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ABSTRACT It has been established that the fusion of both biological membranes and phospholipid bilayers can be
modulated by altering their lipid composition (Chernomordik et al., 1995. J. Membr. Biol. 146:3). In particular, when added
exogenously between apposing membranes, monomyristoylphosphatidylcholine (MMPC) inhibits membrane fusion, whereas
glycerol monoleate (GMO), oleic acid (OA), and arachidonic acid (AA) promote fusion. This present study uses x-ray diffraction
to investigate the effects of MMPC, GMO, OA, and AA on the bending and stability of lipid bilayers when bilayers are forced
together with applied osmotic pressure. The addition of 10 and 30 mol% MMPC to egg phosphatidylcholine (EPC) bilayers
maintains the bilayer structure, even when the interbilayer fluid spacing is reduced to ;3 Å, and increases the repulsive
pressure between bilayers so that the fluid spacing in excess water increases by 5 and 15 Å, respectively. Thus MMPC
increases the undulation pressure, implying that the addition of MMPC promotes out-of-plane bending and decreases the
adhesion energy between bilayers. In contrast, the addition of GMO has minor effects on the undulation pressure; 10 and 50
mol% GMO increase the fluid spacing of EPC in excess water by 0 and 2 Å, respectively. However, x-ray diffraction indicates
that, at small interbilayer separations, GMO, OA, or AA converts the bilayer to a structure containing hexagonally packed
scattering units ;50 Å in diameter. Thus GMO, OA, or AA destabilizes bilayer structure as apposing bilayers are brought into
contact, which could contribute to their role in promoting membrane fusion.

INTRODUCTION

Membrane fusion is a key event in a variety of important
biological processes, including exocytosis, endocytosis,
synaptic transmission, fertilization, and viral infection. Each
of these fusion events has many stages involving membrane
docking and subsequent membrane merger events (Vogel et
al., 1993; Weber et al., 1998) and is regulated by a variety
of specific membrane proteins (see reviews by Hoekstra,
1990; White, 1993; Sudhof, 1995). It is generally agreed
that, independent of the mechanisms that cause membranes
to adhere, in all membrane fusion events the final step
involves the fusion of the lipid bilayers from apposing
membranes. This means that the investigation of lipids
under conditions where the interbilayer spacings are small
may be relevant to understanding fusion events.

Several investigators have found that the exogenous ad-
dition of specific lipids can modulate the fusion between
biological membranes or lipid vesicles. In many fusion
events, including cell-cell fusion (Gunther-Ausborn and
Stegmann, 1997), cell syncytia formation (Vogel et al.,
1993; Chernomordik et al., 1995c), cortical granule exocy-
tosis (Vogel et al., 1993), organelle-organelle fusion (Cher-
nomordik et al., 1993), virus-lipid vesicle fusion (Yeagle et
al., 1994; Gunther-Ausborn et al., 1995), and vesicle-vesicle
fusion (Martin and Ruysschaert, 1995), fusion is reversibly
inhibited by the exogenous addition of lysophosphatidyl-

choline (lysoPC) between apposing membranes. On the
other hand, the exogenous addition of glycerol monoleate
(GMO), oleic acid (OA), or arachidonic acid (AA) has been
shown to promote cell-cell fusion (Hope and Cullis, 1981;
Chernomordik et al., 1995a–c).

The fusion inhibition produced by lysoPC has been at-
tributed either to lysoPC’s effects on fusion-promoting pep-
tides (Martin et al., 1993; Gunther-Ausborn et al., 1995;
Gunther-Ausborn and Stegmann, 1997) or its effect on the
lipid structure in the membrane (Chernomordik et al., 1993,
1995b; Vogel et al., 1993; Chernomordik and Zimmerberg,
1995; Martin and Ruysschaert, 1995; Razinkov et al., 1998).
The fusion promotion produced by GMO, OA, and AA has
been attributed to these molecules’ effects on lipid organi-
zation (Hope and Cullis, 1981; Tilcock and Fisher, 1982;
Chernomordik et al., 1995a,c; Chernomordik and Zimmer-
berg, 1995), although it has been observed that OA interacts
with membrane proteins (Hirshic et al., 1993).

