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centrations of about 55 M, a low K for the substrate has not
been a necessity.
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Steric Repulsion between Phosphatidylcholine Bilayers'
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ABSTRACT: The change in pressure needed to bring egg phosphatidylcholine bilayers into contact from their
equilibrium separation in excess water has been determined as a function of both distance between the bilayers
and water content. A distinct upward break in the pressure—distance relation appears at an interbilayer
separation of about 5 A, whereas no such deviation is present in the pressure-water content relation. Thus,
this break is not a property of the dehydration process per se, but instead is attributed to steric repulsion
between the mobile lipid head groups that extend 2-3 A into the fluid space between bilayers. That is,
electron density profiles of these bilayers indicate that the observed break in the pressure—spacing relation
occurs at a bilayer separation where extended head groups from apposing bilayers come into steric hindrance.
The pressure—spacing data are used to separate steric pressure from the repulsive hydration pressure, as
well as to quantitate the range and magnitude of the steric interaction. An appreciable fraction of the
measured steric energy can be ascribed to a decrease in configurational entropy due to restricted head-group
motion as adjacent bilayers come together.

’EC close approach of surfaces separated by solvent is op-
posed by several types of repulsive pressures, including elec-
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trostatic, hydration, and steric pressures. The first two of these
have been studied extensively. Electrostatic interactions be-
tween charged surfaces can be explained in terms of classical
double-layer theory (Verwey & Overbeek, 1948; Israelachvili
& Adams, 1978). The hydration pressure, P, which arises
from the work of removal of polarized water molecules from
between hydrophilic surfaces, has been shown empirically to
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decay exponentially with increasing fluid separation between
surfaces, d; (I.eNeveu et al., 1976, 1977; Parsegian et al., 1979;
Rau et al., 1984; MclIntosh & Simon, 1986a). Considerably
less experimental data are available concerning steric inter-
actions, even though steric repulsion plays an important role
in such diverse phenomena as the stability of colloidal dis-
persions, protein assembly, and cell—cell interactions (Napper,
1977; Bongrand & Bell, 1984). Most direct measurements
of steric pressures between surfaces have been performed with
polymers of large radii of gyration absorbed to rigid substrates
(Cain et al., 1978; Klein, 1980) and thus cannot provide
molecular details of the events occurring as the surfaces come
into contact. Such molecular information is necessary to
understand in quantitative detail the interactions between
surfaces such as lipid bilayers or biological membranes. For
these systems, the experimental task is to separate the con-
tributions of steric pressure, P,, from those of the hydration
pressure, P, (Marra & Israelachvili, 1985).

In this paper, X-ray diffraction structural analysis is applied
to egg phosphatidylcholine (EPC)! multilayers compressed by
vapor pressures, P, up to 2 X 10% dyn/cm? (about 2000 at-
mospheres). By comparing plots of In P versus both separation
between bilayers and water content, we are able to separate
the total pressure, P, into its major components. This provides
estimates for both the range and magnitude of steric inter-
actions between EPC bilayers. It is found that, whereas the
hydration pressure, as modified by thermal-mechanical
fluctuations (Harbich & Helfrich, 1984; Schneider et al., 1984,
Evans & Parsegian, 1986), is the dominant repulsive inter-
action for water contents in the range of 23-10 water molecules
per lipid molecule, P, becomes the largest pressure at lower
water contents. Both the hydration and steric barriers may
be important factors in hindering the fusion of vesicles con-
taining phosphatidylcholine (PC).

MATERIALS AND METHODS

Egg phosphatidylcholine in chloroform solution (20 mg/ml.)
was obtained from Avanti Polar Lipids, Inc., gave a single spot
by thin-layer chromatography (TLC), and was used without
further purification. TLC was performed on silica G plates
using 100-ug loads (first dimension, chloroform:methanol:
water, 20:20:1 v/v/v; second dimension, chloroform:metha-
nol:ammonium hydroxide, 65:25:5). Oriented lipid multilayers
were prepared by placing a small (about 20 uL) drop of the
EPC/chloroform solution on a flat piece of aluminum foil and
evaporating the chloroform under a stream of nitrogen. The
aluminum foil substrate was given a convex curvature by
bending it around a Pasteur pipet. The specimen was then
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 on the
convex surface of the foil. The specimen curvature and camera
geometry ensure that lamellar diffraction to an equivalent
Bragg spacing of about 5 A can be detected (Herbette et al.,
1977). The humidity chamber consisted of a copper canister
with two Mylar windows for passage of the X-ray beam.
Relative humidity was controlied in the chamber by means
of a cup of either a saturated salt or a glycerol/water solution
at the base of the canister. To speed equilibration, a very
gentle stream of nitrogen gas was passed through a flask of
the saturated salt or glycerol solution and then through the
chamber. After each X-ray exposure, the cup in the canister

! Abbreviations: EPC, egg phosphatidylcholine; PC, phosphatidyl-
choline.

