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SUMMARY 

The interaction of phosphatidylserine dispersions with "hydrophobic",  organic 
cations (acetylcholine, tetraethylammonium ion) is compared with that of  simple in- 
organic cations (Na+, Ca 2 +); differences in the hydration properties of the two classes 
of ions exist in the bulk phase as evident from spin-lattice relaxation time ]'1 measure- 
ments. It is shown that the reaction products (cation-phospholipid) differ markedly in 
their physicochemical behaviour. With increasing concentration both classes of ions 
reduce the ~-potential of phosphatidylserine surfaces, the monovalent inorganic 
cations being only slightly more effective than the hydrophobic cations. Inorganic 
cations cause precipitation of the lipid once the surface charge of the bilayer is reduced 
to a certain threshold value. This is not the case with the organic cations. The differ- 
ence is probably associated with the different hydration properties of  the resulting 
complexes. Thus binding of Ca 2+ causes displacement of water of  hydration and 
formation of an anhydrous, hydrophobic calcium-phosphatidylserine complex which 
is insoluble in water, whereas the product of binding of the organic cations is hydrated, 
hydrophilic and water soluble. The above findings are consistent with N M R  results 
which show that the phosphodiester group is involved in the binding of both classes of 
cations as well as being the site of the primary hydration shell. Besides affecting inter- 
bilayer membrane interactions such as those involved in cell adhesion and membrane 
fusion, the binding of both classes of cation can affect the molecular packing within a 
bilayer. 

INTRODUCTION 

Ion binding and ion exchange processes at the surface of biological membranes 
are implicated in many physiological functions, e.g. nerve excitability. The phospho- 
lipid bilayer, which is an integral part of biological membranes [1 ], is likely to provide 
non-specific ion binding sites. Hence the binding of ions such as Na ÷ and Ca 2+ to 
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phospholipid monolayers and bilayers has been widely studied (e.g. refs 2-5). How- 
ever, organic ions such as acetylcholine are also associated with membranes in vivo, 
but the interaction of this type of ion has hardly been investigated. Here we compare 
the binding to phosphatidylserine of some hydrophobic, organic cations (acetyl- 
choline and tetraethylammonium) and some simple inorganic cations (Na + and 
Ca2+). We show that there are significant differences in the behaviour of the two 
types of system. 

EXPERI M ENTA L 

(1) Materials 
Ox brain phosphatidylserine was purchased from Lipid Products, South 

Nutfield, Surrey, U.K.; it was checked by thin-layer chromatography and where 
necessary purified by standard methods [6]. AnalaR grade NaC1, KC1, CaCI 2 and 
MnCI2 were roasted at 500 °C before use. Tetramethyl- and tetraethylammonium 
chloride, tetramethylammonium bromide and acetylcholine chloride were obtained 
from B.D.H., Poole, U.K.; these materials were used without further purification. 
2 H 2 0  was  approx. 99.7 .% (from Prochem Ltd, Croydon, U.K.). All other chemicals 
were AnalaR grade. The water used was distilled, deionized, distilled from alkaline 
permanganate under N 2 and redistilled in an all-glass apparatus. 

Sample preparation. Unsonicated phosphatidylserine dispersions for measuring 
electrophoretic mobilities were prepared as described in ref. 2. The preparation of 
sonicated phospholipid dispersions has been described before [7, 8]. Concentrated 
unsonicated phospholipid dispersions used for alp and 2H wide-line N MR experi- 
ments were prepared in a tube containing a constriction [9]. The phospholipid and 
water or  2H20 were weighed in and thoroughly homogenized by centrifuging the 
mixture repeatedly backwards and forwards through the constriction. Dry weight 
determination of the samples showed the water content to be accurate to within ~ 5  ~ .  
Unless otherwise stated the samples prepared for wide-line N MR experiments con- 
tained lipid and salt in equimolar concentrations. The lipid and salt were vacuum 
dried before use. Samples were prepared under N 2 at 20-25 °C. 

