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Abstract

Lateral inhomogeneities are a common feature in cell membranes and facilitate
a variety of active processes, e.g. cell signaling and trafficking. For biophysical
studies, lipid-only vesicles showing liquid-ordered/liquid-disordered (Lo/Ld)
phase-separation seem an ideal model system, especially since the size of
their inhomogeneities, the domains, can be tuned from nano- to macroscopic
regimes. Although the present knowledge on phase behavior and structural
details in such systems is enormous, quantitative information on their elastic
properties and fundamental interactions are still sparse. The necessary means
for obtaining these data by small angle X-ray scattering (SAXS) are derived in
the present thesis, and subsequently applied on phase-separated lipid model
membranes.

Specifically, we determined the monolayer spontaneous curvature of the
physiologically relevant lipids cholesterol, DOPE, POPE, DOPC, DPPC, DSPC,
POPC, SOPC and egg sphingomyelin in a broad temperature range from
15–55 ◦C. This data allowed us to estimate the preferential curvature of Lo/Ld
phase-separated lipid mixtures.

Exploiting the domain registration in multibilayers of certain lipid mixtures
enabled us to measure the fundamental surface interactions between coexist-
ing Lo/Ld phases and their corresponding elastic curvature bending moduli.
In order to analyze such osmotic stress SAXS experiments, we applied a novel
Monte Carlo (MC) simulation based technique, which allowed us to treat the
repulsion due to thermal undulations exactly.

Finally, we applied these experimentally determined quantities to calculate
domain line tensions and the mechanical influences of lipid bilayers on protein
partitioning.
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1. Introduction

1.1. Lipid model membranes

All biological cells possess an outer barrier, the so-called plasma membrane
[1, pp. 8–9]. Apart from confining and protecting the cell interior, plasma
membranes have to selectively pass all nutrition, by-products and signaling in-
formation to or from the cell interior. Eukaryotic cells consist of several further
membranes, which provide means to separate different cell compartments, for
example the nucleus or the endoplasmic reticulum [1, pp. 565–598]. This abun-
dance of membrane motives in nature calls for an in-depth understanding of
their properties.

The major building element of membrane structure are lipid molecules [2, 3].
These amphiphilic molecules form few nanometer thick, flexible, and highly
dynamic boundaries, thereby providing also the appropriate environment for
membrane proteins.

Biological cell membranes consist of thousands of different lipid species,
whose compositions are adjusted to environmental conditions [4]. Although
lipids are nearly free to diffuse laterally in the prevalently fluid-like mem-
branes, they are not mixed randomly [5–8]. Lateral inhomogeneities in plasma
membranes were observed with a multitude of different methods, but their
characteristic sizes and compositions are still heavily debated [8, 9]. In light
of the astonishing complexity of real cells, just the consensus on the existence
of some kind of membrane lipid demixing is remarkable.

Contrary to experiments on whole cells, using reduced model membrane
systems tremendously simplifies quantitative and reproducible analyses. Be-
cause very pure lipids are readily available, lipid-only vesicles are among the
cleanest and best defined membrane mimics [10]. Even at small concentra-
tions, lipids spontaneously form aggregates in aqueous solutions, in order to
shield their hydrophobic tails from the surrounding water. In doing so, many
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1. Introduction

aqueous core

lipid bilayer

aqueous environment

Figure 1.1.: An unilamellar vesicle (gray) consisting of a single lipid bilayer (inset).

physiologically relevant lipid species prefer the planar bilayer phase at stan-
dard conditions. To prevent the lipid tails on the membrane’s circumference
from becoming exposed to the surrounding water, the edges fuse, resulting in
usually micrometer-sized vesicles consisting of one (uni-) or multiple lipid
bilayers (multilamellar vesicles, MLV), see Fig. 1.1.

In order to gear these lipid-only systems closer towards biological membranes,
one can introduce mixtures of different lipid species [3]. Even for simple binary
mixtures, deviations from the ideal mixing behavior like in cell membranes
can be observed [11, 12]. Especially relevant in this respect are however ternary
mixtures consisting of cholesterol (chol), a saturated high-melting, and an
unsaturated low-melting lipid. By changing the compositions, these mixtures
can be driven through several regimes, including the physiologically highly
interesting liquid/liquid phase coexistence (Fig. 1.2) [13]. While the lateral
lipid diffusion remains high in this regime, two distinct phases are formed:
Most of the low-melting lipid partitions into the liquid-disordered (Ld) phase,
while the liquid-ordered (Lo) phase contains prevalently the high-melting
lipid and is enriched in cholesterol [14, 15].

Experiments performed on vesicles with coexisting domains are naturally
delicate. Usually one would like to determine the properties of individual
phases separately, instead of measuring only averaged values for the whole
vesicle. If the tie lines, i.e. the lines connecting the compositions of coexisting
phases, are known, one can measure instead single phase samples prepared
at the tie line endpoints. One difficulty with that approach is obviously
the precise determination of the tie lines, which is a subtle and intricate

2
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Figure 1.2.: A typical phase diagram for a ternary lipid mixture, consisting of cholesterol
(top), an unsaturated (left bottom), and a saturated lipid (right bottom). Homoge-
neous phases are drawn in white and regions of two/three phase coexistence in
light/dark gray. The star indicates a critical point.
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LoLd

dLd

dLo

Figure 1.3.: Domain alignment of in lipid multibilayers, giving rise to two distinct lamellar
repeat distances, dLd and dLo. Adapted from [25].

problem, but even the preparation of samples with a precise composition is
by itself demanding [15]. Better suited for investigating lipid phase demixing
are therefore techniques, which are able to differentiate between coexisting
phases [16, 17].

Small angle X-ray scattering (SAXS) on MLV offers, under certain prerequisites,
the possibility to distinguish coexisting Lo/Ld domains from each other
[17]. This advantage over many other techniques is based on an interesting
and not yet understood phenomenon of domain alignment [17–24]: Like
domains of certain lipid mixtures align laterally across multiple membranes,
thereby forming two separate bilayer lattices with different periodicities d,
see Fig. 1.3. Consequently, two distinct reciprocal Bragg lattices are detectable
with diffraction techniques, such as for example SAXS. With sophisticated
analysis methods, it is then possible to determine the bilayer structure and the
repeat distance together with its mean square deviation for the two coexisting
lipid phases [17].
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1.2. Theoretical membrane models

1.2. Theoretical membrane models

In this thesis, I will make use of continuum mechanical descriptions for lipid
aggregates. Such representations are appropriate for modeling mesoscopic ef-
fects, particularly thermal bilayer fluctuations, generation of bilayer stress due
to protein insertion or due to protein conformational changes, as well as molec-
ular interactions of macromolecular surfaces. In order to apply continuum
mechanics on such interesting and physiologically highly relevant problems,
however, quantitative values for parameters describing structural and elastic
properties of membranes are necessary. The present section introduces a few
relevant moduli and explains their connection to experiments.

1.2.1. Spontaneous monolayer curvature

One important parameter connected with lipid stress in bilayers is the spon-
taneous/intrinsic curvature J0. Spontaneous curvature is an effective lipid
property, describing preferential curvature in unstressed monolayers [26–28].
Lipids with J0 ≈ 0 are approximately cylindrical, meaning they prefer planar
monolayer structures, realized for example in bilayers. Phosphatidylcholine
(PC) lipids are typical examples for this group. Compared to PC, phosphat-
idylethanolamine (PE) lipids have smaller headgroups. This leads to a – by
definition negative – spontaneous curvature, J0 < 0. Such lipids prefer intrin-
sically negatively curved phases, for example the inverted hexagonal phase
HII.

The HII phase is preferably employed for measuring lipid spontaneous curva-
ture [27, 29–36]. Bilayer phases are unsuited for this purpose because the two
monolayers constituting a lipid bilayer are not free to curve independently
from each other. Such a behavior would create unphysical voids between the
monolayers, which – if filled by the aqueous phase – would in turn expose
the hydrophobic hydrocarbon chains to water. The HII phase, depicted in
Fig. 1.4, however consists of rolled up monolayers, whose curvatures are
nearly unrestrained. In order to protect the outward pointing lipid tails from
water, these tubes densely pack in a hexagonal pattern. This hexagonal lattice
is usually well ordered and leads to a distinct series of Bragg peaks in SAXS,
thereby easing the detection of HII phases and in turn the reconstruction of
electron density profiles [37]. This way, the tubes radii and therefore curvature
can be measured precise and probe-free.
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Figure 1.4.: Sketch of an inverted hexagonal phase HII. Rolled up lipid monolayers are
arranged in a hexagonal lattice and enclose water cylinders (blue).

Even spontaneous curvatures of usually bilayer forming lipids can be mea-
sured with HII phases [31, 34, 38–40]. To this end, an otherwise bilayer forming
lipid-of-interest is mixed in various concentrations χ with a HII forming “host”
lipid, see Fig. 1.5. For well-behaved mixtures in the HII phase, the sponta-
neous curvature J0(χ) can be determined. Upon the assumption of a linear
dependence of J0 on χ, the spontaneous curvature of the pure lipid-of-interest,
J0(χ = 1), is then readily extrapolated.

1.2.2. Bilayer mechanics

The possible fundamental deformations for a single, perfectly fluid lipid
bilayer are stretching, tilt, curvature, and further nonlinear contributions [42,
43], see Fig. 1.6. The influences of lateral stretching, lipid tilt and nonlinear
deformations are often neglected in applications of biomembrane mechanics,
where the focus mostly lies on elastic curvature, i.e. bending deformations
[44, pp. 37–38]. The omission of stretching effects is usually valid due to the
high energetic costs of stretching strain [45] and furthermore because lipid
bilayers rupture already at small membrane tensions [46]. Similarly, nonlinear
deformations can be safely ignored for sufficiently small deformations.

Matters are however more intricate regarding tilt, which bears a close con-

6
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J0,Host

 ~ χ J0,Guest

+(1-χ) J0,Host

Host lipid

Guest lipid

Figure 1.5.: Incorporation of bilayer-forming “guest” lipid (purple) at a concentration χ in
the “host” HII template phase. Reproduced from [41].

unstressed stretched tilted curved

Figure 1.6.: Fundamental elastic deformations of fluid bilayers.
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1. Introduction

nection to curvature. Membrane bending and the divergence of the tilt field
enter the free energy in fact by the same elastic moduli and their effects are
additive [47]. Lipid tilt is expected to be important for diverse biological
effects, for preserving domain boundaries, and for height fluctuation spectra
in molecular dynamics (MD) simulations [48, 49]. Experimental validations
for the underlying theories were however lacking until recently, when Jablin
et al. showed that accounting for lipid tilt by an additional fitting parameter
improved the agreement between a theoretical model and diffuse scattering
intensities from SAXS experiments of aligned samples [50]. The effect of lipid
tilt on the fluctuation spectra of powder diffraction samples, for example
free floating MLV, is at the time of writing this thesis unknown, but several
remarkably good fits for MLV [17, 51] seem to contradict a big influence.
Therefore and because investigations of lipid tilt were beyond the scope of
this thesis, they are not considered for fluctuation spectra henceforth.

Local bending of a two-dimensional membrane can be parameterized in
general by the two principle radii c1 and c2. This description allows one to
cast the energy of bending per unit area A in the form

H/A =
Kc

2
(c1 + c2 − J0,B)

2 + Kg c1c2, (1.1)

where Kc denotes the bilayer’s bending curvature modulus, Kg the Gaus-
sian curvature modulus, and J0,B the bilayer spontaneous curvature [43]. The
Gaussian modulus describes the membrane’s resistivity against saddle splay
deformations and is only for topology changes of concern, for example for
the formation or annihilation of holes.1 Similarly, also the bilayer spontaneous
curvature J0,B, which quantifies the membrane’s propensity to bend, is irrele-
vant for most artificial lipid bilayers because it vanishes if they are symmetric
[52–57].

For sufficiently flat membranes, one can simplify Eq. (1.1) even further by
making use of local membrane displacement u(x, y) instead of principal
curvature radii, which yields [58]

H/A =
Kc

2

(
∇2u

)2
. (1.2)

1According to the Gauss–Bonnet theorem, closed integrals over c1c2 depend only on the
genus of the surface, i.e. the number of holes.

8



1.2. Theoretical membrane models

This form is convenient for deriving fluctuation spectra, which are related
to the mean square fluctuations of u and depend strongly on the bending
rigidity Kc.

This connection between Kc and membrane undulations is exploited by dif-
ferent experimental methods, in order to quantify the bending modulus.
The most prominent are probably diffuse SAXS on aligned multibilayers
and aspiration or flicker analysis of giant unilamellar vesicles (GUV), which
are well-suited for measuring Kc of homogeneous samples [59–61]. These
techniques are however unable to determine individual bending moduli for
coexisting lipid phases, unless tie line endpoint samples are used for that pur-
pose. But direct measurements of Kc for coexisting phases are possible with
other techniques, for example inelastic neutron scattering [62] or combined
SAXS/osmotic pressure experiments [23, 40, 63, 64], see also Sec. 1.2.3.

Despite all possible simplifications, the full form of Eq. (1.1) is still relevant
because – upon exchanging the bilayer material properties for their monolayer
counterparts – it describes individual bilayer leaflets. Here the concept of
spontaneous curvature becomes important: Even for artifical, symmetric
bilayers, the monolayer spontaneous curvatures can be finite, leading to an
intrinsic lipid stress which can influence for example the conformation of
intermembrane proteins [23, 40, 65–70].

