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Neutron diffraction is used to examine tile effects of Ca -'+ and CIO 4 ions on interactions and some structural 
features of dipalmitoylphosphatidylcholine membranes in both solid and fluid lameilar phases. The results are 
described within the framework of Derjaguin-Landau-Verwey-Overbeek (DLVO) theory with reference to electL-o- 
static, van der Waais, and hydration components of disjoining pressure. The Hamaker constants are evaluated 
under equilibrium conditions. Addition of 100 mM CaCi 2 to the aqueous phase substantially increases the iamellar 
repeat spacing (d), which is interpreted in terms of adsorption of Ca 2+ ions to bilayers followed by electrostatic 
repulsion between membranes. The rise of NaCIO 4 concentration in the presence of 100 mM CaC| 2 leads to gradual 
decrease in d, evidently resulted from the diminution of Ca2+-induced positive surface potential by both electro- 
static screening and binding of CIO4- ions. In the absence of CaCi 2, elevation of NaCIO 4 concentration to 100-300 
mM drastically enhances the repeat spacing and then dramatically decreases d at about I M NaC|O4. Estimation 0|' 
the hydration coefficients showed that the pronounced decrease of the repeat spacing at high NaCIO 4 concentra- 
tions was resulted mainly from the (partial) disruption of the structure of intermembrane bound water by 
ehaotropic CIO 4 ions and subsequent decrease in hydration repulsive pressure. Moreover, in the case of solid 
membranes (20°C) high concentrations of CIO 4 induced formation of interdigitated phase paralleled with marked 
reduction in bilayer thickness and corresponding increase in the effective cross.sectional area per lipid molecu|e. 

Introduction 

The intrinsic properties of lipid bilayers of cell 
plasma membranes are known to play decisive role in a 
number of physiologically important processes, such as 
intercellular adhesion and fusion [1-4]. These latter 
processes are controlled by the main components of 
intermembrane disjoining pressure, namely, the long- 
range electrodynamic (van der Waals) and electrostatic 
forces and short-range hydration (solvation, structural) 
forces [5-12] which may well be modulated by changes 
in the compositional-structural or other characteristics 
of the lipid bilayer [2-5,13-16]. Curtis and co-workers 
[15], for example, concluded that the alterations of cell 
adhesive properties induced by variations in the lipid 
composition of plasma membranes could be accounted 
for by changes in van der Waals forces (Hamaker 
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constant). The dependence of cell adhesiveness on 
membrane fluidity was explained by thermotropic shifts 
in the surface potential of lipid bilayers, which in turn 
was mediated by adsorption of inorganic ions [3]. The 
fact that fluid bilayers are less adhesive as compared to 
solid membranes was alternatively interpreted in terms 
of more extensive hydration in the former case and 
increased hydration repulsion between fluid films 
[1,2,7,12,17,18] while the thermal undulations were also 
recognized to play a certain role [19-22]. 

The hydration forces are shown to dominate at 
intermembrane spacings < 2-3 nm, increase exponen- 
tially with decreasing separation, and reach 107-10 ~° 
N/m 2 at the membrane surface [1,5,7,9-12,22,23]. Pro- 
gressive increase in the hydration repulsive pressure 
between approaching membranes will obviously pre- 
vent molecular contacts. Therefore, the processes re- 
quiring tight intermembrane contact (e.g., membrane 
fusion) can only proceed when the membranes are 
(partially) dehydrated and hydration forces reduced 
[1,2,4]. As justly outlined by Parsegian and Rau [24], 



144 

"The force changes only if something else displaces 
water from the surface, and the displacement occurs 
only if the new species is more strongly attracted to the 
surface than is water". Some inorganic anions, such as 
SCN- and CIO 4, could presumably be used as such 
species, since they were shown to bind to phospholipid 
bilaygrs quite strongly [25,26] and are potent water 
structure breakers by virtue of their chaotropic nature 
[27]. On the other hand, Ca 2+ and other divalent 
cations adsorb to phospholipid membranes [3,6,17,18, 
26,28,29] and give rise to strong electrostatic repulsion 
between zwitterionic iipids [6,17,28,29] and lower the 
hydrrttioa repulsion between acidic phospholipids 
[l,2,181. 