MCINTOSH ET AL.

was checked to ensure that the salt solution was still saturated
(crystals of salt present) or that the glycerol solution was at
its initial concentration. Glycerol concentrations were checked
by refractive index measurements on an Abbé refractometer.
The inside of the humidity chamber, as well as the external
flask, was kept at 20 = 1 °C for all experiments.

X-ray diffraction patterns were recorded on a stack of four
sheets of Kodak DEF X-ray film in a flat plat film cassette.
X-rays were obtained from a Jarrell-Ash Microfocus X-ray
generator, and exposure times were on the order of 4-8 h.
Specimen-to-film distance was determined to be 10.5 &+ 0.1
cm by the use of lead stearate as a calibration standard. X-ray
films were processed by standard methods, and a densitometer
trace through the center of each reflection was obtained with
a Joyce-Loebl Model MKIIIC microdensitometer. After
background subtraction, integrated intensities, I(h), were
obtained for each order 4 by measuring the area under the
peak. Each intensity I(h) was multiplied by 4 (the Lorentz
correction factor) due to the cylindrical curvature of the
multilayers (Blaurack & Worthington, 1966; Herbette et al.,
1977; Mclntosh, 1978). For these line-focused patterns there
was no detectable arcing of the reflections, which were of
uniform height. Therefore, no other correction factor was
applied and the structure amplitude of order 4 was set equal
to [AI(h)]'/2. The validity of this correction factor was dem-
onstrated by the fact that the structure amplitudes for the high
humidities (98% and 93% relative humidity) fell on the same
continuous transform as obtained for unoriented dispersions
of EPC at equivalent applied osmotic pressures (Figure 1;
Mclntosh & Simon, 1986a). Moreover, the electron density
profiles for these humidities are very similar to those of
unoriented bilayers subjected to equivalent osmotic pressures
(see Figure 3). Electron density profiles were calculated by

2mhx 1

where d is the lamellar repeat period and ¢(4) is the phase
angle, either 0 or , for each order h. For these experiments,
the phase angles determined by Torbet and Wilkins (1976)
were used. Each unit cell contains one bilayer plus the fluid
space between adjacent bilayers. That is, d = d,, + dj, where
dy, is the bilayer width and d; is the width of the fluid space.

The ratio of the vapor pressure (p) of various saturated salt
or glycerol solutions to the vapor pressure of pure water, p,
has been previously determined (Grover & Nicol, 1940; O’-
Brien, 1948; Weast, 1984). The following saturated salt and
glycerol solutions were used to obtain the indicated relative
vapor pressures (p/p,): CuSO, (0.98), Na,SO, (0.93), KClI
(0.87), NH,Cl (0.80), NaNQ; (0.66), Na,Cr,0,2H,0 (0.52),
CaCl, (0.32), KC,H;0, (0.20), LiCl (0.15), 20% glycerol
(0.94), 60% glycerol (0.74), and 90% glycerol (0.22). The
pressure, P, applied to the EPC specimens is related to u,, the
chemical potential difference between the interlamellar water
and the bulk water phase, by P = —u,/V,,, where V,, is the
partial molar volume of water (Parsegian et al., 1979). The
applied pressure is given by

P =—(RT/Vy) In (p/po) (2)

where R is the molar gas constant and 7 is temperature. In
the data presented in this paper, v,, was set equal to its value
in bulk solution, 18 cm? /mol (Le Neveu et al., 1977; Parsegian
et al., 1979). The increase in free energy necessary to change
the volume of interlamellar water by an amount AV, is given
by —PAV,. As described by Parsegian et al. (1979), this free
energy can be parceled into the work of bilayer deformation
and the work to decrease the fluid separation between bilayers.

p(x) = éZexp(z‘qs(h))[hI(h)]l/2 cos



STERIC REPULSION BETWEEN LECITHIN BILAYERS

In particular, the work to bring bilayers together by an in-
cremental amount Ad; is equal to -PA(Ad;)/2, where A is the
area per lipid molecule.

The number of water molecules per lipid as a function of
P was calculated by a method similar to that described by
LeNeveu et al. (1977). EPC, obtained in lyophilized form
from Avanti, was placed in a polypropylene container whose
weight had previously been measured. Since EPC is hygro-
scopic, the lipid and open container were dried under vacuum
overnight over phosphorus pentoxide. The vacuum chamber
was purged with dry nitrogen and the container quickiy closed
and reweighed, thus providing the dry weight of the lipid. A
given amount of water was added and the lipid/water weight
measured. After incubation for 24 h, the lipid/water sus-
pensions were sealed in quartz capillary tubes and X-ray
diffraction patterns recorded. The lamellar repeat period was
then compared to our previously obtained data of In P as a
function of repeat period (McIntosh & Simon, 1986a; and also
see Figure 1) to give In P as a function of water content. It
should be noted that this method is not applicable for P 2 6
X 107 dyn/cm?, where d is nearly invariant with pressure
(Figure 1). However, for these high pressures water adsorption
isotherms have been obtained for EPC by Jendrasiak and
Hasty (1974), Elworthy (1961), and Lundberg (1974). These
three adsorption isotherms are in general agreement, and we
have chosen to use the data of Jendrasiak and Hasty (1974)
since their method of specimen preparation was most similar
to ours.