In support of the lipid organization models for the effects
of lysoPC, GMO, OA, and AA, Chernomordik and col-
leagues (Chernomordik et al., 1995a–c) note that 1) the
membrane merger step of fusion is sensitive to membrane
lipid composition but independent of the type of membrane
fusion trigger, 2) lysoPC and AA promote opposite sponta-
neous curvatures in monolayers (Epand, 1985; Epand et al.,
1991; Siegel and Epand, 1997), so that high (equimolar)
concentrations of GMO convert phospholipid bilayers to a
hexagonal (HII) phase (Hope and Cullis, 1981; Tilcock and
Fisher, 1982), whereas equimolar quantities of lysoPC con-
vert bilayers to micelles (Van Echteld et al., 1981), and 3)
vesicle-planar bilayer fusion is affected in different ways
when the same lipids are added to opposite sides of the
planar bilayer. Recent studies by Razinkov et al. (1998)
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have also shown that the fusion of cells expressing the
hemaglutinin protein of influenza virus with planar lipid
bilayers is modified differently by the presence of lipid
probes on opposite sides of the bilayer. Chernomordik et al.
(1995a,c) argue that lysoPC and GMO may effect fusion by
altering the propensity of lipid bilayers to bend by modu-
lating their curvature-elastic energy, and Razinkov et al.
(1998) find that the ability of small fusion pores to open is
strongly dependent on spontaneous membrane curvature.
Specifically, Chernomordik et al. (1995a,c) note that their
data are consistent with the hypothesis that membrane fu-
sion proceeds through highly bent lipid intermediates called
stalks (Markin et al., 1984; Chernomordik et al., 1987;
Kozlov et al., 1989) or through a slightly different type of
stalk (as modified by Siegel (1993) and Siegel and Epand
(1997)) and transmonolayer contacts (Siegel, 1993; Cher-
nomordik and Zimmerberg, 1995), and Razinkov et al.
(1998) argue that in the fusion process the membrane forms
a three-dimensional hourglass structure. Chernomordik et
al. (1995b) also argue that work arising from this curvature-
induced bending energy can be sufficiently large to over-
come the repulsive interbilayer hydration pressures (Parse-
gian et al., 1979; McIntosh and Simon, 1986; Rand and
Parsegian, 1989) and push distal monolayers into contact,
thus promoting transmonolayer contact formation and sub-
sequent membrane fusion.

Previous work from our laboratory (McIntosh et al.,
1995) has shown that the incorporation of large concentra-
tions (50 mol%) of the lysolipid monooleoylphosphatidyl-
choline (MOPC) into egg phosphatidylcholine (EPC) bilay-
ers decreases the bilayer bending modulus and, as a
consequence, significantly increases the repulsive undula-
tion pressure between bilayers. In this paper we consider
how the presence of either the fusion inhibitor lysoPC or the
fusion promoter GMO modifies the structure and bending
(undulatory) properties of EPC membranes. Our studies
focus on the relatively small concentrations (;10 mol%) of
these lipids that are necessary to inhibit or promote the
fusion of biological membranes (Yeagle et al., 1994; Cher-
nomordik et al., 1995b). We use x-ray diffraction of osmot-
ically stressed multilamellar systems to determine the ef-
fects of lysoPC and GMO on both the structure and bending
properties of phospholipid bilayers. The bending properties
are assessed by measuring the long-range component of the
repulsive pressure between apposing bilayers, which for
neutral phospholipid bilayers is primarily due to bilayer
undulations, which depend on the bilayer bending modulus
(Evans and Parsegian, 1986; Evans, 1991; McIntosh et al.,
1995). We also analyze the structural effects of the fusion
promoters OA and AA at small interbilayer separations. In
our experiments lysoPC, GMO, OA, or AA is added sym-
metrically to both monolayers of the bilayer, whereas in
most fusion assays these single-chained amphiphiles are
added asymmetrically to one side of the membrane. How-
ever, as noted recently by Basanez et al. (1998), the asym-
metrical requirements for optimal fusion are sometimes
difficult to meet experimentally when investigating fusion

between biological membranes. Whether an amphiphile acts
symmetrically or asymmetrically depends on the rate at
which it crosses the bilayer relative to the biological process
that is being considered and, in the case of lysoPC, on the
amount of lysoPC already present in the membrane.