(2) Methods 
Surface chemistry. The procedures used to measure simultaneously surface 

pressure (re) and surface potential (AV) as a function of surface area/molecule at 
20~_ 1 °C have been described before [10]. Electrophoretic mobilities were determined 
at 25 50.5 °C in a cylindrical electrophoresis cell as described in ref. 2. 

Nuclear magnetic resonance (NMR). t H spin-lattice relaxation time (T1) mea- 
surements were obtained with a Brucker 270 MHz spectrometer using pulse Fourier 
transform techniques based on a 180-~-90 ° pulse sequence. 31p and 2H wide-line 
experiments were carried out on a Varian Associates wide-line N M R  spectrometer 
(12" electro-magnet) operating at 8.13 MHz. A Northern Scientific NS 544 time 
averaging computer was attached to the spectrometer in order to enhance the signal- 
to-noise ratio [9]. Linewidths W and quadrupole splittings Av were measured from 
first-derivative presentation of the spectra as described elsewhere [9, 11 ]; the errors in 
Av are i 5 0 H z  (maximum) and ± 1 0  ~ in W. All N MR measurements were carried 
out at 25-~1 °C. 
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Certain samples were investigated by X-ray diffraction [9] and spin-probe 
methods [12]. The order parameter ($3), as defined by Seelig [13], was determined for 
the spin-label incorporated in unsonicated dispersions of phosphatidylserine at a 
molar ratio of lipid/probe of 130/1. 

0 / N - - O  
CH3(CH2) 5 - ' ~ C  - - ( C H 2 ) I O  COOCH 3 

Scheme 1. 

RESULTS 

Fig. 1 shows how the electrophoretic mobility of ox brain phosphatidylserine 
particles (liposomes) changes as a function of the concentration of various inorganic 
and organic cations. With inorganic cations aggregation and fusion of phosphatidyl- 
serine bilayers commenced at a certain concentration; this precipitation led to an 
increase in absorbance (see inset to Fig. 1). As pointed out before [2] there is a good 
correlation between the concentration of these cations required to reduce the electro- 
phoretic mobility to --1/as-1.  V- 1 • cm and that required to increase the absor- 
bance at 520 nm of sonicated phosphatidylserine dispersions [14] to an arbitrary 
value of 2. In contrast to the inorganic ions, addition of tetramethylammonium, 
tetraethylammonium and acetylcholine chlorides to phosphatidylserine dispersions 
did not give rise to turbidity and precipitation despite the fact that their effect on the 
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Fig. 1. Electrophoretic mobility in kts-1 per unit electric field strength (V • cm-1) of unsonicated 
phosphatidylserine particles as a function of ion concentration. ~ ,  tetramethylammonium chloride; 
rq, tetraethylammonium chloride; /x, acetylcholine chloride; ×,  NaCI; ®, KCI; O, CaCI2. For ex- 
perimental details see ref. 2. Inset: absorbance at 520 nm of sonicated phosphatidylserine vesicles 
[14] as a function of ion concentration. I ,  CaCI2; X, NaC1 or KCI. 
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electrophoretic mobility and thus the (-potential was similar to that of the inorganic 
cations. In agreement with this observation that the inorganic and organic monovalent 
cations have similar effects on the surface charge, the surface potentials ofphosphati- 
dylserine monolayers spread on substrates containing these ions are the same within 
experimental error (Table I). 

TABLEI  

SURFACE PRESSURE AND SURFACE POTENTIAL OF MONOLAYERS OF OX BRAIN 
PHOSPHAT1DYLSERINE AT 70 ,~2/MOLECULE (EQUIVALENT TO THE PACKING IN A 
LIQUID-CRYSTALLINE B[LAYER) ON SUBSTRATES (pH 6) CONTAINING VARIOUS 
SALTS 

Substrate ~(~1  mN m -~) t V ( ± I 0 m V )  

Distilled water 10 165 
0.1 M acetylcholine chloride 25 250 
0.1 M tetraethylammonium chloride 31 235 
0.1 M NaCI 18 255 
10 -3 M CaCI2 20 365 