RESULTS

For relative humidities in the range of 22-98% each X-ray
diffraction pattern of EPC consisted of a broad wide-angle
reflection centered at about 4.5 A and a series of low-angle
reflections, which indexed as orders of a single lamellar repeat
period. For this range of relative humidities the lamellar repeat
periods were between 49 and 53 A. These patterns are
characteristic of multilayers of liquid-crystalline bilayers
(Tardieu et al., 1973). At 20% and 15% relative humidities,
additional sharp reflections were observed which indexed as
orders of a lamellar repeat of about 57 A, The reflections of
this 57-A repeat were quite weak at 20% relative humidity,
but much stronger at 15% relative humidity. In addition, for
both of these two lower humidities, sharp wide-angle reflections
were observed at 4.2 A. This indicates that at 20% and 15%
relative humidities a gel phase is observed in addition to the
liquid-crystalline phase. Phase diagrams show that EPC is
found in the gel phase at very low water contents (Reiss-
Husson, 1967; Small, 1986). Thus, 20% and 15% relative
humidities correspond to water contents at the boundary be-
tween the gel and liquid-crystalline regions of the phase dia-
gram. On the basis of the relative magnitude of the recorded
intensities, it appears that the liquid-crystalline phase is the
predominant phase present at 20% relative humidity, whereas
the gel phase is the predominant phase present at 15% relative
humidity. In this paper we consider only the liquid-crystalline
phase.

Figure 1 shows the natural logarithm of applied pressure
(In P) plotted against the repeat period (d) for EPC bilayers.
Data are included from three laboratories, including our own
(Parsegian et al., 1979; Torbet & Wilkins, 1976; McIntosh
& Simon, 1986a). This plot is linear from d =~ 61 A to d ~
51 A, with sharp breaks at both ends of the curve. The linear
region of the curve has been equated to the repulsive
“hydration” pressure, Py, caused by the work of removal of

water from between the bilayer surfaces (LeNeveu et al., 1977;

Parsegian et al., 1979; Marra & Israelachvili, 1985; McIntosh

VOL. 26, NO. 23, 1987 7327

2)
i
[}

In Pressure (dyn/cm
>
1
[o]
u
Qo

T 1 fr T T T

48 52 56 60 64
Repeat Period (A)

FIGURE 1: Natural logarithm of applied osmotic and vapor pressures,
In P, plotted versus the lamellar repeat period, d. This figure shows
the data of Parsegian et al. (1979) (solid squares) and Torbet and
Wilkins (1976) (open squares), as well as our osmotic (McIntosh &
Simon, 1986a) (open circles) and vapor pressure data (solid circles).

& Simon, 1986a), although a recent theoretical analysis in-
dicates that thermal-mechanical fluctuations may contribute
an “undulation” or “fluctuation” pressure, P; (Evans &
Parsegian, 1986). In this region of the curve, bilayer thickness
(dp) remains approximately constant (Mclntosh & Simon,
1986a), so that the reduction in d with increasing pressure is
due to a reduction in fluid thickness (d;). The break at the
low-pressure end of the curve is due to the fact that, near the
equilibrium separation in excess water (d =~ 63 A), the van
der Waals attractive pressure becomes comparable in mag-
nitude to the hydration pressure, resulting in a downward
deflection in the pressure versus spacing curve (LeNeveu et
al,, 1977). The sharp upward break in the plot (Figure 1),
which begins at In P =~ 18 and d = 51 A, was first noted by
White and King (1985) and is the primary focus of the ex-
periments in Figures 2-4.

Three causes could be postulated for this observed upward
break at d = 51 A in Figure 1: (1) a discontinuity in P,, that
is, an abrupt increase in the energy required to remove water
from between bilayers at low water content, (2) a 5-6-A in-
crease in bilayer thickness occurring for d <51 A (so that the
increase in dy, would compensate for the decrease in d;), and
(3) the onset of steric repulsion between lipid head groups from
opposing bilayers. The data presented in Figures 2—-4 provide
evidence that the first two possibilities cannot fully explain
the data and show that this break occurs at a bilayer separation
where the onset of steric hindrance would be expected. Pos-
sibility 1 can be excluded since the pressure required to remove
water is an exponential function of water content and has no
apparent discontinuities from 23 to 2 waters per lipid molecule
(Figure 2). Possibility 2 cannot account, by itself, for the
observed break since electron density profiles (Figure 3) show
that there is only about a 2-A increase in bilayer thickness for
the entire range d = 50-59 A. In the electron density profiles
in Figure 3 the low-density trough at 0 A corresponds to the
terminal methyl groups in the geometric center of the bilayer,
the highest density peaks located at about £20 A correspond
to the lipid head groups, the medium-density regions between
the terminal methyl trough and the head-group peaks corre-
spond to the methylene chains, and the medium-density regions
at the outer edges of each profile correspond to half of the fluid
space between adjacent bilayers. The fluid space is widest at
the lowest applied pressure and decreases as the applied
pressure increases. The distance between the high density head
group peaks across the bilayer remains constant (to within +1
A) for the repeat-period range d = 59 A (In P = 12.9) to d
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FIGURE 2: Natural logarithm of applied pressure plotted versus the
number of water molecules per lipid molecule. The solid squares are
taken from the adsorption isotherms of Jendrasiak and Hasty (1974),
and the open squares are taken from our X-ray phase diagram of EPC
in water by the method of LeNeveu et al. (1977). The top scale
indicates the volume of water per mole of li;)id, assuming that the
molar volume of a water molecule is 18 cm’/mol.
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FIGURE 3: Electron density profiles for EPC bilayers for the range
of applied pressures of 4 X 10° dyn/cm? (In P = 12.97) to 2.3 X 10°
dyn/cm? (In P = 21.5). The top three profiles are from unoriented
liposomes in PVP solutions (McIntosh & Simon, 1986a), and the
botton three profiles are from oriented multilayers in controlled relative
humidity atmospheres. The pair of dotted lines denote the average
head group peak separation for profiles for In P <18 (McIntosh &
Simon, 1986a).

