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We have investigated the structure and interaction of solid-supported multilamellar phospholipid bilayers in view
of stalk formation as model systems for membrane fusion. The multi-component bilayers were composed of ter-
nary and quaternary mixtures, containing phosphatidylcholines, phosphatidylethanolamines, sphingomyelin, cho-
lesterol, diacylglycerol, and phosphatidylinositol. Analysis of the obtained electron density profiles and the
pressure-distance curves reveals systematic changes in structure and hydration repulsion. The osmotic pressure
needed to induce stalk formation at the transition from the fluid lamellar to the rhombohedral phase indicates
how membrane fusion properties are modified by bilayer composition.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Membrane fusion is a ubiquitous biological process, from membrane
trafficking and exocytosis to viral infection and synaptic transmission
[54,19,44,17,20]. Membranes do not fuse spontaneously, but in a highly
orchestrated and controlled process, overcoming the energy barrier
which normally prevents unspecific fusion to sustain the compartmental-
ized structure of cells. Energy must be supplied to overcome the hydra-
tion repulsion between two membranes, i.e.to remove water molecules
from the cleft between them and to achieve the highly curved state of
the lipid monolayers, enabling the topological transformation. In biologi-
cal membrane fusion, this energy is provided by highly specialized fusion
proteins [22]. However, depending on lipid composition, membrane fu-
sion can also occur in pure lipidic membranes by imposing external forces
[8,16], for example by osmotic stress [27]. For this protein-free fusion of
lipid bilayers, Kozlov and Chernomordik have proposed a generic path-
way based on a number of intermediate states and have worked out the
basic mechanical description [26,11,49,50,9], see also [10] for a review.
The link to biological fusion is then developed on the idea that fusion pro-
teins exert forces which bring the opposing membrane in close juxtaposi-
tion and also create membrane stresses which in turn drive the fusion of
lipid bilayers. An important intermediate structure is considered to be the
fusion stalk, a neck-like connection between fusing membranes, which is
regarded as the first high energy intermediate state along the fusion
pathway. Many experimental and theoretical studies have consolidated
the stalk hypothesis and the existence of several intermediates on the
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pathway to membrane fusion [21,20]. After significant method develop-
ment, molecular dynamics (MD) simulation can now also quantify the
Gibbs free energy difference between separated bilayers and a stalk, as
well as the subsequent energy barriers (hemifusion diaphragm, fusion
pore) [24].

X-ray and neutron diffraction have since long been employed in the
study of model lipid membranes, yielding high-resolution (down to A
scale) structural details [18,39,51,23,40]. Recently, we have provided a
high resolution X-ray analysis of the stalk structure in several different
lipid membrane systems [3], using the approach of equilibrium stalk
phases, as introduced by the seminal work of Yang and Huang [59]. In
this model system, stalk formation in multilamellar membranes is in-
duced by dehydration, replacing the constraints imposed in the biolog-
ical context by fusion proteins with osmotic pressure as an external
control parameter. Accordingly, the three-dimensional (3D) continuum
electron density of the stalk can be determined, as well as the pressure
distance curves characterizing the transition from the fluid lamellar
phase (denoted in the following as L-phase) to the stalk phase, which
exhibits rhombohedral symmetry (denoted in the following as the R-
phase), reflecting the global symmetry formed by the long range order
of the stalks in the multilamellar ‘host’. While the stalk structure was
found to be ‘highly conserved’, if scaled to the lipid bilayer thickness,
the energetics was found to vary significantly depending on the lipid
composition, for all seven lipid systems studied, which comprised
both single component as well as two component mixtures. In this
work we extend the previous X-ray study of single component and
two-component lipid model systems, to multi-component lipid mix-
tures composed of three or four lipid constituents, see also the overview
in Fig. 1. The goal of the work is to screen a higher number of mixtures in


https://core.ac.uk/display/82452552?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamem.2014.08.010&domain=pdf
http://dx.doi.org/10.1016/j.bbamem.2014.08.010
mailto:zkhattari@hu.edu.jo
mailto:tsalditt@gwdg.de
http://dx.doi.org/10.1016/j.bbamem.2014.08.010
http://www.sciencedirect.com/science/journal/00052736
www.elsevier.com/locate/bbamem

42 Z. Khattari et al. / Biochimica et Biophysica Acta 1848 (2015) 41-50

o

RH=45% %
—
i i

H3C CH3

H3C
H3C
PIP, $¢
oO
©
0-P=0"
o
0<0 o 9
ol OE’)O'O-CII’)-O
H
o
\
0-P=0
/
o)
H3C~{|+
H3C' CH3
DOPC

Fig. 1. Venn diagram illustration of the lipids used in this study. Q) represents the total set of all lipids as shown in the figure. Each sub-group is represented by an ellipse. The intersections of
the sub-groups are the phospholipid mixtures investigated experimentally. The DOPC/DOPE mixture is present in every sample.

