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ABSTRACT: The total repulsive interaction between electrically neutral, fluid bilayer membranes is thought 
to have a number of components, including a hydration pressure, due to the reorientation of water by the 
bilayer, and steric (entropic) pressures due to bilayer undulations, head group motion, and molecular 
protrusions. For fully hydrated, crystalline bilayers these three steric pressures should be relatively small, 
and the major repulsive pressure present should be the hydration pressure. Therefore, to isolate the contribution 
of hydration pressure to the total interbilayer interaction, we have measured pressuredistance data by 
X-ray diffraction analysis of osmotically stressed dipalmitoylphosphatidylcholine (DPPC) multilayers in 
the subgel phase, where wide-angle and low-angle X-ray data show the bilayers are crystalline. As applied 
pressure was increased from 0 to 1 X lo6 dyn/cm2, the interbilayer fluid space (df) decreased less than 1 
A from its value at  full hydration of 8.4 A. As the pressure was increased from 1 X lo6 to 3 X lo7 dyn/cm2, 
df decreased from about 8 to 4 A. For this range of df, the repulsive pressure decayed exponentially with 
df with a decay length of 1.4 A. Further increases in applied pressure did not appreciably decrease df, so 
that there was a sharp upward break in the pressuredistance curve at an interbilayer spacing of about 3 
A. In contrast, pressuredistance relations for gel (Lr) phase and liquid-crystalline (La) phase bilayers 
had much softer upward breaks at df C 5 A and extended to larger df at zero applied pressure. However, 
the pressuredistance curves for all three phases decayed exponentially with approximately the same decay 
length for 4 < df C 8 A. We interpret these data to mean the following: (1) the repulsion observed for 
df C 5 A is primarily a steric pressure whose range depends on head group motion; (2) the steric undulation 
pressure plays an important role in determining the hydration properties and the range of the total repulsive 
pressure for fluid membranes; (3) the same underlying mechanisms govern the repulsive pressure for all 
phases for 4 C df < 8 A; (4) these mechanisms include a pressure due to reorientation of water molecules; 
and ( 5 )  the hydration pressure component extents a maximum of about two water molecules from the 
bilayer surface for the subgel phase. 

Many experimental studies have shown that there is a strong, 
short-range repulsive pressure between electrically neutral 
lipid bilayers (LeNeveu et al., 1976, 1977; Parsegian et al., 
1979; Lis et al., 1982; McIntosh & Simon, 1986b; McIntosh 
et al., 1989b; Rand & Parsegian, 1989). For interbilayer 
separations in the range of 5-15 A, this pressure has a 
magnitude of several thousand atmospheres and decays 
exponentially with increasing distance between bilayers with 
adecay lengthof 1-2A(McIntosh &Simon, 1986b; McIntosh 
et al., 1989b; Rand & Parsegian, 1989; Simon & McIntosh, 
1989). A repulsive pressure with similar range and magnitude 
has also been observed between DNA helices (Rau et al., 
1984; Rau & Parsegian, 1992a,b) and polysaccharide mol- 
ecules (Rau & Parsegian, 1990). 

The molecular origin of this repulsive interaction has been 
the focus of a number of experimental studies (LeNeveu et 
al., 1977; Parsegian et al., 1979; Marra & Israelachvili, 1985; 
McIntosh & Simon, 1986b; Simon & McIntosh, 1989; Rand 
& Parsegian, 1989) and theoretical treatments (Marcelja & 
Radic, 1976; Schiby & Ruckenstein, 1983;Gruen & Marcelja, 
1983; Attard & Batchelor, 1988; Dzhavakhidze et al., 1988; 
Israelachvili & Wennerstrom, 1990,1992). Experiments have 
shown that the pressure cannot be due to direct electrostatic 
repulsion between bilayers, since it occurs between electrically 
neutral and uncharged bilayers and is independent of ionic 
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strength (LeNeveu et al., 1977; Parsegian et al., 1979; 
McIntosh et al., 1989c; Rand & Parsegian, 1989). Many 
experimental (LeNeveu et al., 1977; Parsegian et al., 1979; 
McIntosh et al., 1989c; Simon et al., 1991) and theoretical 
(Marcelja & Radic, 1976; Gruen & Marcelja, 1983; Schiby 
& Ruckenstein, 1983; Cevc & Marsh, 1985; Attard & 
Batchelor, 1988; Kornyshev & Leikin, 1989; Leikin & 
Kornyshev, 1990) studies have termed this interaction a 
“hydration pressure” or “solvation pressure”, arguing that the 
underlying cause of the repulsion is the partial ordering or 
polarization of water or solvent molecules by the hydrophilic 
bilayer surface. Unfortunately, there is no experiemntal 
evidence that directly demonstrates the orientation or layering 
of the solvent molecules by bilayers, although NMR mea- 
surements of egg phosphatidylcholine bilayers show distinct 
regions of quadrupole splittings as a function of hydration 
(Gawrisch et al., 1988), and X-ray crystallography has shown 
nonrandom arrangements in water molecules that extend 
several layers from the surface of certain protein crystals 
(Badger & Caspar, 1991). Moreover, there areno theoretical 
models from which the magnitude and range of the hydration 
pressure can be calculated from first principles for a particular 
hydrated surface. For lipid bilayers, the magnitude of this 
observed pressure has been shown to be proportional to the 
square of the dipole potential measured in monolayers in 
equilibrium with liposomes, suggesting that the “hydration” 
pressure results, at least in part, from the polarization of 
interbilayer water by electric fields arising from the lipid and 
water dipoles (Simon & McIntosh, 1989; Simon et al., 1992). 
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Recently, Israelachvili and Wennerstrom (1990, 1992) 
proposed a quite different mechanism for the origin of this 
short-range repulsion between bilayers. Their theory states 
that the pressure is of entropic origin, caused by steric 
interactions of "hydrocarbon chains and other parts" of the 
lipid molecules that protrude into the fluid space from apposing 
bilayer surfaces (Israelachvili & Wennerstrom, 1992). 

The competing "hydration" and "protrusion" models for 
this short-range interaction have to a large extent been based 
on different interpretations of the same sets of experimental 
data. For example, McIntosh et al. (1989b) measured 
repulsive pressures between lipid bilayers formed in three 
solvents-water, formamide, and 1,3-propanediol. They found 
that the decay length of the pressure depends on the solvent, 
being largest for 1,3-propanediol and smallest for water. They 
argued that this result is consistent with the force being due 
to the reorientation of solvent molecules by the bilayer surface, 
since the measured decay length correlates with the size of the 
solvent molecule (McIntoshet al., 1989b). On theother hand, 
Israelachvili and Wennerstrom (1990,1992) argued that these 
data are consistent with the protrusion model, since the range 
of the pressure increases with decreasing interfacial energy 
of the hydrocarbon-solvent interfaces. Although the pro- 
trusion model has been used to explain these data from different 
solvents and other data, arguments have been presented that 
the protrusion model is not consistent with pressuredistance 
data obtained from gel-phase lipids (Parsegian & Rand, 199 1; 
McIntosh et al., 1992a) or from lipids containing cholesterol 
(Parsegian & Rand, 1991; McIntosh et al., 1992a) or 
cholesterol analogs (Simon et al., 1992). 