= 52 A (In P = 17.3) as previously reported (McIntosh &
Simon, 1986a). For 4 less than 52 A, detectable structural
changes occur in the bilayer as further water is removed. That
is, the bilayers shown in Figure 3 for In P =~ 21.5 and 20.3 are
about 2 A wider than the bilayers at the lower applied pres-
sures. Moreover, the terminal methyl trough becomes pro-
gressively sharper and deeper at these higher pressures. This
is due to a higher degree of localization of the terminal methyl
groups in the bilayer center as the area per molecule (4)
decreases.

The profiles shown in Figure 3 and profiles obtained at the
other applied pressures shown in Figure 1 can be used to
estimate the width of the fluid space between adjacent bilayers
(McIntosh & Simon, 1986a). As noted by Marra and Is-
raelachvili (1985), the definition of fluid thickness is somewhat
arbitrary, since (1) the bilayer surface is not molecularly

MCINTOSH ET AL.

| A

In Pressure (dyn/cm2

0.0 2.0 4.0 6.0 8.0 10.0 - 12.0
Fluid Space (A)

n
o
1

18

16 +

-
H
1

In Pressure (dyn/cm2 )

-
N
1

.. "'.,. PS

T T T T T T

0.0 2.0 4.0 6.0 8.0 10.0 12.0

Fluid Space (A)

FIGURE 4: Natural logarithm of applied pressure (In P) in dynes per
square centimeter plotted versus the fluid space d; between adjacent
bilayers obtained from electron density profiles. The open circles
represent data from osmotic pressure experiments (McIntosh & Simon,
1986a), and the closed circles represent data from vapor pressure
experiments. In (A) the dotted lines are the hydration pressure PB
=47 X 10% exp(—d;/1.7) and the steric pressure P, = 3.6 X 10!
exp(—d;/0.6), and the solid line is P, + P,. In (B) the hydration
pressure was recalculated to take into account the fluctuation pressure,
P;. The dotted lines show P’ = 5.1 X 10® exp(-d;/1.4), P, = 3.6 X
10'° exp(-d;/0.6), and P; = 5.4 X 107 exp(—d;/2.8), and the solid line
is the sum P/ + P, + P;.

10

smooth, (2) the polar head groups are mobile (Hauser, 1981),
(3) the entire bilayer undergoes thermal undulations (Harbich
& Helfrich, 1984), and (4) water penetrates into the lipid head
group region (Worcester & Franks, 1976; Biildt et al., 1979;
Simon et al., 1982). As we have done previously (McIntosh
& Simon, 1986a), we operationally define the bilayer width
as the total thickness of the bilayer assuming that the head-
group conformation is the same in EPC as it is in single crystals
of dimyrisotylphosphatidylcholine (Pearson & Pascher, 1979).
That is, in this definition it is assumed that the phosphocholine
group is oriented approximately parallel to the bilayer plane.
The electron density peaks in the profiles in Figure 3 are
located near the center of the head group, that is, between the
phosphate moiety and the glycerol backbone (Lesslauer et al.,
1972; Hitchcock et al., 1974). From space-filling models, this
places these electron density peaks about 5 A inward from the
edge of the bilayer when the head group is oriented parallel
to the bilayer plane. Therefore, the bilayer thickness, 4y, is
set equal to the distance between electron density peaks in the
profiles (Figure 3) plus 10 A (McIntosh & Simon, 1986a).
The fluid thickness, dj, is then calculated from d; = d - 4.

Figure 4A shows In P plotted versus d;. Ford; = 5-12 A
the plot is linear and has been equated to the hydration
pressure, P, (McIntosh & Simon, 1986a). The dotted line in
Figure 4A labeled P, is a least-squares fit to the data for 5
A <d; <12 A and is P, = P, exp(-d;/)), where P, = 4.7
% 108 dyn/ecm? and A = 1.7 A. For d; <5 A, the data points
lie significantly above this line. That is, even after the changes
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Steric

Steric—

FIGURE 5: Schematic diagram showing the approximate location of
the plane where steric interactions are first observed for EPC (solid
line). The dotted lines delimit the fluid space, d;, as determined by
electron density profiles, assuming the parallel orientation of the lipid
head groups. The head groups rotate so that trimethylammonium
moieties extend 2-3 A into the fluid space. Depicted are the two
extremes of head-group orientation, with the phosphocholine moiety
parallel and perpendicular to the plane of the bilayer (Hauser, 1981).

in bilayer thickness are accounted for by the procedure de-
scribed above, a break in In P versus d; still remains.