These findings and considerations indicate that the 
understanding of the mechanisms of membrane adhe- 
sion requires detailed examination of lipid bilayer in- 
teractions under varying experimental conditions, con- 
cerning the temperature, ionic environment and oth- 
ers. 

in this work, the effects of the adsorption of Ca 2+ 
and 0 0  4 ions on interactions between dipalmitoyl- 
phosphatidylcholine (DPPC) membranes has been 
studied in a wide temperature range, including the 
solid-to-fluid phase transition of the lipid. It is shown 
that the influence of 100 mM Ca 2+ or < 300 mM 
CIO4- on membrane interactions is due to charge ad- 
sorption-induced electrostatic forces. Higher concen- 
trations of CIO4 (> I M) decrease the hydration pres- 
sure owing to chaotropic effects and, in the case of 
solid membranes, induce the formation of interdigi- 
tared phase. 

Materials and Methods 

Materials. DPPC was obtained from Serva or Cal- 
biochem (ER.G.) or synthesized by one of us (A.E.S.). 
The purity of the lipid from all three sources checked 
by thinqayer, and gas-liquid-chromatography was 
higher than 99%. The salts NaCI, Na2SO4, NaCIO4, 
NaSCN, and CaC! 2 were purchased from Reachim 
(U.S.S.R.) and Tris(o~methyl)aminomethan from 
Serva. 

Ex47erimentaL To prepare the samples for neutron 
diffraction experiments, 10 rag of DPPC were weighed 
into thin quartz vials, then 50 ~tl of spectroscopic grade 
ethanol and 13.3 ~! of buffered (10 mM Tris-HCI, pH 
7.4) aqueous solution of appropriate ionic composition 
were added. The vials were thermostated at 60 °C for 
3-4 h to homogenize the mixture and partially evapo- 
rate the ethanol and water. Then the samples were 
dried under progressively lowered pressure for = 5 h, 
20/zl of heavy w a t e r  (2H20) were added to the mix- 
ture of lipid and salt, the vials were sealed, ther- 
mostated at 600C for 1 h, centrifuged at 4000 rpm for 1 
h and kept at room temperature for 24 h. The final 

concentration of Tris-HCI in the samples was 6.65 mM 
(pH 7.4). 

Using the molecular weights of DPPC and 2H20 as 
734 and 20, respectively, and their densities at 20 °C 
(1.067 g/ml for DPPC [30] and 1.10533 g/ml for 2H20 
[31]), the 2H20/DPPC molar ratio in the samples is 
found to be = 81. This water/lipid ratio was quite 
sufficient to allow the lipid to swell (see Refs. 5-7) 
which was confirmed by the fact that always excess 
water was present in the samples excepting the experi- 
ments when the water/lipid ratio was specially low- 
ered to achieve the no-excess-water condition (see be- 
low). 

The experiments were carried out on DN-2 neutron 
diffractometer with a one-dimensional position-sensi- 
tive detecter and IBR-2 pulse reactor of 2 MW power 
at the Laboratory of Neutron Physics, Joint Institute 
for Nuclear Research, Dubna. The pulse frequency 
was 5 Hz, and the integral neutron flux on the samples 
1.3. l07 cm -2 s-i. The time-of-flight neutron diffrac- 
tion technique was t:~ed. The Bragg angle between the 
incident and diffracted neutron beams was kept con- 
stant at 20 = 8 ° while the wavelength of the beam 
linearly varied from 0.12 to 2.0 nm during each pulse. 
The diffracted neutrons were counted by the detecter 
comprising 32 positional groups (0.5 ° between adjacent 
groups) and divided by 1024 time channels. The inten- 
sity (neutron counts) vs. time scans were accumulated 
and superposed, then translated into the scale of inten- 
sity vs. A/2 sin 0 - d/n (here d is the repeat distance, 
A the wavelength, and n the diffraction order). The 
first and second orders of diffraction peaks were 
recorded in 5 to l0 min (Fig. l), and the lamellar 
repeat spacings de0uced directly from the position of 
the first-order scattering peak with an accuracy of 
+ 0.15 nm. The reproducibility of the results of mea- 
surements under similar conditions was + 0.2 nm. 

Theoretical. The disjoining pressure between inter- 
acting lipid bilayers (P) is believed to be composed of 
a series of components, namely, the electrostatic (Pc~), 
electrodynamic (Pod), hydration (Ph) pressures, ther- 
mal-mechanical fluctuations (P a) and some other terms 
[1-12,17-24,28,29]: 

P = Pcs + Ped + Ph + Pfl + ... (1) 

For surface potentials O0 = const < 25 mV, in the 
presence of 1" 1 electrolyte in concentration C~, the Pes 
is [32]: 

Pcs = 64CIRT tanhZ($/4)  e -'~a'' (2) 

and in the presence of 1" 2 electrolyte in concentration 
Ca 

Pes=432C2RT tanh2{0.25 In[(2e* + 1)/3]} e -'dW (3) 