A complicating factor in the interpretation of much of the 
existing experimental data is the presence of two other repulsive 
pressures that contribute to the measured pressure-distance 
relations between fluid bilayers: the first pressure is very short- 
range and the second is of longer range. For the first case, 
McIntosh et al. (1987) found anupward breakin the pressure 
distance relationships for liquid-crystalline egg phosphati- 
dylcholine (egg PC) bilayers starting at an interbilayer 
separation of about 5 A. They interpreted this upward break 
as being primarily due to the onset of steric hindrance between 
the flexible lipid head groups, arguing that the phosphoryl- 
choline head groups can rotate so that they can extend 2-3 
A into the fluid space between bilayers. Israelachvili and 
Wennerstrom (1992) also note that an entropic pressure from 
"overlapping mobile headgroups" might contribute to the total 
short-range interaction between bilayers. In the second case, 
theoretical treatments (Helfrich, 1973; Evans & Parsegian, 
1986; Evans & Needham, 1987; Podgornik & Parsegian, 1992) 
have predicted the presence of a relatively long-range entropic 
pressure between liquid-crystalline bilayers, caused by ther- 
mally driven mechanical fluctuations or undulations of the 
entire bilayer. This fluctuation or undulation pressure has 
been detected in micropipet experiments of large single-walled 
vesicles (Evans, 1991) and in X-ray experiments of monoglyc- 
eride bilayers (McIntosh et al., 1989c) and sodium dodecyl 
sulfate/cosurfactant membranes in water (Safinya et al., 
1989). Comparisons of X-ray data for solid and fluid 
monoglyceride bilayers have experimentally shown the effects 
of such fluctuations on pressuredistance relations (McIntosh 
et al., 1989~). For fluid, short chain length monoglyceride 
bilayers, the magnitude of the undulation pressure becomes 
significant compared to the hydration pressure and larger 
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than the attractive van der Waals pressure at interbilayer 
spacings greater than about 10 A, causing these bilayers to 
swell without limit (McIntosh et al., 1989~). 

In this article, our goal is to obtain further data for 
phospholipid bilayers that will help distinguish the interbilayer 
pressure due to orientation of water molecules from the various 
steric pressures due to lipid head group motion, lipid pro- 
trusions, and bilayer fluctuations. We do this by measuring 
pressuredistance data from the "subgel" phase of phosphati- 
dylcholine and comparing these data to similar data from gel 
(Lr) and liquid-crystalline (La) phosphatidylcholine bilayers 
(McIntosh et al., 1987; McIntosh & Simon, 1986b). For 
hydrated dipalmitoylphosphatidylcholine (DPPC) bilayers, 
the subgel phase is formed after incubation of hydrated DPPC 
for several days at temperatures near 0 OC (Chen et al., 1980; 
R u m  & Shipley, 1982a,b; Tristam-Nagle et al., 1987). The 
transition from the subgel to gel phase of DPPC occurs between 
13 and 18 OC, depending on the scanning rate (Chen et al., 
1980; Tristam-Nagle et al., 1987). The rationale for our 
experiments is that the motion of both the lipid head group 
and the hydrocarbon chains is considerably reduced in the 
subgel phase as compared to either gel or liquid-crystalline 
phases. Nuclear magnetic resonance experiments show that, 
at least on the NMR time scale, the head group and chains 
are relatively immobile in the subgel phase (Akutsu, 1986). 
In fact, Akutsu et al. (1986) note that "...the rotational motion 
of the polar headgroup is so restricted in the subgel phase that 
it cannot average out the chemical-shift anisotropy around 
the rotational axis." In addition, wide-angle X-ray diffraction 
data show that the entire DPPC molecule is crystallized in the 
subgel phase (Ruocco & Shipley, 1982a,b). Therefore, since 
the acyl chains are crystallized and the head group motions 
are severely restricted in the subgel phase, one would expect 
that head group motions, molecular protrusions, and bilayer 
undulations should be dramatically reduced in the subgel phase 
as compared with gel and especially liquid-crystalline phases. 

An additional reason to measure the repulsive pressure 
between subgel bilayers is that it provides a test of recent 
theoretical treatments of the hydration pressure (Kornyshev 
& Leikin, 1989; Leikin & Kornyshev, 1991; Kornyshevet al., 
1992) that predict that the decay length of the hydration 
pressure should depend on the degree of ordering of the head 
groups in the bilayer. That is, these theories predict that the 
more ordered the dipoles in the head group region, the smaller 
the decay length. 

We use X-ray diffraction analysis of osmotically stressed 
bilayers to obtain pressuredistance relations for subgel DPPC 
bilayers. These data, along with corresponding pressure- 
distance data from gel (Lp) and liquid-crystalline (La) bilayers, 
are modeled in terms of van der Waals attractive and steric 
and hydration repulsive interactions. 

MATERIALS AND METHODS 

Dipalmitoylphosphatidylcholine (DPPC) was purchased 
from Avanti Polar Lipids, and poly(vinylpyrro1idone) (PVP) 
with an average molecular weight of 40 000 was purchased 
from Sigma Chemical Co. 

Two types of lipid systems were examined by X-ray 
diffraction: unoriented suspensions of multiwalled DPPC 
vesicles and oriented DPPC multilayers. Known osmotic 
pressures were applied to both of these systems by published 
procedures (LeNeveu et al., 1977; Parsegian et al., 1979; 
McIntosh & Simon, 1986a; McIntosh et al., 1987). Osmotic 
stress was applied to the DPPC liposomes by incubating them 
in aqueous solutions of the neutral polymer PVP. Since this 

Abbreviations: DPPC, dipalmitoylphosphatidylcholine; egg PC, 
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polymer is too large to enter the lipid lattice, it competes for 
water with the DPPC multilayers, thereby applying an osmotic 
pressure (LeNeveu et al., 1976,1977). Osmotic pressures for 
the PVP solutions were calculated from the virial coefficients 
of Vink (1971). These values are in close agreement with 
values measured by McIntosh et al. (1989b). Pressure was 
applied to the oriented DPPC multibilayers by incubating 
them in constant relative humidity atmospheres maintained 
with saturated salt solutions. The ratio of the vapor pressure 
(p) of various salt solutions to the vapor pressure of pure 
water (PO) has beendetermined (O’Brien, 1948; Weast, 1984). 
The applied pressure is given by 

p = -(RT/ Vw) In @/Po) (1) 

where R is the molar gas constant, Tis  the temperature in 
kelvin, and Vw is the partial molar volume of water (Parsegian 
et al., 1979). 

The DPPC suspensions were formed by adding 5 mg of 
DPPC to 500 pL of the appropriate polymer solution and 
allowing the mixture to incubate for several hours at 60 OC, 
a temperature above the main phase transition temperature 
of DPPC. The subgel phase was formed by keeping the 
specimens at 2 OC for at least 15 days. Specimens that were 
incubated at 2 OC for 3 months gave diffraction patterns 
identical to those of samples that were incubated for 15 days. 
The multilamellar lipid vesicles were concentrated by cen- 
trifugation with a bench centrifuge at 2 OC, sealed in quartz 
capillary tubes, and mounted in a temperature-regulated 
specimen holder on a point collimation X-ray camera. X-ray 
patterns from these unoriented dispersions in the subgel phase 
were collected at 10 OC. Oriented multilayers of DPPC in 
the subgel phase were formed by placing a small drop of 
DPPC-water suspension, previously hydrated at 60 OC, onto 
a curved glass substrate and incubating for 15 days at 2 OC 
in a chamber with controlled relative humidity atmosphere. 
Constant relative vapor pressures @/PO) were maintained by 
use of saturated salt solutions (O’Brien, 1948), as described 
previously (McIntosh et al., 1987, 1989a). The multilayers 
on the glass substrate were mounted in a controlled humidity 
chamber on a single-mirror (line-focused) X-ray camera such 
that the X-ray beam was oriented at a grazing angle relative 
to the multilayers (McIntosh et al., 1987, 1989a). The 
humidity chamber, which contained a cup of the appropriate 
saturated salt solution, consisted of a hollow-walled copper 
cannister with two Mylar windows for passage of the X-ray 
beam. To speed equilibration, a very gentle stream of nitrogen 
was passed through a flask of the saturated salt solution and 
then through the chamber. The temperature within the 
humidity chamber was controlled by means of water circulating 
through the copper canister. The flask of the saturated salt 
solution was maintained at the same temperature as the 
specimen chamber. X-ray diffraction patterns from oriented 
multilayers were recorded for specimens at two temperatures, 
10 and 20 OC. 