The position of the observed break in Figure 4A can be
explained in terms of steric interactions. That is, the value
of dy = 5 A for the onset of steric repulsion is consistent with
the NMR data of Hauser (1981) which indicate that the
phosphocholine group rotates from its preferred position, ap-
proximately parallel to the bilayer, to a position where it
extends 2-3 A farther into the fluid space (see Figure 5).
Thus, on the basis of Hauser’s model for head-group motion,
trimethylammonium group from apposing bilayers would be
expected to come into steric hindrance at d; ~ 4—6 A. Local
variations in bilayer thickness, or “breathing” modes, would
tend to “soften” the edge of the steric barrier and could extend
the range of steric interactions.

By analytical continuation, P, can be extended from 4; =
5 A tod;= 1.5 A (dotted line labeled P, in Figure 4A). The
total pressure (P) can then be separated into two major com-
ponents, P, and steric pressure, P;. That is, in Figure 4A the
two dotted lines correspond to P, and P, and the solid line
corresponds to the sum of P, + P;. A least-squares fit to the
data points is found with P, = P, exp(-d;/a), where P, = 3.6
X 10'° dyn/em? and « = 0.6 A. A single exponential function
is used for P, in the range d; ~ 1.5-13 A. Alternatively, P,
could be set equal to (Py,/4) sech? (d;/2\) for dp < \ (Ceve
and Marsh, 1985). However, since P, > Py, for d; < A, this
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refinement would make little difference in calculations of P..
For P,, an exponential function provides a good fit for the data
in the range of d = 1.5-5 A. However, since this range of
separations is small, other functional forms, such as power laws
or polynomials, could also be used.

In Figure 4B a similar procedure is followed, except that
the effects of thermal-mechanical fluctuations, or thermally
induced bending of the bilayer sheets, are included, following
the formalism of Evans and Parsegian (1986). These fluc-
tuations are theoretically predicted by Evans and Parsegian
(1986) to give rise to a pressure of the form

Py = (wKT/32N)(Py//BN)'? exp(~d;/2N)  (3)

where B is the bilayer bending modulus, which is about 10'?
erg (Servuss et al., 1978; Lorenzen et al., 1986) and P,/ and
N are the parameters in the hydration pressure modified to
take into account the thermal undulations. One effect of
including thermal fluctuations in the analysis is that it de-
creases the value of A in P, (Evans & Parsegian, 1986). Our
procedure was to set X’ equal to 1.4 A, the value for gel-state
phosphatidylcholine bilayers (MclIntosh & Simon, 1986a)
where thermal fluctuations are negligible. Thus, when fluc-
tuations are included, Py’ = Ph, exp(-d;/1.4) and P; =
(«#KT/32))(Py,' /N B)'/* exp(-d;/2.8), where the only un-
known parameter is Py. A value of P,/ = 5.1 X 10® dyn/cm?
is obtained from a least-squares fit to the experimental data
points for d; > 5 A. The calculated pressures P;and P/, along
with P; as given above, are shown as dotted lines in Figure 4B.
The solid line corresponds to the sum P + Py’ + P It can
be seen that, with the same value for P,, the data points can
be fit either with (Figure 4B) or without (Figure 4A) a term
due to thermal fluctuations.

The work of removing water from EPC bilayers has several
components. The energy contributions of the steric (Ej),
hydration (E,), and fluctuation (E;) interactions can be ob-
tained by integrating P,, P, and P; from d; = 12.4 A (In P
=129)tod;= 1.4 A (InP = 21.5). These calculations give
E, = 19.3 erg/cm? and E}, = 3.6 erg/cm? when undulations
are not included (Figure 4A) and E, = 19.3 erg/cm?, E; =
0.9 erg/cm?, and Ey’ ~ 2.5 erg/cm? when undulations are
included (Figure 3B). The energy due to lateral deformation
of the bilayer is given by E; = 1/2 K (AA4/A)?, where K is
the elastic area compressibility modulus and AA4/A4 is the
relative change in area per molecule. The compressibility
modulus has been measured to be 140 dyn/cm for fully hy-
drated EPC bilayers (Kwok & Evans, 1981). If it is assumed
that the volume of the bilayer remains constant (LeNeveu et
al,, 1977; Parsegian et al., 1979), then A4/ A = -AH/H, where
H is the width of the bilayer hydrocarbon region. Following
the method of McIntosh and Simon (1986b), we use the
electron density profiles of Figure 3 to estimate ~-AH/H =~
0.1. This gives Eq = 0.8 erg/cm?2. This value for the energy
of bilayer deformation should be considered a lower bound,
since the compressibility modulus could be somewhat higher
for partially hydrated bilayers as compared to fully hydrated
bilayers and since there might be small bilayer volume changes
at low hydration.