The properties of the water of hydration of the cations have been investigated 
by using pulsed NMR to determine spin-lattice relaxation times (7'1) [15, 16]. Fig. 2 
demonstrates the different effects of inorganic and organic ions on water structure 
The relative deuteron relaxation rates (l/Tl)re~ of 2H20 are shown as a function of 
salt concentration. 
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Fig. 2. Relative relaxation rates (l/T1)rel of 2H20 at 25 °C as a function of salt concentration (mol/ 
kg 2HzO); II, tetraethylammonium bromide [16]; A, acetylcholine chloride; O,  tetramethyl- 
ammonium bromide [16]; -I-, CaCl2 [15, 17]; x ,  NaBr [17]. 
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( l i T , ) , o ,  = (IlT~)I(IlT, to~) (1) 

where Tl(o) and/'1 are the deuteron relaxation times of pure 2H20 and of 2H20 in the 
presence of salt, respectively. The increase in (1/7"1)r,1 is largest with (C2H 5)4NBr and 
the effect is in the order tetraethylammonium bromide > acetylcholine chloride > 
CaBr2 ~ CaC12 > tetramethylammonium bromide > NaBr. If the ionic effect of a 
1 : 1 electrolyte is considered to be represented by NaBr or tetramethylammonium 
bromide the increase in (1/T1)r~l observed with tetraethylammonium bromide or acetyl- 
choline chloride may then be attributed to the effect of the additional alkyl groups. Such 
a hydrophobic hydration effect is assumed to arise from clathrate formation around 
the hydrophobic residues [19]. The increase in (1/T~)re I of Ca 2+ compared to that of 
Na ÷ is probably due to the higher charge density of Ca 2÷ and assumed to be an 
electrostrictive effect [18]. 

TABLE II 

DISTANCE RATIOS rl~ DERIVED FROM LINE BROADENING AND Tx MEASUREMENTS 
WITH SONICATED AQUEOUS DISPERSIONS OF EGG LECITHIN IN THE PRESENCE 
OF GdCl3 

rt~ is the ratio of the distance of nucleus i from Gd ~ + and the distance Gd 3 +-OPCH2 protons. 

Nucleus i Line broadening Tl measurement 
(r,j) (rtl) 

alp 0.654-0.15 - 
POCH2 (choline) 1.00 1.00 
CH2N 1.08 4-0.05 1.12 4-0.04 
N (CHa)3 1.204-0.06 1.244-0.04 
CH2OP (glycerol) - 1.034-0.05 

In a previous study of ion binding to phosphatidylcholine [20], distance ratios 
(Table II) were obtained by monitoring the effect of increasing GdCI3 concentrations 
on the linewidth at half height of the 31p resonance and three 1H resonances from the 
phosphorylcholine groups of a sonicated dilauroyl phosphatidylcholine dispersion. 
Here we have investigated the effects of salts on the motions of the polar group of 
phosphatidylserine by determining the 31p linewidths of wide-line NMR spectra 
recorded from ox brain phosphatidylserine/water mixtures in the presence and ab- 
sence of salts. Table III summarises the effects of the salts on the linewidths obtained 
from both phosphatidylserine/water and phosphatidylcholine/water mixtures; only 
with the samples containing tetraethylammonium ion (9 mol water/tool lipid) and 
Ca 2+ did the linewidth depart significantly from the average, indicating that the 
motions of the phosphorus atoms are severely restricted (for CaCI2 the restriction is 
such that the spectrum is too broad to be detected). When tetraethylammonium ion 
was added to samples containing more water (20 mol water/mol lipid) the 3tp line- 
width was typical of the phospholipid in the absence of salt. 

Table IV summarises the characteristics of the 2H spectra of 2 H 2 0  added to 
phosphatidylserine in the absence and presence of ions. Only singlet spectra were 
obtained when C a  2+ was  added whereas in the presence of Na + or tetraethyl- 
ammonium ion singlets as well as doublets were observed. 
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T A B L E  11I 

L I N E W I D T H S  W(Hz) F O R  T H E  a lp  W I D E L I N E  R E S O N A N C E  OF  P H O S P H O L 1 P I D - W A T E R  
M I X T U R E S  A T  24 °C 

n, molecules o f  water  added  per phosphol ip id  molecule.  