MATERIALS AND METHODS

Egg phosphatidylcholine (EPC), dioleoylphosphatidylethanolamine
(DOPE), and the lysoPC monomyristoylphosphatidylcholine (MMPC)
were purchased from Avanti Polar Lipids. Glycerol monoleate (GMO),
oleic acid (OA), arachidonic acid (AA), dextran (average molecular weight
580,000), and poly(vinylpyrrolidone) (PVP) (average molecular weight
40,000) were obtained from Sigma Chemical Co.

Two types of lipid systems were examined by x-ray diffraction: unori-
ented suspensions of multiwalled vesicles and oriented multilayers. The
first step in the preparation of both types of samples was to codissolve the
appropriate lipid mixture in chloroform. Unoriented liposomes were made
by rotary evaporating the chloroform/lipid solution and adding excess
(.90% by weight) buffer (100 mM NaCl, 20 mM HEPES, pH 7) contain-
ing various concentrations of dextran or PVP. Oriented multilayers were
formed by placing a small (5–10ml) drop of the chloroform/lipid solution
on a curved glass substrate and drying under a gentle stream of nitrogen,
as described previously (McIntosh et al., 1987, 1989a).

Known osmotic pressures were applied to both of these systems by
published procedures (LeNeveu et al., 1977; Parsegian et al., 1979; McIn-
tosh and Simon, 1986; McIntosh et al., 1987). Osmotic stress was applied
to the liposomes by incubation in solutions of dextran or PVP. Because
these polymers are too large to enter the lipid lattice, they compete for
water with the lipid multilayers, thereby applying an osmotic pressure
(LeNeveu et al., 1977). Osmotic pressures for dextran and PVP solutions
are given by Parsegian et al. (1986). Pressure was applied to the oriented
multibilayers by incubating them in constant relative humidity atmospheres
maintained with saturated salt solutions, as described by McIntosh et al.
(1987, 1989a). The resulting applied pressure (Parsegian et al., 1979) is
given by

P 5 2~RT/VW! z ln~p/po! (1)

whereR is the molar gas constant,T is the temperature in degrees Kelvin,
Vw is the partial molar volume of water, andp/po is the ratio of the vapor
pressure of the saturated salt solution to the vapor pressure of pure water,
which has been determined for a variety of saturated salt solutions
(O’Brien, 1948; Weast, 1984).

For both oriented and unoriented specimens, x-ray diffraction patterns
were recorded at ambient temperature on stacks of Kodak DEF x-ray film
loaded in a flat plate film cassette. The liposome suspensions were sealed
in thin-walled x-ray capillary tubes and mounted in a point collimation
x-ray camera. The multilayers on the glass substrate were mounted in a
controlled humidity chamber on an x-ray camera such that the x-ray beam
was oriented at a grazing angle relative to the multilayers. 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 gentle stream of
nitrogen was passed through a flask of the saturated salt solution and then
through the chamber. X-ray films were processed by standard techniques
and evaluated with a Joyce-Loebl microdensitometer as described previ-
ously (McIntosh and Simon, 1986; McIntosh and Holloway, 1987; McIn-
tosh et al., 1987, 1989a). After background subtraction, integrated inten-
sities, I(h), were obtained for each orderh by measuring the area under
each diffraction peak. For unoriented patterns, the structure amplitudeF(h)
was set equal to {h2I(h)} 1/2 (Blaurock and Worthington, 1966; Herbette et
al., 1977). For oriented line-focused patterns, the intensities were corrected
by a single factor ofh due to the cylindrical curvature of the multilayers
(Blaurock and Worthington, 1966; Herbette et al., 1977), so thatF(h) 5
{ hI(h)} 1/2.

McIntosh et al. Membrane Fusion Inhibitors and Promoters 2091



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

r~x! 5 ~2/d!Oexp$if~h!% z F~h! z cos~2pxh/d! (2)

wherex is the distance from the center of the bilayer,d is the lamellar
repeat period,f(h) is the phase angle for orderh, and the sum is overh.
Phase angles were determined using the sampling theorem (Shannon,
1949) as described in detail previously (McIntosh and Simon, 1986;
McIntosh and Holloway, 1987). Electron density profiles presented in this
paper are at a resolution ofd/2hmax ' 7 Å.