In Eqns. 2 and 3 4' = F~b./RT (4h) is the electrostatic 
surface potential), x is thc reciprocal Debye length, d~ 
is the intermembrane separation, R, T, and F have 
their usual meanings. In the presence of both l : l and 
1:2 electrolytes P,:,, is the sum of Eqns. 2 and 3. Pu 
and P~,t are defined as [5-7]: 

Ph = P, e-Uw/a (4) 

Ped = _ -ff'~'H [d ; . ,_2 (d , ,+d , )_  + (d,,, + 2 d i ) - " ]  ( 5 )  

where Po is the hydration coefficient, ,~ is the decay 
constant of hydration pressure, H is the Hamaker 
constant, d~ is ~he membrane thickness. Here we re- 
strict ourselves to the consideration of the electrostatic, 
electrodynamic, and hydration pressures. The free en- 
ergy of interaction is: 

at) 

t;(d,, ) = f,,,P dd,, (6) 

The geometry of lameilar structure in the absence of 
excess water predicts the following relations [6]: 

..I,I = 2(,., + ,"'w ); dl = d - d w = 2,.,/..t (7) 

where A is the cross-sectional area per lipid molecule, 
t'l and t'w are the molecular volumes of the lipid and 
water, respectively, n is the water/lipid molar ratio, d 
is the repeat spacing. 
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Fig. i. Two neutron diffraction spectra obtained in 5 min each on 
samples containing 10 mg DPPC plus 20/~1 :H~O solution of 9 mM 
NaCI and 6.65 mM Tris-HC! (pH 7.4) at 20°C (left spectrum) and 
48°C (right spectrum). Each point represents the sum of neutrons 
counted in five adjacent time channels. For further details see 

Materials and Methods. 
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Results 

Fig. 1 represents two neutron diffraction spectra 
demenstrating that the first-order diffraction peaks 
were sharp enough to allow the repeat spacings to be 
determined with high certainty. 

Depicted in Fig. 2 are the experimental curves of 
the temperature-dependence of DPPC lamellar repeat 
spacing in the presence of 6.65 mM Tris-HC! (pH 7.4) 
and varying concentrations of NaC! in the aqueous 
phase. These data indicate that the repeat spacing 
increases from 6.4 to 7.0-7.3 nm at about 35 °C, which 
is the temperature of the 'pretransition' (Tp) of DPPC 
from the gel to intermediate (or ripple) phase [33], and 
decreases to 6.5-6.8 nm at 40-42 o C, corresponding to 
the temperature of the 'main' transition (Tin) from 
ripple to liquid-crystalline phase [33]. These tempera- 
ture-dependence curves are typical for phosphatidyl- 
choline bilayers in the presence of simple salts and are 
in quantitative agreement with results obtained on 
DPPC [34,35]. 

Enhancement of NaCI concentration has no effect 
on d in the solid phase whereas d increases with 
decreasing ionic strength in the fluid phase, i.e., the 
liquid-crystalline membranes seem to be charged in 
contrast to gel-phase membranes. This may be ac- 
counted for by augmented negative surface potential of 
phosphatidylcholine bilayers in the fluid phase, as de- 
tected previously [3,25]. 

As seen from Fig. 3, increasing concentrations of 
NaCIO 4 in the aqueous phase both in the absence and 
presence of 100 mM CaCI2 cause marked deviations of 
the temperature dependence of the repeat spacing 
from the characteristic pattern, in the absence of CaC! 2 
(Fig. 3A), the increase in NaCIO4 concentration results 
in an initial elevation and further reduction in the 
repeat spacing, while in the presence of 100 mM CaCi 2 
(Fig. 3B) NaCIO 4 gradually decreases the repeat spac- 
ing. 
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Fig. 2. Temperature'dependence of DPPC lamclhlr repeal spacing in 
the absence (e) and presence of 27 mM (o), 166 mM( zx ), and 665 
mM NaCI (A) in the aqueous phase containing 6.65 mM Tris-HCI 

(pH 7.4) at : H z O / D P P C  molar ratio of 81 : 1. 
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Fig. 3. Tempei'ature-dependence of DPPC lameilar repeat spacing in 
the absence (A) and presence of 100 mM CaCI., (B) in the aqueous 
phase containin~ NaCIO.~ in concentrations (mM): ! (*), 9 (o), 83 
( El ), 116 ( a ), and 665 ( A ). The medium contained 6.65 mM Tris-HCI 

(pH 7.4). The ' H,O/DPPC molar ratio was 81 : I. 

