calculated value of the 31p NMR shift for the phosphatidylcholine • cobalt 
complex, ATOM, is very similar to the value measured for the Co3(PO4): crystal 
[42,16]. This implies that  the phosphate group of phosphatidylcholine is incor- 
porated into the first co-ordination sphere of the cobalt ion. The lifetime of 
phosphatidylcholine in the complex, TM, is 3 • 10 -6 S at 20°C and the lifetime 
of cobalt on the membrane should be roughly equal to this value. A knowledge 
of the dissociation constant  and the lifetime allows us to calculate the effective 
rate constant  for formation of the complex. This rate constant  is at least two 
orders of magnitude smaller than the value calculated by assuming that  the 
interaction of cobalt with phosphatidylcholine molecules in the membrane pro- 
ceeds by a simple one-step diffusion-controlled reaction. This does not  seem to 

* See second  f o o t n o t e  on  page 349 .  
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be a consequence of  the membrane structure because the glycerophosphoryl- 
choline complex has similar values for the dissociation constant  and the life- 
t ime of  the cobalt  complex [17].  

Our zeta potential  results obtained with calcium may be used to test whether 
the major conclusion we reached with respect to the adsorption of cobalt  to 
phosphatidylcholine membranes is also applicable to the adsorption of calcium 
to phosphatidylcholine membranes.  Hauser et al. [43] reported neither shifts 
nor broadening bu t  both  Grasdalen et al. [14] and Hut ton  et al. [15] observed 
shifts in the phosphate  peak of  the head group in the outer  surface of the vesi- 
cles on addition of  calcium. In Fig. 5 we fit their data to the combination of 
Eqns. 1--3, using for K the value deduced from the zeta potential  measure- 
ments of  Fig. 2. In contrast  to the 31p NMR data obtained with cobalt ,  there is 
no calibration factor available to interpret the experimentally observed shift in 
the 31p NMR data obtained with calcium in terms of the fraction of bound 
phosphate  groups. The curve was arbitrarily scaled to the 0.4 M point  by  
assuming either 1 : 1 s toichiometry with a dissociation constant  of  1.0 M, or by 
assuming a 2 : 1 s toichiometry with a dissociation constant of 0.5 M. The fit to 
the data is satisfactory which confirms the conclusion of  Grasdalen et al. [14] 
that  their results are consistent with the Stern equation. 

Hauser et  al. [30] observed the binding of Ca 2÷ to phosphatidylcholine mem- 
branes by  measuring its effect on the binding of  Eu 3÷, using NMR to monitor  
the chemical shift in the proton N(CHa)3 signal of phosphatidylcholine. The 
procedure to be used for  calculating a binding constant when a divalent cation 
competes  with a trivalent cation is, however,  unclear. 
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Fig. 5. The  sh i f t  o f  t h e  31p  NM R signal f r o m  s o n i c a t e d  p h o s p h a t i d y l c h o l i n e  ves ic les  o n  t h e  add i t i on  of  
ca lc ium ch lor ide .  T he  31p  NMR da ta  are t a k e n  f r o m  Grasda len  e t  al. [ 1 4 ]  (o) an d  H u t t o n  e t  al. [ 15 ]  ( i ) .  
In o rde r  to  f i t  t h e  data  to  Eqns .  1, 2, 3 a nd  9 t h e  t h e o r e t i c a l  curve  was scaled so  t h a t  it  c o i n c i d e d  w i t h  the  
e x p e r i m e n t a l  p e a k  s epara t i on  at 0 .4  M c a l c ium c h l o r i d e .  T h e  va lue  o f  the  c o n s t a n t  K was  a s su med  t o  be  
ident ica l  to  t h a t  der ived  f r o m  t h e  z e t a  p o t e n t i a l  m e a s u r e m e n t s  given in Fig. 2 (see t ex t ) .  
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Several groups [44--46] have reported apparent strong interactions between 
calcium and phosphatidylcholine membranes (dissociation constants on the 
order of 10 -3 M) based on studies with the fluorescent probe 1-anilino-8-napth- 
thalenesulfonate (ANS). McLaughlin et al. [3] pointed out, however, that  ANS 
adsorbs to membranes formed from zwitterionic lipids and, at the concentra- 
tions used by these investigators, itself produces a substantial negative surface 
potential,  a conclusion we have confirmed by means of zeta potential measure- 
ments (unpublished). When calcium as added to these solutions it screens the 
negative charges, allowing more ANS to adsorb, and thus produces the observed 
increase in fluorescence without  itself adsorbing significantly to the phospha- 
tidylcholine membranes a*~ low concentrations. 