view of their respective propensity to form stalks, using laboratory
X-ray instrumentation only, for reasons of long term accessibility. Since
the full 3D structure analysis necessitates the use of synchrotron radia-
tion, at least at the high resolution presented in [3], we here content
ourselves with determining the transition point from the L-phase to
the R-phase, i.e. the critical relative humidity RH* (or osmotic pressure,
correspondingly), at which stalk formation occurs in a given mixture.
In addition we determine the corresponding dehydration energy from
the osmotic pressure. To this end, we make use of the inhouse X-ray re-
flectometer setup and the procedures already described in [2,3], see also
the schematic of Fig. 2. We thus compare various lipid mixtures con-
taining biologically significant components, mainly by approaching
the L-to-R transition from the low osmotic pressure side, i.e. from the
L-phase. In this way, we can quantify how the hydration force between
membranes and the transition point are affected by the composition.
While the high osmotic pressure phase has been identified as the R-
phase for some of the mixtures by two-dimensional diffraction in our
previous work, we cannot be certain for all lipid mixtures studied in
this work that this phase is in fact the R-phase and not another non-
lamellar phase. However, we consider this to be extremely unlikely
based on the signature of the transition itself. As detailed in the man-
uscript, the signature of the transition to the R-phase as probed by
reflectivity (momentum transfer perpendicular to the membrane,
i.e. along q,) follows a characteristic pattern for the L-R transition.
In the following, we briefly summarize the assumed roles of differ-
ent lipids in membrane fusion. Membrane fusion is known to be affect-
ed by the lipid composition, even though the exact local composition at
the fusion site is not precisely known, and can be expected to deviate
from the average as for other functional sites [52]. For each lipid species,
the spontaneous curvature is a major factor [6]. Cone shaped lipids of
positive spontaneous curvature such as phosphatidylcholines (PC) are
considered to inhibit stalk formation and fusion, and lipids of negative

spontaneous curvature (inverse cone shaped) such as phosphatidyleth-
anolamines (PE) are considered to favor stalk formation and to promote
fusion. PC as one of the major lipid species in mammalian membranes,
has strongly hydrated headgroups and forms stable bilayers [56], which
fuse only at very high osmotic pressure. PE as another major component
of mammalian membranes, has a cone-shaped molecular structure and
the ability to promote non-lamellar phases with negative curvature,
such as the inverse hexagonal phase. Sphingomyelin (SM) with molecular
shape and hydration properties similar to PC is involved in raft formation
in the presence of cholesterol (Chol) [28,57,33].

The change of the phase transition point with PC/PE molar ratio is re-
markable. Starting with the single component systems, the L — R phase
transition occurs at RH* = 46% for 1,2-dioleoyl-sn-glycero-3-phosphati-
dylcholine (DOPC) (T = 20 °C), whereas pure 1,2-dioleoyl-sn-glycero-
3-phosphatidylethanolamine (DOPE) forms the inverse hexagonal
phase instead of the R-phase [58,3]. Phase diagrams of DOPC/DOPE,
however, show a stable R-phase over a large range of compositions
and up to significantly higher RH values than pure DOPC. For DOPC/
DOPE:75/25 ratio, Yang et al. have already shown that the L — R
phase transition occurs at RH* = 66% [58]. It was also found that in-
creasing temperature is equivalent to increasing DOPE in the mixture,
and decreasing temperature is equivalent to increasing DOPC in the
mixture. The phase diagram at constant temperature as a function of
molar ratio was given in [2,3].

Chol, which is present in most mammalian membranes, but in very
different amounts depending on the organelle [41], enhances bilayer
fluidity, reduces the passive permeability, and increases the mechanical
strength and bending rigidity  [37]. At the same time Chol also leads to
a more negative intrinsic curvature [6], which can point to an impor-
tant role in fusion [12]. For DOPC and 1,2-diphytanoyl-sn-glycero-3-
phosphatidylcholine (DPhPC) moderate addition of Chol was found to
strongly promote the R-phase. In the case of DOPC, the R-phase forms at
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Fig. 2. The method and steps used in our experiment: (a) and (b) sample preparation of highly aligned phospholipid bilayers, (c) the reflectivity geometry, (d) typical reflectivity curves

and finally (e) the resulting electron density profile.
Adapted from [1].

RH < 65% at a cholesterol concentration of 30 mol%. In DPhPC/Chol, the
R phase was observed at cholesterol concentration up to 15% where a
pure R phase was found at RH < 87% [2]. Moderate concentration of
Chol in DOPC or Chol in DPhPC also promotes the R-phase [3].
Another important group of phospholipids which is involved in
signal transduction is the phosphoinositide [38]. In spite of their low
abundance in cell membrane (less than 10% of cell membrane), the
phosphoinositides are of enormous physiological importance. They are
found exclusively on the inner leaflet of the plasma membrane. Due to
their negative charge they can alter the membranes' physical proper-
ties, such as local charge density and local curvature when mixed with
other phospholipids [35]. In particular, phosphatidylinositol 4,5-bis-
phosphate (PIP;) is an important lipid in the regulation of several cellu-
lar processes including membrane fusion. According to molecular dy-
namics (MD) simulations, PIP, changes the structural properties of the
host lipid bilayer by rearranging and reorganizing its surrounding lipids
to form stable microdomains [31]. The phase diagram of PC/PIP, shows
that it can promote non-lamellar phases [14]. At low concentration, PIP,
promotes the stalk-phase, and at higher concentration the formation of
the hexagonal phase, which is usually not observed for pure DOPC.
Finally, it is well known that small molar fractions (less than 2 mol%)
diacylglycerol (DAG) can induce thermotropic lamellar to non-lamellar
phase transition, for example in PC/Chol or SM-containing bilayers [48,
4], and that physiological levels of DAG can substantially increase the fu-
sion propensity of phospholipid membranes [51]. Note that many re-
ported studies have used more complex lipid compositions to model
membrane fusion [16,4], but not necessarily in combination with the
structural techniques. A large variety of lipid compositions were tested
in vesicle based optical experiments, for example with regard to their
ability to promote hemifusion, fusion and vesicle rupture. The lipid
composition with highest fusion efficiency without content leakage
was a mixture of PC:PE:SM:Chol (35:30:15:20) [16]. Interestingly, this
composition is close to the lipid composition of synaptic vesicles, except