Data on the influence of NaCI, NaCIO 4, and CaCI.~ 
on DPPC lamellar repeat spacing for both solid (200C) 
and fluid bilayers (55°C) are presented in Figs. 4 and 5. 
The absence of more or less pronounced dependence 
of d on NaCI concentration (Fig. 4, curves 1, 2) indi- 
cates that NaCi does not affect DPPC lamellar struc- 
ture and /or  interactions, while the effect of NaCIO4 is 
appreciable (Fig. 4, curves 3, 4, and Fig. 5). The initial 
devation of the repeat spacing as NaCIO4 concentra- 
tion increases (Fig. 4, curves 3, 4) is most likely to be 
resulted from the adsorption of CIO4 anions to phos- 
phatidylcholine bilayers and creation of negative sur- 
face potential, as demonstrated earlier [25,26], which 
gives rise to electrostatic interlamellar repulsion and 
additional swelling of the system. The impetuous re- 
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F~. 4, i~l~ndence of the repeat spacing of DPPC lamellar structure 
in heavy water on concentration of NaCi (curves 1, 2) and NaCIO 4 
(curves 3,4) in the aqueous phase containing 6.65 mM Tris-HCI (pH 
"/.4) at -~H20/DPPC molar ratio of 81:1. ~ "urves 1 and 3 correspond 
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Fig. 5. Dependence of DPPC lamellar repeat spacing on NaCIO4 
concentration in the presence of 100 mM CaCI, at 2Ii°C (curve i) 

and 55°C (curve 2). Otherwise as in Fig. 4. 

duction of d at higher (>  0.1-0.3 M) NaCIO 4 concen- 
trations (Fig. 4, curves 3, 4) might be governed by 
diverse mechanisms: (i) saturation of CIO4 adsorption 
and electrostatic screening of the surface charge by 
counter-ions (Na+) at high ionic strengths [25,26], (ii) 
perturbation of the structure of membrane-bound wa- 
ter by CIO~ ions owing to their chaotropic nature [27], 
and (iii) decrease in membrane thickness caused by 
high concentrations of chaotropic anions [36,37]. 

In the presence of Tris-HC! buffer only, the DPPC 
lamellar repeat distance is 6.4 and 6.9 nm at 20 and 
55°C, respectively (Figs. 2, 4). Addition of 100 mM 
CaC! 2 to the aqueous phase leads to an increase in d 
to 8.4-8.8 nm (Fig. 5). This effect is in good agreement 
with the data of Inoko et al. [28] and Lis et al. [6] and 
evidently is accounted for by electrostatic repulsion 
between juxtaposed bilayers due to Ca 2 + adsorption-in- 
duced positive surface potential. Increase in NaCIO4 
concentration in the presence of 100 mM CaCI 2 is 
followed by progressive lowering of the repeat spacing. 
Reduction in d sets in at ~ 10 mM NaCIO4 (Fig. 5), 
which could be explained by CIO 4 binding and de- 
crease in the positive surface potential of the bilayers, 
congruously with the increase in d at 10-30 mM 
NaCIO4 in the absence of CaCI 2 (Fig. 4, curves 3, 4). 
Further decrease in the repeat spacing at higher 
NaCIO4 concentrations might be interpreted invoking 
the three above mentioned mechanisms, i.e., electro- 
static screening of the surface charge, reduction in 
hydration forces by CIO~- ions, and membrane thin- 
ning at high concentrations of chaotropic ions. 

To distinguish between these possibilities first of all 
the membrane thickness in media of various ionic 
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Fig. ~. Dependence of DPPC lamellar repeal spacing on -~HzO/ 
DPPC molar ratio in file absence (A) and presence of 100 mM CaCI ~ 
(B) in the aqueous phase containing 6.65 mM Tris-l~Ci (pH 7.4). 

Filled and open circles refer to 20 and 55°C. resp, ctively. 