Phosphol ip id  Salt* n W(Hz) 

Egg lecithin (unsonicated)  

Egg lecithin (sonicated)** 

M o n o s o d i u m  salt o f  ox bra in  
phosphat idylser ine  

none  21 420 (51.7 ppm)  
none  37 470 
NaCI  18 280 
t e t r a e t hy l ammon i um 9 440 
chloride 
CaCl2 38 360 

none  ~ 200 36 (1 ppm)  
CaCl2 -~ 200 36 

none  17 280 
none  39 310 
NaCI  20 230 
t e t r a e t hy l ammon i um 
chloride*** 9 2340 
t e t r a e t hy l ammon i um 
chloride 
CaClz***  

21 350 
20 signal too broad to be detected 

* Salt and  lipid were present  in equimolar  concent ra t ions .  
** High-resolut ion N M R  spectra  were obta ined f rom 2 ~/o (w/v) dispersions o f  egg lecithin in water  

sonicated to single bilayer vesicles [8]. 
***  The  phosphol ip id-water  mixture  was first homogenized  as described in Exper imenta l ,  the sa l t  

was added and  the whole was then rehomogenized.  

T A B L E  IV 

D O U B L E T  SPLITT1NGS (~lv) A N D  S I N G L E T  L I N E W l D T H S  (W) F R O M  2H S P E C T R A  O F  
2H20/SALT/PHOSPHATIDYLSERINE M I X T U R E S  A T  24 °C 

In  all samples  except those  m a r k e d * *  salt  and  lipid were mixed  in equimolar  propor t ions ,  n, tool 
2H20  per mol  phosphol ip id  and  S denotes  a sharp  singlet o f  width < 40 Hz limited by the spec t ro -  
meter  modu la t i on  condit ions.  3v  values in the  absence o f  salt are taken  f rom ref. 9. 

Phosphol ip id  Salt n . h, (kHz) W(Hz) 

M o n o s o d i u m  salt  o f  
ox brain phosphat idyl -  
serine 

none  9 2.00 750* 
none  21 0.64 350* 
NaCI  20 1.67 S 
t e t r a e t hy l ammon i um 21 2.41 S 
chloride 
CaCI2 8 - S 
CaCI2 20 - S 
CaC12** 10 - 65 
CaCI2** 21 - S 
NaCI**  18 1.56 53 

* For  a discuss ion o f  the  origin o f  this line see ref. 9. 
** In  these prepara t ions  salt  was added to 1-5 ~ (w/v) sonicated dispersions o f  lipid until  precipi- 

ta t ion occurred (cf. inset o f  Fig. 1). The  insoluble CaCI2 • phosphat idylser ine  precipitate was first 
washed  with 2H20 ,  and  freeze-dried, then  the  required a m o u n t  o f  2H20  was added and  the mixture  
homogenized .  
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Fig. 3.(a) Proton spin-lattice relaxation time (T1) of water (0) and of a 10 -3 M sonicated dis- 
persion of crude sodium phosphatidylserine in 0.05 M Tris • HCI, pH 7.4 (A)  as a function of  
Mn 2+ concentration at 24 °C. The phospholipid contained up to 10 % impurities (mainly lyso com- 
pounds)  as detected by thin-layer chromatography analysis. Since the polar groups of the impurities 
are similar to that of  phosphatidylserine the conclusions derived from those experiments are not sig- 
nificantly affected by this level of contamination. (b) Relaxation enhancement e* defined and 
calculated according to Eqn 1 as a function of Mn 2+ concentration. Experimental conditions as 
described under a. The bars give the spread of 2-3 measurements. 