1.2.3. Bilayer interactions

Depending on their lipid compositions, spontaneously formed and equili-
brated MLV exhibit different lamellar repeat distances d [71]. These equilib-
rium distances are set by a subtle balance between attractive and repulsive
surface interactions, acting across the interbilayer aqueous phase. The distance-
dependence of the sum of these interactions can be probed for example by
osmotic stress experiments, in which the bilayers of MLV are compressed by
application of osmotic pressure [72–74]. A typical isotherm, as can be obtained
by such an experiment, is sketched in Fig. 1.7. An in-depth description of the
relevant surface forces can be found in [75, pp. 341-378,577–599].

For very small separations, steric repulsions due to lipid headgroup pro-
trutions dominate the isotherm. These interactions were found to obey an
exponential distance dependence P(dW) ≈ A exp (−dW/λ), with a large am-
plitude Ast ≈ 3.6 GPa and a small decay length λst ≈ 0.6 Å [77].

9
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Hydration
λhyd.≈.2–3.Å

Bending.Fluctuations
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Figure 1.7.: Pressure P between bilayers as function of bilayer separation dW (solid orange
line). Separately plotted are repulsive (solid black line) and attractive (dash-dotted
blue line) contributions. The most important fundamental repulsive (black) and
attractive (blue) interactions are listed together with their exponential decay
lengths λ or distance dependence. Adapted from [76].
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1.2. Theoretical membrane models

The solvent-mediated hydration interaction is the strongest contribution at
intermediate bilayer separations. It was found to depend on the hydrophobic-
ity of the corresponding macromolecular surfaces and seems to be related to
order in the water structure [78–80]. The empirical equation describing the
hydration pressure is also an exponential repulsion, but with decay lengths
λhyd of 2–3 Å and roughly an order of magnitude smaller amplitudes than
steric interactions.

For charged lipids, for example phosphatidylglycerol (PG) or phosphatidyl-
serine (PS), long-ranging electrostatic repulsions become important at large
separations. Due to screening effects, they strongly depend on the salt con-
centration of the aqueous phase, as well as on the pH [81]. For the electrically
neutral PE and PC lipids investigated in this thesis, electrostatic interactions
originating from residual charges are however orders of magnitude smaller
than other surface forces and will be neglected henceforth [82].

In order to stabilize a finite value of the lamellar repeat spacing d, some
attractive interactions must be present. For lipid bilayers, the dominating
attractive interactions are van der Waals [83]. They originate from restrictions
of quantum mechanical fluctuations between two surfaces and follows roughly
an Pvdw(dW) ∼ 1/d3

W dependence for planar surfaces.

The interactions mentioned above are additive and can be described within the
DLVO framework [84], but their presence gives rise to another interaction for
lipid bilayers. Two adjacent bilayers exert the above mentioned surface forces
upon each other not only at their average separation, but at all separations
within a certain range due to thermal bending fluctuations. Together with the
distance dependence of the bare forces, this leads to an entropic, effectively
exponential repulsion, the so-called undulation interaction [84–86]. It is longer
ranged than the hydration interaction, with an effective decay length λund
of 3–7 Å and therefore, determines together with van der Waals interactions
the equilibrium spacing of charge-neutral, fluid lipid bilayers. The intricate
connection between undulation forces and thermal fluctuations, which depend
on the membrane elasticity, opens furthermore the possibility of deducing Kc
from osmotic pressure experiments [76].

Extracting microscopic properties from osmotic stress experiments is however
nontrivial. The interplay of bare surface forces with thermal fluctuations
complicates the calculation of macroscopic observables, but solutions to such
calculations are vital. Experimentally, only the cumulative effects of all present
forces are accessible and one has to fit theoretical models to these results

11



1. Introduction

in order to tell the contributions from the individual interactions apart [23,
40, 72, 73, 87–93]. A suitable model to this end has to combine the bending
degrees of freedom of multiple flexible membranes, compare Eq. (1.2), with
the bare interactions described before.

Analytical solutions of such models are available, but they are all based on
some crudely justified assumptions [85, 86, 94–96]. Usually, these calculations
assume a certain distribution of height fluctuations and henceforth treat
the undulation interactions mean-field like. By using numerical simulations,
one can however overcome these flaws and calculate the effect of bilayer
fluctuations exactly [97, 98]. In contrast to analytical solutions, simulations
obviously come at the expense of computational effort and are harder to fit to
experimental data. Despite these shortcomings, they enable the precise and
consistent analysis of osmotic stress experiments [64].

Osmotic stress experiments can also be performed on MLV showing phase
coexistence [23, 40]. Together with the possibility of SAXS to characterize two
phases simultaneously, this enabled us recently to determine separate bending
moduli Kc for coexisting Lo and Ld phases, together with the relevant forces
between like domains [63, 64].

12



2. Methods

This chapter focuses on a rather general description of the applied methods,
their underlying principles and possible problems, which are usually not
considered for publication. The original articles, which are attached at the end
of this thesis, contain further elaborations on technical details, used materials
and mathematical subtleties.

2.1. Sample preparation

In principle, thin film hydration, which is the standard lipid sample prepara-
tion for SAXS, is straight-forward: After mixing the lipids, which are dissolved
in an organic solvent, one dries them by evaporating the solvent and subse-
quently hydrates the thus created lipid films with water and by introduction
of mechanical energy through vortexing. There are however several potential
pitfalls connected with this procedure, especially for lipid mixtures, of which
I will discuss a few subsequently.

In order to prepare lipid mixtures of a precise concentration, one has to start
by combining well-defined quantities of different lipid species. To this end,
one can weigh the lipid powder, dissolve it in an organic solvent up to a
certain solution volume and estimate the lipid molar fraction of this stock
solution from the molar weight MW of the lipid. This procedure is problematic
because ambient water molecules tend to adsorb especially on unsaturated
lipids, thereby increasing the lipids’ effective molar weights. While a simple
workaround is to just increase MW of unsaturated lipids by one or two water
molecules in the calculation, higher precisions are possible, for example by
performing inorganic phosphate assays [15, 99, 100]. Because we were able
to analyze phase-coexisting samples directly instead of having to prepare
precise tie line endpoints, we just increased MW for the unsaturated lipid
DOPC effectively by one water molecule.

13



2. Methods

Another problem arises during the evaporation of the organic solvent. In
the course of such dehydration processes, artificial phase separations can be
induced due to differences in the components’ miscibilities [101]. Thus gener-
ated precipitates might inhibit lipid redistribution during hydration, thereby
preventing the formation of lipid aggregates of equal and uniform compo-
sitions. This problem is especially pronounced for cholesterol-rich mixtures
[101–104]. In order to circumvent this difficulty, one can employ alternative
preparation methods, for example rapid solvent exchange (RSE) [101, 105,
106]. With RSE, the sample is never dried down, but is rapidly transfered
from the fluid organic solvent to the fluid aqueous phase. By avoiding the
intermediate solid phase, the formation of concentration gradients is reduced
[101]. Because the necessary equipment for RSE was missing in our laboratory
at the time of preparation, the samples described in this thesis were prepared
by ordinary thin film hydration.

The homogeneity of lipid vesicles can also be improved during hydration.
Repeatedly freezing and thawing the sample above Tm

1 with concurrent
vortexing facilitates hydration, homogenizes the vesicles [107], and is routinely
performed upon hydration of lipid mixtures [15]. We performed multiple
freeze/thaw cycles for all our samples during hydration.

2.1.1. Osmotically stressed samples

A possible way of exerting pressure on a stack of membranes is by addition of
large neutral polymers, for example poly-ethylene-glycol (PEG) [23, 40, 72, 73,
87–93]. At an average molar weight of 8000 g mol−1, PEG molecules are much
too big to insert interstitially between PC bilayers and therefore dehydrate
MLV through osmosis. Experimental data and theoretical interpretations
are available for calculating the exerted osmotic pressure from a given PEG
concentration [108, 109].

Unfortunately, PEG has a considerable X-ray scattering cross-section in water.
Ideally, only the osmotically stressed lipid bilayers and not the PEG solutions
would be irradiated in SAXS experiments. By centrifuging MLV down before
carefully overlaying them with PEG, one can separate both components
spatially to some extent. After incubation for several days, we removed the

1Tm is the main phase transitions, above which the liquid bilayer phase is thermodynami-
cally stable.

14



2.2. Small angle X-ray scattering

overlay just before the actual measurement in order to obtain as-pure-as-
possible MLV samples. During the short measurement time of a few minutes,
the bilayers can only rehydrate minimally.

2.1.2. Investigated mixtures

Because the techniques for analyzing SAXS spectra from phase coexisting
liquid/liquid samples were just developed at that time [17], we aimed for
support by homogeneous tie line endpoint samples. Obviously, only the few
lipid mixtures, for which reliable phase diagrams and tie line information had
been published, were appropriate for such studies.

Specifically, we investigated the 3 component mixtures POPC/eggSM/Chol
[110], DOPC/DPPC/Chol [24] and DOPC/DSPC/Chol [15], and the 4 com-
ponent mixture DOPC/POPC/DSPC/Chol [111]. The actual sample concen-
trations can be found in the original publications [17, 64].

The 4-component system is especially interesting because upon exchanging
POPC with DOPC at fixed ratios of DSPC (39 mol%) and Chol (22 mol%),
the average size of coexisting domains can be driven from nanoscopic to
macroscopic [112]. The amount of DOPC in the low-melting lipid fraction
is parameterized by ρ = χDOPC/(χDOPC + χPOPC), which increases from 0

(POPC) to 1 (DOPC) upon the transition from nanoscopic to macroscopic
domains.

2.2. Small angle X-ray scattering

Soft X-rays are photons with a wavelength on the order of Å and therefore
sensitive to the electron density ρ. They are used in SAXS [113], which is
sensitive to spatial variations of the electron density on the order of a few
tens to hundreds of Å. The detectable signal intensity is however not directly
related to ρ(r) in real-space, but only to the absolute square of its Fourier
transform.

Real-space information can be either reconstructed by inverse Fourier trans-
formation of the detected signal, or by fitting a theoretical model to the data.
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The loss of phase information during detection and the possible noise amplifi-
cation due to the nonlinearity of the inverse Fourier transform disfavor the
former method for many soft materials; although it might be well suited for
strongly ordered samples, for example protein crystals.

Correlations (“periodicities”) in the electron density create interference pat-
terns in the detected intensity. For a lattice of periodicity d, one expects peaks
according to Bragg’s law at wave-vectors qn with magnitudes qn = (2π/d) · n
and diffraction order n ∈N0. Usual soft materials, in particular those exhibit-
ing smectic-like order, are only weakly correlated at small distances due to
thermal fluctuations, and completely lack long-range order. Instead positional
correlations decay according to a power-law, leading to interference patterns
with characteristic line-shapes. This behavior is often referred to as quasi-long
range order. The generated interference patterns are therefore smeared out
and vanish already after a few orders of diffraction.

Quasiperiodic structures are conveniently described in terms of their crystal
structure and unit cell. While the former determines the observed interference
pattern, the unit cell modulates the signal intensity. In real-space, the math-
ematical equivalent to this description is the convolution, which copies the
unit cell to points in space determined by the crystal structure. The Fourier
transform of the convolution is a multiplication, i.e. one only has to multiply
the Fourier transformed crystal structure with the Fourier transformed unit
cell to obtain the total amplitude. The scattering intensity is then given by the
absolute square of this amplitude.

Random orientation of structures is common for samples in excess water, as
investigated in this thesis, and gives rise to rotationally averaged scattering
termed powder diffraction. Although the use of aligned samples would yield
additionally in-plane information, its use complicates sample preparation.
All samples described in this thesis were measured in excess water, therefore
yielding powder diffraction spectra.

2.2.1. Inverted hexagonal phase

Because the Fourier transform of a hexagonal structure is itself hexagonal,
the HII lipid phase gives rise to a hexagonal interference pattern. Bragg
peaks emerge at wave-vectors fulfilling the reflection law

√
3aqh,k/4π =√

h2 + hk + k2 = 1,
√

3, 2,
√

7 . . . , where h, k denote the Miller indices and a is
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Figure 2.1.: Locations of constructive interference (gray solid lines) in a typical SAXS signal
obtained from an HII phase (black dotted line). Bragg peaks were fitted for
real-space reconstruction (magenta solid lines). Adapted from [41].

the lattice parameter [114]. A typical SAXS spectrum for a HII lipid phase is
plotted in Fig. 2.1.

Fourier-based analyses are actually feasible for HII phases due to their higher
structural order, as compared to fluid lamellar bilayers. The necessary pro-
cedures for such an analysis have already been excellently described [114–
117]. A typical HII phase electron density profile, as can be obtained by a
Fourier-based reconstruction, is plotted in Fig. 2.2.

The HII phase data described in this thesis were analyzed with self-made
procedures, which were implemented in Matlab [118]. Further details on them
are given in [41].

2.2.2. Liquid lamellar phase

The crystal lattice of the bilayer phase is one-dimensional with the lamellar
repeat distance d, giving rise to Bragg reflections at integer multiples of 2π/d.
Due to the considerable amount of disorder present in the liquid phase, the
Bragg peaks’ intensities fade-out rapidly for higher diffraction orders, thereby
hindering Fourier-based analyses. But thermal and structural disorder of
liquid bilayers gives also rise to a specific line-shape of Bragg peaks [119, 120],
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Figure 2.2.: Real-space electron density ρ(x, y) reconstructed from the SAXS spectrum in

Fig. 2.1 for a lipid HII phase. Spatial coordinates are given in units of the lattice
parameter a. A few lipid molecules are schematically overlayed (green) Adapted
from [41].
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which can be used to quantify the degree of bilayer fluctuations [121]. These
descriptions use the line-shape parameter η, from which the mean square
fluctuation of the membrane spacing ∆2 = ηd2/π2 can be derived [91].