composition should be measured. Fig. 6 demonstrates 
that decrease in 2 H 2 0 / D P P C  molar ratio is followed 
by remarkable reduction of the repeat spacing, which is 
undoubtedly due to the fact that at low water / l ip id  
ratios no excess water is present to allow the. system to 
swell sufficiently (see Refs. 6, I1, 12 and 35). Hence, 
Eqns. 7 can be applied to derive both the membrane 
thickness (dr) and area per lipid molecule (A). Sum- 
marized in Table I are the parameters d I and A 
determined through Eqns. 7 using the values of the 
repeat spacing at 2 H z O / D P P C  = 12:1 (Fig. 6) and the 
molecular volumes of t, I = 1.1427 nm 3 and t'w = 0.03008 
nm a at 20°C and vt = 1.2317 nm a and l',~ = 0.03051 nm 3 
at 55 ° C [30,31]. Values of the bilayer thickness in both 
gel and liquid crystalline phases of DPPC, shown in 
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Table 1, demonstrate no dependence on the presence 
of CaCl 2 and agree with the data deduced from X-ray 
diffraction with an accuracy of +_0.2 nm [5- 
7,9,12,22,34,35]. Note that the DPPC bilayer thickness 
and area per molecule found here at 2 H 2 0 / D P P C  
molar ratio of 12: l (25 wt.% water) coincide with the 
respective parameters evaluated at eq.~ librium with 
excess water [6,7,12] which is in line with the findings 
that both d I and A are almost independent of water 
content at _> 25 wt.% water [5,6,9,22,38]. Mclntosh and 
Simon [22] pointed out that the DPPC bilayer thickness 
remained constant as the membranes were moved from 
their equilibrium separation to within 0.2-0.4 nm of 
each other. 

The values of P~ at different NaCi concentrations 
(Fig. 2) were calculated through Eqn. 2 taking into 
account small negative surface charge densities of 
DPPC, determined previously as o" o = - 1.05 and - 1.89 
mC/m-'  for solid and fluid membranes, respectively 
[26]. in the presence of 100 mM CaCI, and absence of 
NaCIO 4 (Fig. 5), the electrostatic pressure was derived 
from a combination of Eqns. 2 and 3 with reference to 
Ca2+-binding-induced surface charge apart from tro. 
The bhiding of Ca 2+ ions to DPPC bilayers was de- 
scribed using the intrinsic binding constants of K = 440 
and 190 M -I and binding site densities of N = 0.14 
and 0.13 nm--'  at 20 and 55°C, respectively, as found 
earlier [26]. Furthermore, the values of hydration pres- 
sure, Ph, were evaluated by Eqn. 4 using P0 = 10~~3 
N / m  2, A = 0.20 nm for solid bilayers and Po = 10'~'~" 
N/m-' ,  ,~ = 0.22 nm for fluid membranes, as reported 
by Lis et al. [7], and intermembrane separa tk , s  de° 
duced from corresponding d and d I values determined 
here ( d  I w a s  averaged as 4.4 and 3.4 nm for solid and 
fluid films, respectively). The following Hamaker con- 
stants were then found combining Eqns. 2-5 with the 
condition of equilibrium, P~ + Pea + P h  = 0: H = (6.58 
_+ 0.7)" 10 -21 J and H = (6.52 +_ 0.8)" l0 "21 J for differ- 
ent NaCI concentrations (Fig. 4), and H = 2.71 • 10  - 2 !  

J and H = 1.02.10 -21  .I in the presence of 100 mM 
CaCl2 (Fig. 5) at 20 a ,d  55°C, respectively. 

The curves in Fie. 7, simulated with the use of Eqns. 
l, 2, 4 -6  (regarding. P as a sum of P¢~, P~,,, and Ph) 
and parameters corresponding to 20 °C, show that in 

TABLE I 

The repeat spach~g (d), membrane thickness (dr), interbilayer separation (d,.), and cross-sectional area per DPPC molecule (A) at :HeO/ DPPC 

molar ratio of 12:1 

Salt added to T (°C) 
6.65 mM Tris-HCI 

_ 20 
- 55 

100 mM CaCi z 20 
100 mM CaCI 2 55 

d (nm) dl (nmi d~, (nm) A (nm 2) 

5.8 4.31 1.49 0.52 
4.4 3.39 1.01 I].73 
6.0 4.56 1.44 0.50 
4.6 3.55 1.05 0.70 
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the presence of 40 mM 1 : 1 electrolyte at 0o < 9 mV 
the G(d~) curves exhibit a single ('primary') minimum, 
corresponding to 2 nm equilibrium separation and de- 
termined by a balance between Ph and P~d- An in- 
crease in 0.  to l0 and then to l l mV leads to the 
appearance of an additional ('secondary') minimum, 
due to the equilibration between Pe.~ and Ped (Ph is 
insignificant at dw >-4 nm) and, correspondingly, an 
energy barrier between the two minima owing to the 
electrostatic repulsion. These findings imply that the 
pronounced rise in lamellar repeat spacing when 
NaCIO4 concentration is increased from 27 to 83 mM 
at 20°C (Fig. 4, curve 3) might b~. explained by an 
increase in Oo in the range 9-11 mV, ~'esulted from 
CIO4 ~ adsorption, which would cause a shift of the 
system from the 'primary' to the 'secondary' minimum. 
The results of the preliminary electrophoresis experi- 
ments performed by Yuri Ermakov provided confirma- 
tire evidence for this inference showing that the in- 
crease of NaCIO 4 concentration from 10 to 55 mM 
caused an elevation of the zeta potential of DPPC 
liposomes from - 8  to - 15 mV at 20°C in the presence 
of 5 mM Tris-HCi (pH 7,4). 