For both oriented and unoriented specimens, X-ray dif- 
fraction patterns were recorded on Kodak DEF X-ray film. 
X-ray films were processed by standard techniques and 
densitometered with a Joyce-Loebl microdensitometer as 
described previously (McIntosh & Simon, 1986b; McIntosh 
et al., 1987, 1989a, 1992b). After background subtraction, 
integrated intensities, I(h), were obtained for each order h by 
measuring the area under each diffraction peak. For unori- 
ented patterns, the structure amplitude, F(h), was set equal 
to {h21(h))1/2 (Blaurock & Worthington, 1966; Herbette et 
al., 1977). For the oriented line-focused patterns, the 
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intensities were corrected by a single factor of h due to the 
cylindrical curvature of the multilayers (Blaurock & Wor- 
thington, 1966;Herbetteetal., 1977),sothat F(h) = (hI(h))1/2. 

Electron density profiles, p(x) ,  on a relative electron density 
scale were calculated from 

P ( X )  = (2/4CexP(id(h)IF(h) cos (2wxhl4 (2) 
where x is the distance from the center of the bilayer, d is the 
lamellar repeat period, d(h) is the phase angle for order h, 
and the sum is over h. Phase angles were determined by the 
use of the sampling theorem (Shannon, 1949) as described in 
detail previously (McIntosh & Simon, 1986b; McIntosh & 
Holloway, 1987). Most electron density profiles described in 
this article are at a resolution of d/2h, = 7 A, with the 
exception of the profiles in Figure 5C which are at a resolution 
of d/2h,, = 3.5 A. 

RESULTS 

For all oriented and unoriented DPPC specimens at both 
10 and 20 OC, the X-ray diffraction patterns consisted of a 
series of low-angle reflections, which indexed as orders of a 
lamellar repeat period, and several wide-angle reflections. For 
samples at 10 OC that had previously been incubated at 2 OC 
(see Materials and Methods), the most intense wide-angle 
reflections were a sharp reflection at 4.4 A and a broader 
reflection centered at 3.9 A. Other sharp wide-angle reflec- 
tions were observed at spacings of 9.8 and 6.8 A. These 
reflections are characteristic of bilayers in the subgel phase 
(Fuldner, 1981; Ruocco & Shipley, 1982a,b). The spacings 
of these wide-angle reflections did not change as a function 
of applied osmotic pressure. However, the lamellar repeat 
period of DPPC in the subgel phase varied as a function of 
applied pressure. These data are shown in Figure lA, which 
is a plot of the logarithm of applied pressure (log P) versus 
repeat period. The lamellar repeat period for DPPC in the 
subgel phase in excess water (no applied osmotic pressure, 
indicated by the arrow in Figure 1A) was 59.4 A, in close 
agreement with previous diffraction studies (Fuldner, 198 1; 
R u m  & Shipley, 1982a,b). As the applied pressure 
increased from 0 to 3 X 10’ dyn/cm2, the lamellar repeat 
period decreased to about 54 A. For applied pressures from 
1 .O X lo* to 1.3 X lo9 dyn/cm2, the repeat period was nearly 
constant, reaching a limiting value of 53.7 A (Figure 1A). 

For comparison, the same oriented DPPC multilayers were 
also examined after heating to 20 OC for a range of relative 
vapor pressures from 0.98 to 0.15. For these specimens, the 
wide-angle pattern consisted of a sharp reflection at 4.2 A and 
a broader band at 4.1 A, characteristic of DPPC in the gel 
(Lr) phase (Tardieuet al., 1973). Thelamellar repeat periods 
for these specimens as well as those previously obtained for 
gel-phase DPPC suspensions in PVP solutions (McIntosh & 
Simon, 1986b) are shown in Figure 1B. For the experiments 
with oriented DPPC multilayers in relative vapor pressures, 
the repeat periods represent mean values of 2-3 experiments, 
and these repeat periods are in close agreement with those 
obtained recently for gel-phase DPPC under similar conditions 
by Katsaras et al. (1992). As shown in Figure lB, at a given 
applied pressure the lamellar repeat period for DPPC in the 
gel phase was always several angstroms larger than the repeat 
period for DPPC in the subgel phase. For comparison, Figure 
1 B also shows log P versus repeat period for egg phosphati- 
dylcholine bilayer in the liquid-crystalline phase at 20 OC 
[from McIntosh et al. (1987)l. 

The lamellar repeat period contains the contributions of 
both the lipid bilayer and the fluid spacing between adjacent 
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FIGURE 1: (A) Logarithm of applied pressure (log P) plotted versus 
the lamellar repeat period for subgel-phase DPPC bilayers. The 
arrow indicates the repeat period in excess water with no applied 
pressure. (B) log P plotted versus the lamellar repeat period for 
subgel-phase DPPC bilayers (O), gel-phase DPPC bilayers (0), and 
liquid-crystalline phase egg PC bilayers (0). The arrows indicate 
the repeat period in excess water for these subgel (S), gel (G), and 
liquid-crystalline (L) bilayers. All of the egg PC data and the DPPC 
data for log P < 7.6 are taken from McIntosh and Simon (1986b). 

bilayers. Information on the thickness of both the bilayer 
and the fluid layer between bilayers was determined from 
electron density profiles obtained from the X-ray structure 
amplitude data (eq 2). Structure amplitudes for DPPC in 
both the gel and the subgel phases are plotted versus the 
reciprocal space coordinate in Figure 2. The structure 
amplitudes for these two phases all fell close to the same smooth 
curve, the continuous transform of the bilayer structure of 
fully hydrated DPPC (solid line in Figure 2). This means 
that (1) the phase angles were the same for the gel and subgel 
phases and (2) the bilayer organization of the two phases was 
similar. However, the structure amplitudes for DPPC in the 
subgel phase were slightly displaced from the continuous 
transform in certain regions of reciprocal space. For example, 
the structure amplitudes for the subgel phase fell slightly to 
the right of the solid line in the region of the transform near 
X = 0.035 A-' and fell slightly above the solid line near X = 
0.07 A-l. This observation implies that the bilayer structure 
was slightly different in the gel and subgel phases. Differences 
in structure between gel and subgel phases and changes in 

0 
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Reciprocal Space Coordinate (VA) 
FIGURE 2: Structure amplitudes plotted versus reciprocal space 
coordinate for DPPC in the subgel phase (0) and gel phase (0). The 
solid line is the continuous transform for DPPC in the gel phase 
taken from Figure 1C of McIntosh and Simon (1986b). 
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Distance from Bilayer Center (A) 
FIGURE 3: Electron density profiles for subgel DPPC bilayers in 
excess water (-) and with an applied pressure of 1.3 X lo9 dyn/cm2 
(-*- -). For each system, two adjacent bilayers are shown with the 
origin located at the center of the bilayer on the left. The resolution 
of these profiles is df 2h- = 7 A. 

stucture as a function of applied osmotic pressure were 
quantitated by the electron density profile analysis. 