Apart from the Bragg peaks, SAXS spectra of fluid bilayers contain consid-
erable amounts of diffuse scattering from uncorrelated lipid bilayers as well.
Model-based methods can simultaneously analyze both effects and are thus
well-suited for such samples [122–124]. Such a combined analysis is also
necessary for describing scattering data from coexisting Lo/Ld domains [17].
To this end, each phase is separately described in terms of its bilayer structure
and lattice, and the thus calculated contributions to the scattering intensity
are weighed and summed-up. A detailed explanation of this method can be
found in the original publication [17]. With only slight adjustments, which
are described in [64], we were able to employ this method for analyzing
scattering data obtained from osmotically stressed samples showing Lo/Ld
phase coexistence.

This method allowed us to determine the repeat distance d and the line-shape
parameter η separately for the Lo and the Ld phase as a function of osmotic
pressure. We also succeeded in obtaining detailed structural information on
the lipid bilayer for fully hydrated samples. Specifically, we derived values for
the steric bilayer thickness dB for both phases, which were used to calculate
the interbilayer separations dW = d− dB. The bilayer structures depended
only marginally on the osmotic pressure.

2.3. Monolayer spontaneous curvature

The spontaneous curvature J0 of an unstressed monolayer is defined via the
radius of its neutral plane [27, 28]. Stress-free monolayers are routinely obtained
by adding small amounts of free alkanes or alkenes to the lipid samples,
which partition into the interstitial sites in the HII phase and thus release the
hexagonal packing frustration [31, 35, 125, 126]. Further explanations on this
topic are given in [41].
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2.3.1. Locating the neutral plane

More important in the definition of J0 is however the concept of the neutral
plane. At this specific position, bending and stretching modes are decoupled
[26], which explains why the neutral plane is used so frequently in calculations.
One can stretch and bend the lipid monolayers in HII phases by application
of osmotic pressure and thereby determine experimentally the location of
the neutral plane [27], but only a few lipid species have been investigated
with this elaborate procedure [27, 29–35]. They found that the neutral plane
of the well-studied lipid DOPE is located close to the glycerol backbone,
which is reasonable due to the high rigidity of this molecular subgroup [28]
and was also observed in simulations [127]. Experimental follow-up studies
have consequently measured J0 by locating the glycerol backbone, instead of
actually determining the neutral plane by osmotic stress experiments [39, 40,
117].

We used a similar procedure, based on highly resolved structural data from
combined neutron and X-ray studies [128–131], to locate the glycerol back-
bone. Specifically, we determined the radius Rp of the lipid headgroups from
electron density maps and adjusted it by a constant value dH1 obtained from
the aforementioned studies, to account for the distance between headgroup
and glycerol backbone. Further details and comparisons to neutral plane
locations obtained from osmotic stress experiments are given in the original
publication [41].

2.3.2. Bilayer-forming lipids in H
II
templates

As already explained in Sec. 1.2.1, HII phases can be used as templates to deter-
mine the monolayer spontaneous curvature of bilayer-forming lipid molecules.
For this procedure, experimental values for the spontaneous curvature J0(χ)
as a function of guest-lipid concentration are fit with a model function, which
yields with J0(1) the spontaneous curvature of the lipid-of-interest.

The simplest available model explaining spontaneous curvatures of mixtures
is given by a linear dependence of J0 on χ [132–135],

Jmix
0 = ∑

i
χi Ji

0, (2.1)
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Figure 2.3.: Extrapolation of spontaneous curvature J0 for the bilayer-forming lipids DPPC
at 25 ◦C (crosses) and for POPC at 45 ◦C (ellipses) mixed in a DOPE template.
The insets show SAXS spectra for the highest miscible (top left) and the first
immiscible DPPC concentration (bottom right). Reproduced from [41].

where χi and Ji
0 denote the molar fraction and the spontaneous curvature of

the i-th component. We applied this form to obtain J0 of bilayer-forming lipids
[41]. Although a detailed model based on continuum elastic calculations
would exist [136], its correctness and applicability to experiments remain
debatable [41, 137].

Usually, such models do not account for the possibility of phase separation,
but especially upon adding lipids which prefer to aggregate in different
phases, an immiscibility gap must be expected at some critical composition
χcrit. With SAXS experiments, phase demixing is often accompanied by the
appearance of a second interference pattern, see Fig. 2.3. Although this is
the safest evidence for immiscibility, other possible indications have to be
respected as well [41].

2.3.3. Temperature dependence

For elevated temperatures, one expects an increased flexibility and disorder
of the lipid tail’s hydrocarbon chains. In terms of monolayer spontaneous
curvature J0, further spread-out lipid tails would correspond qualitatively
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to more negative values. In order to quantify and compare the temperature
dependences for different lipids, we measured J0 at various temperatures
from 15–55 ◦C and described these data by the linear relationship

J0(T) = k (T − Tav) + Jav
0 , (2.2)

where Tav = 35 ◦C is an average temperature, k denotes the coefficient of
thermal curvature change, and Jav

0 the spontaneous curvature at Tav. All
acquired data could be well described by Eq. (2.2), see [41, Sec. S5].

2.4. Membrane simulations

2.4.1. Fundamentals of Monte Carlo simulations

As several textbooks on the use of Monte Carlo (MC) simulations for physical
applications are already available [138–140], there is no need to introduce them
in great detail. Quite generally, MC simulations are used to generate random
numbers according to a given distribution in many dimensions. Because we
are interested in solving statistical mechanics problems, the distribution is
given in our case by the Boltzmann weight of microstates. In order to compute
thermodynamic observables with MC simulations, one draws a number of
microstates, calculates at each MC step the observables of interest, and finally
averages them.

The precision of such averages is largely determined by the statistical uncer-
tainty due to the finite sample size. The relevant sample size is however not
the number n of realized microstates, but an “effective” size ne f f = n/2τint,
where τint is the integrated autocorrelation time [138–140]. Roughly speaking,
τint describes how many samples have to be drawn before an additional in-
dependent sample is available. Its value depends strongly on the procedure
for generating new samples. The autocorrelation time is commonly measured
in MC steps (MCS), with 1 MCS corresponding to updating on average every
degree-of-freedom once.
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Figure 2.4.: Membrane simulation snapshots at zero (left) and finite (5.5 MPa, right) ambient
pressure P. Membranes are drawn with their actual thickness dB as determined
by SAXS. The orange membranes equal the bottom-most membranes due to
periodic boundary conditions. The most prominent effects of pressure, being a
compression of the stack and reduction of fluctuations, are evident. Reproduced
from [64].

2.4.2. Fourier membrane simulation

The membrane MC simulation code, which was used in the present thesis,
has already been described in detail elsewhere [64, 97, 98, 141]. I will therefore
excerpt only the most relevant concepts and refer the interested reader to the
original publications.

The simulation models a stack of flexible and interacting membranes, as
depicted in Fig. 2.4, which is the appropriate description for osmotic stress
experiments on MLV.

It accounts for M membranes of size L× L and bending elasticity Kc, whose
local deviations um(x, y) from the average membrane position are considered.
The average membrane separation is given by ā, which allows us to cast the
local distance between the membranes m and (m + 1) in the form am(x, y) =
um+1(x, y)− um(x, y) + ā. The bare interactions between neighboring mem-
branes are modeled by potentials Φ(a). To avoid membrane interpenetration,
we require am(x, y) ≥ 0. Furthermore, periodic boundary conditions (pbc)
are imposed in all three dimensions, meaning um+M(x + L, y + L) = um(x, y).
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With these definitions, we can write down the Hamiltonian

H =
M−1

∑
m=0

∫ (Kc

2
(∇2um)

2 + Φ(am)

)
dx dy, (2.3)

which basically combines the bending energy term known from Eq. (1.2) for
several membranes with the bare interactions from Sec. 1.2.3.

The bare potential between two neighboring membranes at separation a is
given by

Φ(a) ' Ahydλhyd exp

(
− a

λhyd

)
− H

12πa2 , (2.4)

where the first term models the hydration and the second term the van der
Waals interactions. H denotes the Hamaker coefficient, which depends in
general, however weakly, on a and can be calculated from dielectric spectra
[83, 142]. The bare interaction pressures discussed in Sec. 1.2.3 are related to
the potentials via P(a) = −∂Φ(a)/∂a.

Rather than varying um(x, y) directly, MC updates are proposed in Fourier
space um(qx, qy) [98]. Within this description, a single MC update corresponds
to exciting or damping a specific fluctuation mode (qx, qy) of the m-th mem-
brane. The simulations of this thesis are performed in the isothermal–isobaric
ensemble, i.e. at constant temperature T and pressure P [98, 143]. The spatial
variables (x, y) are quantized on a square lattice with N × N sites to reduce
the degrees-of-freedom.

The two observables relating such simulations to osmotic stress experiments
are the average bilayer separation dW = 〈ā〉, and its fluctuations

∆2 =
〈(

um+1(x, y)− um(x, y)
)2
〉
+
〈

m · (ā− dW)2
〉

, (2.5)

where the brackets 〈.〉 denote temporal and spatial (m, x, y) averaging.

2.4.3. Fitting simulations to data

Several well-written articles highlight the difficulties, but also the benefits,
of optimizing simulations towards a goal, as compared to using analytical
models [144–147].
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The computational effort for running simulations is usually much higher
than for just evaluating an analytical solution. This immediately disfavors
purely stochastic optimization algorithms, for example genetic algorithms,
which usually rely on an enormous number of model evaluations to pin-
point the global optimum. But also standard gradient-based algorithms are
imperfectly suited for optimizing simulations because how can one obtain
reliable gradients? Finite difference approaches have a hard time due to the
stochastic nature of simulation. A viable alternative might be the histogram
reweighting method [148–150], which can efficiently compute derivatives by
reweighting the realized samples of a single simulation run. But also this
method is effected by stochastic noise. A further problem is that gradients of
well-behaved functions become small close to extrema, which slows down the
convergence and amplifies the influence of noise, the closer one approaches
the optimal solution. Alternatively, several algorithms specifically designed
for optimizing simulations do exist, but their current implementations are far
from perfect [146].

Despite these difficulties, some problems are only tractable with simulations,
which clearly indicates why optimizing simulations can be necessary. Particu-
larly for our case, optimizing the membrane simulations enabled us to take the
intricate interactions between bare potentials and membrane fluctuations into
account without having to rely heavily on approximations or assumptions.
To this end, we combined a general-purpose gradient-based optimization
algorithm with the histogram reweighting method for obtaining the necessary
gradients. The problem of slow convergence towards the end was dealt with
by running multiple optimizations from different, randomly chosen starting
points, which resulted in the optimal region being heavily sampled by the
different runs.

Simulation can be optimized towards a specific goal by adjusting their pa-
rameters. The variety of them, on which our membrane simulations depend
on, shall be briefly reviewed in this paragraph. Obviously, the pressure P
and temperature T are externally specified parameters for the simulations,
as well as for the experiments. Next, there are the number M and size L2 of
membranes and the number of lattice sites N2, which limit the simulations’
degrees-of-freedom. The corresponding values in experiments, M = O(100),
L = O(µm), and N/L = O(nm−1), are much larger than what is computa-
tionally feasible, thus calling for careful finite-size extrapolations [64, 98]. The
last group consists of the actual model parameters describing the physical
properties of the membranes and their interactions. These are the bending
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modulus Kc, the hydration interaction’s amplitude Ahyd and decay length
λhyd, and finally the Hamaker coefficient H.

This group represents the set of free parameters Λ, which should be adjusted
in order to minimize the misfit between simulational and experimental results.
The misfit is given by the sum of squared residues,

χ2(Λ) = ∑
i

(
dW,i − dW(Pi; Λ)

Ueff(dW,i)

)2

+

(
∆i − ∆(Pi; Λ)

Ueff(∆i)

)2

. (2.6)

The sum runs over the set of osmotic pressures Pi, for which experimental
results for the interbilayer separation dW,i and the fluctuations ∆i were ob-
tained. The corresponding simulational results are denoted by dW(Pi; Λ) and
∆(Pi; Λ), respectively, and the effective errors Ueff account for experimental
and simulational uncertainties, see [64]. The quantitative agreement between
simulations and experiments is then given by the reduced χ2

red = χ2/Ñ, where
Ñ equals the number of experimental data points minus the number of free
parameters [151, p. 268]. If the model fits the experimental data well with
respect to the measurement uncertainty, χ2

red is roughly one; for worse fits,
χ2

red is considerably larger.

Instead of fitting the Hamaker coefficient H together with the other parame-
ters, we calculated its value theoretically [142]. This allowed us to eliminate
one free fitting parameters and minimized ambiguities in the optimization
process.

2.5. Applications

2.5.1. Line tension

The bilayer thicknesses of coexisting Lo and Ld phases differ in general from
each other due to their different lipid compositions. In order to shield the
hydrophobic region of lipids in the thicker phase from being exposed to
water, lipids have to deform at the phase boundaries. Such deformations are
usually energetically unfavorable compared to an unperturbed, flat bilayer
and co-determine the energy cost per unit length of the boundary, the line
tension γ.
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Its value is connected to the size and shape of domains [152, 153] and also
influences domain boundary fluctuations [154, 155]. For high values of γ,
large, circular domains form due to the energetic cost of maintaining domain
boundaries, while nanoscopic domains seem to be only stable for small line
tensions [112].

The elastic deformations occurring at domain boundaries can be modeled by
continuum mechanics, starting from the monolayer form of Eq. (1.1). After an
elaborate calculation, Kuzmin et al. [49] arrived at a fairly simple relation for
calculating the line tension γ from monolayer properties of the two phases (1
and 2), which is given by

γ =
∆h2

Z h2
0

√
kc,1 kt,1 kc,2 kt,2 −

1
2 Z

(J0,1 kc,1 − J0,2 kc,2)
2 , (2.7)

with Z =
√

kc,1kt,1 +
√

kc,2kt,2. The parameters entering Eq. (2.7) are the mono-
layer bending kc and tilt moduli kt, the monolayer spontaneous curvatures
J0, and the structural quantities ∆h = h2 − h1 and h0 = (h1 + h2)/2 relating
the positions h of the monolayer neutral planes. We denote the first term of
Eq. (2.7) γh and the second term γJ . While γh describes an elastic influence
of height mismatch to the line tension, γJ accounts for hidden stress due to
spontaneous curvature.