As demonstrate the curves of Fig. 8 (A, B), con- 
structed using corresponding parameters (found in this 
work and by Lis et al. [7]), in the presence of 80 mM 
l : l salt an increase of 0o from 0 to 14 mV is predicted 
to raise the equilibrium interbilayer separation by = 3.5 
nm and by = 1.6 nm at 20 and 55°C, respectively, i.e., 
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Fig, 7. Theoretk :a l  curves o f  the dependence of  in terac t ion  free 
energy on in termembrane separat ion s imulated by Eqns. I ,  2, 4 - 6  
with the use of parameters: C~ = 40 mM, K = 6.75 10 ~ m - l, T = 293 
K, P o =  10 s '~ N / m  2, A = 0.2 nm, H = 6,58.10 -21 ,I, d I = 4.4 nm. 
The total disjoining pressure was assumed to be composed of Pc~, 
P,:d, and Ph The curves 1-4 correspond to the surface potentials of 
~ o =  9, 10, 11, and 12 mV, respectively. The down-faced arrow 

indicates the position of minimum of the curve 1. 
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Fig. 8. Dependence of interaction frec energy on inlermembraoe 
separation simulated through Eqas. i - 6  using parameters: ( ' l  = 80 
raM, C~ = 0 (A, B); C I = 1.5 M, 0.2 M, and 6.65 mM (curves !, 2, 3, 
respectively), C., = 0,1 M (C, D); T = 293 K (A, C) and 328 K (B, D); 
the curve~ !.--5 of the panels A and B correspond to ~//~)= 3, 10, 12, 
13, and 14 mV, respectively; the curves l, 2, 3 correspond to 
0 .  = 12.3, 23,7, and 29.34 mV (C) and 13.05, 22.6, and 27.6 mV (D), 
respectively. The surface potentials corresponding to the curves of 
panels C and D were estimated using the intrinsic constants of Ca-' + 
binding to DPPC bilayers as 440 and 190 M - t  and binding site 
densities of 0.14 and 0.13 nm ~-~ at 20 and 55°C, respectively (see 
Ref, 26) taking into account corresponding ionic strengths. The 
Hamaker constants and membrane thicknesses presented in the text 
and Table ! were used. The parameters P .  and A were taken from 
Ref, 7 as: P .  = I() x'x'~ N / m  -~. ,~ --- 0.20 nm al 20 ° C and P.  = I() 'j'j'j 

N/m-' ,  A = 0,22 nm at 55°C. 

less pronounced changes of the repeat spacing are 
expected in the case of fluid bilayers, as detected 
experimentally (cf. curves 3 and 4, Fig. 4). 

Calculations through the Gouy-Chapman-Stern the- 
ory using the parameters of Ca 2+ binding to DPPC 
bilayers from Ref. 26 (see the legend to Fig. 8) showed 
that in the presence of 100 mM CaC! 2 the increase of 
the ionic strength from 6.65 mM (Tris-HCl only) to 1.5 
M will reduce the membrane surface potential from 
= 30 to = 13 mV, which, as shown in Fig. 8 (C, D), 
predicts a decrease of intermembrane separation from 
4.4 to 2.2 nm at 20 °C and from 5.0 to 3.6 nm at 55 ° C. 
Taking into account corresponding values of the bi- 
layer thickness (4.4 and 3.4 nm at 20 and 55°C), it 
becomes clear that the electrostatic screening of the 
Ca2+-induced surface potential would lower the repeat 
spacing from 8.8 to 6.6 nm at 20°C and from 8.4 to 7.0 
nm at 55°C. Data of Fig. 5 show, however, that the 
decrease in d considerably exceeds that expected from 
Debye screening. Moreover, it can easily be shown 
using Eqns. 1-6 that at high ionic strengths the equilib- 
rium separation is largely insensitive to the surface 



potential because the range of the action of electro- 
static forces becomes sho~er, owing to short Debye 
lengths, than that of much more stronger hydration 
forces. Even if the positive surface potential was com- 
pletely vanished at 1.5 M NaCIO4, due to CIO 4 bi,d- 
ing, the repeat distance could not fall below 6.6-7.0 
nm provided the hydration coefficient and membrane 
thickness remain constant. Nor the repeat distance in 
the absence of CaCI 2 could diminish so sharply as 
detected at = 1 M NaCIO 4 (Fig. 4, curves 3, 4) if the 
effect was due solely to Debye screening. The latter is 
validated, apart from the theoretical predictions, by the 
fact that d is higher in the presence of 1.5 M NaCI 
than NaCIO4, especially in the case of solid mem- 
branes (Fig. 4). These results strongly suggest that the 
pronounced decrease in the iamellar repeat spacing at 
high NaCIO 4 concentlations is accounted for by devia- 
lions of other parameters than the surf-~ce potential, 
presumably the hydration coefficient and /o r  mem- 
brane thickness. 