Figure 3 shows electron density profiles for the subgel phase 
at the two extremes of applied pressure, P = 0 dyn/cm2 
(bilayers in excess water with no applied osmotic pressure) 
and P = 1.3 X lo9 dyn/cm2 (bilayers at a relative vapor 
pressure of 0.38). For each applied pressure, these profiles 
show two unit cells, with two adjacent bilayers and the 
interbilayer fluid space. Consider the bilayer on the left- 
hand side of each profile. The low-density trough in the bilayer 
center (at x = 0 A) corresponds to the localization of the 
low-density terminal methyl groups in the center of the bilayer. 
The two electron density peaks, near f20 A, correspond to 
the DPPC head groups. The medium-density regions between 
the head group peaks and the terminal methyl trough 
correspond to the methylene chain region of the bilayer. The 
medium-density region between adjacent bilayers (centered 
near x = 30 A for the profile in excess water) corresponds to 
the fluid space between adjacent bilayers. The profiles in 
Figure 3 show two important points. First, the profiles of the 
left-hand bilayers superimposed quite closely, meaning that, 
at this resolution, the bilayer structure was nearly the same 
over this range of applied pressure. Second, the spacing 
between adjacent bilayers, as indicated by the separation of 
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FIGURE 4: Electron density profiles showing one bilayer for (A) 
subgel DPPC bilayers in water (-) and at applied osmotic pressures 
of 2.8 X lo7 dyn/cm2 (--) and 1.3 x 109 dyn/cm* (- - -) and (B) 
gel DPPC bilayers in water (-) and at applied osmotic pressures of 
2.8 X lo7 dyn/cm2 (- -) and 1.6 X 109 dyn/cmZ (- - -). The profile 
of gel-phase DPPC in water is calculated from the data of McIntosh 
and Simon (1986b). For all profiles, the center of the bilayer is at 
the origin and the resolution is d /2h ,  = 7 A. 

head group peaks from adjacent bilayers, was decreased about 
5 A closer by an applied pressure of P = 1.3 X lo9 dyn/cm2. 

To illustrate more clearly the invariance of bilayer structure 
for the subgel phase with applied pressure, profiles containing 
one unit cell from three different osmotic pressures are shown 
in Figure 4A. The profiles of the subgel bilayers from the 
three applied pressures superimposed quite closely. There 
was no systematic change in bilayer thickness with increasing 
applied pressure in the subgel phase. To quantitate this 
observation, we measured the head group peak-to-head group 
peak separation for profiles at all osmotic pressures. The 
peak-to-peak separation was 41.0 f 0.6 A (mean f standard 
deviation for N = 15 experiments). For the gel phase of DPPC, 
we (McIntosh & Simon, 1986b) have previously shown that 
there was no appreciable change in bilayer thickness for the 
range of applied pressure 0 C P C 6 X lo7 dyn/cm2. For these 
pressures, the peak-to-peak separation for gel-phase DPPC 
was 41.9 f 0.6 A (mean f standard deviation, N = 11). 
However, we report here that there was a small, but 
reproducible, change in the bilayer thickness for gel-phase 
DPPC in the gel phase at pressures greater than about 1 X 
1 O9 dyn/cm2. For experiments at these high applied pressures, 
the peak-to-peak spacing was 44.0 f 0.6 A (mean f standard 
deviation, N = 4). This increase in bilayer thickness is shown 
in the profiles in Figure 4B. 
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FIGURE 5 :  Electron density profiles showing one bilayer for (A) 
subgel DPPC bilayers (-) and gel DPPC bilayers (- - -) in excess 
water and (B and C) subgel DPPC bilayers at an applied osmotic 
pressure of 1.3 X lo9 dyn/cm2 (-) and gel DPPC bilayers at an 
applied osmotic pressure of 1.6 X lo9 dyn/cm2 (- - -). For A and B 
the profiles are at a resolution of d/2h = 7 A, whereas the profiles 
in C are at a resolution of d /2h ,  = 3.a. For all profiles the center 
of the bilayer is at the origin. 

Profiles at a resolution of d / 2 h ,  = 7 A for DPPC in the 
gel and subgel phases are compared for zero applied pressure 
in Figure 5A and at high applied pressures in Figure 5B. In 
excess water (Figure 5A), the profiles of gel and subgel DPPC 
were quite similar, with the gel-phase bilayer being only slightly 
wider. However, at high applied pressure (Figure 5B), the 
gel-phase bilayer was noticeably wider. For high applied 
pressures with long exposure times, higher resolution ( d / 2 h ,  - 3.5 A) data were recorded. Figure 5C shows profiles 
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of gel and subgel DPPC at 3.5-A resolution. In these profiles, 
the methylene chain region of the bilayers is better resolved: 
the head group region contains two partially resolved peaks 
corresponding to the phosphate moiety and the glycerol 
backbone (Lesslaer et al., 1972). In the profiles in Figure 5C, 
the width of the head group region is similar for the gel and 
subgel phases, although the electron density in the region 
between adjacent bilayers is significantly smaller for the subgel 
phase. 

The electron density profiles can be used to estimate the 
distance between adjacent bilayer surfaces as a function of 
applied pressure. We use the profiles obtained at moderate 
(7 A) resolution, since this is the best resolution obtained at 
low applied pressures. As noted previously (McIntosh & 
Simon, 1986b; McIntosh et al., 1987, 1989a, 1992a), the 
definition of the lipid-water interface is somewhat arbitrary, 
because the bilayer surface is not smooth and water penetrates 
into the head group region of the bilayer (Worcester & Franks, 
1976; Simon et al., 1982). We use electron density profiles 
to estimate the physical edge of the bilayer since this method 
makes is possible to distinguish steric and hydration pressures 
(McIntosh et al., 1987). The gravimetric method (LeNeveu 
et al., 1977) of calculating "partial lipid" and "partial water 
layer" thicknesses assumes that the lipid and water form 
separate layers, so that, by implicit assumption, steric 
interactions between apposing lipid bilayers cannot be observed 
until all water is removed from the system. We operationally 
define the bilayer width as the total physical thickness of the 
bilayer, assuming that the conformation of the phosphoryl- 
choline head group in subgel DPPC bilayers is the same as 
it is in single crystals of phosphatidylcholine (Pearson & 
Pascher, 1979). In that case the high-density head group 
peak in the 7-A resolution profiles would be located between 
the phosphate group and the glycerol backbone. We assume 
that the phosphorylcholine group is, on average, oriented 
approximately parallel to the bilayer plane, so that the edge 
of the bilayer lies about 5 A outward from the center of the 
high-density peaks in the 7-A resolution electron density 
profiles (McIntosh & Simon, 1986b; McIntosh et al., 1987, 
1989a, 1992a). Therefore, for each osmotic pressure we 
calculated the bilayer thickness as the distance between head 
group peaks across the bilayer in the profiles plus 10 A. The 
distance between bilayer surfaces (df) was calculated as the 
difference between the lamellar repeat period and this bilayer 
thickness (McIntosh & Simon, 1986b; McIntosh et al., 1987, 
1989a, 1992a). This same procedure was used previously to 
estimate the bilayer thickness and df for pressuredistance 
relations for gel-phase DPPC and liquid-crystalline egg PC 
(McIntosh & Simon, 1986b). 