for the lack of phosphatidylserine (PS). The negatively charged PS in-
hibits the fusion of pure lipid vesicles. The presence of PE in lipid bilayer
promotes fusion, whereas the SM:Chol components at appropriate ra-
tios reduce vesicle rupture upon osmotic compression and facilitates
membrane fusion.

The present study is designed as follows: as majority lipids we use
phosphatidylcholine (PC) and phosphatidylethanolamine (PE), where
RH™ can be shifted to higher values by increasing the PE:PC ratio [2,3].
Concerning chain length and saturation, 1,2-dioleoyl chains were cho-
sen in view of fluidity, bilayer thickness, literature reference data and
phase state at room temperature, where all measurements have been
performed. Note that lipids with saturated chains do not form the R-
phase (stalk phase) at low hydration, but favor gel phases and tightly
packed chains. Into these ‘host’ lipids we mix small amounts of ‘additive’
lipids, notably Chol, PIP,, and DAG. Chol was previously shown to pro-
mote the stalk phase in pure DOPC [2] in agreement with [59,60]. PIP,,
which enhances the interaction of synaptic vesicles with a phosphati-
dylcholine lipid monolayer at the air/water interface [15], was also
shown to promote the stalk phase in PC, as well as the hexagonal
phase at higher concentration [14]. We investigate how the critical
value RH* of the phase transition between the L-phase and the R-
phase shifts, i.e. how strongly stalk formation is promoted. In particular,
we study whether the effects of two stalk promoting lipids are additive,
i.e. whether stalk formation can be shifted to mild dehydration (osmotic
stress) by the combined effects. A major motivation of this work is to
find a mixture, where stalk formation can be studied in excess solvent
instead of a humidity chamber. To this end, we also include a ‘magic’
fusogenic mixture reported in literature in this structural study.

The paper is organized as follows: After this introduction, Section 2
presents the details on sample preparation. The data analysis is present-
ed in Section 3. The reflectivity results obtained at varied RH levels and
different lipid compositions, and the corresponding electron density
profiles (EDP), structural and interaction parameters are presented in
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Section 4. The paper closes with a discussion and conclusions in
Section 5.

2. Materials and methods

The lipids 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC),
1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE),
phosphatidylinositol-4,5-bisphosphate (PIP,, from porcine brain,
NHZ counterions), 1-2-dioleoyl-sn-glycerol (DOG) and porcine brain
sphingomyelin were purchased as lyophilized powders from Avanti
Polar Lipids (Alabaster, AL, USA). Cholesterol (Chol) was purchased
from Sigma (St. Louis, MO, USA). All components had a purity of >99%
and were used without further purification. Fig. 1 shows the molecular
structure of the lipids used in this study. Solid supported stacks of
typically about 10° aligned phospholipid bilayers of different binary
and ternary mixtures were prepared by spreading from solution [29],
see Fig. 2. Mixtures containing cholesterol were prepared from stock
solutions (¢ = 10 mg/ml) by dissolving the lipids and cholesterol in
chloroform/(2,2,2)-trifluoroethanol (1:1 vol/vol), while mixtures con-
taining PIP, were prepared from stock solutions (c = 10 mg/ml) by
dissolving the lipids and PIP, in a 20:9:1 (vol/vol/vol) mixture of
chloroform, methanol and water respectively [15]. Polished silicon wa-
fers with (100) orientation (Silchem, Freiberg, Germany) were cut into
25 x 15 mm? and were thoroughly cleaned by subsequent sonication in
methanol and ultrapure water. The Si-substrate surface was rendered
hydrophilic in a plasma cleaner (Harrick PDC-002). 150 pl of lipid solu-
tion was pipetted onto each substrate. After evaporation of the bulk
solvent, samples were stored in vacuum overnight to extract the re-
maining solvent. Where necessary to achieve hydrated and equilibrated
fluid phases, samples were heated prior to the measurements to T =
40-50 °C for few hours in a saturated water vapor atmosphere and
cooled down to 20 °C, at which all measurements were performed. Sub-
sequently, samples were stored in a humid atmosphere for several
hours. We stress that by the nature of the preparation, the lipid distribu-
tion in the two monolayers is always symmetric.

3. Data collection and analysis

The samples were placed vertically in a closed chamber with Kapton
windows and re-hydrated from water vapor using a setup for relative
humidity (RH) control described in [2,3]. As well known, RH can be
used as a control parameter to impose an osmotic pressure I'Ton the bi-
layer stack [42], according to

kT, ( RH
S PR L (W> (1)

where kg denotes Boltzmann's constant, T the absolute temperature and
Vw = 30 A3 is the volume occupied by one water molecule. The tempera-
ture was maintained at 20 °C by a fluid flow connected to a temperature-
controlled reservoir (Julabo).