2.5.2. Protein partitioning and conformation

In light of the discussion whether rafts exist in cell membranes and if, with
what molecules they are enriched, see Sec. 1.1, investigating the partitioning
behavior of transmembrane proteins in various (model) membranes seems
worthwhile. In cooled giant plasma membrane vesicles (GPMV), which have
similar lipid and protein compositions as plasma membranes of intact cells
[156, 157], several usually raft-associated proteins were found to be enriched
in the more ordered, ergo raft-like, phase [7, 158–160]. Contrary to these
finding, most peptides and proteins, which are reconstituted into lipid-only
membranes, rather partition in the liquid-disordered phase [160–163]. A
simple continuum mechanical model published by Cantor [66] allows us to
calculate the protein insertion penalty for different lipid phases, helping us
to understand the reasons for this unrealistic partitioning. The same model
is also suitable for computing the mechanical implications of internal bilayer
stress on protein conformations.
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The derivation [66] starts from the work W, which has to be performed against
the lipid bilayer upon inserting a protein of cross-section A(z). It is given by
the equation

W =
∫ dB/2

−dB/2
A(z) p(z) dz, (2.8)

where z is the spatial coordinate normal to the bilayer plane and p(z) is the
lateral pressure profile [164]. A sketch of the model is shown in Fig. 2.5.

Expanding – separately for the two leaflets – the protein cross section into
power series yields

A(z) = a0 + a±1 · |z|+ a±2 · |z|
2 +O(z3), (2.9)

where ± denotes the upper/lower monolayer. Inserting this relation into
Eq. (2.8) gives W = ∑ a±j pj for symmetric bilayers, where the sum runs
over ± and j. The quantities pj are given by the j-th moment of p(z), i.e.

pj =
∫ dB/2

0 zj p(z) dz, and depend only on continuum elastic parameters [166,
167]

p0 = −σ p1 = J0 kc p2 = 2 km J0 h− kg. (2.10)

Specifically, these are the bilayer surface tension σ, which vanishes for common
free-floating vesicles [168], the monolayer spontaneous curvature J0, bending
curvature modulus kc and Gaussian curvature modulus kg, and the position
of the neutral plane h. Instead of the lateral pressure profile, these parameters
can be quantitatively determined with experiments of modest complexity.

Finally, the equilibrium K between the states 1 and 2, for example two protein
conformations or partitioning in two coexisting phases, can be calculated.
Upon neglecting all further contributions of lipid–protein or protein–protein
interactions, the equilibrium K is proportional to exp(−∆W/kT) [65, 169],
where ∆W is the energy difference ∆W = W2 −W1 and kT is the thermal
energy.
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Figure 2.5.: Schematic overview for calculating the mechanical work necessary for inserting
a transmembrane protein in a lipid bilayer. Instead of complex MD simulations
(top), we use a simple continuum description of the bilayer (bottom). The im-
portant quantities for this model are the internal bilayer pressure p(z) and the
protein cross section A(z) as function of the vertical coordinate z. Adapted from
[165].
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3. Results

3.1. Elastic properties of coexisting domains

3.1.1. Spontaneous curvature of single lipids

Before being able to compute monolayer spontaneous curvatures J0 for coex-
isting lipid domains, we had to determine J0 for their individual components,
as outlined in Sec. 2.3. The spontaneous curvatures of the HII phase forming
lipids DOPE and POPE1 could be determined directly. For the remaining,
mostly bilayer-forming lipids, we had to resort to using DOPE-rich HII tem-
plates.

We were able to determine lipid spontaneous curvatures in a broad tempera-
ture range from 15–55 ◦C, for all lipids except for POPE. The obtained data
could be well described by Eq. (2.2), thereby yielding the numbers listed in
Tab. 3.1. Such information on the temperature dependence of J0 is indeed
important because of the big range of physiologically relevant temperatures
in different organisms.

Unsurprisingly, we obtained strongly negative values for the spontaneous
curvature of PEs, which are prone to form negatively curved phases. Also the
general trend of nearly vanishing curvatures for the bilayer-forming PC lipids
and eggSM was anticipated. The differences obtained for the individual lipids
however turned out to be very interesting.

For example, comparing the results for DPPC, DSPC and eggSM shows,
how marginal changes in the chemical structure can alter lipid spontaneous
curvatures. DPPC and DSPC are chemically very similar lipids, with the
only difference that DSPC has slightly longer hydrocarbon chains. Still, this

1Due to addition of tricosene, the HII phase was already at 37 ◦C thermodynamically
stable, instead of 74 ◦C for pure POPE [170].
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Table 3.1.: Temperature dependence of monolayer spontaneous curvature J0(T) as described
by Eq. (2.2), with Tav = 35 ◦C, except for (*) where Tav = 37 ◦C. Adapted from
[41].

lipid Jav
0 (nm−1) k (10−3 nm−1 ◦C−1)

DOPE −0.399(5) −1.3(4)
POPE (*) −0.316(7) −2.7(7)
Chol −0.494(13) −3.5(9)
DOPC −0.091(8) −1.1(6)
POPC −0.022(10) −1.8(7)
SOPC −0.010(18) −2.2(13)
DPPC +0.068(32) −3.5(23)
DSPC −0.100(44) −0.2(34)
eggSM −0.134(72) +1.4(51)

minor change in the chain length suffices to reduce the spontaneous curvature
from roughly +0.1 nm−1 for DPPC to −0.1 nm−1 for DSPC at 35 ◦C. But
apart from the importance of headgroup and chains, also the influence of the
lipid backbone attracts attention. For example, the predominant lipid species
in eggSM solely differs from DPPC by having a sphingosine instead of a
glycerol backbone. Also this change is enough to reduce J0(35 ◦C) to roughly
−0.1 nm−1.

3.1.2. Monolayer spontaneous curvature of domains

Inserting the single lipid spontaneous curvatures in Eq. (2.1) allowed us
to calculate effective monolayer spontaneous curvatures for well-behaving
lipid mixtures. In the presence of phase separation, however, we had to
rely on miscibility boundaries and tie lines from published phase diagrams.
Parameterizing the tie lines from u = 0 at the critical point to u = 1 next
to the three phase coexistence region2 allowed for comparisons of J0 for
coexisting phases. The results of such calculations for three different ternary
lipid mixtures are plotted in Fig. 3.1.

Most interesting, we obtained more positive values of J0 for the Lo phase
in the DOPC/DPPC/Chol system, as compared to the coexisting Ld phase.
Common sense would suggest the contrary, as realized for the other two

2See [112] for a more specific definition of u.
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3.1. Elastic properties of coexisting domains
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Figure 3.1.: Top: Effective monolayer spontaneous curvatures J0 in nm−1 (white contours)
for ternary lipid mixtures overlayed on published phase diagrams [15, 24, 110].
The tie lines corresponding to u ∈ {0, 0.2, . . . , 1} are plotted in the liquid/liquid
phase coexistence region. Bottom: Comparison of J0 for the coexisting Lo/Ld
phases according to these tie lines. Adapted from [41].
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Figure 3.2.: Effective monolayer spontaneous curvature J0 for coexisting Lo/Ld phases in
DOPC/POPC/DSPC/Chol, according to published tie lines.

mixtures, because Lo phases are usually enriched in cholesterol, for which we
measured a strongly negative curvature, see Tab. 3.1. The abnormal behavior
of the DOPC/DPPC/Chol mixture can be traced back to the positive J0 of
the high-melting lipid component DPPC, which is the actually the major
constituent in the Lo phase for u ≥ 0.4.

Information about one tie line are also available for the quaternary lipid mix-
ture DOPC/POPC/DSPC/Chol [111, 112, 171]. This allowed us to calculate J0
as a function of ρ, which is the DOPC concentration in the low-melting lipid
fraction. The results are plotted in Fig. 3.2. The trend of decreasing J0 with
increasing amounts of DOPC comes from DOPC’s more negative curvature
as compared to POPC.

3.1.3. Bending elastic modulus of domains

We determined the bending elasticity moduli Kc of coexisting Lo/Ld domains
from a MC simulation-based analysis of SAXS/osmotic-stress experiments.
While some explanations of this technique are outlined in Secs. 1.2.3 and 2.4,
more detailed descriptions are available in the original publication [64].

For the macroscopically phase separated samples (ρ ≥ 0.35) of the mixture
DOPC/POPC/DSPC/Chol, domain alignment allowed for a straightforward
analysis of the acquired data. The obtained bending moduli for Lo and
Ld domains are plotted in Fig. 3.3. At the time of writing this thesis, an
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3.2. Domain interactions

20

40

60

80

100

120

140

160

180

200

0 20 40 60 80 100

K
c
(z
J)

ρ (%)

Lo

Ld

Figure 3.3.: Bending curvature modulus Kc obtained from coexisting Lo/Ld phases in DOPC/
POPC/DSPC/Chol.

indisputable analysis was however lacking for the remaining samples, in
which the coexisting domains were at least partially unaligned.

Liquid-ordered phases are usually enriched in cholesterol and saturated,
high-melting lipids. Compared to their coexisting Ld phases, which contain
mostly unsaturated, low-melting lipids and smaller amounts of cholesterol,
Lo bilayers should be much more rigid. In accordance with this reasoning, we
found 2–3 fold larger elastic bending moduli Kc for Lo phases, as compared
to Ld.

3.2. Domain interactions

Apart from bending moduli, the simulation-driven analysis of SAXS/osmotic-
stress experiments allowed us also to measure the individual fundamental
surface interactions between coexisting domains, see Sec. 2.4 or [64]. We
applied this technique on the macroscopically phase separated samples of the
quaternary mixture DOPC/POPC/DSPC/Chol.

While experimental data and simulations agreed perfectly for the Ld phases
(χ2

red ≈ 1), we obtained slightly worse fits for Lo (χ2
red ≈ 5), see Fig. 3.4

and Tab. 3.2. These bigger deviations originate probably from a limited
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applicability of the line-shape model in the SAXS analysis for highly ordered
systems [64]. Figure 3.4 showcases the agreement between experimental and
simulational results for the ρ = 1 sample.

The obtained interdomain forces are listed in Tab. 3.2 and their contributions
to the cumulative isotherms are plotted exemplarily for ρ = 1 in Fig. 3.5.
Specifically, the listed quantities are the Hamaker coefficient H describing
the strength of van der Waals interactions, and the amplitudes A and decay-
lengths λ of hydration (hyd) and undulation (und) interactions3.

All three reported samples exhibited alignment of like domains. This com-
mon motive suggests that also their interdomain forces might be similar.
Indeed, only a single parameter (Ahyd in the Ld phase at ρ = 0.35) deviated

3While the undulation interactions were treated exactly in the simulational analysis, their
effective intermembrane pressures could be roughly described by an exponential function.
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3. Results

Table 3.2.: Domain interactions determined from coexisting Lo/Ld domains in DOPC/POPC/
DSPC/Chol. The corresponding goodness of fit χ2

red and bilayer thickness dB are
also listed.

Ld Lo
ρ/% 35 65 100 35 65 100

Kc/zJ 64(20) 54(11) 44(10) 150(30) 120(20) 120(20)
H/zJ 4.09 4.09 4.08 4.13 4.15 4.15
Ahyd/Pa 108.8(2) 108.4(3) 108.3(2) 108.0(2) 108.0(2) 108.1(2)

λhyd/Å 1.28(12) 1.39(15) 1.37(15) 1.86(15) 1.82(15) 1.74(15)
Aund/Pa 107.1(2) 106.9(2) 106.8(2) 106.5(2) 106.5(2) 106.6(2)

λund/Å 3.0(3) 3.3(3) 3.3(3) 3.9(4) 3.8(4) 3.7(4)
χ2

red 1.2(5) 0.9(5) 1.5(5) 4.5(5) 3.8(5) 5.8(5)
dB/Å 48.8(10) 48.9(10) 48.5(10) 60.0(12) 61.1(12) 61.3(12)

significantly, while all other quantities were unaffected within experimental
uncertainty by changes of ρ.

We found however astonishing differences in the hydration and undulation
interactions between different domains. The hydration interactions for Ld
phases decay much faster than for the corresponding Lo phases, see Tab. 3.2
or Fig. 3.5. Furthermore, the smaller bending rigidities of Ld, see Fig. 3.3, lead
to an increase of undulation interactions compared with Lo phases. These
difference imply that undulations are for Ld phases the dominant interaction
over a much larger range of bilayer separations than they are for Lo, see
Fig. 3.5.

3.3. Line tension of coexisting domains

Line tension and elastic curvature energies seem to determine the size and also
the shape of domains in the quaternary lipid mixture DOPC/POPC/DSPC/
Chol [172]. A previous attempt [112] to calculate the line tension in this system
yielded just the qualitative trend because the relevant elastic parameters had to
be estimated at that time. Measuring monolayer spontaneous curvatures and
bending moduli as described in Sec. 3.1 enabled us to actually calculate the
line tension quantitatively with Eq. (2.7) as function of ρ [64]. The necessary
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3.4. Protein partitioning in coexisting domains

Table 3.3.: Necessary parameters for line tension calculations and (interim) results according
to Eq. (2.7). The input parameters are given by the position of the neutral plane h,
the monolayer spontaneous curvature J0, and the monolayer bending kc and tilt
moduli kt.∗ Results are the elastic (γh) and curvature-induced (γJ) contributions
and the final line tension γ.