Fig. 3a gives the spin-lattice relaxation time Tt of  pure water and of  water 
containing 1 0 - a M  sonicated phosphatidylserine [14] as a function of the Mn 2+ 
concentration. Sonicated dispersions gave more reproducible results than unsonicated 
dispersions. At [Mn 2+ ] ~< 10 -3 M, T1 is significantly shorter in the presence of 
phosphatidylserine. At [Mn 2+ ] >/ 10 -3 M, T t approaches the values of Mn 2÷ 
solutions in the absence of  phosphatidylserine and eventually becomes even longer. 
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Fig. 3b is a plot of the relaxation enhancement e* [21, 22] as a function of Mn 2+ 
concentration. The empirical relaxation enhancement e* was calculated from T1 
measurements according to Eqn 2 

e * =  (I/T,')--(l/T~*~o) (2) 
(l/T1)-- (I/T, (%) 

where 1/T1(o) is the spin-lattice relaxation time in the absence of Mn 2+ and the 
asterisk indicates the presence of 10-3M sonicated phosphatidylserine. At [Mn 2+] 

10 -3 M e* values are of the order of 10 while at [Mn 2+ ] ~> 10 -3 M e* decreases 
rapidly towards a final value of less than 1. 

DISCUSSION 

Hydration and ion bindin9 to phosphatidylserine 
Earlier studies [20] of the effect (corrected for any diamagnetic effects) of 

Gd 3 + on linewidth and T 1 of the phosphatidylcholine polar group resonances showed 
that the phosphate is nearer to the metal than any other group (Table II) indicating 
that the phosphodiester group is the metal binding site in phosphatidylcholine. Con- 
sistent with this the 31p wide-line NMR experiments of Ca 2+ • phosphatidylserine 
complexes show that the phosphate group is involved in the formation of the metal 
complex (Table III). In contrast to Ca 2 +, tetraethylammonium ions at water contents 
(n) > 20 mol per mol of lipid do not cause line broadening in the 31p wide-line 
spectrum of phosphatidylserine (Table III). This result together with the observation 
of a singlet and doublet in the 2H spectrum of tetraethylammonium ion/2H20/ 
phosphatidylserine mixtures (Table IV) suggests that the interaction of tetraethyl- 
ammonium ion produces hydrated ion-lipid complexes in which the molecular motion 
is not changed significantly compared to phosphatidylserine in the absence of ions. 

In general, 2H spectra of 2H20 contain doublets if the motion of the 2H-O 
bond averaged over a characteristic period of time is anisotropic, i.e. if the electric 
field gradient at the deuterium nucleus is not averaged out by rapid tumbling (for a 
more detailed discussion see ref 9 and 11). The doublet splitting is a measure of the 
degree of anisotropy of the motions of the 2H20 molecules and thus allows conclu- 
sions about the mode of 2H20-phospholipid interactions [9]. In a two-phase phos- 
pholipid-ZH20 system consisting of phospholipid bilayers at maximum hydration and 
excess 2H20 a doublet superimposed on a singlet is observed. The former originates 
from 2H20 molecules hydrating the phospholipid and the latter from isotropically 
tumbling water molecules which cannot exchange rapidly with water molecules in the 
hydration shells of the phospholipid [9, 11 ]. The 2H spectra of 2H20/phosphatidyl- 
serine mixtures both in the absence and in the presence of tetraethylammonium ion 
consist of a doublet and a singlet indicating that besides water of hydration free, 
isotropically tumbling, water is present. Inspection under the light microscope of 
these samples confirmed the presence of a two-phase system consisting of a lipid and 
an aqueous phase. Contrary to the tetraethylammonium ion-containing mixture, the 
2H-spectrum of 2H20/phosphatidylserine plus CaCI 2 consists only of a singlet, in- 
dicating that only isotropically tumbling water is present. Low angle X-ray diffraction 
studies of Ca 2 + • phosphatidylserine complexes showed that the multilamellar structure 
was retained regardless of the water content. Phosphatidylserine precipitated with 
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Ca 2+ had a very dry appearance when viewed under the light microscope and the 
precipitate could not be completely homogenized. The results are consistent with the 
picture that Ca 2 + interacts with the polar group of phosphatidylserine displacing any 
adsorbed monovalent cations and liberating water from the various hydration shells 
of  the lipid polar group. The final product is an anhydrous (i.e. hydrophobic) metal- 
lipid complex (cf. ref. 23). The liberation of water on addition of Ca 2 + indicates that 
metal and water are essentially competing for the same binding sites. This conclusion 
is consistent with the hydration studies of Finer and Darke [9] who concluded that the 
main hydration shell of phospholipids is centered around the phosphate group. 