RESULTS

For all values of applied osmotic pressure (P), x-ray dif-
fraction patterns from EPC with 0–30 mol% MMPC con-
tained a broad wide-angle band centered at 4.5 Å and
several sharp low-angle reflections that indexed as orders of
a lamellar repeat period (d). Such patterns are consistent
with multilayers of bilayers in the liquid-crystalline (La)
phase (Tardieu et al., 1973). As shown in Fig. 1, the value
of the lamellar repeat period depended on both the concen-
tration of the MMPC in the bilayer and the applied osmotic
pressure. In the absence of applied pressure, the repeat
period increased monotonically with increasing MMPC
concentration from 63 Å for EPC to 77 Å for EPC contain-
ing 30 mol% MMPC (shown on thex axis of Fig. 1). No
discrete low-angle reflections were recorded from EPC con-
taining 50 mol% MMPC in excess buffer, indicating that
this concentration of MMPC produced either micelles or
highly disordered multilamellar liposomes. Complete logP
versus repeat period curves for EPC containing 0 and 10
mol% MMPC (Fig. 1) showed for both specimens that the
repeat period decreased with increasing applied pressure. At
high applied pressures (logP . 7) the logP versusd curves

were similar for the two systems. However, for low applied
pressures (logP , 6), the addition of MMPC systematically
shifted the logP versusd curve, so that at a given low
applied pressure the repeat period was increased.

For mixtures of EPC with 10 or 50 mol% GMO in excess
buffer or polymer solutions, the x-ray diffraction patterns
contained a broad wide-angle band centered at 4.5 Å and
two to five low-angle reflections that indexed as orders of a
lamellar repeat period. As noted above, such patterns are
consistent with multilayers of bilayers in the liquid-crystal-
line (La) phase (Tardieu et al., 1973). The incorporation of
GMO into EPC had a relatively small effect on the repeat
periods recorded in excess water, as the addition of 10 and
50 mol% GMO increasedd by only 0 and 2 Å, respectively
(x axis of Fig. 2). Moreover, the addition of 10 or 50 mol%
GMO did not significantly modify the pressure-lamellar
repeat period curves for logP , 7.5 (Fig. 2). However, at
log P . 7.5 for 50% GMO and logP . 8.5 for 10% GMO,
the presence of GMO reduced the repeat period (Fig. 2) and,
as detailed below, produced intense, sharp reflections lo-
cated off the lamellar axis, indicating the conversion from a
bilayer to a nonlamellar phase.

A Fourier analysis of the lamellar diffraction data was
performed to obtain information on the effects of MMPC
and GMO on bilayer structure and interbilayer separation.
This structural analysis was performed for patterns contain-
ing at least four orders of lamellar diffraction. Fig. 3 shows
that the structure amplitudes for EPC bilayers with 10 mol%
of either MMPC or GMO were very similar to those for
EPC bilayers. This indicates that the structure of the bilayer
was not markedly changed by these concentrations of
MMPC or GMO for the range of applied pressures where

FIGURE 1 The logarithm of applied pressure (logP) plotted versus the
lamellar repeat period for EPC bilayers containing 0 and 10 mol% MMPC.
Shown on thex axis are the repeat periods in the absence of applied
pressure for EPC containing 0, 5, 10, 20, and 30 mol% MMPC. The data
for EPC in the absence of MMPC are taken from McIntosh and Simon
(1986) and McIntosh et al. (1987).

FIGURE 2 The logarithm of applied pressure (logP) plotted versus the
repeat period for EPC bilayers containing 0, 10, and 50 mol% GMO. The
circles and squares correspond to lamellar repeat periods, and the diamonds
correspond to the main repeat from oriented hexagonal diffraction patterns,
such as those shown in Fig. 6B. Plotted on thex axis are the lamellar repeat
periods in the absence of applied pressure for EPC containing 0, 10, and 50
mol% GMO. The data for EPC are taken from McIntosh and Simon (1986)
and McIntosh et al. (1987).
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lamellar diffraction was recorded. These structure ampli-
tudes were used to calculate electron density profiles (Eq.
2). Because of the similarity of the structure amplitudes
(Fig. 3), we used the same phase angles for EPC:MMPC
and EPC:GMO that had previously been used for EPC
bilayers (McIntosh and Simon, 1986; McIntosh et al.,
1987). Electron density profiles for bilayers at the same
applied pressure (logP 5 8.3) are shown in Fig. 4 for EPC
and EPC with 10 mol% MMPC and GMO. In each profile
the geometric center of the bilayer is located at the origin,
the low electron density trough in the center of the profile
corresponds to the terminal methyl groups at the ends of the
hydrocarbon chains, and the high density peaks centered at
619 Å correspond to the lipid polar headgroups. The inter-
mediate density regions between the terminal methyl
troughs and the headgroup peaks correspond to the meth-
ylene chain regions, and the medium density regions at the
outer edges of each profile correspond to the fluid spacings
between apposing bilayers. These profiles show that at this
value of applied pressure the incorporation of 10 mol% of
either MMPC or GMO had a relatively small effect on
bilayer structure. Similar profiles obtained from the lamellar
diffraction over the range of applied pressures 7, log P ,
10 showed that the separation of high-density headgroup
peaks across the bilayer (dpp) was 38.26 0.5 Å (mean6
SD,n 5 4 experiments) for EPC with 10 mol% MMPC and
38.16 0.4 Å (n 5 5) for EPC with 10 mol% GMO. Over
a similar range of applied pressures,dpp 5 37.9 6 0.6 Å
(n 5 17 experiments) for EPC (McIntosh et al., 1987).