Other techniques are, in general, not  sensitive enough to contribute much to 
our understanding of the rather weak interaction of calcium with phosphatidyl- 
choline membranes. By studying the enhancement of the beta emission of 4SCa 
in aqueous solution on spreading of a monolayer of phosphatidylcholine, a 
number of groups [43,47,48] concluded that  there was essentially no interac- 
tion of this ion with phosphatidylcholine. The titration studies of Dervichian 
[49], where little change in pH was observed on addition of Ca:* to phospha- 
tidylcholine, are also consistent with our results. It should be possible to detect 
the adsorption of calcium and other divalent cations to phosphatidylcholine 
monolayers by means of direct surface potential measurements. A number of 
investigators [50--52] have reported significantly larger changes in surface 
potential  than we observed with zeta potential measurements. Collacico [53], 
however, argued that  these results were due to a negative contaminant  in the 
phosphatidylcholine samples. In a later publication, Shah and Shulman [54] 
report smaller changes in surface potential  on addition of calcium to dioleoyl 
or egg phosphatidylcholine monolayers, changes which agree with our zeta 
potential  measurements within a factor of two. 

There have been two studies of the binding of manganese ions to phospha- 
tiylcholine vesicles. Puskin [55] concluded that  the dissociation constant was 
0.11 M, whereas Nolden and Ackermann [ 31] estimated, by a different techni- 
que, that  the dissociation constant was about 0.02 M. The value we deduce 
from zeta potential measurements, also assuming 1 : 1 stoichiometry,  is 0.3 M 
(Fig. 1), in qualitative agreement with Puskin [ 55]. The experiments of Nolden 
and Ackermann were done in pure water without  buffer. A contamination of 
0.5% (about the level of negatively charged contaminants we found to be intro- 
duced by our sonication procedure) would produce an enormous negative sur- 
face potential under their experimental conditions. They added phosphatidyl- 
choline to a solution containing manganese at a concentration of 2.5 • 10 -s M. 
The Grahame equation from the theory of the diffuse double layer predicts 
that  the potential  at the surface of these vesicles should be of the order of --40 
mV. The local concentration of Mn 2÷ would thus be a factor of 20 higher than 
in the bulk aqueous solution and the dissociation constant they deduce would 
be also in error by this factor. 

In summary,  we know of no study of the adsorption of divalent ions to 
phosphatidylcholine membranes which disagrees with our conclusion that  the 
Stern equation can adequately describe the association. In fact, this conclusion 
allows one to understand results which have appeared puzzling to other investi- 
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gators. The Stern equation predicts why an increase in the concentration of an 
' indifferent '  electrolyte like NaC1 will increase the binding of  a changed mole- 
cule to phosphatidylcholine membranes.  If the substance which adsorbs is cati- 
onic (e.g. Ca 2+ [14]; Co 2÷, Table II; lanthanides [14,30,43]) ,  the additional 
chloride ions will screen the adsorbed charges, lower the magnitude of  the sur- 
face potential  and allow more adsorption of the cation. A similar screening role 
is played by  sodium ions if the substance which adsorbs is an anion [22,23] .  It 
is not  necessary to postulate that the effect is due to 'steric hindrance due to 
the extended conformat ion of  the lecithin group'  [43] or to invoke [30] the 
theory  of  Gillespie [ 56]. While Gillespie's theory does predict that  NaC1 should 
enhance the binding of  calcium to phosphatidylcholine membranes,  it is based 
on the assumption that the head group of phosphatidylcholine is in a fixed 
extended conformation,  which now seems unlikely [57--59].  It also makes the 
erroneous predictions that calcium chloride and sodium chloride should signifi- 
cantly affect the surface potential  of  phosphatidylcholine monolayers at con- 
centrations below 0.001 M. 

Studies on the adsorption of  divalent cations to membranes comprised of  
mixtures of  neutral and negative lipids are in progress and should yield results 
which bear on the interesting ability of  divalent ions to induce the phase sepa- 
ration [60,61] of  lipids and the fusion [62--65] of  membranes.  

Appendix 

Phosphorus nuclear magnetic resonance (a~p NMR) spectra are very sensitive 
to the binding of  paramagnetic divalent cations. Since divalent cations are pre- 
sumed to bind at the phosphate group of  phosphatidylcholine membranes,  31p 
NMR is an ideal technique to study the interaction of  paramagnetic divalent 
cations with these membranes.  

From a complete  analysis of  the effects of  cobalt  on the 31p NMR spectrum 
of phosphatidylcholine vesicles we can obtain three types  of  information: (1) 
the fraction of  phosphate  groups in phospholipid • cobalt  complexes, f; (2) the 
lifetime of  the phospholipid • cobalt  complex,  rM; (3) the molecular nature of 
the phospholipid • cobalt  complex (i.e., if it is an inner or outer-sphere com- 
plex). 

In order to obtain this information the temperature and magnetic field 
dependence of  the effects of  cobalt  on the 3~p NMR spectrum must be investi- 
gated. The complete  equations describing these effects are rather cumbersome 
[66,67] .  However,  three approximations allow a considerable simplification of  
these equations. First, since only a small fraction of the phosphate groups are 
bound to cobalt  at any one time (less than 1% in the experiments discussed in 
this Appendix) the observed 3~p NMR signal arises almost completely from the 
free phosphate groups. Second, as previously discussed [17],  the frequency 
dependence of the observed linewidth in the high-temperature region allows us 
to deduce that,  throughout  the entire temperature range of  the experiments,  
1/T2M < ~  AC.OM2T M where 1/~'T2M is the width and ACOM is the shift of the 31p 
NMR signal of  the bound  phosphate groups. Third, from the values of Tie 
(0.175 s), the obsvrved longitudinal relaxation time and A~p  (11 780 rad/s, the 
observed shift at 145 MHz (4 mM cobalt,  77°C), it is calculated that  in the high 
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1/T2p : [ 

and 

temperature region of the 145 MHz data (ACOM)/(1/T1M) = 2061 where T1M is 
the longitudinal relaxation t ime of  the bound phosphate groups. Since T1M 
T2M , it may be concluded that: 