For this same pressure range, the total energy (£,) of re-
moving water from these multilayers can be calculated, in-
dependent of any model, from the data presented in Figure
2. Integration of the line in Figure 2 from 23 water molecules
per lipid (In P = 12.9) to 2 water molecules per lipid (In P
= 21.5) gives E, ~ 9.8 X 10'% erg/mol =~ 51.1 erg/cm?, or
about 4 times the thermal energy, RT. The conversion from
energy per mole to energy density was made by setting 4 =
67 A2 for In P = 12.9-18.0 (McIntosh & Simon, 1986a) and
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A =62 A?for In P = 18.0-21.5, as calculated from AA4/A
= AH/H = 0.1 (see above).

DISCUSSION

In excess water, the equilibrium separation between neutral
membranes, such as EPC bilayers, is determined by a balance
between the van der Waals attraction and the repulsive hy-
dration and fluctuation pressures (LeNeveu et al., 1977;
Parsegian et al., 1979; Evans & Parsegian, 1986). When EPC
bilayers are squeezed together by applied pressures, water is
removed from between adjacent bilayers. For applied pressures
in the range of 2 X 10°to 6 X 107 dyn/cm? (12 <In P < 17)
plots of In P versus (1) X-ray repeat period, (2) number of
water molecules per lipid, and (3) fluid space between adjacent
bilayers are all approximately linear (Figures 1, 2, and 4). In
addition, over this pressure range the width of the bilayer and
therefore the area per lipid molecule are nearly constant
(MclIntosh & Simon, 1986a; Figure 3). This indicates that
as water is removed from between adjacent bilayers the bilayer
surfaces come together by a distance proportional to the
volume of water removed (i.e., Ad; = AV, /A, where AV, is
the volume of water removed).

However, for applied pressures larger than 3 X 107, dyn/
cm?, a sharp break is present in a plot of In P versus d (Figure
1) without a corresponding break in In P versus number of
water molecules (Figure 2). The analysis presented under
Results indicates that there are two primary causes for this
deviation: (1) steric hindrance between the mobile lipid head
groups which extend into the fluid space and (2) a relatively
small increase (about 2 A) in bilayer thickness. This estimate
for the increase in bilayer thickness is subject to experimental
uncertainty due to the limited resolution of the electron density
profiles in Figure 3 (d/2h,, ~ 5.5 A). However, since we
are measuring changes in the position of two widely spaced
and well-defined peaks, namely, the electron-dense head-group
peaks, this resolution is sufficient so that changes in bilayer
thickness greater than about 1 A can be detected (McIntosh
& Simon, 1986a). The measurements are quite reproducible,
with standard deviations in d; of less than 1 A [see Figure 4
and Mclntosh and Simon (1986a)]. Moreover, our measured
changes in bilayer thickness are very similar to those observed
in higher resolution electron density profiles by Torbet and
Wilkins (1976) and analyzed in detail by White and King
(1985). Another potential source of error in our approach is
the effect of head-group conformation on the location of the
electron density peaks in the profiles. These peaks are due
primarily to the electron-dense phosphate moiety and glycerol
backbone (Lesslauer et al.,, 1972). From the analysis of
head-group motion by Hauser (1981), it can be seen that the
distances from the center of the bilayer for both the phosphate
moiety and the glycerol backbone are essentially unchanged
for the extremes of head-group positions (Figure 5). Thus,
relative to the bilayer center, the position of the high-density
peaks in the electron density profiles will be very nearly the
same for the range of head-group conformations depicted in
Figure 5, and any change in peak-to-peak separation in these
profiles (Figure 3) must be primarily attributable to changes
in hydrocarbon thickness (MclIntosh & Simon, 1986b). We
conclude that the abrupt change in slope observed in Figure
4A is real, as it is too large to arise from the sources of un-
certainty described above. However, since the pressures P,,
Py, and P; are all exponential functions, the calculations of E;,
Ey, and E; are extremely sensitive to the value of the lower
integration limit of d;. For example, an 0.5-A difference in
the lower values of d; can cause about a 25% difference in the
calculated values of E; and E,.

MCINTOSH ET AL.

The calculations presented under Results indicate that a
relatively small amount of work goes into deforming the bilayer
as compared to the work necessary to overcome steric re-
pulsion, In terms of water molecules removed, this analysis
indicates that from about 23 to 10 water molecules per lipid
molecule the major energy contribution comes from the hy-
dration pressure, perhaps as modified by thermal-mechanical
fluctuations, whereas from about 10 to 2 water molecules per
lipid much of the work goes to overcome steric repulsion. That
is, since water is intercalated between lipid head groups in each
monolayer (Worcester & Franks, 1976; Biildt et al., 1979;
Simon et al., 1982), apposing bilayers come into steric hin-
drance before complete dehydration is reached.