As detailed previously (McIntosh and Simon, 1986;
McIntosh et al., 1987, 1989a, 1992), the definition of bilayer
thickness is somewhat arbitrary because the bilayer surface
is not smooth and water penetrates the headgroup region of
the bilayer (Griffith et al., 1974; Worcester and Franks,
1976; Wiener and White, 1991). We operationally define
the bilayer width as the total thickness of the bilayer,

assuming that the conformation of the phosphorylcholine
headgroup in EPC bilayers is the same as it is in single
crystals of phosphatidylcholine (Pearson and Pascher,
1979). In that case the high density headgroup peak would
be located between the phosphate group and the glycerol
backbone. We assume that the phosphorylcholine group is
oriented, on average, approximately parallel to the bilayer
plane, so that the edge of the bilayer lies;5 Å outward
from the center of the high-density peaks in the electron
density profiles (McIntosh and Simon, 1986; McIntosh et
al., 1987, 1989a). Therefore, for each osmotic pressure we
estimate the bilayer thickness (db) from db 5 dpp 1 10 Å,
and the distance between bilayer surfaces (df) is calculated
from df 5 d 2 db.

Using this definition of bilayer thickness, we plot in Fig.
5 the logarithm of applied pressure versus the distance
between bilayers for EPC, EPC with 10 mol% MMPC, and
EPC with 10 mol% GMO. The data in Fig. 5 indicate that
the pressure-df relations were very similar for EPC and

FIGURE 3 Structure amplitudes for the osmotic stress data for EPC and
EPC containing 10 mol% MMPC and GMO. The solid line represents the
continuous Fourier transform for EPC taken from McIntosh and Simon
(1986).

FIGURE 4 Electron density profiles comparing (A) EPC (zzzzz) and EPC
with 10 mol% MMPC (——) and (B) EPC (zzzzz) and EPC with 10 mol%
GMO (——). All profiles are from experiments performed at an osmotic
pressure of logP 5 8.3 (86% relative humidity).
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EPC:GMO bilayers for the entire range of applied pressures.
The pressure-df relations were also similar for EPC and
EPC:MMPC for logP . 6. However, at low applied pres-
sures (logP , 6), the pressure-df curves were shifted to the
right by the addition of 10 mol% MMPC. In particular, at
zero applied pressure (shown on thex axis), the value ofdf

was increased by;5 Å. These data indicate that the long-
range component of the repulsive pressure between EPC
bilayers was increased by the addition of 10 mol% MMPC,
but not by the addition of 10 mol% GMO.

As noted above, at high applied pressures the incorpora-
tion of GMO significantly changed the x-ray diffraction
patterns. Fig. 6 compares diffraction patterns recorded from
EPC containing 10 mol% GMO recorded at 98% relative
humidity (logP 5 7.5) and 32% relative humidity (logP 5
9.2). The pattern recorded at logP 5 7.5 (Fig. 6A) con-
tained several equally spaced equatorial reflections that
were oriented perpendicular to the substrate or perpendicu-
lar to the surface of the bilayers. The lamellar repeat period
was 53 Å. However, at logP 5 9.2 the pattern (Fig. 6B)
was quite different. In addition to multiple orders of an
equatorial 40-Å spacing, the patterns contained four addi-
tional sharp reflections, each oriented at a 30° angle relative
to the substrate, or at a 60° angle relative to the perpendic-
ular from the substrate. The arrow in Fig. 6B points to one
of these off-equatorial reflections. Densitometry showed
that the relative intensity of each off-axis reflection com-
pared to that of the first equatorial reflection was 0.0836
0.009 (mean6 SD, n 5 3). These additional reflections
were at the same 40-Å spacing as the first reflection on the
equator of the film. Thus an oriented hexagonal array of
reflections was observed, with a primary spacing of 40 Å at
log P 5 9.2. When the applied pressure was reduced to log
P 5 7.5 (by increasing the relative humidity back to 98%),

the original 53-Å lamellar repeat period pattern was restored
(as in Fig. 6A).