Na + also precipitated phosphatidylserine dispersions provided the ion concen- 
tration was high enough (see inset of Fig. 1). In contrast to the Ca 2 + precipitate, the 
flocculate obtained with Na ÷ redissolved readily in excess water. The Na + precipitate 
is not anhydrous as evident from the 2H spectrum of 2H20 in phosphatidylserine/ 
2H20 / NaCI mixtures (Table IV). The presence of a doublet indicates that some water 
is still associated with the lipid structures. An upper limit of approx. 20 mol of water of 
hydration is obtained from low angle X-ray diffraction studies of a sodium-phosphati- 
dylserine precipitate: a lamellar repeat distance of 60/k was obtained from this 
precipitate and this corresponds to the value obtained when about 20 mol water/mol 
lipid were added to pure phosphatidylserine. We can conclude that the effect of Na ÷ 
on the hydration of phosphatidylserine bilayers is probably intermediate to that of 
Ca 2÷ and tetraethylammonium ion. 

The above interpretation of an anhydrous Ca 2 ÷ • phosphatidylserine complex 
is further corroborated by the T 1 measurements in the presence of paramagnetic Mn 2 + 
used as an isomorphous replacement for Ca 2 ÷. The T t of the water protons is reduced 
by the presence of  Mn 2 ÷. This is a short range effect which is inversely proportional 
to the sixth power of the separation of the Mn 2+ from the water protons. Rapid 
exchange of water molecules between the hydration sphere of Mn 2 ÷ and bulk water 
results in a relaxation rate which is the average weighted over the different environ- 
ments of  the water protons. The observed relaxation enhancement e* is given by 

Mnf Mnb 
e* -- ef 4- eb (3) 

Mn t ' M~-n t 

where Mnf, Mn b and Mn t are the free, bound and total Mn 2 ÷ concentrations, respec- 
tively, and ef is the enhancement of free Mn 2 + which is equal to unity by definition, 
and e b is the enhancement of Mn 2 ÷ bound to the lipid. The major contribution to the 
relaxation of the water protons occurs when the water molecule is in the hydration 
sphere of Mn 2+. The enhancement on the relaxation rate l I T  1 when paramagnetic 
ions are bound to macromolecules (first observed with Mn 2÷ bound to DNA by 
Eisinger et al. [21]) can be ascribed to a reduction in molecular motion of the Mn 2 ÷ 
and its hydration shell if the electron spin relaxation time % is long compared with the 
rotational correlation time ~'r describing the motions of the water protons [21, 24]. 
The enhancement (e* > 1) observed at [Mn 2+] < 10 -a M (Fig. 3b) is typical for 
Mn 2 ÷ being bound to external sites of macromolecules [21, 22, 24]. In this case Mn 2 ÷ 
is bound to the phosphatidylserine polar groups at the surfaces of the lipid bilayers. 
As the Mn 2÷ concentration increased to [Mn 2+] > 1 0 - 3 M  the observed e* fell 
rapidly and tended towards 0.8 at [Mn 2÷] > 4 . 1 0  -3 M. This could occur either 
because all the water had been displaced from the Mn 2+ • lipid complex or if Mn 2+ 
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was bound at a site inaccessible to bulk water. Like Ca 2+, Mn 2 + also precipitated 
sonicated phosphatidylserine dispersions and its efficacy in raising the turbidity 
was similar to that of Ca 2 + shown in the inset of  Fig. I. Comparison of Figs 1 
and 3b shows that the decrease in J" correlates well with the increase in turbidity 
or the onset of  the precipitation of the Mn 2 + • phosphatidylserine complex. From 
low angle X-ray diffraction it is clear that as with other cations the multilamellar 
structure was also retained in the presence of Mn 2+. In conclusion the relaxation 
enhancement, precipitation and X-ray diffraction experiments with Mn 1+ are 
consistent with the formation of an anhydrous Mn 2+ • phospholipid complex. In 
turn this leads to the aggregation and fusion of single bilayer vesicles and formation 
of  large multilamellar structures. The properties of  the Mn 2 + - phosphatidylserine 
complex are very similar to those of the Ca 2 + - phosphatidylserine complex. 