There are several mechanisms that might contribute to the
steric pressure, P, One is the loss of possible head-group
conformations due to the close approach of apposing bilayers.
For PC micelles, there is nearly free rotation of the head group
around the C2-C3 glycerol bond (Hauser, 1981). This same
head-group motion likely occurs in fully hydrated bilayers
(Hauser, 1981), and so the phosphocholine group is approx-
imately perpendicular to the bilayer plane about one-third of
the time and parallel to this plane about two-thirds of the time
(Figure 5). However, when apposing bilayers come into
contact, the probability of the head group being in the per-
pendicular conformation decreases. The energy change for
total loss of the perpendicular head-group conformation is E
=~ RTIn (2/3) = 0.24 kcal/mol or about 5.6 erg/cm® Thus,
conformational entropy can account for most of E until very
small separations are reached (d; < 2 A), whereupon other
processes, such as elastic compression (Napper, 1977), may
become significant. Another possible contributing factor is
surface density variations, which give rise to local changes in
bilayer thickness, that is, breathing modes.

For the relative humidity experiments the applied pressure
is inversely proportional to the partial molar volume of water,
V. (see Materials and Methods). It is common practice to
set ¥, equal to 18 cm®/mol, the molar volume of bulk water
(LeNeveu et al., 1977; Parsegian et al., 1979), as we have done
in our calculations. However, White and King (1985) have
analyzed the data of Torbet and Wilkins (1976) and concluded
that V., becomes significantly less than 18 cm?®/mol for bilayers
at low water contents. It should be noted that, in our ex-
periments and in those of LeNeveu et al. (1977) and Parsegian
et al. (1979), pressure has been applied to the multilayers by
two independent methods—through the vapor phase and by
equilibration in a polymer solution. The osmotic pressures of
the polymer solutions, which do not depend on V,,, have been
directly measured (Vink, 1971; LeNeveu et al.,, 1977,
Parsegian et al., 1986). Fortunately, for the purpose of com-
parison, there is a range of pressures where the two techniques
overlap. That is, 60% poly(vinylpyrrolidone) produces a larger
pressure (In P = 17.9) than does a 98% relative humidity
atmosphere (In P = 17.2, calculated with V,, = 18 cm?/mol).
The measured quantities d (Figure 1), number of water
molecules (Figure 2), and fluid thickness (Figure 4A) all fall
on continuous lines in this overlap range when V,, is set equal
to 18 cm?/mol. Thus, at least for the highest relative hu-
midities, there is good evidence that ¥, =~ 18cm3/mol and that
oriented and unoriented bilayers behave similarly. For oriented
EPC bilayers at low relative humidities the precise value of
V,, is still an open question as it has not been directly measured.
However, even if V,, were significantly smaller than 18
cm?/mol at low relative humidities, the effect would be to
increase In P by the same amount in Figures 1, 2, and 4 in
the high-pressure range. Thus, none of the basic arguments
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concerning steric interaction would change, although the
magnitudes of P, and E, would be increased by an amount
proportional to the relative decrease in V,,. Note, however,
that the value of E, calculated from the vapor pressure data
in Figure 2 is independent of the value of V,,.

An interesting aspect of these energy calculations is that
the sum of E, + E;, + E; + E4 does not add up to the total
energy (E,) of removing water as calculated from the data in
Figure 2. There are several factors that might contribute to
this difference. First, as discussed above, is the possibility that
V,, might be less than 18 cm?®/mol at low water contents, where
the water is strongly attracted to the polar lipid head group
(White & King, 1985). Second, is the effect of defects, such
as screw dislocations, which are common in these types of lipid
multilayers (Kleman et al., 1977). The energy to form an
individual screw dislocation can be appreciable and is inversely
proportiona] to the square of the dislocation radius (Zasad-
zinski, 1986), which is a function of water content. Unfor-
tunately, the density of dislocations at low water contents is
difficult to quantitate and so is their energy contribution.
Another, and perhaps more important, factor concerning de-
fects is that since they are regions of high energy they can act
as collection points for water at low relative humidities. That
is, when adjacent bilayers come into steric contact, water
molecules will interact to minimize the free energy of the
defects. Such water, localized in screw dislocations or other
defects, will not be detected in the X-ray experiments. Thus,
the energy to remove the water from defects will contribute
to E, as calculated from the data in Figure 2 but is not included
in Es’ Ef, Eh’ or Ed'

The X-ray data indicate that the EPC hydrocarbon chains
crystallize at about 20% relative humidity. This phase change
may account for the abrupt deflection in the water adsorption
isotherm at this humidity (Jendrasiak & Hasty, 1974).