Oriented hexagonal patterns similar to that shown in Fig.
6 B were recorded over a wider range of applied pressures

FIGURE 5 The logarithm of applied pressure (logP) plotted versus
distance between bilayer surfaces (df) for EPC and EPC bilayers containing
10 mol% MMPC and 10 mol% GMO. Shown on thex axis are the values
of df in the absence of applied pressure.

FIGURE 6 X-ray diffraction patterns for (A) EPC containing 10 mol%
GMO at 98% relative humidity (logP 5 7.5), (B) EPC containing 10 mol%
GMO at 32% relative humidity (logP 5 9.2), and (C) EPC containing 30
mol% GMO at 98% relative humidity. The x-ray patterns were recorded
from lipid dried on a glass support oriented horizontally. The shadow of the
rectangular beam stop is near the center of each pattern. The reflections on
the left-hand side of each pattern are lighter than those on the right-hand
side because of absorption of x-rays by the glass support.A is a typical
pattern from oriented bilayers, showing equally spaced lamellar reflections
on the equator of the film, oriented perpendicular to the planar bilayers.
PatternsB andC display dark, sharp spots located off the equator of the
film that fall on a hexagonal lattice. InB the arrow points to the (11)
reflection, and inC the arrows point to the (11) and (21) reflections.
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(7.5 , log P , 9.5) for EPC containing 30 and 50 mol%
GMO. In some patterns higher orders of a hexagonal lattice
could be observed. For example, the pattern in Fig. 6C for
EPC containing 30 mol% GMO shows equatorial reflec-
tions at 47.6 and 23.8 Å and off-equatorial reflections at
47.6 Å (at a 30° angle relative to the substrate;left arrow in
Fig. 6 C) and at 27.5 Å (at a 60° angle relative to the
substrate;right arrow in Fig. 6 C). These reflections corre-
spond in spacing and orientation to the (10), (20), (11), and
(21) orders of a hexagonal lattice with a primary spacing of
47.6 Å. The primary hexagonal spacings decreased with
increasing applied pressure; for equimolar EPC:GMO the
spacing decreased from 51 Å at logP 5 7.5 to 49 Å at log
P 5 8.3, 44 Å at logP 5 8.8, and 41 Å at logP 5 9.2
(Fig. 2).

Similar results were obtained for EPC in the presence of
30 mol% oleic acid or arachidonic acid, showing the con-
version of a lamellar pattern to the oriented hexagonal
pattern at high applied pressures. For EPC with 30 mol%
OA, a lamellar phase (d 5 53 Å) was observed at logP 5
7.5, both a lamellar (d 5 51 Å) and oriented hexagonal
lattice (d 5 42 Å) were recorded on the same film at log
P 5 8.8, and only a oriented hexagonal lattice (d 5 40 Å)
was observed at logP 5 9.3. For EPC with 30% AA, only
a lamellar pattern (d 5 53 Å) was observed at logP 5 8.3,
both a lamellar (d 5 49 Å) and oriented hexagonal lattice
(d 5 42 Å) were observed at logP 5 8.8, and oriented
hexagonal lattices withd 5 42 Å and 40 Å were recorded
at log P 5 9.2 and logP 5 9.3, respectively. (Complete
pressure-distance data were not obtained for bilayers con-
taining the negatively charged OA or AA because electro-
static repulsion would swell these vesicles at low applied
pressures.)