At small inter-bilayer separations, the osmotic pressure is balanced
by the hydration repulsion I'l(d,,), which is empirically written as an ex-
ponentially decaying function of water layer thickness d,,

11(d,) = Py exp (%?”) 2)

with a characteristic decay length N\, and a pre-exponential factor Py.
The procedure for X-ray reflectivity measurements and analysis
followed closely those described in detail in [3,1]. In brief, the chamber
was placed on a home-built reflectometer equipped with a Huber goni-
ometer stage and a sealed tube (Seifert, line focus) generating Cu-K ra-
diation (A = 1.541 A), see Fig. 2. The X-ray beam was parallelized and
monochromatized by a Gébel mirror system and collimated to a size
of 0.5 x 5 mm? by a set of motorized slits, yielding a primary intensity

of 4.8 - 108 photons per second. X-ray reflectivity (XR) curves were
recorded as a function of the angle of incidence o, from 0 to 10° with
a step size of 0.01° and 2 s exposure per data point using a fast scin-
tillation counter (Cyberstar, Oxford-Danfysik) and automated atten-
uators. Reflectivity scans were repeated at different hydration levels
(35% < RH < 94%) as shown in Figs. 3 and 4, and thus different lamellar
repeat spacings d in order to apply the swelling method for phase deter-
mination [25]. After illumination correction and subtraction of the dif-
fuse background measured by offset scans, the curves are plotted as a
function of momentum transferq, = 4" sin o; perpendicular to the sub-
strate surface (i.e. parallel to the bilayer normal). The lamellar repeat
spacing dgry for each hydration level is readily obtained from the Bragg
peak positions q, = G, gy USINg dgy = 1 * 21/q gy The integrated inten-
sity I gy (i.e. the area under the n™ Bragg peak) yields the correspond-
ing form factor amplitude | Fy gy| = /1 - I g, Where the factor n is the
low-angle approximation of the Lorentz correction factor for oriented
lipid multilayers [33].

Due to the mirror plane symmetry of lamellar phases, the form fac-
tors are real and thus restricted to v,|F,ry| where v,, = £ 1. The
phase factors v, are determined by the swelling method. To this end,
one makes the assumption that small changes in hydration primarily af-
fect the thickness of the water layer between adjacent bilayers, but
leave the bilayer structure itself approximately constant. In particular,
this approximation can be made for each RH in a differential manner,
i.e. the reflectivity curves of the adjacent RH can be used. It can then
be shown that the discrete data points {V,|F, ru|} should coincide with
the continuous form factor F(q,) reconstructed from the phased {F, g}
at one hydration level by

sin [d% (qz _qn‘RH>:|

d%(‘]z“]n,RH) e

F(qz) :ZVH‘FH.RH|
n

The {|F rul|} for one sample at different hydration levels is normal-
ized by the condition (2m/dgy;) Y- nlFnrul®> = const. [5]. The form factor
of order zero, Fy, is not directly accessible, as the corresponding reflec-
tion coincides with the primary beam. However, it can be approximated
by

Forn =2 (=10,  Foul )

n>0

asderived in [55]. Out of all 2" possible phase combinations {v/,,}, the one
for which the continuous form factor F(q,) and the discrete data points
{Vn|F gl } match best (minimum residual sum of squares) is considered
the most reasonable one. For some orders of diffraction, sign changes
were incorporated to obtain the best fit. A typical form factor plot is
shown in Fig. 4. Using the obtained form factor amplitudes and phases,
the electron density profiles p(z, RH) in arbitrary units are constructed
by Fourier synthesis (for more details see [3,1])

PERH) = 3 Vo Frpia| 05 (dnps -2). (5)

Importantly, as a result we obtain p(z, RH) for each RH, and are thus
able to inspect changes in the bilayer structure with dehydration. This is
also important in view of deriving the parameters of the hydration re-
pulsion, Py and Ay, since these parameters are derived from plotting
the osmotic pressure against water layer thickness d,,, according to
Eq. (2). To this end d,, has to be determined from p(z, RH) for each
data point without the assumption of a constant bilayer structure.

Due to space constraints, it is impossible to plot all measured reflec-
tivity curves, nor the respective p(z). We therefore give just selected ex-
amples to illustrate the data reduction, while a larger set of XR curves
and density profiles are shown in the Supplementary Material, Fig. S1
and S2, respectively. Fig. 3a shows a representative set of XR curves of
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a DOPC/DOPE/Chol: 35/35/30 mol% sample at different hydration levels.
A particularly important point is the identification of the phase transi-
tion RH*. From comparison of reflectivity and previous GISAXS mea-
surements, we know that the phase transition from the lamellar to the
stalk (rhombohedral) phase is accompanied by a characteristic mini-
mum of the 3rd or 4th Bragg peak, as illustrated in Fig. 3. The measured
intensity is plotted as a function of the reciprocal space coordinate g,
and shifted vertically for clarity, for (a) the full q range and (b) a zoom
corresponding to the relevant 3rd Bragg peak. Both from previous mea-
surements at different synchrotron beamlines, as well as using a two-
dimensional pixel detector (Pilatus, Dectris) on the same inhouse
setup, we know that the dip in the 3rd Bragg peak's reflectivity occurs
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simultaneously with the emergence of the stalk satellite reflections,
see Supplementary Material, Fig. S4. Therefore this feature has been se-
lected as a criterion for the transition.