ρ/% 0 10 20 35 66 100

h‡
Ld/nm 1.85(4) 1.80(4) 1.75(4) 1.69(3) 1.70(3) 1.68(3)

h‡
Lo/nm 2.03(4) 2.06(4) 2.11(4) 2.05(4) 2.11(4) 2.12(4)
−J0,Ld/nm−1 0.06(1) 0.06(1) 0.07(1) 0.08(1) 0.10(1) 0.12(1)
−J0,Lo/nm−1 0.17(4) 0.18(4) 0.18(4) 0.19(4) 0.20(4) 0.20(4)
kc,Ld/zJ 32(10)† 32(10)† 32(10)† 32(10) 27(6) 22(5)
kc,Lo/zJ 75(15)† 75(15)† 75(15)† 75(15) 60(10) 60(10)
γh/pN 0.3(2) 0.7(3) 1.3(4) 1.4(5) 1.6(5) 1.7(5)
γJ/pN −0.2(2) −0.3(2) −0.3(2) −0.3(2) −0.2(1) −0.2(2)
γ/pN 0.1(3) 0.4(4) 1.0(5) 1.2(5) 1.4(5) 1.5(5)
∗ The tilt moduli kt of 70(5) and 540(20) zJ2 nm−1 for Ld and Lo, respec-

tively, were obtained from MD simulations at ρ = 1 [173].
† Assumed to equal kc(ρ = 35 %).
‡ The neutral plane positions were obtained from the SAXS analyses.

parameters and obtained results are summarized in Tab. 3.3. A graphical
representation of the results is given in Fig. 3.6.

We found a strong increase of line tension in the nanoscopic regime (ρ <
0.35) and considerably higher tensions for macropscopically sized domains
(ρ ≥ 0.35), see Fig. 3.6. This functional dependence is mainly determined
by the decrease of the bilayer thickness in the Ld phase with increasing ρ,
which is especially pronounced for nanoscopic domains, see Tab. 3.3. On the
other hand, the spontaneous curvature-induced contribution γJ remained
constant over the whole range of ρ. These results emphasize the importance
of domain height mismatch on line tension, and therefore also on domain size
[64, 112].

3.4. Protein partitioning in coexisting domains

The continuum mechanical model described in Sec. 2.5.2 allowed us to es-
timate the mechanical work required for inserting protein-like shapes into
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Figure 3.6.: Calculated line tensions γ from Tab. 3.3 for coexisting Lo/Ld phases in DOPC/
POPC/DSPC/Chol. Adapted from [41].

lipid bilayer phases. Although one could make use of the detailed structural
information available for many transmembrane proteins [174], a more gen-
eral understanding can be gained by the application of simple model shapes
[66].

We therefore resorted to two previously published protein models, see Fig. 3.7.
The first geometrical model describes a cone of angle ϕc = 0.14 and radius
rc = 2.4 nm at the bilayer center [66]. Expanding this model’s cross section
into the power series given by Eq. (2.9) yields a+1 = −(a−1 ), i.e. the first-order
contribution vanishes for a symmetrical bilayer, and a±2 = π tan2 ϕc [66]. The
second considered shape resembles an hourglass with a radius of rh = 2.0 nm
at the bilayer midplane, which expands at an angle of ϕh = 0.20 away from
the center [23]. For this structure, a±1 = 2πrh tan ϕh and a±2 = π tan2 ϕh were
reported [23].

Calculating the mechanical work of insertion in the quaternary lipid mixture
required first the moments of the bilayer pressure profiles. While the zeroth
moments vanished, we calculated the first and second moments by inserting
the parameters listed in Tab. 3.3 into Eq. (2.10).4 The resulting values are given
in Tab. 3.4.

4The necessary Gaussian moduli kg were estimated from the relation kg/kc ≈ −0.80(5)
for that purpose [45].
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3.4. Protein partitioning in coexisting domains

rh φhrc φc

Figure 3.7.: The two geometrical protein models, representing a cone (left) or an hourglass
(right) structure of radii rc/h at the bilayer midplane and opening angles ϕc/h.

Table 3.4.: The first and second moment of the bilayer pressure profile according to Eq. (2.10).

ρ/% 0 10 20 35 66 100

−p1,Ld/pN 1.9(7) 2.1(7) 2.3(8) 2.6(9) 2.7(6) 2.6(7)
−p1,Lo/pN 12.9(38) 13.5(40) 13.8(41) 14.3(43) 11.9(33) 12.0(33)
p2,Ld/zJ 19(10) 18(10) 18(10) 17(10) 13(5) 9(5)
p2,Lo/zJ 8(17) 4(18) 2(18) 1(18) −2(14) −3(14)

Having obtained these moments pj and the coefficients a±j of the protein
model cross sections allowed us to calculate the mechanical insertion energies
WLo/Ld for both models in the corresponding Lo/Ld phases. Their difference
∆W = WLo −WLd corresponds consistently to the energetic penalty (∆W > 0)
or gain (∆W) upon transferring the protein model shapes from the Ld into
the Lo phase and is plotted in Fig. 3.8.

We obtained consistently over the whole investigated range of ρ values of
∆W close to zero for the cone model protein and significantly negative values
for the hourglass shape. These findings imply only a minor effect of internal
bilayer stress on cone-like protein shapes, but a preferential contribution of
considerable magnitude towards partitioning into the Lo phase for hourglass-
shapes proteins in the quaternary mixture DOPC/POPC/DSPC/Chol.

41



3. Results

-100

-80

-60

-40

-20

0

20

40

0 20 40 60 80 100

Δ
W

(z
J)

ρ (%)

cone model

hourglass model

Figure 3.8.: Mechanical work ∆W = WLo −WLd required for transferring model proteins from
the Ld into the Lo phase.

42



4. Conclusion

We quantified the elastic parameters of and fundamental interactions between
phase-separated Lo/Ld lipid-only membranes. The obtained quantities should
prove useful for numerous biophysical applications. Exemplarily, we showed
their applicability with two continuum mechanical calculations.

The preferential lipid curvature J0 of several different physiologically relevant
lipids was measured with SAXS in HII template phases. We obtained strongly
negative values for lipids with PE headgroups and for cholesterol, and cur-
vatures closer to zero for PC and SM lipids. The temperature dependence
dJ0/dT was found to be −1 to −3× 10−3 nm−1 ◦C in the range of 15–55 ◦C
for most of the investigated lipids.

We derived bending moduli and interdomain forces from SAXS/osmotic
pressure experiments, which were analyzed by a novel MC simulation-based
method. This new technique allowed us to treat the entropic undulation
interactions exactly, without having to resort to barely justifiable assumptions.
Because the underlying full q-range SAXS analysis was capable of modeling
coexisting Lo and Ld phases in MLV, we could further determine these
quantities independently from phase diagrams; thereby reducing the necessary
effort for measuring previously unconsidered lipid mixtures and eliminating
the influence of tie line uncertainties.

We obtained roughly 3-fold higher bending elasticity moduli for Lo phases
compared to Ld. With increasing domain size, the bending elasticity moduli
slightly decreased for both phases in the quaternary lipid system DOPC/
POPC/DSPC/Chol. The van der Waals interactions turned out very similar
for all investigated samples, with the largest difference being only 2 %. In
contrast, hydration, as well as undulation interactions differed significantly
between Lo and Ld phases. For the softer Ld phases, the measured undulation
interactions were of larger magnitude than for Lo. We also found that hydra-
tion interactions were shorter ranged for Ld than for Lo phases, which further
emphasizes the importance of undulation interactions for soft bilayers. These
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4. Conclusion

findings should prove valuable for pinpointing the source of the observed
long-range positional order between like domains in several multilamellar
bilayer assemblies.

The usefulness of all obtained parameters was demonstrated by continuum
mechanical calculations of domain line tension and bilayer induced effects on
protein partitioning. We found an increase in line tension for larger domains
in the DOPC/POPC/DSPC/Chol mixture. Although this property changed
with domain size, no significant trends could be observed in the mechanical
contribution to model protein partitioning.
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5. Outlook

The present thesis contains results which were obtained in the course of three
years. Obviously, science, technology and my own experience has evolved
in the meantime, thus favoring different approaches if similar research had
to be performed again. On the other hand, the time span proved naturally
insufficient to answer all questions posed by ourselves, colleagues, and the
scientific community on the covered topics. I will therefore propose a few
ideas and suggestions for prospective research in the following paragraphs.

Regarding the monolayer spontaneous curvature determination, three diffi-
culties come to mind. The most fundamental problem is the low miscibility
threshold for some of the lipids in the HII template phase. As already pointed
out in chapter 2.1, using RSE instead of thin film hydration for sample prepa-
ration could expand the miscibility towards larger concentrations. Further-
more, one could try other template lipids than DOPE, for which miscibility
boundaries might be different. The SAXS analysis could also be considerably
improved. Instead of performing a direct Fourier reconstruction of the elec-
tron density, the use of model-based reconstructions might allow for a direct
detection of the glycerol backbone, thereby eliminating the need to estimate
its position based on electron density maps.

The third weak point of the current procedure is the use of Eq. (2.1), which
assumes a linear dependence of curvature on concentrations. Instead of this
very simplistic model, one could try extrapolating based on more detailed
theories [136], or preferably even reach out towards MD or MC simulations
[127, 175]. By simulating and experimentally measuring the nominally same
HII phase mixtures and pure lipid bilayers, one would first have to verify the
applicability of simulations for the interesting molecules.1 Even if one might
have to tweak the underlying force fields in order to obtain concurrent results,
simulations could still be superior to continuum mechanical extrapolations

1Standard molecular simulations suffer from several restrictions, e.g. use of Newtonian
mechanics or imperfect force fields.
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because they intrinsically account for many body effects. Subsequently, one
could obtain the monolayer spontaneous curvature directly from the bilayer
simulations, or actually simulate experimentally unrealizable structures, e.g.
“unstressed monolayers” of otherwise bilayer-forming lipids.

Osmotic pressure experiments could benefit a lot from decreasing the con-
centration of additive solutes during measurements. The probably cleanest
approach are dedicated osmotic cells [176], but even conventional prepa-
rations with improved sample handling might suffice to conceal additives
below the detection limit. Also the analysis of osmotic pressure experiments
could still be improved. At the moment, the membrane MC simulations are
restricted to stacks of like membranes. Generalizing the code towards mixed
membrane stacks should allow for analyzing even osmotic stress experiments
on nanoscopic, unregistered domains. Such results would come in handy
for formulating and verifying theories explaining the observed transitions in
long-range domain alignment.

Further, possibly fruitful research topics might be testing the limitations of
continuum mechanical calculations by comparing their results to experimental
observations, or application of the presented methods to other lipids and/or
different solutions than pure water.
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Monolayer spontaneous curvature of raft-forming
membrane lipids†

Benjamin Kollmitzer,a Peter Heftberger,a Michael Rappoltbc and Georg Pabst*a

Monolayer spontaneous curvatures for cholesterol, DOPE, POPE, DOPC, DPPC, DSPC, POPC, SOPC, and egg

sphingomyelin were obtained using small-angle X-ray scattering (SAXS) on inverted hexagonal phases (HII).

Spontaneous curvatures of bilayer forming lipids were estimated by adding controlled amounts to a HII

forming template following previously established protocols. Spontaneous curvatures of both

phosphatidylethanolamines and cholesterol were found to be at least a factor of two more negative

than those of phosphatidylcholines, whose J0 values are closer to zero. Interestingly, a significant

positive J0 value was retrieved for DPPC. We further determined the temperature dependence of the

spontaneous curvatures J0(T) in the range from 15 to 55 �C, resulting in a quite narrow distribution of

�1 to �3 � 10�3 (nm �C)�1 for most investigated lipids. The data allowed us to estimate the monolayer

spontaneous curvatures of ternary lipid mixtures showing liquid ordered/liquid disordered phase

coexistence. We report spontaneous curvature phase diagrams for DSPC/DOPC/Chol, DPPC/DOPC/Chol

and SM/POPC/Chol and discuss effects on protein insertion and line tension.

1 Introduction

Curvature is an essential ingredient in a cell's life and occurs
most visibly during membrane fusion and ssion processes, e.g.
exocytosis and endocytosis, or when a cell is attacked by an
enveloped virus.1 Such events may be induced by proteins, but
are also known to depend strongly on the molecular properties
of the constituent membrane lipids.2 For instance membrane
fusion can take place in the absence of proteins.3 Lipid-driven
membrane curvature may result e.g. from unequally distributed
lipids of the same type in the opposing membrane leaets or
from asymmetric distributions of lipids with different molec-
ular shapes due to their different intrinsic curvatures.4–9

In general, lipids with molecular shapes different from
cylinders will form monolayers that either curve away or
towards the polar/apolar interface.10 In planar membranes,
however, such monolayers are forced into a at topology, where
they lie back-to-back – in order to avoid energetically unfavor-
able voids – leading to signicant curvature elastic stress that is
stored within the membrane. This elastic stress may have
several functional consequences for membranes and can be
viewed as a hidden dimension of membrane curvature. Of

particular interest is the role of intrinsic/spontaneous curvature
in coupling to protein function11–18 and in determining the line
tension of lipid domains mimicking membrane ras.19,20

As per denition the spontaneous curvature J0 ¼ 0 for cylin-
drically formed lipids, J0 < 0 for lipids with tail regions of bigger
lateral cross-section than the headgroups and vice versa for J0 > 0.
For example, lipids with a negative spontaneous curvature are
prone to form non-planar structures like inverted hexagonal
phases HII. More precisely the radius of curvature of an
unstressed monolayer at its neutral plane equals 1/J0.21,22 The
neutral plane is dened as the position at which bending and
stretching modes are decoupled, i.e. bending and stretching
deformations proceed independently from each other.23 A
second, frequently quoted surface within the monolayer of
amphiphiles is the pivotal plane, which occurs where the
molecular area does not change upon deformation. Pioneered by
the groups of Rand and Gruner during the late 80s and the 90s,
the position of this surface and consequently the spontaneous
curvature at the pivotal plane J0p have been determined to high
accuracy for a couple of membrane lipids,21,24–30 for review see ref.
31. The basic idea of these experiments is to use HII phases, where
the lipid monolayers expose their intrinsic curvature within the
individual rods and to determine the pivotal plane by bending
and compressing the rods either by gravimetric dehydration or
application of osmotic pressure, while measuring the crystalline
lattice via X-ray scattering. For a limited number of lipids the
neutral plane has been estimated from the pivotal surface using
area compressibility and bending rigidity data.21,23,32

In the present work we determine J0 under stress-free
conditions by locating the neutral plane from electron density
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maps of HII phases. In particular we focus on spontaneous
curvature data of lipids which are involved in the formation of
membrane ras. Such data are especially of need for calculating
protein partitioning in diverse lipid environments11–18 or to
estimate the line-tension of lipid domains.19,20 Additionally, the
temperature dependence of spontaneous curvature is still
barely investigated. We intend to bridge this gap by deter-
mining J0 for cholesterol, DOPC, DPPC, DSPC, POPC, SOPC and
egg sphingomyelin within a DOPE matrix from 15 to 55 �C and
for POPE at 37 and 55 �C.