For comparison, diffraction patterns were also recorded
from oriented specimens of dioleoylphosphatidylethano-
lamine (DOPE), a lipid that is known to form a hexagonal
(HII) phase in unoriented samples with low water contents
(Gawrisch et al., 1992). X-ray patterns from DOPE at log
P 5 9.2 gave a repeat period of 40 Å (data not shown), the
same value as recorded for the HII phase of unoriented
DOPE at 22°C with two water molecules per lipid molecule
(Gawrisch et al., 1992). The first order of this repeating unit
was arced. Within this arc most of the intensity was located
along the lamellar axis (perpendicular to the plane of the
glass substrate), with weak, broad maxima located at angles
of 60° relative to the lamellar axis. These off-axis maxima
were significantly less intense than the sharp off-axis re-
flections observed in the patterns shown in Fig. 6,B andC.
Densitometry showed that the relative intensity of each
off-axis reflection compared to the first equatorial reflection
was 0.0306 0.002 (mean6 SD, n 5 3), or ;36% as
intense as the off-axis reflections observed in the hexagonal
lattices for EPC with 10 mol% GMO (Fig. 6B).

Experiments were also performed with EPC containing
both MMPC and GMO. A sample containing 60% EPC,
20% MMPC, and 20% GMO gave lamellar diffraction
patterns over the entire range of applied pressures, with a

lamellar repeat period of 68.5 Å at full hydration and a
repeat period of 48.4 Å at 32% relative humidity (logP 5
9.21). No off-equatorial reflections were observed from
oriented specimens at 32% relative humidity with this lipid
mixture.

DISCUSSION

The data presented here indicate that at relatively low (10
mol%) concentrations in phosphatidylcholine bilayers, the
fusion promoter GMO and the fusion inhibitor MMPC have
different effects on bilayer structure, bilayer undulations,
and the intermembrane repulsive pressure. The x-ray data
also show that at small interbilayer separations the fusion
promoters OA and AA produce structural modifications
similar to those observed with GMO.

Effects on bilayer structure

The similarity of the electron density profiles (Fig. 4) indi-
cates that the incorporation of 10 mol% of either GMO or
MMPC has relatively little effect on the structure of EPC
bilayers for applied pressures up to 5.83 108 dyn/cm2 (log
P 5 8.8). However, at high applied pressures, correspond-
ing to small interbilayer separations (df , 5 Å; Fig. 5), x-ray
patterns such as those in Fig. 6 show that GMO (as well as
OA or AA) causes a major rearrangement of the lipid
structure. The diffraction patterns in Fig. 6,B andC, display
sharp reflections that index on a hexagonal lattice. For EPC
containing 50 mol% GMO, the primary hexagonal spacing
decreases systematically from 51 Å to 41 Å with increasing
applied pressure. To the best of our knowledge, these are the
first patterns from phospholipid specimens to show oriented
hexagonal lattices with spacings comparable to the thick-
ness of a lipid bilayer. However, similar diffraction patterns
have been obtained with oriented samples of the nonionic
detergent hexaethylene glycol mono-n-dodecyl ether
(C12EO6) (Rançon and Charvolin, 1988b; Clerc et al.,
1991). We now consider the structure of this nonlamellar
phase observed for EPC:GMO, EPC:OA, and EPC:AA at
high applied pressures.

A likely explanation of the hexagonal patterns observed
in Fig. 6, B and C, is the presence of the lipid hexagonal
phase (HII) for EPC:GMO at low water contents. Similar
patterns from the detergent C12EO6 were interpreted in
terms of the hexagonally packed cylinders of a hexagonal
phase (Ranc¸on and Charvolin, 1988a,b; Clerc et al., 1991).
The patterns recorded from EPC:GMO at low water con-
tents (Fig. 6,B andC) are similar to those that we recorded
from the HII phase of DOPE, except that the off-equatorial
intensities were more intense for EPC:GMO than for DOPE.
We can think of two possible explanations for this observed
difference in intensity distribution. First, there might be a
different orientation of the DOPE and EPC:GMO lipid
tubes on the glass support. If a larger fraction of the lipid
tubes were parallel to the x-ray beam in EPC:GMO than in
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DOPE, more of the scattered intensity would be located off
the equatorial axis. However, it is not apparent why the lipid
tubes of EPC:GMO should have such a preferential orien-
tation on the glass substrate. A second possibility is that
there might be a structural difference between the DOPE HII

phase and the hexagonal structure of EPC:GMO. For ex-
ample, the average length of the lipid tubes might be dif-
ferent in the EPC:GMO structure. We note that if the tubes
were extremely short they would resemble putative fusion
intermediates such as “stalks” (Markin et al., 1984; Kozlov
et al., 1989; Siegel, 1993) or “transmonolayer contacts”
(Siegel, 1993; Siegel and Epand, 1997).