Supplementary Material, Fig. S1 shows the full set of samples of dif-
ferent molar fractions for selected hydration levels, from which the var-
iation of RH* with sample composition can be directly inferred. For
example at DOPC/DOPE: 45:45 and 10 mol% Chol or PIP, concentration,
the RH" level is 87.5% or 79.8%, respectively. The different sample sys-
tems exhibit various hydration levels, but all of them preserve the gen-
eral behavior of solid supported multilayer stacks. The high orientation
of the multi-lamellar stacks is evidenced by a single series of sharp,
equidistant Bragg peaks indicating a single lattice constant, also for the
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Fig. 4. Bilayer structure as determined from the EDPs: (a) Exemplary plot of the reflectivity curves deep in the lamellar phase for a DOPC/DOPE/PIP,: 45/45/10 mol% sample at different RH
values. The curves are shifted vertically for clarity. (b) Typical plots illustrating the swelling method for phase determination for calculating the EDPs. (c) Corresponding electron density
profiles p(z) as deduced by the swelling method. (d) Structural parameters as a function of RH above the transition level RH*
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ternary mixtures DOPC/DOPE/Chol and DOPC/DOPE/PIP,. Within the
experimental resolution presented, the peak width was the same in all
peak orders. For high hydration levels (i.e., IT — zero), the increasing
distance between bilayers weakens the forces between them which re-
sults in an increase in the undulation fluctuations of the bilayers. The
consequence is damping of the higher order Bragg peaks and broaden-
ing of the remaining ones [45]. All the samples were recorded over a
broad range of RH intervals covering both L and R phases in order to
identify RH". As discussed above, Fig. 3b shows the third Bragg peak
where the transition from L to R phase appears at RH* = 85.3%. The
transition hydration is associated with a reduction in the peak intensity
compared with the surrounding peaks (see Supplementary Material,
Fig. S1). Similar behavior is observed for all other samples. Contrarily,
in the case of phase-separated domains in a mixed lipid system, one
would expect two or more coexisting lattice spacings. With increasing
Chol or PIP, content, the Bragg peaks shift towards lower g, value,
while the intensities of the higher diffraction orders are reduced. In
most samples eight diffraction orders have been used for further analy-
sis of p(z).

Fig. 4 exemplifies the work flow from the measured XR curves to the
structural bilayer parameters, in this case for DOPC/DOPE/PIP,: 45/45/
10 mol%. Fig. 4a shows typical XR curves of this ternary mixture at
high RH levels deep in the L-phase. A typical form factor plot obtain-
ed by the swelling method for determination of the phase factors
V, = £+ 1is shown in Fig. 4b. The corresponding EDPs for each RH
level are shown in Fig. 4c. Maxima correspond to the mean position of
the lipid head-group regions with relatively high electron density,
whereas the minimum at z = 0 indicates the region of acyl-acyl content
of the opposing hydrocarbon chains in the bilayer interior. The two local
minima at z = 4d/2 next to the head-group maxima represent the
interbilayer water region. Fig. 4c shows a monotonous increase in the
lattice spacing d with increasing RH value, which is accompanied by a
broadening of the head-group peaks and a decrease in the distance be-
tween head-group regions and water layers. The lipid mixtures' bilayer
structural parameters as a function of RH are presented in Fig. 4d.

They were extracted from the EDPs as follows: The head-group dis-
tance dyy directly deduced from the EDPs is used as a measure for the
bilayer thickness. Therefore, we define the corresponding water layer
thickness as d,, = d — dyy. In doing so, we are able to further analyze
the effect of RH and Chol or PIP, addition on the a structural parameters
(for more information see Supplementary Material, Figs. S2 & S3). All
scattering form factors are consistent with fluid phase bilayers and
show only small variations with changing RH. For DOPC/DOPE/PIP, pre-
sented here, d decreases from 50.1 A at high RH = 92% to 48.6 A at the
transition value RH* = 82%. For the water layer distance at the transition
we find d}, ~ 9 & 0.5 A, as evidenced in Fig. 4d. In fact, in all measured
systems this value dy, appears to be universal, regardless of lipid compo-
sition or ratio [3].

4. Results

The results of this work are formed by three different but inter-
related pieces of information which are presented here in the following
sequence: (i) the electron density profiles (EDPs) of the different mix-
tures in the lamellar phase and the associated structural changes, (ii)
the hydration interaction of the different mixtures on the pathway
to the phase transition (dehydration), and finally (iii) the transition
point RH" itself.