Using this definition of the lipid-water interface, we plot 
in Figure 6A the common logarithm of applied pressureversus 
the distance between bilayer surfaces for the subgel phase. As 
applied pressure increased from 0 to about 1 X lo6 dyn/cm2, 
the fluid space decreased by less than 1 A from the equilibrium 
fluid separation of 8.4 A. As the pressure was increased from 
1 X lo6 to 3 X lo7 dyn/cm2, the distance between bilayers 
decreased fromover 7 to about 3 A. As shown in our modeling 
studies in the Discussion, for this range of bilayer separations 
the data points could be fit closely with a straight line, 
indicating that for this range of df the repulsive pressure 
between bilayers can be described as an exponential decay 
such that P = PO exp(-df/X). Further increases in applied 
pressure did not appreciably decrease the distance between 
bilayers. That is, there was a sharp upward break in the 
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FIGURE 6: (A) Logarithm of applied pressure (log P) plotted versus 
the distance between bilayers (df) for subgel-phase DPPC (0) and 
gel-phase DPPC bilayers (0). The solid line is the linear least- 
squares fit to the subgel data (Rz = 0.99) with P = P,, + P,, + P, 
- P,, with Pnr = 5.18 X 1025 exp(-(df/0.07) dyn/cm2, P,, = 1.11 X 
lo9 exp(-df/1.43) dyn/cm2, P, = 0, and P, = -(3.0 X 101°)/6ad? 
dyn/cm2. The dashed line represents the least-squares (R2 = 0.99) 
fit to the gel-phase data with Pmr = 7.2 X 1Olo exp(-df/0.80), hr = 
4.5 X lo9 exp(-df/l.40), P,, = 0, and P, = (3.0 X 1OLo)/6?rd? dyn/ 
cm2. (B) log Pplotted versus df for subgel-phase DPPC bilayers (0) 
and liquid-crystalline egg PC bilayers (0). The solid line represents 
the interaction between subgel-phase bilayers and has the parameters 
given in Figure 6A. The dashed line represents the least-squares (R2 
= 0.99) fit to the liquid-crystalline data with P = P,, + Pnr + P, - 
P, = 7.84 X 10" exp(-df/0.68), + 4.0 X lo* exp(-df/1.38) + 1.28 
X lo6 exp(-df/2.76) - (2.5 X 1010)/6rd? dyn/cm2. 

pressuredistance curve at an interbilayer spacing of about 
3 A. 

For comparison, pressurdistance data for the subgel phase 
are plotted together with data from the gel phase of DPPC 
and the liquid-crystalline phase of egg PC in Figures 6A,B, 
respectively. The equilibrium fluid spaces in excess water 
were 8.4, 11.7, and 15.4 A for the subgel, gel, and liquid- 
crystalline phases, respectively. Given that the width of a 
water molecule is 2.8 A, the bilayers are separated by a fluid 
spacing corresponding to approximately 3, 4, and 5 water 
molecules for the subgel, gel, and fluid phases, respectively. 
For all three lipid phases, the fluid space between adjacent 
bilayers decreased with applied osmotic pressure. For the 
range 4 I df I 8 A, the three curves were approximately 
parallel. In this range of interbilayer distances, the subgel 
and liquid-crystalline bilayers had about the same pressure 
(Figure 6B) and the gel-phase bilayer had a larger pressure 
at each spacing (Figure 6A). However, the shapes of the 
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also decrease chain tilt (McIntosh, 1980). Removal of water 
from the head group region of the bilayers by high osmotic 
pressures decreases the excluded area in the head group region 
and therefore decreases chain tilt. At such high pressures, 
steric (excluded volume) interactions between head groups 
can be partially compensated by increased van der Waals 
interactions between the acyl chains. Hence, when intercalated 
water is removed from the head group region, the gel to liquid- 
crystalline phase transition temperature increases (Simon et 
al., 1991). Theobservation that the bilayer thickness remains 
constant upon dehydration for the subgel phase is consistent 
with the notion that the subgel phase corresponds to bilayers 
that are crystalline, and thus incompressible in two dimensions 
(in the plane of the bilayer), and that pressures as high as 
several thousand atmospheres are insufficient to remove water 
intercalated in the head group region. Previously Blaurock 
and McIntosh (1 986) found that the subgel phase of dipalm- 
itoylphosphatidylglycerol did not change in structure over a 
wide hydration range. 

Another difference in the electron density profiles between 
gel and subgel phases is that the electron density between 
bilayers is somewhat lower in the subgel phase, even at the 
highest applied pressures (Figure 5B,C). The profiles are not 
at high enough resolution to determine unambiguously the 
reason for this difference. One possibility is that the head 
group conformation is slightly different in the subgel phase, 
so that the low electron density methyl groups of the 
phosphorylcholine group extend slightly farther into the fluid 
space for subgel than for gel bilayers. 

In excess water, the equilibrium fluid separation is about 
3 A larger for the gel phase than the subgel phase (Figure 
6A). This result is consistent with the X-ray analyses (Nagle 
& Wiener, 1988; Ruocco & Shipley, 1982a&b) that found 
that the gel phase imbibes bore water than does the subgel 
phase. Possible reasons for this observation are examined 
below. 

pressuredistance relations for the three phases were quite 
different for df < 4 A and df > 8 A. First consider the region 
for df < 4 A. The upward break in the pressuredistance 
curve at small distances was much sharper for the subgel 
phase than for either the gel or liquid-crystalline phase. The 
upward break at about 3 A for the subgel phase was extremely 
sharp (Figure 6A), whereas the previously observed (McIntosh 
et al., 1987) upward break in the pressuredistance curve for 
the liquid-crystalline phase was not as steep and extended 
from about 5 to about 2 A (Figure 6B). In the case of gel- 
phase DPPC, the presence of a corresponding upward break 
in the pressuredistance relation was difficult to demonstrate. 
In the region of the curves for df > 8 A, the most obvious 
difference was that the pressuredistance relation for the 
liquid-crystalline bilayers extended to larger interbilayer 
distances, so that the equilibrium fluid separation was 
considerably larger for the liquid-crystalline phase than for 
the subgel phase (Figure 6B). 

DISCUSSION 

The X-ray data presented in this article provide information 
on the structure of the subgel phase and also provide insights 
as to the relative magnitudes of the hydration and steric 
(entropic) forces between bilayer surfaces. 

Structure and Hydration of the Subgel Phase 

Previous authors (Fuldner, 198 1; Ruocco & Shipley, 
1982a,b) have noted the difference in low-angle and wide- 
angle spacings between gel (Lp) and subgel phases. Hydro- 
carbon chain packing models have been presented to explain 
the origin of the two major wide-angle reflections at 4.4 and 
3.9 A (Ruocco & Shipley, 1982a,b). Our electron density 
profiles provide information concerning the relative thickness 
of the bilayer and fluid spacings in the gel and subgel phases. 
The X-ray analysis shows that the bilayer thickness, as 
measured by mean head group separation in electron density 
profiles (Figures 3-5), is similar for gel and subgel bilayers. 
The small (less than 1 A) difference in bilayer thickness 
between the two phases in excess water can be explained in 
terms of the subgel phase having a slightly larger hydrocarbon 
chain tilt compared to the gel phase. This is consistent with 
the chain packing model of R u m  and Shipley (1 982b), which 
finds that the area per hydrocarbon chain (in a plane 
perpendicular to the chain) is slightly smaller in the subgel 
phase (19.0 A2) than in the gel phase (19.5 A2). A smaller 
area per chain would imply a larger chain tilt, since it is thought 
that chain tilt in DPPC bilayers in excess water is caused by 
the mismatch between the excluded area in the plane of the 
membrane of the PC head groups and the hydrocarbon chains 
(McIntosh, 1980). Assuming that the excluded area per head 
group is similar for subgel and gel DPPC, and the area per 
chain is slightly smaller for subgel than gel, we argue that the 
chain tilt is expected to be slightly larger for the subgel phase, 
as indeed suggested by the electron density profiles. 