2 Materials and methods
2.1 Sample preparation

Cholesterol (Chol), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-stearoyl-2-
oleoyl-sn-glycero-3-phosphocholine (SOPC), and chicken egg
sphingomyelin (eggSM) were purchased from Avanti Polar
Lipids, Inc., Alabaster, AL, USA and used without further puri-
cation. 9-cis-Tricosene was obtained from Sigma-Aldrich,
Austria.

Aer weighing, lipids were dissolved in chloroform–meth-
anol 2 : 1 at a concentration of 10 mg ml�1. These lipid stock
solutions were mixed in glass vials, 12 wt% tricosene was added
and the organic solvent was evaporated under a gentle nitrogen
stream. To remove the remaining solvent, the samples were
placed in a vacuum overnight. 18 MU cm�1 water (UHQ PS, USF
Elga, Wycombe, UK) was added to 20 ml mg�1 lipid and the
mixtures with repeated freeze–thaw cycles fully hydrated. The
samples were then protected against oxidation with argon,
the vials closed and taped, and stored at 4 �C for 6–7 days until
the measurement.

2.2 X-ray measurements

Small-angle X-ray scattering (SAXS) was performed at the Aus-
trian SAXS beamline at ELETTRA, Trieste.33,34 A mar300 Image
Plate 2D detector from Marresearch, Norderstedt, Germany was
used covering a q-range from 0.2–6.1 nm�1 and calibrated with
silver-behenate (CH3(CH2)20COOAg) with a d-spacing of
5.838 nm.35 Sample temperatures were controlled with a bath
thermostat from Huber, Offenburg, Germany to a precision of
�0.1 �C. The samples were equilibrated for 10 min at given
temperatures before exposure. The exposure time was set to 30 s.

2.3 X-ray data analysis

Image integration was performed with FIT2D36,37 and cross-
checked withMATLAB�.38 For further data analysis, homemade
MATLAB scripts were used and their function veried with
FIT2D,39 IDL�,40 and IGOR Pro�.41

Standard procedures were used to determine the lattice
parameters and calculate electron-density maps of the HII (for
further details, see S1 of the ESI†). In brief, we applied Lor-
entzians and additive linear background estimators to t the

Bragg peaks. Typically 5–7 peaks were discernible in the
patterns, although for higher temperatures and some samples
only three or four peaks could be detected. This was considered
in the uncertainty estimations.

The lattice parameter a was determined via the reection
law, taking into account the information from all Lorentzians.
Fourier synthesis yielded the electron density r(~r) in real-space,
with the phasing condition (+ � � + + + + + �) known from the
literature for DOPE-rich, fully hydrated HII phases.42–44 Other
phase combinations were tested, but yielded electron densities
incompatible with the known structure.

2.4 Spontaneous curvature estimation

2.4.1 Finding the neutral plane. Instead of bending and
compressing lipid monolayers with osmotic pressures to
determine the position R0 ¼ 1/J0 of the neutral plane,21 we
applied the following procedure, assuming that the neutral
plane coincides with the glycerol backbone of phospholipids.
This assumption is supported by bending/compression experi-
ments, which always found the pivotal plane to be close to the
glycerol backbone of lipid molecules, but slightly within the
hydrocarbon region,21,24–30,44,45 while the neutral plane was esti-
mated to be closer to the backbone.21,32 The proximity of both
surfaces to the backbone can be rationalized by the high rigidity
in this region.22 In general, the positions of the neutral and
pivotal planes differ by less than 10% and can even coincide
when monolayers are bent in the absence of compression.21,22

We rst locate the position Rp of the lipid headgroup by
tting a Gaussian to a radial section of the electron density map
in a region of �1 nm around the maximum value (see S1 in the
ESI† for further details). Then, the neutral surface is simply
given by R0 ¼ Rp + dH1, where dH1 is the distance between the
headgroup and the glycerol backbone. Using a joint renement
of X-ray and neutron data on lamellar phases, Kučerka and
coworkers reported high-resolution structural data for a series
of phospholipids.46–49 The reported dH1 values range between
0.37 and 0.50 nm at temperatures from 20 to 50 �C.We apply the
average of these values for our R0 calculations dH1 ¼ (0.44 �
0.05) nm. To test the applicability of this procedure, we compare
J0 ¼ (�0.387 � 0.011) nm�1 retrieved from the present analysis
for DOPE at 25 �C with J0 ¼ (�0.367 � 0.010) nm�1 estimated
from measurements of the pivotal surface.21 A small difference
is expected due to the presence of tricosene in the present
experiments in order to reduce packing frustration (see Section
2.4.2) as compared to the measurements performed by Leikin
et al.21

We also attempted to derive J0 from the width sp of the
Gaussian tted to the headgroup region of the radial electron
density proles, i.e. R0 ¼ Rp + sp. However, the resolution of the
electron density maps was too poor for some lipid mixtures,
yielding sp > 0.7 nm and hence unrealistic locations of the
glycerol backbone.

2.4.2 Relaxation of hexagonal packing frustration. Stress
free monolayers, which are necessary for measuring the
monolayer spontaneous curvature J0, are usually obtained by
adding free alkanes or alkenes to inverted hexagonal phases
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HII.26,30,50,51 By taking up the interstitial spaces, they can reduce
the frustration of packing circular objects in a hexagonal
manner. This effect is impressively seen for POPE, which forms
in the absence of any additive a HII phase only above 74 �C.52

Addition of tricosene reduced the frustration to such an amount
that already at 37 �C the HII phase was preferred. The total tri-
cosene content of all our samples was 12 wt%. The value was
obtained from a test series of varying tricosene concentrations
and is close to the 10 wt% used in ref. 45.

2.4.3 Spontaneous curvature of bilayer-forming lipids.
Because monolayer J0 is not accessible in bilayers due to
symmetry constraints, bilayer-forming lipids have to be incor-
porated into other structures, see Fig. 1. Usually HII phases (we
use the HII forming lipid DOPE) are used as templates by mixing
the lipid of interest (“guest”) with a HII-forming “host”
lipid.17,26,29,45,53 As long as both lipids mix well, the guest lipid
can be expected to modify the curvature of the mixture linearly
with respect to its concentration c54–57

Jmix
0 ¼ cJguest0 + (1 � c)Jhost0 , (1)

and extrapolation towards 100% gives the spontaneous curva-
ture of the guest lipid.21 A more sophisticated description of
spontaneous curvature calculations for lipid mixtures has been
reported.58 However, the experimental determination of several
model parameters in this theory remains unclear and experi-
ments seem to contradict with these calculations.59

All bilayer-forming lipids were measured at concentrations
of 10, 20, 30, 40 and 50 mol% in DOPE. The extrapolation
according to eqn (1) was performed using all concentrations
below a critical value ccrit, at which:

� immiscibility was directly observed because non-hexagonal
Bragg peaks were visible,

� eqn (1) did not obviously hold anymore, or
� the lattice parameter a did not change smoothly with c.
Entropic contributions get more pronounced at higher

temperatures, which generally leads to improved miscibilities.
Accordingly, we observed a monotonic increase of ccrit with T
for all samples. An example of the occurrence of non-hexagonal
peaks is given in Fig. 2.

Good miscibility was observed for Chol and all unsaturated
lipids. For saturated lipids ccrit was not equally satisfactory, but
improved above the melting transition of the guest lipid with
the exception of eggSM, where only 10 mol% could be

incorporated into the DOPE matrix at all temperatures. The
number of useful data points (where c < ccrit) is taken into
account for determining the uncertainty of the resulting J0.
Extrapolation plots and ccrit (T) for all lipids are reported in S4
of the ESI.†

2.4.4 Temperature dependence. We performed synchro-
tron SAXS measurements at 10 �C intervals from 15–55 �C for all
lipids except POPE to quantify the spontaneous curvature's
temperature dependence J0(T). The results could be well
described within experimental errors by a straight line

J0(T ) ¼ k(T � Tm) + J0
m (2)

DJ0ðTÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDkÞ2ðT � TmÞ2 þ �

DJ0
m
�2q
; (3)

where we introduced a mean temperature Tm ¼ 35 �C, the
coefficient of thermal curvature change k, and J0

m the sponta-
neous curvature at Tm, while DX denotes the uncertainty of the
quantity X. POPE was measured at 37 and 55 �C. Note that POPE
forms a HII phase at these temperatures only in the presence of
an agent such as tricosene that relaxes the packing frustration.
Fits of J0(T) in comparison to literature data are plotted in S5 of
the ESI.†

3 Results

Chol, DOPC, DPPC, DSPC, POPC, SOPC and eggSM were mixed
with DOPE and measured as detailed in the previous section.
The pure lipids' monolayer spontaneous curvatures for each
temperature were obtained by eqn (1) (data in S4 of the ESI†).
Linear ts of the temperature dependence of J0 yielded the
values listed in Table 1 (ts in S5 of the ESI†). By inserting these
parameters in eqn (2) and (3), J0 and its uncertainty are readily
available for any temperature from 15 to 55 �C.

POPE was measured with 12 wt% tricosene and excess water
at 37 and 55 �C in the absence of DOPE. The slope and offset of a
straight line through the two points following eqn (2) with Tm ¼
37 �C are given in Table 1.

Fig. 1 Guest lipid is incorporated at a concentration cwithin the host's template
phase. Note the change of the curvature upon mixing.

Fig. 2 Determination of JDPPC0 at 25 �C (crosses) and JPOPC0 at 45 �C (ellipses) by
extrapolation of Jmix

0 towards c ¼ 100%. The insets show X-ray patterns for the
last valid (top left) and the first immiscible DPPC data points (bottom right).
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Fig. 3 compares our results for cholesterol with literature
data.‡ Although it seems like the literature data has a positive
slope of J0(T), this is probably a coincidence and due to the
uncorrelated experiments in different lipid host systems.
Generally, one would expect the chains to be more exible and
therefore also occupy more space at higher temperature, cor-
responding to a more negative spontaneous curvature. This
behavior corresponds to k < 0, which is the case for all lipids
except for eggSM. This is most likely an artifact due to the
limited miscibility of eggSM with DOPE. The limited miscibility
also affected other saturated lipids leading to signicant
experimental uncertainties in k. The overall k varied in a quite
narrow window from �1 to �3.5 � 10�3 (nm �C)�1, cf. Table 1,
in good agreement with k ¼ (�1.7 � 0.3) � 10�3 (nm �C)�1,
reported for DOPE at temperatures from 15 to 30 �C.27

Interestingly, DPPC is the only bilayer-forming lipid with a
signicant positive J0. DSPC, for example, with the same head-
group but longer chains has J0 ¼ �0.1 nm�1 at 35 �C. Thus, the
headgroup contribution to the molecular shape dominates the
cross-sectional area and hence J0 of DPPC, whereas chain

contributions dominate in the case of DSPC. Mismatch in
lateral areas of heads and chains is known to cause chain tilt
and the ripple phase for saturated phosphatidylcholines in a
certain range of chain lengths.60 Surprisingly, J0 � �0.1 nm�1

also for eggSM, which similar to PCs has a choline moiety in the
headgroup and is predominantly composed of the same
hydrocarbons as DPPC. Here the sphingosine backbone of
eggSM seems to make the difference by taking up more lateral
space than the glycerol backbone of PCs. A detailed investiga-
tion of this effect is, however, beyond the scope of the present
work.

4 Discussion
4.1 Monolayer spontaneous curvature of phase separated
systems

For known compositions, monolayer spontaneous curvatures of
mixtures are readily computable by generalization of eqn (1) to
more components, resulting in

J0
mix ¼

X
i

ciJ0
ðiÞ: (4)

As already mentioned, miscibility is required for the linear
additivity of spontaneous curvatures. We assume that this
criterion is fullled within individual domains of a phase
separated system, i.e. non-ideal mixing is not considered. Thus
if the compositions of coexisting phases are known, eqn (4) can
be applied to determine their spontaneous curvatures. In the
case of non-ideal mixing, which may occur for example by a
preferred location of lipids at the domain boundary, energetic
contributions from lipid–lipid interactions and mixing entro-
pies need to be considered (see e.g. ref. 58). However, this is
beyond the scope of the present paper.