Fig. 5 presents a visualization of the dehydration process for selected
EDPs for single (i.e., DOPC), binary (DOPC/DOPE) and ternary (DOPC/
DOPE/Chol) systems in the L-phase (fluid lamellar), at two different
values of RH: far above the transition (red curves) and directly above
the transition (green curves). For each profile, the origin is located at
the center of one bilayer, and only one unit cell is shown. Each unit
cell contains two half-bilayers plus the water layer floating between
them. As illustrated by the schematic drawings at the top of Fig. 5a, b,

and ¢, the low density minima centered at the origin correspond to
the lipid terminal methyl group, the adjacent medium-density plateaus
correspond to the methylene chain region, and the highest density
peaks correspond to the lipid polar headgroups. For all systems investi-
gated the peak position shifted by more than one A upon hydration. Ad-
jacent to the headgroup peak is the medium-density region associated
with the water layer between the bilayers. For the systems studied,
the profiles superimpose quite closely from the center towards the
edge of the bilayer, indicating that the bilayer structure remains almost
unchanged over a wide range of hydration levels. The profiles mainly re-
flect how the water layer between the bilayers becomes thinner as a re-
sult of dehydration, as the headgroup peaks of adjacent bilayers are
significantly closer to each other at the low hydration level. EDPs from
a series of osmotic stress experiments are shown in the Supplementary
Material, Fig. S2 and the corresponding water layer thickness as a func-
tion RH is shown in the Supplementary Material, Fig. S3. It is found that
the d,,-spacing decreases with Chol or PIP, concentration.

Next, we have used Eq. (1) to transform the RH values into osmotic
pressure, in order to plot the osmotic pressure as a function of the
water layer thickness d,,, see the example of the PIP, presented in
Fig. 6. For these plots, the d,, values as obtained from Fig. 4 and analogous
curves were used. All measurements are performed in the L-phase where
the data points of each sample fall on straight lines in semi-logarithmic

p(z) [a.u.]

p(z) [a.u.]

p(z) [a.u.]

10 15 20 25 30 35 40 45 50 55

z [A]

5 0 5

Fig. 5. EDPs for (a) single component lipid (DOPC), (b) binary lipid mixture (DOPC/DOPE:
75/25 mol%), and (c) ternary lipid mixture (DOPC/DOPE/Chol: 52.5/17.5/30 mol%). In
each profile just one unit cell is shown where the origin is located at the center of the bi-
layer. Schematic drawings of the lipid molecules are shown above the profiles, with circles
representing the lipid headgroup, and the wavy lines representing L-phase hydrocarbon
chains. The EDPs correspond to the L-phase just above the transition level (colored
green) and deep in the L-phase (colored red).
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Fig. 6. Plots of natural logarithm of the hydration pressure, I'l, vs. water layer, d,, for select-
ed lipid mixtures. The experimental data are extracted from the Eq. (1) with the aid of
Fig. 4 along with d,,. The solid lines in each data set are the least-squares fits for each
lipid bilayers. In most cases the addition of Chol or PIP; facilitates hydration and therefore
closes bilayer contact. For all investigated samples, stalk phase formation becomes favor-
able atd,, <9 + 0.5 A. Lipid molar fraction is indicated in the legend. The solid lines are the
least square fits following Eq. (2).

representation, indicating that the osmotic pressure I'T decays exponen-
tially with d,, as known from literature [30,13,32,43,46,3]. From the slopes
of these lines, we obtain hydration pressure amplitudes as well as the
decay constants as given in Table 1. These values can be compared to
the previously published values as follows: in single component systems
like dipalmitoylphosphatidylcholine (DPPC), egg phosphatidylcholine
(EPC), DOPC or DOPE, the values of the decay constant A, range
€ [1.35, 2.35] A [32,3], and for binary like mixtures as 1-stearoyl-
2oleoyl-phosphatidylcholine/1-palmitoyl-2-oleoyl-phosphatidyletha-
nolamine (SOPC/SOPE), DOPC/DOPE, DOPC or DOPE/Chol and DOPC or
DOPE/PIP, the values of the decay constant Aj, range € [2.56, 3.68] A
[43,3]. The ternary mixtures of lipid DOPC/DOPE and Chol or PIP,
presented here show a similar behavior with the decay constant
An € [1.95, 3.29] A depending on the mixture ratio and contents.
Fig. 7 visualizes the increase of RH* with Chol or PIP, concentration,
for constant DOPC/DOPE ratio of 75/25 mol% and 50/50 mol%, respec-
tively. The RH* values have been directly extracted from reflectivity

Table 1

curves similar to those presented in Fig. 3 and Supplementary Material,
Fig. S1. In the following, we discuss the results from a point of view that
DOPC/DOPE can be considered as a matrix or majority lipids, and Chol or
PIP, as additives. Without additive lipids, we know from previous work,
that RH* is considerably higher for 50/50 mol% than for 75/25 mol%. In
both cases we observe a further increase with the ‘additive’ lipid at
small concentration followed by a saturation behavior at higher concen-
tration, roughly above 10 mol%. Interestingly, the increase is highest for
PIP, in the 75/25 mol% matrix, which starts from the lower RH*. 5 mol%
concentration of PIP, in this matrix is able to induce an increase in RH*
by more than ARH* = 25%! Chol also yields a significant, but smaller
increase ARH* < 16% and a roughly equal effect for both matrix concen-
trations. We find that all mixtures saturate to values bounded by
RH* =~ 87%, which is the value reached both for PIP, in the 75/25 mol%
and Chol in the 50/50 mol% matrix, respectively. Hence, we cannot
cross the ‘barrier’ of RH* > 90%, where the osmotic stress method in so-
lution can be used.