An interesting finding is that the application of very large 
applied pressures (P  > 1 X lo9 dyn/cm2) increases the bilayer 
thickness for the gel phase but not for the subgel phase. The 
most likely explanation for the increase in bilayer thickness 
for the gel phase is a decrease in hydrocarbon chain tilt at 
high applied pressure for the gel phase. Katsaras et al. (1 992) 
directly observed such a decrease in chain tilt (from 36.6O in 
excess water to 21.9O at 30% relative humidity) from wide- 
angle patterns of oriented gel-phase DPPC bilayers. In gel- 
phase bilayers, factors that decrease the excluded area of the 
head group relative to the excluded area of the acyl chains 

Pressures between Adjacent Bilayers 

The pressurdistance curves for the subgel and the liquid- 
crystalline phases (Figure 6B) have some important similarities 
and differences. The data are very similar over a finite range 
of interbilayer spacings (4 A < df  < 8 A), but differ 
significantly for df < 4 A and df  > 8 A. These observations 
imply that molecular motion in the bilayer does not signif- 
icantly affect the total interbilayer pressure for 4 A < df  < 
8 A, but markedly affects the interbilayer pressures for df  < 
4 and df > 8 A. In addition, the data for subgel bilayers 
show that over the applied pressure range of 0 to 1 X lo9 
dyn/cm2 the interbilayer separation changes only about 5 A 
for subgel, compared to about 12 A for liquid-crystalline phase 
bilayers (Figure 6A). This implies that long-range entropic 
interactions, in particular the undulation pressure (Helfrich, 
1973; Evans & Parsegian, 1986; Evans & Needham, 1987), 
have an appreciable influence on the width of the interbilayer 
fluid space for fluid bilayers. Previously, Evans and Parsegian 
(1986) had predicted that thermal undulations could displace 
the minimum energy position to greater interbilayer spacings, 
as we now experimentally observe. 

In order to compare and contrast further the interactions 
between subgel, gel, and liquid-crystalline bilayers, we have 
modeled the total pressuredistance relations for these phases 
in terms of component pressures previously postulated or 
demonstrated. In this analysis, we assume that the total 
pressure P between uncharged phosphatidylcholine bilayers 
can be written as the sum of three repulsive pressures and the 
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attractive van der Waals pressure. That is, 

P =  Pwr+ Ps,+P,-Pv (3) 
where Pm represents a very short range steric repulsion between 
apposing head groups, Par represents a short range repulsive 
pressure due to either water orientation (Marcelja & Radic, 
1976; Parsegian et al., 1979; Rand & Parsegian, 1989) or 
molecular protrusions (Israelachvili & Wennerstrom, 1990, 
1992), P, is the repulsive undulation pressure, and Pv is the 
attractive van der Waals pressure. For these pressures, we 
use functional forms based on relevant experimental data or 
theoretical treatments. Thus, we use exponential decays for 
both Pvlr (McIntosh et al., 1987,1989a) and Psr (Marcelja & 
Radic, 1976; Parsegian et al., 1979; Rand & Parsegian, 1989; 
Israelachvili & Wennerstrom, 1990, 1992), such that Pvs, = 
P,dexp(-df/Xr) and Par = P,mexp(-df/A). For theundulation 
pressure, we use the theoretical expression of Evans and 
Needham (1987), P, = (?rkT/32X)(P,,,/BX)’/2 exp(-dr/2X), 
where B is the bilayer bending modulus, and for the van der 
Waalspressureweset Pv =-H/6?rdZ, whereHis theHamaker 
constant. We note that other functional forms have been 
postulated for P, (Helfrich, 1973; Podgornik & Parsegian, 
1992). For this analysis we assume that all the pressures 
refer to the same plane of origin, which we place at the physical 
edge of the bilayer. We realize that the plane of origin might 
well be different for each of the component pressures. 
However, the exact position of the plane of origin is not known 
precisely for any of the pressures, and we use this simplifying 
assumption to make the modeling tractable. We emphasize 
that the numbers obtained for the magnitudes and decay 
lengths of the various pressures depend on the choice of origin 
and thus are not uniquely determined by these calculations. 

Modeling calculations were performed as described in detail 
in McIntosh et al., (1989a). The procedure was to fit the 
total pressure curves in Figure 6 using the functional forms 
for Pvsr, Psr, Pu, and Pv given above. Standard statistical 
methods (Neter & Wasserman, 1974) were used to obtain a 
least-squares fit to the pressure data. A Hamaker constant 
was determined that gave a match between the measured 
values of the adhesion energy and the energy of adhesion 
calculated by integrating the total pressure and evaluating at 
the equilibrium fluid separation. Adhesion energies have been 
measured as -0.015 erg/cmz for egg PC (Evans & Metcalfe, 
1984 and -0.15 erg/cm2 for gel-phase DPPC (Marra & 
Israelachvili, 1985). We assume that the adhesion energy 
should be somewhat larger in magnitude for the subgel phase 
than the gel phase, since the equilibrium fluid separation is 
smaller in the subgel phase (Figure 6A). We also use the 
following additional criteria: (1) the energy minima have to 
be within 1 A of the equilibrium fluid spacings for each phase, 
(2) the Hamaker constants for the bilayers in the three phases 
should be approximately 3 X 10-14 erg (Needham & Haydon, 
1983), and (3) the bending modulus B is 10-12 erg for liquid- 
crystalline bilayers (Lorenzen et al., 1986; Servuss & Helfrich, 
1987) and is orders of magnitude higher for both the gel and 
subgel phase, so that P, E 0 for the subgel and gel phases. 

Since the acyl chain and the head group motions are smaller 
in the subgel phase than in the gel and fluid phases, we will 
first analyze the pressures between subgel-phase liquids and 
use this information as the standard to compare with the 
pressures between gel and liquid-crystalline phase lipids. 

Subgel Phase. The solid line shown in Figure 6A is a fit 
to eq 3 with Pvs, = 5.18 X lozs exp(-df/0.07) dyn/cm2, P,, 
= 1.1 1 X 109 exp(-df/ 1.43) dyn/cmZ, P, = 0, and Pv = -3 .O 
X 1O1O/6ud? dyn/cm2; RZ = 0.99. The adhesion energy was 
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E, = -0.23 erg/cm2 at df = 8.5 A. The term representing Pvsr 
decreases very rapidly, having a decay length of about 0.07 
A. This steep decay for subgel-phase bilayers reflects an 
extremely “hard” steric interaction. 

The exponential decay for P,, observed for 3 A < df < 8 
A has a magnitude (P,d = 1.1 X lo9 dyn/cmz) and a decay 
length (A = 1.4 A) that are similar to those previously observed 
for the pressure between zwitterionic phospholipids in this 
distance range (McIntosh & Simon, 1986k Rand & Parsegian, 
1989; Simon & McIntosh, 1989; McIntosh et al., 1989a, 
1992a). We note that, because the change in fluid space is 
only about 5 A for the subgel phase, other functional forms 
besides an exponential decay could be used for Pvs, or Psp 
However, an excellent fit to theexperimental data was obtained 
with the expontential decay for these two pressures. The 
downward break in the pressuredistance relation at df = 8 
A corresponds to the fluid separation where Psr is balanced 
by the attractive van der Waals pressure. 