Effects o f  ions on inter-bilayer interactions 
The data in Fig. 1 show that Na + and C a  2+ decrease the surface charge on 

phosphatidylserine particles and cause them to flocculate and precipitate. This de- 
stabilisation of the colloidal phosphatidylserine dispersion arises because the cations 
decrease the electrostatic repulsion between particles which arises from overlap of 
electrical double layers. The total interaction energy arising f rom van der Waals 
attraction and electrostatic repulsion between particles can be described in terms of the 
well known DLVO* theory [25]. Further, the electrolyte concentration at which 
flocculation should occur can be derived by finding the condition such that the 
maximum of the potential energy barrier is just zero. The result of  this treatment is the 
so-called Schulze-Hardy rule which states that the flocculation concentration should 
be inversely proportional to the sixth power of  the valency of the flocculating ion [25 ]. 
Since the interaction of Ca 2÷ with phosphatidylserine leads to dehydration and 
formation of a hydrophobic surface, there will be a hydrophobic contribution [19] to 
flocculation which is not considered in the DLVO theory. As a result, the Schulze- 
Hardy rule would not be expected to describe exactly the data in Fig. 1 for flocculation 
of phosphatidylserine particles by Na + and Ca 2 +. In agreement with this, the concen- 
tration o f N a  + required to bring the absorbance at 520 nm to 2 is 1.4 M [2] and by the 
Schulze-Hardy rule the concentration of Ca z+ should be 1.4/26 = 0.022 M. In fact, 
the same absorbance is attained with a Ca 2 + concentration of 0.009 M [2] which is 
less than half the concentration predicted. This enhanced effect with Ca 2 + is a reflec- 
tion of the displacement of  water of hydration by Ca 2 + and the formation of a hydro- 
phobic surface. 

The electrophoretic mobility (~-potential) and the surface potential (AV) 
measurements show that both inorganic and organic monovalent cations have similar 
effects on the surface charge of phosphatidylserine. With the latter type of cations the 
screening of the surface charge of the lipid is somewhat less effective which might be 
due to the bulkiness of  the tetraalkylammonium ions not allowing close approach and 
ion pairing of the type observed with inorganic ions. Taking the ~-potential as a 
measure of  the electrostatic repulsive potential between bilayers then one would 
expect the tetraalkylammonium ions to precipitate phosphatidylserine dispersions 
like Na + if the decrease in the electrostatic repulsion between phosphatidylserine 

* Derjaguin-Landau and Verwey-Overbeek. 
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bilayers alone were responsible for the precipitation. Clearly another property in 
addition to the electrostatic screening of the surface charge by counterions is impor- 
tant in determining the resistance of the dispersion to flocculation. An alternative 
cause of the different behaviour of the two groups of ions could be that the hydration 
properties of the reaction products (cation-phospholipid) are different. The anhydrous 
and hydrophobic nature of the Ca 2 ÷ • phosphatidylserine complex as compared to the 
tetraethylammonium ion-phosphatidylserine system imposes different macroscopic 
properties on the lipid bilayer which manifest themselves in the inter-bilayer inter- 
actions leading to aggregation and fusion. We therefore have the scheme: 