To check this anticipation the bilayer thickness has 
been evaluated in the presence of 1.5 M NaCIO 4. 
Decrease in the water / l ipid  molar ratio up to 12"1 
progressively reduces the lamellar repeat spacing (Fig. 
9) which indicates the absence of the excess water. This 
allows the Eqns. 7 to be used to obtain the parameters 
dr, dw, and A (Table 111. Then, recalling that the 
membrane thickne~,s does not depend on water content 
at DPPC wt.% from 30 to 75 [5,6,38] (n = 12 and 81 
correspond to DPPC wt.% of 75 and 31, respectively), 
intermembrane separations at n =81 were deduced 
from experimental values of d at 1.5 M NaCIO 4 (Figs. 
4, 5) and values of d I at n = 1 2  (Table ii). In the 
presence of 1.5 M monovalent salt the Debye length is 
--- 0.25 nm, so that the electrostatic pressure at d w = 1.5 
nm could be neglected and the condition for equilib- 
rium presented as Ph = P~a. This relation was used 
together with Eqns. 4 and 5 to find the hydration 
coefficient, P0, in the presence of 1.5 M NaCIO4 at 
2HeO/DPPC = 81' I (Table II). The parameters ,~ = 
0.2 and 0.22 nm were t, sed for solid and fluid DPPC 
bilayers, respectively [7]. The respective values of d,~, 
d I, and H were used a,, evaluated in this work. 
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Fig. 9. Dependence  of the DPPC lamellar repeat spacing on 
~ ' H 2 0 / D P P C  moh|r  ratio in the presence of 1.5 M NaCIO4 and 6.65 
mM Tris-HCI (A) and 1.5 M NaCIO 4. 0.1 M CaCI, .  and 6.65 mM 
Tris-HCI (B). The curves 1 and 2 correspond to 20 and 55°C. 

respectively. 

The hydration coefficient of DPPC lamellae was 
estimated as (3.4-6.7). l0 s N/m-" in the gel phase 
[7,9,23] and 9.8. l0 '~ N / m  2 in the fluid phase [7]. The 
values of P0 evaluated here amount, in the presence of 
1.5 M NaCIO, s, to 2.1. l0 ~ and 9.7. l0 ~ N/m-" at 20 
and 55°C, respectively (Table Ilk Th, is implies that 1.5 
M NaCIO 4 causes a lowering of the hydration of DPPC 
bilayers. Taking into account that NaC! up to 1.5 M 
does not affect Significantly the lamellar repeat dis- 
tance (Fig. 4), it becomes clear that the decrease in Po 
is induced by the chuotrcpic CIO~ anions and is very 
likely to be resulted frc, m the disruption of the struc- 
ture of membrane-bound water owing to the 
structure-breaking nature of CIO4- ions [27]. The val- 
ues of P0 in the presence of 100 mM CaCi: (Table Ill 
demonstrate that Ca 2 + ions induce additional dehydra- 
tion of lipid bilayers, which is a widely recognized 
phenomenon [ 1,2,18]. 

T A B L E  I! 

Some parameters ~q D P P /  membrane structure and interactions in the presence of  1.5 M NaCIO 4 and 6.65 mM Tris-HCI (pH 7. 4) at ' t t , 0 / D P P ( "  

molar ratios of  12:1 a',d 81:1 

Salt added  to T ( o C) n = 12 n = 81 

1.5 M NaCIO4 and d I (nm) d w (nm) A (nm 2) d w (nm) P0 ( N / m e )  
6.65 mM Tris-HCI 

- 20 3.14 {I.96 (I.73 1.56 2. ill. I iI ~ 
- 55 3.57 1.03 (I.69 2.33 9.70.10 s 

100 mM CaCI 2 20 3.14 0.96 (I.73 ! .66 I. 17. I() s 
100 mM CaCI 2 55 3.49 1.01 0.71 1.91 4.22. Ill s 
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Discussion 