Comparison of Pressures for Gel and Subgel Phases. 
Figure 6A shows the pressure-fluid spacing of DPPC in the 
subgel- and gel-phase bilayers. With regard to the subgel 
phase, the data points for the gel phase are shifted to higher 
fluid spacings by approximately 3 A, with the exception of the 
three points at the highest pressures. This implies that more 
work is required to compress gel-phase bilayers than subgel- 
phase bilayers to df = 3 A. The gel-phase data show at least 
two and possibly three distinct regions in the plot of log P 
versus df: (1) within 1 1.7 A 1 df > 1 1 A there is only a small 
increase in df with decreasing pressure; (2) within 11 A > df 
> 6 A the data points fall near a straight line; and (3) within 
6 A > df > 3 A the data points also fall near a straight line. 
The first issue is whether or not there is a break at df = 6 A. 
That is, the data points for the gel phase can be closely fit with 
either one or two exponentials representing the repulsive 
pressure. Thus, the equation P = 1.66 X 1Olo exp(-df/ 1.21) 
- (3.0 X 1O1O)/6?rd? dyn/cm2, where E, = -0.5 erg/cm2 at 
df = 11.5 A, represents a good fit to the data (R2 = 0.98). This 
analysis assumes that the only repulsive pressure present is 
P,,. However, these data can also be fit well (R2 = 0.99) 
using two exponential repulsive pressures, Pvsr and Pa,, so that 
P = 7.2 X 1Olo exp(-df/0.80) + 4.5 X lo9 exp(-df/l.40) - 
(3.0 X 1010)/6?rd? dyn/cm2, where Ea = -0.1 1 erg/cm2 at 
df = 11.9 A. The decay constant for P,, is slightly larger for 
the second case where Pvs, is included (1.4 A compared to 1.2 

Since the fits are both quite good, one cannot distinguish 
among these two possibilities using curve fitting as the sole 
criterion. However, there are good reasons to assume the 
presence of Pvs, between gel-phase DPPC bilayers. First, 
upward breaks in the pressurdistance relations, characteristic 
of the onset of Pvsr, also occur at df = 5-6 A for bilayers 
having phosphorylcholine head groups in both the fluid 
(McIntosh et al., 1987, 1989a) and gel phases (McIntosh et 
al., 1992a). Second, the simplest explanation for the obser- 
vation that at the highest applied pressures the fluid spaces 
for the subgel and gel phases are similar (Figure 6A) is that 
the motions of the head group in the gel phase have been 
reduced by entropic confinement to that of the subgel phase. 
The fact that the upward break in the pressuredistance 
relation starting at df = 5-6 A is not nearly as evident in 
gel-phase DPPC as it is in subgel DPPC (Figure 6A), egg PC 
(Figure 6B), or sphingomyelin bilayers (McIntosh et al., 
1992a) can be explained by theobservation that the magnitude 
of P,, is much greater in gel-phase DPPC than in the other 
systems. Thus, in the gel phase more work is required to 

A) * 
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at df  = 3 A, rather than at the expected position at df - 0 A, 
and (2) the pressuredistance relations for liquid-crystalline 
and subgel bilayers cross at df = 3 A (Figure 6B), so that the 
distance between egg PC bilayers at high applied pressure is 
smaller than the distance between subgel bilayers. There are 
several possible factors that could explain why the upward 
break in the pressuredistance curve for subgel DPPC occurs 
at df = 3 A rather than at df = 0 A. First, experimentally 
it is difficult to define accurately the edge of the lipid bilayer 
with moderate resolution (7 A) electron density profiles 
(McIntosh & Simon, 1986b; McIntosh et al., 1987, 1989a). 
Second, our estimate for the water-bilayer interface was made 
on the basis of the conformation of the PC head group in 
single crystals, and the conformation of the PC head group 
might be slightly different in the subgel phase. In particular, 
we speculate that the head group conformation for subgel 
DPPC might be crystallized into a conformation such that 
the PC head group extends into the fluid space an intermediate 
distance between the maximum and minimum extensions of 
the head group in both the liquid-crystalline and gel phases. 
This possibility is consistent with the differences in the electron 
density profiles for gel and subgel phases (Figure 5C) noted 
above. Third, water molecules are undoubtedly tightly bound 
to the polar head group and could extend the range of steric 
interactions beyond the point of direct interactions between 
the lipid molecules. That is, the effect of the tightly bound 
water could be to shift the plane of origin (Israelachvili & 
Wennerstrom, 1992). Fourth, although the motion of the 
head group is reduced compared to the motion in gel and 
liquid-crystalline phases, there still might be some head group 
motion in the subgel phase that is slow compared to the NMR 
time scale. The observation that the subgel and liquid- 
crystalline pressuredistance curves cross can be explained 
by two possible factors. First, as noted above, the head group 
in the subgel phase might extend into the fluid space and 
intermediate distance between the maximum and minimum 
extensions of the head group in the liquid-crystalline phase. 
Second, the area per molecule is considerably larger in the 
liquid-crystalline phase than int he subgel phase (Nagle & 
Wiener, 1988). Therefore, the liquid-crystalline bilayer is 
more compressible and deformable than the subgel phase, 
and at high osmotic pressures the polar head groups of apposing 
bilayers can probably interpenetrate to a greater extent in the 
liquid-crystalline phase than they can in the subgel and gel 
phases. To this point, increasing the spacing between adjacent 
egg PC bilayers by the addition of equimolar cholesterol 
eliminates the upward break (McIntosh et al., 1989a). 

Short-Range Interaction, Psr. As noted in the introduction, 
different types of interactions have been postulated to give 
rise to this exponential decay between neutral bilayers-the 
partial orientation of water molecules by the bilayer surface 
(Marcelja & Radic, 1976; Shiby & Ruckenstein, 1983; 
Dzhavakhidze, 1988; Attard & Batchelor, 1988; Simon & 
McIntosh, 1989; Leikin & Kornyshev, 1990) and steric 
(entropic) pressures due to the protrusion of lipid molecules 
from the bilayer surface (Israelachvili & Wennerstrom, 1990, 
1992) or head group flexibility and motion (Granfeldt & 
Miklavic, 1991; Israelachvili & Wennerstrom, 1992). Our 
data (Figure 6A,B) show that for 4 A C df  < 8 A, Per decays 
exponentially with a decay length of about 1.4 A for the subgel, 
gel, and liquid-crystalline phases. Thus, we argue that the 
same mechanism governs P,, for all three phases. We now 
consider which of the above possible mechanisms is most 
consistent with our observed data, keeping in mind Marra 
and Israelachvili’s (1985) discussion about the intimate 

overcome P,,, and the onset of Pwr is more difficult to 
distinguish from Psr for DPPC in the gel phase than it is for 
subgel DPPC, egg PC, or sphingomyelin. Thus, gel-phase 
DPPC bilayers have Psr with a decay length similar to that 
of the subgel bilayers. We argue that the fluid spacing of 
DPPC in the gel phase is greater than that in the subgel phase 
because the magnitude of P,, is larger in the gel than in the 
subgel phase. 

Comparison of Pressures in Gel and Liquid-Crystalline 
Phases. The pressuredistance curve extends about 7 A 
further for the liquid-crystalline phase than for the subgel 
phase. The most likely explanation for this difference between 
subgel and liquid-crystalline phases is the presence of an 
additional long-range entropic pressure in the liquid-crystalline 
phase. That such an additional long-range repulsive pressure 
is present in the fluid phase can be seen from the behavior of 
the pressuredistance relations for low applied pressures (log 
P < 6). In the gel and subgel phases the fluid spacing changed 
by about 1 A on decreasing the applied pressure from 1 X lo6 
to 0 dyn/cmz (figure 6A), whereas in the liquid-crystalline 
phase the fluid spacing changed by over 5 A over this pressure 
range. Therefore, we considered the effects of an additional 
steric pressure, namely the undulation pressure, to the 
pressuredistance relation for the liquid-crystalline phase. 