To this end, it is of interest to screen for a ‘magic’ mixture, for which
the osmotic pressure needed to induce stalks is small enough, or equiv-
alently RH* is high enough to cross this ‘barrier’. In this structural assay,
such a mixture could be considered as extremely fusogenic. Based on
small unilamellar vesicle fusion assays, Haque and coworkers have
reported “nature's own fusogenic lipid mixture”, with the lipid compo-
sition DOPC/DOPE/Chol/SM:35/30/15/20 mol% [16], representing a suit-
able candidate for high RH".

Fig. 8a shows a representative XR curve at three distinct regions in
the phase diagram of the mixture DOPC/DOPE/Chol/SM:35/30/15/
20 mol%: (i) in the lamellar phase (green curve), (ii) at the transition
(red curve) where an additional small peak appears, and (iii) below
the transition, where two sets of lamellar peaks indicate phase coexis-
tence (blue curve). Thus the mixture exhibits bi-phase behavior at hy-
dration levels below the transition level RH* = 90.9%, with one phase
possibly containing stalks. However, a clear structural analysis is imped-
ed by the phase coexistence. Moreover, due to phase segregation, the
concentration of lipids in both phases is not controlled. Fig. 8b shows
a comparison between the EDPs of this mixture and others in the L-
phase. Adding only Chol into the equimolar DOPC/DOPE 1:1 mixture,
slightly reduces the electron density in the headgroup region and in-
creases it in the carbon chain region, but the membrane thickness is
approximately the same even at the DOPC/DOPE/Chol:40/40/20 mol%.
Contrarily, the bilayer thickens considerably for the ‘magic’ DOPC/DOPE/

The hydration force interaction parameters of DOPC/DOPE and Chol or PIP, bilayers at different lipid ratios and degrees of hydration. RH denotes the relative humidity in the sample cham-
ber where the least-square fitting is performed; Py is the corresponding osmotic pressure coefficient and N\, is the bilayer hydration interaction constant. The values are extracted from data

similar to that presented in Figs. 3 & 4.

Lipid mixture DOPC/DOPE/Chol DOPC/DOPE/PIP,
Lipid ratio Po[10° ]-m?] N [A] RH[%] RH" Po[10° ]-m’] N [A] RH[%] RH*
75.0/25.0/0.0 1.14 + 0.08 2.75 + 0.04 72.1-89.7 613 1.14 + 0.08 275 + 0.04 82-89.7 61.3
71.3/23.7/5.0 0.94 + 0.08 2.76 + 0.06 79.8-92 68.8 075 + 0.18 273 +0.16 92-89.7 85.3
67.5/22.5/10.0 0.90 + 0.2 2.86 £ 0.15 72.1-87.5 65.6 0.65 + 0.10 275 + 0.11 85.3-89.7 86.9
60.0/20.0/20.0 0.86 + 0.10 2.85 + 0.09 72.1-85.3 72.1 0.54 + 0.06 2.86 + 0.08 85.3-89.7 86.6
52.5/17.5/30.0 0.63 + 0.06 3.05 + 0.09 74.3-89.7 72.1 0.29 + 0.03 3.29 £ 0.12 85.3-89.7 86.3
50.0/50.0/0.0 1.99 + 0.46 1.95 + 0.09 82-89.7 71 1.99 + 0.46 1.95 + 0.09 82-89.7 71
47.5/475/5.0 0.90 + 0.19 243 £ 012 85.3-89.7 79.8 0.65 + 0.09 243 + 0.09 86.4-89.7 79.8
45.0/45.0/10.0 035 + 0.03 2,62 + 0.06 86.4-92 87.5 043 + 0.07 2.82 + 0.13 85.3-89.7 79.8
40.0/40.0/20.0 045 + 0.1 2.90 £ 0.19 86.4-89.7 82 034 + 0.12 2.83 £ 030 83.1-89.7 79.8
35.0/35.0/30.0 0.34 + 0.05 3.00 £ 0.13 86.4-89.7 853 0.32 + 0.09 2.84 + 0.26 86.4-89.7 79.8
Lipid mixture DOPC/DOPE/DOG: 50/50/x DOPC/DOG

DOG fraction Po[10° J-m?] e [A] RH [%] RH* Po[10° J-m?] N [A] RH [%] RH*
0 1.99 + 0.46 1.95 + 0.09 71-93.1 71.0 1.50 + 0.23 2.83 £ 0.11 71-93.1 427
1 0.82 + 0.15 235+ 0.11 79.8-92 75.4 142 + 018 2.65 + 0.09 71-89.7 4838
5 0.65 + 0.18 2.57 £ 0.19 79.8-92 77.6 122 4+ 0.08 2.76 + 0.05 72.1-92 55.0
10 0.28 + 0.10 332 £ 042 79.8-92 787 1.28 + 0.09 2.75 + 0.05 71-92 56.1
PC/PE/Chol/SM 621 + 0.27 6.00 + 0.17 84.2-93.1 90.9
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Fig. 7. The transition relative humidity RH" values were obtained directly from the reflec-
tivity curves (i.e., Fig. 3 & analogous plots). The solid lines correspond to empirical fits
which are simply guides to the eye and do not represent any theoretical model. The
lipid mixture ratios are indicated on each panel.