single bilayer ca2, multilamellar 

vesicle (c~ns),N÷ precipitate 

Our results clearly show that with tetraalkylammonium salts the above equilibrium is 
displaced towards single bilayer structures (vesicles). Since monovalent inorganic and 
organic cations have more-or-less the same effect on surface charge (Fig. 1), it is not 
simply electrostatic repulsion between opposing lipid bilayers in the presence of  
tetraalkylammonium salts which prevents bilayers from approaching closely enough 
to flocculate and eventually fuse (coalesce) as they do in the presence of Na + or Ca 2 +. 
Whether this prevention of close-approach (contact) of the bilayers is due to the 
bulkiness of the tetraalkylammonium ions and/or retention of a hydration shell 
giving rise to a repulsive potential on close approach is not clear. The repulsion 
probably contains a contribution from the energy required to displace water molecules 
from the clathrate layers. It is likely that the different hydration properties of cations, 
as illustrated in Fig. 2, are important and at least partially responsible for the different 
bilayer properties in the presence of inorganic and organic cations. 

Effects of ions on molecular packin9 within bilayers 
The surface pressure data in Table I show that the packing of phosphatidyl- 

serine molecules within a monolayer (or bilayer) is sensitive to the counterion. The 
general increase in rt from the value at zero ionic strength on addition of salt pre- 
sumably arises from the increased dissociation of the weakly ionizing phosphatidyl- 
serine polar group at higher ionic strengths (cf. ref. 26) while the hydrophobic 
alkylammonium ions give particularly high rc because of partial penetration into the 
monolayer. Increasing the ionic strength further by addition of NaCI can lead to 
shielding of the charges on the polar groups of the phosphatidylserine and a net 
reduction in the electrostatic repulsion between adjacent molecules and an increase in 
the lateral packing density of the bilayer [14]. When Na ÷ is displaced from the 
bilayer by Ca 2 ÷ a similar condensation occurs [5 ]. 

More detailed information about the effect on the packing of Ca 2 ÷ interacting 
with the polar group of phosphatidylserine can be obtained from the order parameter 
of the spin label incorporated into phosphatidylserine bilayers; 5 3 = 0.18 :k0.02 when 
[Ca 2+ ] ~< I0-4 M and the change in S 3 paralleled the increase in turbidity (Fig, 1). 
The correlation time for motion zo of the spin label calculated according to the theory 
of Kivelson [27] showed the same trend with Ca 2 ÷ concentration as the order param- 
eter. This result shows that the formation of the anhydrous metal-lipid complex affects 
the packing of the hydrocarbon chains. The interaction in the polar part produces a 
tighter, more ordered (anisotropic) arrangement of the hydrocarbon chains (cf. ref. 
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28). A t  h igher  Ca 2÷ concent ra t ions  line b roaden ing  due to spin exchange was 
observed  in the ESR spectrum.  This results f rom cluster ing o f  the spin label into 
is lands within the Ca 2 + • phospha t idy lse r ine  mat r ix  [23]. Thus the fo rmat ion  of  the 
Ca 2 + • phospha t idy l se r ine  complex  is equivalent  to cool ing  the l ip id  below the crystal-  
to- l iquid  crystal  t rans i t ion  t empera tu re  so that  there is an increase in o rder  ("crys ta l -  
l in i ty" )  o f  the h y d r o c a r b o n  chains.  

Biolooical implications 
We have shown tha t  bo th  i n t r amembrane  and  in t e rmembrane  in teract ions  are 

sensitive to the na ture  o f  the coun te r ion  associa ted  with the phospho l ip id  bilayer.  
On the basis o f  the differences in hydra t ion  and  the above  effects on col loid  s tabi l i ty  
observed  with the two classes o f  ions,  it  is to be expected that  metal  ions such as Ca 2 ÷ 
will p r o m o t e  membrane  aggrega t ion  and  fusion (cf. ref. 29) whereas hydrophob ic ,  
organic  cat ions  will tend  to inhibi t  these phenomena .  These differences may  have a 
fur ther  b io logica l  consequence because whenever  a meta l  ion is d isp laced  by a 
hyd rophob ic ,  organic  ion (e.g. a chemical  t ransmi t te r  or  d rug  molecule)  the con fo rma-  
t ion o f  the m e m b r a n e  should  be per turbed .  Thus,  bo th  the te r t ia ry  s t ructure  o f  
pro te ins  [30] and  the bi layer  pack ing  can be a l tered by such an ion exchange.  
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