Compositional phase diagrams including tielines have been
published recently for ternary lipid mixtures exhibiting liquid
disordered (Ld)/liquid ordered (Lo) phase coexistences.61–63

These mixtures are simple lipid-only models for membrane
ras, complex platforms which are thought to enable cellular
communication andmaterial transport.64 We parameterized the
proposed coexistence regions and tieline elds according to the
method introduced by Smith and Freed65 and slightly modied
by Heberle et al.,62 whose notation we adopted. Briey, a given
phase coexistence region is approximated via a Bézier curve of
degree ve, while a single variable takes care of the tieline
fanning. The parameter u ˛ [0, 1] identies a particular tieline,
with the critical point (tieline of length 0) at u¼ 0 and the tieline
farthest away from the critical point at u ¼ 1. More details on
this parameterization and the explicit values can be found in S2
of the ESI.†

Fig. 4 compares the spontaneous curvatures for coexisting
Lo/Ld phases. The mixture POPC/eggSM/Chol behaves as
expected, i.e. due to the negative intrinsic curvature of choles-
terol, the Lo phase, which contains about twice as much
cholesterol as Ld domains, exhibits a more negative J0. Also
DOPC/DSPC/Chol shows a similar behaviour, although the
measurement uncertainty limits a clear distinction of the
spontaneous curvatures of Lo and Ld. For DOPC/DPPC/Chol,

Table 1 Parameters describing J0(T) according to eqn (2) and (3) with Tm ¼ 35
�C, except (*) where Tm ¼ 37 �C

Lipid J0
m � DJ0

m (1 nm) k � Dk (10�3/nm
�
C)

DOPE �0.399 � 0.005 �1.3 � 0.4
POPE (*) �0.316 � 0.007 �2.7 � 0.7
Chol �0.494 � 0.013 �3.5 � 0.9
DOPC �0.091 � 0.008 �1.1 � 0.6
DPPC +0.068 � 0.032 �3.5 � 2.3
DSPC �0.100 � 0.044 �0.2 � 3.4
POPC �0.022 � 0.010 �1.8 � 0.7
SOPC �0.010 � 0.018 �2.2 � 1.3
eggSM �0.134 � 0.072 +1.4 � 5.1

Fig. 3 Comparison between cholesterol spontaneous curvature from the liter-
ature (ref. 17 and 29) and new data (circles). The straight line corresponds to
linear fit. Literature data at 32 �C have been determined in a DOPC host matrix,
and the other two in DOPE.

‡ Reported values for J0p17,29 were rescaled to J0 using J0 � J0p (1 + b), with b¼ 0.065
� 0.035 determined in ref. 21. Data reported by Boulgaropoulos et al.17 were
additionally corrected from J0p ¼ �0.38 nm�1 to �0.43 nm�1 prior to the
scaling due to a aw in their data analysis.
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however, J0 of the liquid ordered phase at high values of u is less
negative than for the Ld phase, and within the measurement
uncertainty it could even be slightly positive. This results from
a more positive J0 of DPPC as compared to DSPC with J0 �
�0.1 nm�1 (Table 1). We note that the quantitative difference
between monolayer spontaneous curvatures of Lo and Ld
depends on the exact location of the coexistence region and the
tieline orientation, which both contain some uncertainties.

It is instructive to consider the effects of these J0 differences
on the insertion probability of simple membrane proteins.
Barrel-like transmembrane proteins, which have a thicker cross-
section at the center of the bilayer than near the bilayer-water
interface, would generally prefer phases with positive sponta-
neous curvatures, where the effective lipid cross-section at the
tail region is smaller than for the headgroup (Fig. 5). In the
DOPC/DPPC/Chol case, this simple argument would mean that
the Lo phase is more attractive for such proteins. However, a
lower-order expansion of the lateral pressure prole already
reveals a dependence of protein partitioning on further elastic
parameters, specically bending elasticities and Gaussian
curvature moduli of Lo and Ld.11,12 The literature suggests
furthermore hydrophobic mismatch66 and disturbance of lipid
packing67,68 as important factors for determining protein-
insertion energies in membranes. The treatment of these effects
is beyond the scope of the present work.

4.2 Line tension calculation

Another parameter that is affected by J0 is the line tension g

between two coexisting phases, which inuences the size and

shape of domains.69,70 Theory predicts an elastic contribution to
g by the monolayer bending moduli, tilt moduli, and thickness
difference of Lo/Ld domains (gel) and a second term gJ0, which
includes contributions from the spontaneous curvatures.19 In
the following paragraphs, we give results for the line tension of
ternary and quaternary lipid mixtures and discuss the effect of
J0. Calculation details, lipid compositions of Lo and Ld phases,
as well as elastic parameters are given in S3 of the ESI.† It is
important to note that Helfrich's denition of spontaneous
curvature,71 which has been applied for deriving gJ0 in ref. 19,
differs from the quantity J0 which we determine in the present
work. However, in the case of linear bending behavior, or for
small deviations from a at monolayer, i.e. if the spontaneous
curvature is much smaller than the inverse monolayer thickness
h, the two values are approximately equal.22 In S3 of the ESI,† we
show that indeed |J0| < 1/h for the following calculations.

Just recently, bending and tilt moduli, as well as structural
parameters, have been determined with molecular dynamics

Fig. 4 Spontaneous curvature J0 (white contours and false-color) for three ternary mixtures within the phase diagrams taken from ref. 61–63. White segments are
two-phase coexistence regions with tielines, gray triangles are three-phase coexistence regions, and gray stars are critical points (top row). The spontaneous curvature J0
is plotted for coexisting Lo/Ld phases along the boundary of the fluid–fluid phase coexistence regime (bottom row) parameterized by u (see text).

Fig. 5 Barrel shaped transmembrane protein within a bilayer composed of lipids
with negative (left) and positive (right) monolayer spontaneous curvatures. For the
latter scenario, the protein shape reduces the packing frustration within the bilayer.
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(MD) simulations supported by SAXS, for two ternary mixtures
showing Lo/Ld phase separation.72 By combining this informa-
tion with our new curvature data, we calculate g ¼ 1.4 pN for
DOPC/DPPC/Chol and g¼ 1.6 pN for DOPC/DSPC/Chol at given
Lo/Ld compositions. These values are in the typical range
reported from either experiment or theory (see, e.g. ref. 73�76).
Because of the positive curvature of DPPC, J0 values for both
phases of DOPC/DPPC/Chol are close to zero, leading to van-
ishing contributions of gJ0 to the line tension. For DOPC/DSPC/
Chol, however, the Lo and Ld phases feature a negative J0,
leading to gJ0 ¼ �1.8 pN, i.e. the line tension between the
coexisting domains is decreased due to the contribution of J0.

The same theory has been applied to rationalize the transi-
tion from nanoscopic to microscopic domains, recently repor-
ted for the quaternary mixture DOPC/POPC/DSPC/Chol.77

Starting from nanometer sized domains in POPC/DSPC/Chol,
replacing POPC with DOPC has lead to increasing domain sizes,
and nally to domains in the micrometer regime for DOPC/
DSPC/Chol. Parameterized by the ratio r ¼ cDOPC/(cDOPC +
cPOPC), the original calculation of the line tension has explained
this behavior; but apart from information on the bilayer thick-
ness only estimated values for the parameters inuencing g

were available. By applying bending and tilt moduli from MD
simulations,72 spontaneous curvatures from the current work,
and structural information fromHeberle et al.,77 we were able to
calculate the line tension for r ¼ 1 and give improved estima-
tions for r < 1 (Fig. 6). Because of compositional differences for
Lo/Ld domains between experiments and MD simulations, the
present calculations still rely on considerable assumptions for
r < 1. In general, the change of nanoscopic to microscopic
domains is accompanied by an increase of line tension. This
agrees well with our results of g � 0.5 pN for the nanoscopic
regime, g � 2.5 pN for the microscopic regime, and interme-
diate in between. The contribution of spontaneous curvature to
g stays nearly constant for all compositions, meaning that the
transition from nanoscopic to microscopic domains is mainly
driven by bilayer thickness differences in this case, in agree-
ment with the conclusions of the original report.77

5 Conclusions

By evaluating synchrotron SAXS data of DOPE-rich lipid
mixtures in the HII phase, we were able to estimate monolayer

spontaneous curvatures J0 for several biologically relevant
phospholipids, cholesterol and egg sphingomyelin at tempera-
tures ranging from 15 to 55 �C. Within experimental accuracy,
our results are in good agreement with values from more in-
depth studies by other groups, conducted at room temperature
on DOPE, DOPC, and cholesterol.

Our measurements extend the J0-list of lipid species and add
their temperature dependence.31 These data will be useful for
numerous applications in membrane biophysics.

In the present work we discuss three examples: (i) the
monolayer spontaneous curvatures of ra-like lipid mixtures,
(ii) line tension of Lo/Ld phases and (iii) evaluation of the line
tension during a transition from nanoscopic to microscopic
domains. For the studied mixtures of POPC/eggSM/Chol and
DOPC/DSPC/Chol, J0 of the Lo phase was found to be more
negative than that of the coexisting Ld phase. DOPC/DPPC/Chol
however shows a contrary behavior, with a more positively
curved liquid ordered phase due to the positive J0 of DPPC. This
would favor partitioning of barrel-shaped proteins into the Lo
phase. Regarding line tension, we found only signicant
contributions of J0 for coexisting domains in DOPC/DSPC/Chol.
In DOPC/DPPC/Chol and also for the transition from nano-
scopic to microscopic domains, g seems to be dominated by
elastic moduli and thickness differences.
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S1 Electron density calculation

All recognizable peaks of the intensity I(q) were individually fitted using least-squares plus a
linear background estimator, yielding peak intensities Ih,k and positions qh,k. The (1,1) and (2,0)
peaks are close and were fitted together with a common linear background (Fig. S1).

Figure S1: Analysis of DOPE at 35 ◦C.

We followed the procedure described by Rappolt et al.1 for calculating electron maps. The lat-
tice parameter a was determined via the reflection law

√
3aqh,k /4π = 1,

√
3,2,
√

7, . . . . Fourier
synthesis yielded the electron density in real-space

ρ(~r) = ∑
h,k

αh,k

√
Ih,k q2

h,k

mh,k
. cos(2π~qh,k ·~r) , (S1)

where multiplication of the intensity with q2
h,k is known as Lorentz correction2, mh,k is the multi-

plicity of the equivalent diffraction planes (6 for (1,0),(1,1),(3,0) . . . ; 12 for (2,1),(3,1),(3,2) . . . )

S1



and αh,k is the phase (±1 for centrosymmetric structures as in this work). Literature3–5 suggests
(+−−+++++−) as phasing condition for DOPE-rich, fully hydrated HII phases. Figure S2
gives an example for a calculated electron density map. Other phase combinations were tested,
but yielded electron densities incompatible with the known structure.

Figure S2: 2D electron density map ρ(x,y) for DOPE at 35 ◦C. The white circular segment in-
dicates the region, where the radial cross sections of ρ are evaluated for the location
of the pivotal plane. Coordinates are normalized by the unit cell parameter a.

A Gaussian fit to the radial cross section of the electron density yielded position Rp and width
σp of the headgroup (Fig. S3). We averaged these quantities over azimuthal angles ranging from
0◦ (x-axis) to 60◦, as indicated by the circular segment in Fig. S2.

Figure S3: Radial cross section of the electron density from Fig. S2 along the x-axis with Gaus-
sian fit for the headgroup region.
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S2 Tieline parameterization

For parameterizing coexistence regions and tieline fields, we applied the method described in6,7.
Ternary phase diagram coordinates (x,y,z) with x+y+z= 1 and {x,y,z} ∈ [0,1] are transformed
into a two-dimensional vector ~Ψ = (ξ ,η) with components ξ = z

√
3/2 and η = y+ z/2. Bézier

curves
~B(t) =

n

∑
l=0

(
n
l

)
(1− t)n−lt l~Pl (S2)

of degree n = 5 were reported to describe phase boundaries well in the (ξ ,η)-space. To relate
these curves to the tieline fields, Smith and coworkers6 introduced the relationships

tLo(u) = τc +(1− τc)u (S3)

tLd(u) = τc−
τc u

u+ c(1−u)
, (S4)

where τc characterizes the critical point and c takes care of tieline fanning. Equations (S3)
and (S4) allow to express the tieline endpoint compositions in 2D as ~ΨLo(u) = ~B(tLo(u)) and
~ΨLd(u) = ~B(tLd(u)), where ~ΨLo(0) = ~ΨLd(0) describes the critical point.

We determined the 6 control points {~Pl} from a least squares fit of the Bézier curves to the
boundary coordinates of previously published compositional phase diagrams7–9. The fitting
was performed with the MATLAB R© function grad7.m listed in10. Having determined the
control points, we calculated τc, by minimizing the distance from the critical point to ~B(τc).
Analogously, the auxiliary points {τLo,i,τLd,i} were computed by minimizing the distance from
~B(τLo/d,i) to the intersection of the i-th tieline with the phase boundary on the Lo/Ld side. The
parameter c describing the tieline fanning was calculated by solving

c =
(τLo,i− τc) τLd,i

(τLd,i− τc) (τLo,i−1)
(S5)

in the least squares sense. Equation (S5) follows directly from eliminating u in Eqs. (S3) and
(S4). The resulting parameters describing the reported tielines from7–9 are listed in Tab. S1.

S3 Line tension calculations

Based on elastic deformations of monolayers, Kuzmin et al.11 derived an expression for the line
tension γ between two coexisting phases Lo and Ld

γ =
1
Z

√
BdKdBoKo

δ 2

h2
0
− 1

2Z
(J0,dBd− J0,oBo)

2 , (S6)

with Z =
√

BdKd +
√

BoKo, monolayer bending moduli B, tilt moduli K, monolayer spontaneous
curvatures J0, and structural parameters δ = ho−hd and h0 = (ho +hd)/2 relating the positions
h of the monolayer neutral planes. We refer to the first term of Eq. (S6) as elastic γel and to the
second as curvature contribution γJ0 to the line tension. It was already pointed out in 4.2, that
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Table S1: Parameters describing the tieline fields of published phase di-
agrams.