Finally, it has been observed that bilayers containing sig-
nificant amounts of phosphatidylcholine fuse at a much lower
rate than bilayers containing phosphatidylethanolamine
(Diizgiines et al., 1981). The trimethylammonium group of
the PC head group might lower the probability of bilayer
fusion in two ways: first, by causing steric hindrance, as
described in this paper, and, second, by preventing the hy-
drogen bonding that has been proposed to occur between ad-
jacent PE bilayers (McIntosh & Simon, 1986b).
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ABSTRACT: The mechanism of uncoupling of oxidative phosphorylation by carbonyl cyanide p-trifluoro-
methoxy)phenylhydrazone (FCCP), a typical weak acid protonophore, oleic acid, a fatty acid, and chloroform,
a general anesthetic, has been investigated by measuring in mitochondria their effect on (i) the transmembrane
proton electrochemical potential gradient (Af) and the rates of electron transfer and adenosine 5'-tri-
phosphate (ATP) hydrolysis in static head, (ii) Afiy and the rates of electron transfer and ATP synthesis
in state 3, and (iii) the membrane proton conductance. Both FCCP and oleic acid increase the membrane
proton conductance, and accordingly, they cause a depression of Afiy; [generated by either the redox proton
pumps or the adenosinetriphosphatase (ATPase) proton pumps]. Although their effects on ATP synthe-
sis/hydrolysis, respiration, and Afiy are qualitatively consistent with a pure protonophoric uncoupling
mechanism and an additional inhibitory action of oleic acid on both the ATPases and the electron-transfer
enzymes, a quantitative comparison between the dissipative proton influx and the rate of either electron
transfer or ATP hydrolysis (multiplied by either the H* /e or the H*/ATP stoichiometry, respectively)
at the same ARy shows that the increase in membrane conductance induced by FCCP and oleic acid accounts
for the stimulation of the rate of ATP hydrolysis but not for that of the rate of electron transfer. Chloroform
(at concentrations that fully inhibit ATP synthesis) only very slightly increases the proton conductance of
the mitochondrial membrane and causes only a little depression of Afiy;. The negligible increase in the
dissipative proton influx in the presence of chloroform does not account for the stimulation either of the
rate of electron transfer or of ATP hydrolysis. The classical “chemiosmotic” explanation of the uncoupling

of oxidative phosphorylation does not apply to the uncoupling action of chloroform.

’Ee mechanism by which a number of substances uncouple
oxidative phosphorylation, i.e., inhibit ATP! synthesis and
stimulate resting respiration, has been the subject of intense
research. In fact, any hypothesis on the mechanism of free
energy coupling (between electron transfer and ATP synthesis)
has to provide an explanation for the uncoupling consistent
with the known properties of these substances. Thus, the
observations that typical lipophilic weak acid uncouplers, such
as 2,4-dinitrophenol (DNP) and carbonyl cyanide p-(tri-
fluoromethoxy)phenylhydrazone (FCCP), increase the proton
conductance of the inner mitochondrial membrane (Mitchell
& Moyle, 1967) and of black lipid membranes (Hopfer et al.,
1968) have been considered strong evidence in favor of the
chemiosmotic hypothesis as formulated by Mitchell (1966).

Much work has been devoted to establishing if the proto-
nophoric action could quantitatively account for the uncoupling
of oxidative phosphorylation [for reviews see Hanstein (1976)
and McLaughlin and Dilger (1980)]. From these studies it
can be generally concluded that certainly there exists a cor-
relation between protonophoric and uncoupling action.
However, no clear-cut evidence that the uncoupling is exclu-
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sively and quantitatively due to the increase in membrane
conductance has ever been reported. In fact, the quantitative
comparison between the rate of passive proton influx in the
presence of FCCP and the rate of electron transfer multiplied
by the H*/e™ stoichiometry made originally by Mitchell and
Moyle (1967) was based on estimated values of Afiy and on
measured values of H*/e™ stoichiometries that were much too
high for the former and too low for the latter with respect to
the actual measurements (Wikstrom & Krab, 1980; Azzone
et al.,, 1984). Instead, preliminary reports from our laboratory

! Abbreviations: J rate of respiration in static head; J*, rate of
respiration in state 3; J,™* maximal rate of respiration; J,, rate of
electron transfer; J,, rate of ATP synthesis; J,1p, rate of ATP hydrolysis;
J¢of, rate of K* efflux; Jy!, proton flux through leaks; Ay, transmem-
brane electrical potential gradient; ApH, transmembrane pH gradient;
ARy, transmembrane proton electrochemical potential gradient (in ab-
solute value); Ly, membrane proton-leak conductance; n,, H*/e™ stoi-
chiometry; n, H*/ATP stoichiometry; f;, fraction of active redox pumps;
Jp» fraction of active ATPase pumps; P;, inorganic phosphate; DMO,
5,5-dimethyloxazolidine-2,4-dione; TPMP*, triphenylmethylphosphonium
ion; Mops, 3-(N-morpholino)propanesulfonic acid; Tris, tris(hydroxy-
methyl)aminomethane; EDTA, ethylenediaminetetraacetic acid; EGTA,
[ethylenebis(oxyethylenenitrilo)]tetraacetic acid; NADH, reduced nico-
tinamide adenine dinucleotide; NADP, nicotinamide adenine dinucleotide
phosphate; FCCP, carbonyl cyanide p-(trifluoromethoxy)phenyl-
hydrazone; DCCD, N,N’-dicyclohexylcarbodiimide; ATP, adenosine
5’-triphosphate; ATPase, adenosinetriphosphatase; ADP, adenosine 5’
diphosphate.
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