The observation that the hexagonal pattern (Fig. 6B)
observed at low humidities converts back to a typical la-
mellar (bilayer) phase (Fig. 6A) at high humidities indicates
that the hexagonal structure is a stable phase at high applied
pressures. Thus the presence of GMO or OA or AA and a
small (,5 Å) interlayer spacing is necessary to form this
hexagonal lattice structure.

Effects on interbilayer repulsive pressure

For fluid spacings greater than 10 Å, the addition of 10
mol% MMPC has a larger effect on the pressure-distance
relationship (Fig. 5) than does the addition of 10 mol%
GMO. That is, the addition of 10 mol% MMPC shifts the
log P versusdf curve to the right by as much as 5 Å at low
applied pressures. This implies that MMPC increases the
magnitude of the total repulsive pressure between bilayers,
particularly the long-range component of the pressure
thought to be primarily due to thermally induced bilayer
undulations (Harbich and Helfrich, 1984; Evans and Parse-
gian, 1986; Evans, 1991). Previously we (McIntosh et al.,
1995) have shown that large concentrations of lysoPC
(MOPC) decrease the bilayer bending modulus, thereby
increasing the repulsive undulation pressure between bilay-
ers. The data shown in Fig. 5 indicate that the relatively
small concentrations (10 mol%) of MMPC that inhibit
membrane fusion when added to contact monolayers (Cher-
nomordik et al., 1995b) also increase the total repulsive
pressure, most likely by increasing the undulation pressure.
On the other hand, 10 mol% GMO does not markedly
increase the total repulsive pressure (Fig. 5). Therefore we
predict that 10 mol% GMO would have a relatively small
effect on the bilayer bending modulus. It is not clear why
MMPC and GMO would have different effects on the EPC
bilayer bending modulus. One possibility is that MMPC and
GMO could have different effects on the configurational
entropy of the lipid acyl chains. Another possibility is that
because MMPC has a higher critical micelle concentration
(4.3–7.03 1025 mol/L; Marsh, 1990) than GMO (4.63
1026 mol/L; Reinhardt and Wachs, 1968), it would have a
greater tendency to leave the bilayer and thus decrease the
area compressibility modulus (Evans et al., 1995), which is
proportional to the bilayer bending modulus.

Relevance to membrane fusion

We have found that the addition of GMO to EPC bilayers
does not significantly increase the repulsive pressure be-
tween bilayers (Fig. 5), but the fusion promoters GMO, OA,
and AA all have a marked effect on the bilayer structure
when apposing bilayers are brought close together (interbi-
layer separations of less than 5 Å). The x-ray evidence
indicates that, even when added to both sides of the lipid
bilayer, GMO, OA, or AA converts closely apposed bilayers
into hexagonal structures containing scattering units;50 Å
in diameter. This destabilization of the bilayer by GMO,
OA, or AA could tend to promote membrane fusion.

On the other hand, the symmetrical addition of the fusion
inhibitor MMPC has little effect on bilayer structure, even
when apposing bilayers are brought close together. More-
over, our experiments with oriented 6:2:2 mixtures of EPC:
GMO:MMPC show that MMPC prevents the formation of
the hexagonal structure promoted by GMO at low interbi-
layer spacings. Thus one role of MMPC as a fusion inhibitor
might be to increase the energy required for the formation of
nonbilayer phases. In contrast to GMO, at low applied
pressures MMPC does increase the undulation pressure
between bilayers and consequently increases the interbi-
layer fluid spacing (Fig. 5). This increased repulsion would
act to keep apposing bilayers apart, and this increased
separation would tend to inhibit fusion. We emphasize that
this effect on undulation pressure would only be observed in
bilayers with little or no tension (such as unstressed large
unilamellar vesicles), and it is unlikely that synaptic vesicles
or plasma membranes would be in a stress-free or zero-
tension state. Thus the effects of MMPC on the undulation
pressure are likely to be small in biological membranes.
Nevertheless, our results do show that small concentrations
(10 mol%) of MMPC change the bending properties of
bilayers in a way that is different from the effect of GMO.
Therefore, our results are consistent with the conclusions of
Chernomordik and Zimmerberg (1995) regarding the chem-
ically induced bending produced by asymmetrically added
lysophospholipids that facilitate fusion when added to con-
tacting monolayers and inhibit fusion when added to distal
monolayers.
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