( A C G M ) / ( 1 / T 2 M )  > >  1 

for the data shown in Fig. 6. 
With these three approximations,  the complete  equations for the effects of 

cobalt  on the observed linewidth, 1/~T2p , and the observed shift, Awp, sim- 
plify to [17]: 

1 + : : (A1) 
A C O M T  M 

A G 9  M 
A t o P = f 1 +  2 2 (A2) 

/~ (.0 MT" M 

As previously discussed [17],  the temperature dependence of  f and T M is 
assumed to be of  the form: T M = T~¢ l exp(~J--I1/RT); f= fo exp(AH2/RT) and 
A(-O M is assumed to be inversely proport ional  to temperature and directly pro- 
portional to the magnetic field strength. Once ~ ( . O  M has been determined, the 
temperature  and magnetic field strength dependence of  1/T2p and Acop allow 
us to determine both  T~ and f .  The value of A¢O M is assumed to be the same as 
the value determined for glycerophosphorylcholine,  --1442 ppm [17].  Eqns. 
A1 and A2 may then be used to theoretically fit the data shown in Fig. 6 (solid 
lines). The values of  T~ and f derived from this fit are shown in Table III. 

There are two possible complications that  might arise in the analysis of  the 
effects of  cobalt  on the sonicated phosphatidylcholine vesicles. First, the aniso- 
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Fig.  6 .  The  o b s e r v e d  l i n e w i d t h ,  1 / T 2 p ,  a n d  t h e  l ine - sh i f t ,  A t o p ,  f o r  s o n i c a t e d  p h o s p h a t i d y l c h o l i n e  vesicles  
in  the  presence  o f  c o b a l t .  T h e  d a t a  we re  t a k e n  at t w o  d i f f erent  f requenc ie s  (e ,  3 6 . 4  MHz;  o,  1 2 9  MHz)  as 
a f u n c t i o n  o f  t e m p e r a t u r e .  The  e x p e r i m e n t a l  c o n d i t i o n s  were :  p h o s p h a t i d y l c h o l i n e ,  3 0  m g / m l ;  s o d i u m  
c h l o r i d e ,  0 .1  M; Tris  c h l o r i d e ,  0 . 0 1  M, p H  7 .5 .  The  so l id  cu rves  we re  c a l c u l a t e d  f r o m  the  s i m u l t a n e o u s  
best - f i t  o f  all  t h e  d a t a  t o  E q n s .  A1  a n d  A 2  (see A p p e n d i x ) .  



T A B L E  II I  

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

P a r a m e t e r s  are  de f ined  in the  t e x t .  

3 5 5  

r~v I 0 .5 • 10 -13  s 
~xH 1 10 .5  k c a l / m o l  
f° 2.4 * 
A H  2 - -3 .5  k c a l / m o l  
A ~ M  - - 1 4 4 2  p p m  ( 7 0 ° C )  ** 

* Calcula ted  for  0 .006  M coba l t  ch lor ide  and  the  cond i t ions  given in Fig. 6. 
** Measured  va lue  for  the  g l y c e r o p h o s p h o r y l c h o l i n e  c o m p l e x  [ 17J (see Discussion).  

t ropy in the cobalt-phosphate interaction might not  be averaged by the relativ- 
ely long Brownian rotational time of  the vesicles (about 2 • 10 -6 s at 20 ° C). Thi 
This effect is difficult to  quantitatively rule out without  a complete resolution 
of the interaction into anisotropic and isotropic components,  a resolution 
which is not  available at the present time. However, the much shorter Brownian 
rotational time for the glycerophosphorylcholine,  cobalt complex will com- 
pletely average any anisotropy in the cobalt-phosphate interaction. The fact 
that  the shape of the linewidth versus l IT curves for phosphatidylcholine mem- 
branes may be superimposed on the linewidth versus l IT curves for glycero- 
phosphorylcholine [17] implies that  the anisotropy is also averaged in the 
membranes. Second, intermolecular (pseudocontact) cobalt-phosphate inter- 
actions might affect the 31p NMR spectrum of phospholipids which were not  
directly bound to cobalt. A simple estimate of the intermolecular pseudocon- 
tact interaction shows that  it would be less than 10% of the intramolecular 
interaction. Since the relevant correlation time for the intermolecular interac- 
t ion would be the lateral diffusion time of the lipids (about 2 • 10 -7 s at 20 ° C) 
the intermolecular effects will be in fast-exchange throughout  the entire tempe- 
temperature range. Since the observed shifts approach zero at the low tempera- 
tures, the intermolecular effects can be shown to be negligible. 
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