The variations of DPPC lamellar repeat spacing at 
the temperatures of pretransition (gel-to-ripple) and 
main phase transition (ripple-to-fluid), presented in 
Fig. 2, agree quantitatively with the data of others 
[34,35]. The enhancement of d at Tp is most likely to 
be resulted from interbilayer repulsion duc to in- 
creased thermal-mechanical fluctuations of bilayers in 
the ripple phase [19,21,34], the amplitude of which 
reaches = 2.5 nm [34]. The interpretation for in- 
creased repeat distance of fluid lamellar phase (55°C) 
as compared to the gel phase (20 ° C) is not unambigu- 
ous. The thermal undulations might again be responsi. 
ble for this [10,17,19,20,22]. However, phospholipid 
bilayers in the fluid phase were shown to be repelled 
from each other more strongly than those in the gel 
phase even when the lipid was immobilized on mica 
sheets [17]. Evans and Parsegian [21] concluded that the 
decrease in the equilibrium interbilayer separation at 
the fluid-to-solid transition was accounted for by re- 
duction in membrane hydration rather than by sup- 
pressed fluctuations. This inference is consistent with 
the findings of Lis et al. [7] that both Po and A 
increased at DPPC chain melting, implying that greater 
hydration forces operate between fluid membranes at 
any separation, but accords only partly with the results 
of Mclntosh and Simon [22] reporting higher Po but 
shorter A for solid DPPC bilayers as compared to fluid 
egg phosphatidylcholine membranes so that at dw > 1.5 
nm Ph becomes stronger in the latter case and the 
conflict disappears. Taking into account these consid- 
erations and the fact that equilibrium intermembrane 
separation m phosphatidyicholine/water systems is 

2 nm [5,7,9-12] the increase in d at gel-to-liquid- 
crystalline phase transition of DPPC (Fig. 2) could be 
interpreted in terms of increase in hydration repulsion 
at the bilayer fluidization. 

The values of d in the presence of 100 mM CaCl, 
and absence of NaCIO4 (Fig. 5) agree with those mea: 
sured under similar conditions [6,28]. These augmented 
repeat spacings (as compared to those in the alasence 
of Ca 2+) have been ascribed to Ca2+.adsorption.in. 
duced electrostatic repulsion, equilibrated by van der 
Waals attraction [6]. The fact that at low NaCIO 4 
concentrations the repeat spacing is greater for solid 
bilayers than for fluid films (Fig. 5) could be explained 
by weaker Ca-' + binding to fluid DPPC bilayers than to 
solid membranes [26]. 

The values of dl and A estimated in the presence of 
1.5 M NaCIO4 (Table II) strongly suggest that NaCIO 4 
induces the formation of interdigitated phase of DPPC 
membranes in the solid state. In fact, the thickness of 
DPPC membranes with interdigitated (or interpene- 
trated) acyl chains, detected at 20-25 °C in the pres- 
ence of I M KSCN [36,37] or 1,2,3-heptanetriol [9], was 

measured as 2.77 nm [36,37] and 3.0 nm [9], and the 
area per DPPC molecule was 0.78 nm 2 [9]. Note that 
the DPPC interdigitated phase was produced by 1 M 
SCN- anions which resemble CIO4 by their chaotropic 
properties [27]. We measured the repeat spacing at 
2H20/DPPC = 81 (molar) in the presence of 665 mM 
NaSCN and obtained d -  5.3 and 7.0 nm at 20 and 
55°C, respectively, indicating the similarity of the ef- 
fects of SCN- and CIO4 ions on DPPC. On the other 
hand, the values of the repeat spacing at different 
concentrations of Na2SO 4 (not shown) were close to 
those in the presence of NaCl (Fig. 3), implying that 
neither CI- nor SO~- affect the phospholipid mem- 
brane lamellar structure. Interestingly, the organic an- 
ion 1-anilino-8-naphthalene sulfonate at high concen- 
trations caused a 1.5 nm reduction of the thickness of 
phospholipid membranes [39], indicative of interdigi- 
tated phase formation. These data provide evidence 
that the formation of interdigitated phase is caused by 
chaotropic, or structure-breaking ions, possessing low 
charge density, whereas kosmotropic *, or structure- 
making ions, are not effective. 

The effect of chaotropic ions on membrane struc- 
ture could be interpreted taking into consideration that 
the interdigitated phase assumes contact of water, to a 
certain exteat, with the terminal hydrophobic groups of 
the lipid acyl chains and, on the other hand, that 
'chaotropic ions favor the transfer of apolar groups to 
water' [40]. In the case of melted acyi chains, water is 
expected to penetrate deeper into the membrane hy- 
drophobic core, which is thermodynamically unfavor- 
able, therefore interdigitated phase is prevented for 
fluid membranes. 
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