The egg PC bilayer data (Figure 6B) were well fit (Rz  = 
0.99) using the equation P = Pvs, + Psr + Pu - Pv = 7.84 X 
lOI3 exp(-df/0.68) + 4.0 X lo8 exp(-df/1.38) + 1.28 X lo6 
exp(-df/2.76) - 2.5 X 101°/6ad? dyn/cmZ for Ea = -0.015 
erg/cm2 at df = 15.4 A. Thus, the pressuredistance data for 
liquid-crystalline egg PC bilayers can be explained in terms 
of three repulsive pressures, Pwr, Psr, and Pu. The decay length 
of 1.4 A found for P,, in the fluid phase is the same as that 
found for the subgel and gel phases. 

Underlying Mechnisms for  Component Pressures 

Very Short Range Steric Pressure, PVsr. For liquid- 
crystalline bilayers, there is a rather “soft” upward break in 
the pressuredistance curve, starting at df = 5-6 A and 
extending to df = 1.5 A with a decay length of about 0.7 A 
(Figure 6A). This upward break has been attributed to a 
very short range steric interaction, PVSrr between the mobile 
polar head groups that can extend 2-3 A from each apposing 
bilayer into the fluid space between bilayers (McIntosh et al., 
1987, 1989a). For liquid-crystalline bilayers, molecular 
protrusions could also contribute to the width of this upward 
break in the pressuredistance curve (Israelachvili & Wen- 
nerstrom, 1992; McIntosh et al., 1992a). In agreement with 
this pressure being due to steric interactions between head 
groups due to thermal motion, a recent combined X-ray and 
neutron diffraction analysis (Wiener & White, 1992) of liquid- 
crystalline dioleoylphosphatidylcholine bilayers at an applied 
pressure of 6 X lo8 dyn/cm2 (where we observe Pvsr) shows 
overlap of the distributions of the mobile choline groups from 
apposing bilayers. Since there is relatively little motion of 
the lipid molecules in the subgel phase compared to the gel 
or liquid-crystalline phases, one would expect a sharper upward 
break in the pressuredistance relations when apposing subgel 
bilayers come together than when apposing gel or liquid- 
crystalline bilayers come together. As noted above, we do, in 
fact, observe an extremely sharp upward break for subgel 
bilayers (Figures 6A,B), indicating that the sharpness of this 
upward break, and therefore the range of Pvs, depends on 
head group motion. 

There are two unexpected features about the upward break 
in the pressuredistance curve for subgel bilayer: (1) it occurs 
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coupling of hydration and steric forces. In particular, if the 
primary hydration shell around each lipid molecule is involved 
in determining the excluded volume of the head group, then 
the distinction between hydration and steric interactions 
becomes somewhat unclear near the boundary between Pvs, 
and P,, at d f  

A key observation is that P,, has similar decay length and 
magnitude for the subgel phase, where the acyl chains are 
crystallized in two dimensions, and for the liquid-crystalline 
phase, where the chains have a liquid-like organization in the 
plane of the bilayer (Figure 6B). This provides evidence that 
P,, is unlikely to be due solely to molecular protrusions where 
acyl chains must be exposed to water (Israelachvili & 
Wennerstrom, 1990, 1992), since the thermal motion of 
methylene groups should be much smaller for crystalline 
bilayers than for liquid-crystalline bilayers. For example, the 
mean displacement of methylene groups in single crystals of 
lysophosphatidylcholine is only about 0.3 8, (Hauser et al., 
1980). 

The observation that the magnitude of P,, is larger for gel- 
phase DPPC than for liquid-crystalline phase egg PC bilayers 
(Figure 6A,B) or gel-phase sphingomyelin (McIntosh et al., 
1992b) provides evidence that P,, represents a pressure 
primarily due to water reorientation rather than to head group 
motion or molecular protrusions (McIntosh et al., 1992a). 
That is, for gel-phase DPPC, liquid-crystalline egg PC, and 
gel-phase sphingomyelin, the magnitude of P,, is related to 
the measured dipole potential (Simon & McIntosh, 1989; 
Simon et al., 1992), which in turn depends on the orientation 
of water molecules in the head group region (Simon & 
McIntosh, 1989; Simon et al., 1992; Zheng & Vanderkooi, 
1992). If P,, were due to head group motion or molecular 
protrusions, one would expect its magnitude to be larger for 
the liquid-crystalline phase than for the gel phase. 

The reason the magnitude of P,, is larger for the gel than 
for the subgel phase is not known. In terms of entropic models, 
one expects that head group motion and molecular protrusions 
should be larger for the gel phase compared to the subgel 
phase. However, the extent of protrusions is unknown and 
should be quite small for both phases. In terms of a hydration 
pressure model, as noted above, we have shown for a variety 
of lipids that the the magnitude of the hydration pressure 
correlates with the square of the dipole potential measured 
for monolayers in equilibrium with bilayers (Simon & 
McIntosh, 1989). Unfortunately, we cannot test this rela- 
tionship for subgel bilayers. Dipole potentials cannot be 
measured for the subgel phase since this phase does not form 
in monolayers and transport studies of lipophilic ions cannot 
be performed in subgel-phase vesicles. 

Therefore, based on comparisons of P,, for subgel, gel, and 
liquid-crystalline phases (Figure 6A,B), we argue that P,, is 
due, at least in part, to the reorientation of water molecules. 
We note, however, that for these three phases the range of df 
where P,, dominates is relatively narrow (about 5-7 A), 
meaning that relatively small molecular motions could produce 
steric contributions for these fluid spacings. Moreover, for 
the liquid-crystalline phase, P,, lies between two established 
steric pressures: Pvs,, due to protruding headgroups, and Pu, 
due to thermally induced bending modes. Therefore, the 
relative contributions of hydration and steric pressures are 
difficult to demonstrate unequivocally from a single osmotic 
stress experiment with this lipid phase. A similar situation 
perhaps also pertains to osmotic stress measurements with 
other systems, such as DNA helices (Rau et al., 1984; Rau 
& Parsegian, 1992a,b) or polysaccharide molecules (Rau & 

4 A. 
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Parsegian, 1990). In charged systems, there is the extra 
complication due to repulsion from electrostatic double layers. 
In the case of DNA helices, Rau and Parsegian (1992a) have 
measured the spacing between helices as a function of 
temperature to investigate the enthalpic and entropic 
contributions of water in the interaction. 

The observation that the decay length for P,, is similar for 
subgel, gel, and liquid-crystalline bilayers does not seem to be 
consistent with the theoretical treatments (Kornyshev & 
Leikin, 1989; Leikin & Kornyshev, 1991; Kornyshev et al., 
1992) that predict that the decay length of the hydration 
pressure should decrease with increasing order in the lipid 
head group region. 

Summary 

From the pressuredistance data (Figure 6), it is clear that 
the interbilayer fluid spacing for subgel bilayers changes only 
about 5 A over the entire range of applied pressures. This 
implies that for this phase the repulsive hydration force has 
a range of no more than one water molecule beyond the primary 
hydration shell. The relatively large (1 5 A) fluid space for 
liquid-crystalline bilayers is, at least in part, a consequence 
of the additional steric undulation pressure. 
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