Chol/SM:35/30/15/20 mol% mixture, probably caused by an all-trans con-
figuration of the saturated chains of SM. The unusual EDP pin points to the
particular nature of this “nature's own fusogenic lipid mixture” [16]. Fur-
thermore, as shown in Fig. 8c, the hydration force is exceptionally small.
Fitting of the double logarithmic decay yields P, = 6.21107 J/m> and
A = 6.0 A, hence values which are very different from all other lipid bilay-
er mixtures tested, see Fig. 6 and Supplementary Material, Fig. S3. To our
knowledge, the decay length A = 6.0 is the highest values ever reported.
Finally, we have also tested DOG as an additive lipid. The results show that
a small molar fraction of DOG also leads to an increase in RH", i.e. facilitates
the formation of the stalk phase, but bi-phasic or multi-phasic diffraction
patterns are observed at DOG concentration higher than 5%, see Supple-
mentary Material, Fig. S5 [51].

5. Discussion and conclusions

In this work we have presented investigations of the phase transition
in model lipid membranes, from the fluid lamellar phase (L-phase) to the
stalk forming rhombohedral phase (R-phase), extending previous studies
[2,3] to lipid ternary and quaternary mixtures. In particular we have in-
vestigated how Chol and PIP, as important membrane constituents be-
have in view of the respective propensity for membrane fusion. Starting
from pure DOPC bilayers and mixed DOPC/DOPE bilayers, we have
increased the respective concentrations and have quantified the shift
in the transition point (critical relative humidity (RH*)) between the
L- and the R-phase with Chol and PIP, concentration. In this structural
assay we qualify a lipid as stalk promoting if it shifts RH* to higher
values, and fusion inhibiting if it shifts RH* to lower values. While all ad-
ditive lipids investigated, Chol, PIP, and DOG, promote the stalk phase,
the respective effects are clearly not additive. For example, DOG has a
smaller effect, if a substantial amount of PE as a negative curvature in-
ducing lipid is already present in the ‘host’. In other words combining
two or three effector lipids, the RH* increase saturates. It is also found
that the additives induce very high shifts in pure DOPC starting at
very low RH" = 43%, but somewhat milder effects, if the RH* is already
quite high such as in DOPC/DOPE. For Chol, the observed effect of
stalk promotion may be linked to the known property of Chol to sustain
negative curvature [37]. On the other hand, Chol up to 50% concentra-
tion is well known as a fluidizing agent by penetrating between the
lipid headgroups which also leads to a larger area per headgroup [36].
Also for PIP,, which has a net negatively charged headgroup, charge re-
pulsion may cause a larger area per lipid [34]. In this sense, one may
argue that Chol and PIP, have a similar effect on lipid packing.

The present results of how lipid composition affects the L — R tran-
sition also illustrate a way in which cellular control of lipid composition
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Fig. 8. (a) Representative set of XR curves as a function of the momentum transfer for
DOPC/DOPE/SM/Chol: 35/30/15/20 mol% bilayer stacks at various RH below and above
the transition RH" level. The curves are shifted vertically for clarity. (b) The EDPs p(z) as
deduced by the swelling method for various mixtures. The EDPs have been normalized
with respect to EDPs in the center of the bilayer, and (c) logarithmic plot of the hydration
pressure IT vs. water layer d,, for the mixture DOPC/DOPE/SM/Chol: 35/30/15/20 mol%
compared to pure PC and a DOPC/DOPE/Chol mixture.

may provide means to regulate fusion. The increase ARH* = 25% upon
the addition of Chol or PIP, is substantial enough to provide a control
mechanism close to the relevant physiologically range, i.e. the local de-
hydration exerted by fusion proteins, such as in SNARE mediated fusion
[21,20], or viral fusion proteins such as the influenza hemagglutinin |7,
61,53]. While the fusion proteins set the constraints on the inter-bilayer
distance in the context of biological fusion, the constraints are imposed
by dehydration in the present study. The rationale behind this is the hy-
pothesis that a fusion protein may locally act in a very similar way as de-
hydration by osmotic pressure.

In view of the complex mixtures of lipids and proteins encountered
in biological fusion, where the composition can be regulated by the cell
[47], one may question the validity of the current model system. Such
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model systems are necessarily much simpler than the physiologic envi-
ronment for fusion, containing one or a few lipid species and omitting or
simplifying the protein environment. However, both experimental [3]
and computational model systems [21] have certainly provided signifi-
cant insight into the basic physical principles underlying membrane fu-
sion. Furthermore, in designing and interpreting model systems for
fusion, it is important to consider how variations in the lipid mixtures
chosen may affect the results. One may further raise the argument
that local deviations from the average bilayer structure are the decisive
factors in fusion, rather than the ensemble average. However the two
are clearly interrelated: at certain inter-bilayer distances which are
characterized in this work by their ensemble average, individual confor-
mations of lipid become likely to induce fusion, while (local) fusion in-
ducing conformational states of lipids are extremely unlikely at larger
separations.

Finally, this work is a first step towards identifying a ‘magic’ mixture
of lipids, which would form the stalk phase also at very mild dehydra-
tion, i.e. in a range of osmotic pressures which can also be exerted in ex-
cess solvents.
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