DOPC/DPPC/Chol§ POPC/eggSM/Chol¶ DOPC/DSPC/Chol‖
~P0 (0.268, 0.568) (0.438, 0.087) (0.155, 0.074)
~P1 (0.204, 0.174) (0.112, 0.029) (0.176, 0.265)
~P2 (0.361, 0.252) (0.531, 0.510) (0.300, 0.380)
~P3 (0.603, 0.554) (0.468, 0.126) (0.624, 0.365)
~P4 (0.778, 0.196) (0.671, 0.320) (0.646, 0.391)
~P5 (0.780, 0.189) (0.718, 0.208) (0.764, 0.224)
τc 0.429 0.297 0.506
c 1.115 0.832 1.000
§ Phase diagram from8

¶ Phase diagram from9

‖ Values taken from7, fits yielded similar results

these relations hold for |J0| much smaller than 1/h. In the following examples, we therefore
verify that |J0| ·h < 1.

We calculate the spontaneous curvatures J0,d and J0,o according to Eq. (4) using known com-
positions of Lo and Ld. The moduli in Eq. (S6) are effective moduli of the domains and normal-
ized by cross-sectional area. Per-lipid tilt moduli κ j reported in14 were taken, normalized by the
lipid areas and averaged over the corresponding phase. Averaging was achieved by defining for
each phase an average lipid, of volume V̄ = ∑ j χ jVj and area Ā = V̄/h, where Vj is the volume
of constituent lipid j and h the monolayer thickness of a given domain. We further assumed that
the effective tilt modulus can be expressed as K = ∑ j χ jκ j/Ā.

Lipid volumes needed in this section are available in the literature:12,13

DOPC POPC DPPC DSPC Chol
V (nm3) 1.30 1.26 1.23 1.35 0.63

Example 1: Ternary mixtures

All parameters used for calculations are listed in Tab. S2. The magnitude of the spontaneous
curvature J0 is at least by a factor of 2 smaller than the monolayer thickness, meaning that the
use of Eq. (S6) is justified. The resulting line tensions obtained by Eq. (S6) are reported in
Tab. S3.

Example 2: Varying domain sizes

For the quaternary mixture DOPC/POPC/DSPC/Chol, a similar calculation has already been
used to rationalize the domain size behavior as a function of ρ = χDOPC/(χDOPC +χPOPC) .15 It
was found, that the nanoscopic domains in POPC/DSPC/Chol grew bigger by replacing POPC
with DOPC, until finally microscopic domains for DOPC/DSPC/Chol were detected. We repeat
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Table S2: Compositions χ , temperatures T , and elastic and structural parameters for
Example 1.

DOPC/DPPC/Chol DOPC/DSPC/Chol
Ld Lo Ld Lo

χ1 : χ2 : χ3 0.66:0.19:0.15 0.12:0.58:0.30 0.74:0.09:0.17 0.12:0.56:0.32
T (◦C) 15 15 22 22
B (kT) ∗ 17±2 49±3 15±1 53±4
κ1 (kT) ∗ 11±1 34±3 9±1 44±3
κ2 (kT) ∗ 14±1 53±3 10±1 60±4
κ3 (kT) ∗ 15±1 48±3 15±2 49±2
h (nm) ∗,† 1.5 1.8 1.5 2.0
V̄ (nm3) 1.2 1.1 1.2 1.1
Ā (nm2) 0.77 0.58 0.80 0.57

K (kTnm−2) 15 85 13 97
J0 (nm−1) -0.08 -0.05 -0.14 -0.21
|J0| ·h 0.13 0.22 0.10 0.42

∗ Taken from14

† Although the thickness was not reported explicitly, it was used in the SAXS eval-
uation of14

Table S3: Resulting line tensions γ , and elastic γel and curvature contributions γJ0 for Example 1.

DOPC/DPPC/Chol DOPC/DSPC/Chol
γel (pN) 1.4 3.4
γJ0 (pN) 0.0 -1.8
γ (pN) 1.4 1.6
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Table S4: Bilayer thickness t and spontaneous curvature J0 for Exam-
ple 2.

ρ (%) 0 5 10 17 20 35 100
tLd (nm) ‡ 3.84 3.80 3.80 3.76 3.77 3.67 3.51
tLo (nm) ‡ 4.48 4.48 4.48 4.46 4.46 4.46 4.48

J0,Ld (nm−1) -0.06 -0.06 -0.06 -0.07 -0.07 -0.08 -0.12
J0,Lo (nm−1) -0.16 -0.16 -0.17 -0.17 -0.17 -0.18 -0.19
|J0,Ld | ·hLd 0.09 0.10 0.10 0.11 0.11 0.12 0.18
|J0,Lo| ·hLo 0.30 0.31 0.32 0.32 0.33 0.34 0.38
‡ Taken from15

Table S5: Domain radii R and resulting line tensions γ with
elastic γel and curvature contributions γJ0 for Ex-
ample 2.

ρ (%) 0 5 10 17 20 35 100
R (nm) ‡ 68 85 98 111 124 162 >225
γel (pN) 1.7 1.9 1.9 2.1 2.0 2.7 4.1
γJ0 (pN) -0.6 -0.6 -0.6 -0.6 -0.6 -0.7 -0.7
γ (pN) 1.1 1.4 1.3 1.4 1.4 2 3.4
‡ Taken from15

that calculation, but with better determined values for bending moduli, tilt moduli and sponta-
neous curvature.

The compositions for DOPC/DSPC/Chol from Example 1 are similar to the compositions for
ρ = 1. We use therefore these MD results14 also for the current example. We further assume
the per-lipid tilt moduli of POPC and DOPC to be equal. This means, that the results for ρ = 1
should be reliable, but become more imprecise with increasing POPC content. Bilayer thickness
t informations are taken from15. To obtain the height of the neutral plane h, which should be
close to the apolar/polar interface16, we subtract 0.3 nm from the monolayer thickness. This
value is a reasonable guess for the distance between the Luzzatti position and the apolar/polar
interface.12 The applied bilayer thicknesses and monolayer spontaneous curvatures are listed
in Tab. S4. Equation (S6) yields with these values the line tensions given in Tab. S5. Results
are shown in Fig. 6. The magnitude of the spontaneous curvature J0 is at least by a factor of 2
smaller than the monolayer thickness, meaning that the use of Eq. (S6) is justified.

S4 Spontaneous curvature extrapolation

The dependence of Jmix
0 (T,χ) on temperature T and concentration χ is given in Tabs. S6–S12

and plotted in Figs. S4–S10. In the figures, black crosses depict valid data points used for
extrapolation, while green data points were not considered because there χ > χcrit .
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Table S6: Spontaneous curvature Jmix
0 as function of temperature T [◦C] and concentration

χ [mol%] Chol in DOPE. Numbers above χcrit are untrustworthy
10mol% 20mol% 30mol% 40mol% 50mol% χcrit(mol%)

15 ◦C −0.38 −0.39 −0.39 −0.39 −0.39 > 40
25 ◦C −0.40 −0.40 −0.41 −0.41 −0.41 > 40
35 ◦C −0.41 −0.42 −0.43 −0.44 −0.45 > 40
45 ◦C −0.43 −0.44 −0.45 −0.46 −0.47 > 40
55 ◦C −0.44 −0.45 −0.46 −0.48 −0.50 > 50

Table S7: Spontaneous curvature Jmix
0 as function of temperature T [◦C] and concentration

χ [mol%] DOPC in DOPE. Numbers above χcrit and NaN are untrustworthy
10mol% 20mol% 30mol% 40mol% 50mol% χcrit(mol%)

15 ◦C −0.34 −0.30 NaN −0.24 −0.22 > 50
25 ◦C −0.35 −0.31 NaN −0.26 −0.23 > 50
35 ◦C −0.36 −0.33 NaN −0.27 −0.25 > 50
45 ◦C −0.38 −0.34 NaN −0.29 −0.26 > 50
55 ◦C −0.39 −0.36 NaN −0.30 −0.27 > 50

Table S8: Spontaneous curvature Jmix
0 as function of temperature T [◦C] and concentration

χ [mol%] DPPC in DOPE. Numbers above χcrit are untrustworthy
10mol% 20mol% 30mol% 40mol% 50mol% χcrit(mol%)

15 ◦C −0.32 −0.30 −0.31 −0.31 −0.33 > 10
25 ◦C −0.33 −0.29 −0.26 −0.25 −0.28 > 20
35 ◦C −0.35 −0.31 −0.27 −0.24 −0.41 > 20
45 ◦C −0.37 −0.32 −0.28 −0.25 −0.24 > 30
55 ◦C −0.39 −0.34 −0.30 −0.28 −0.25 > 30

Table S9: Spontaneous curvature Jmix
0 as function of temperature T [◦C] and concentration

χ [mol%] DSPC in DOPE. Numbers above χcrit and NaN are untrustworthy
10mol% 20mol% 30mol% 40mol% 50mol% χcrit(mol%)

15 ◦C −0.35 −0.35 −0.35 −0.35 NaN > 10
25 ◦C −0.35 −0.34 −0.35 −0.36 NaN > 10
35 ◦C −0.36 −0.34 −0.34 NaN NaN > 20
45 ◦C −0.37 −0.35 −0.35 −0.37 NaN > 20
55 ◦C −0.39 −0.36 −0.34 −0.34 −0.27 > 20
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Table S10: Spontaneous curvature Jmix
0 as function of temperature T [◦C] and concentration

χ [mol%] POPC in DOPE. Numbers above χcrit and NaN are untrustworthy
10mol% 20mol% 30mol% 40mol% 50mol% χcrit(mol%)

15 ◦C −0.33 −0.29 −0.25 −0.22 NaN > 40
25 ◦C −0.34 −0.31 −0.26 −0.24 NaN > 40
35 ◦C −0.36 −0.32 −0.28 −0.25 −0.22 > 40
45 ◦C −0.37 −0.33 −0.29 −0.27 −0.23 > 50
55 ◦C −0.38 −0.34 −0.30 −0.27 −0.24 > 50

Table S11: Spontaneous curvature Jmix
0 as function of temperature T [◦C] and concentration

χ [mol%] SOPC in DOPE. Numbers above χcrit and NaN are untrustworthy
10mol% 20mol% 30mol% 40mol% 50mol% χcrit(mol%)

15 ◦C −0.32 −0.28 −0.25 −0.22 −0.19 > 30
25 ◦C −0.34 −0.30 −0.27 −0.23 NaN > 30
35 ◦C −0.35 −0.31 −0.28 −0.25 −0.22 > 30
45 ◦C −0.37 −0.33 −0.30 −0.27 −0.22 > 30
55 ◦C −0.39 −0.34 −0.31 −0.28 −0.24 > 30

Table S12: Spontaneous curvature Jmix
0 as function of temperature T [◦C] and concentration

χ [mol%] eggSM in DOPE. Numbers above χcrit and NaN are untrustworthy
10mol% 20mol% 30mol% 40mol% 50mol% χcrit(mol%)

15 ◦C −0.35 −0.28 −0.29 NaN NaN > 10
25 ◦C −0.37 −0.35 −0.28 NaN NaN > 10
35 ◦C −0.38 −0.36 −0.30 NaN NaN > 10
45 ◦C −0.39 −0.38 −0.30 NaN NaN > 10
55 ◦C −0.39 −0.39 −0.33 NaN NaN > 10
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Figure S4: Determination of J0 for Chol.
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Figure S5: Determination of J0 for DOPC.
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Figure S6: Determination of J0 for DPPC.
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Figure S7: Determination of J0 for DSPC.
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Figure S8: Determination of J0 for POPC.
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Figure S9: Determination of J0 for SOPC.
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Figure S11: Temperature dependence of J0(T ) compared with literature data.16–24

S5 Temperature dependence of spontaneous curvature

Each lipid’s spontaneous curvature J0(T ) as a function of temperature T is presented in Figs. S11–
S12 (black circles) in comparison with literature data determined at the pivotal plane∗ (green
squares) and the neutral plane (violet crosses). The black straight line is the result of the linear
fit according to Eq. (2), while the gray band depicts its error via Eq. (3).

∗Similar to Fig. 3, we rescaled reported values to J0 ∼ J0p(1+β ), with β = 0.065±0.035 determined in17.
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Figure S12: Temperature dependence of J0(T ) compared with literature data.22
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Abstract

In order to precisely quantify the fundamental interactions between heterogeneous

lipid membranes with coexisting liquid-ordered (Lo) and liquid-disordered (Ld) do-

mains, we performed detailed osmotic stress SAXS experiments by exploiting the

domain alignment in raft-mimicking lipid multibilayers. Performing a Monte Carlo

(MC) based analysis allowed us to determine with high reliability the magnitude

and functional dependence of interdomain forces concurrently with the bending

elasticity moduli. In contrast to previous methodologies, this approach enabled

us to consider the entropic undulation repulsions on a fundamental level, without

having to take recourse to crudely justified mean-field like additivity assumptions.

Our detailed Hamaker coefficient calculations indicated only small differences in

the van der Waals attractions of coexisting Lo and Ld phases. In contrast, the re-

pulsive hydration and undulation interactions differed significantly, with the latter

dominating the overall repulsions in the Ld phase. Therefore, alignment of like do-

mains in multibilayers originates from both, hydration and undulation repulsions,

and cannot be exclusively attributed to the variability of the hydration interaction

between Lo and Ld domains, as proposed recently [Tayebi et al., Nat. Mat. 11,

1074, 2012].

Key words: osmotic stress experiments; interbilayer forces; liquid ordered phase;

liquid disordered phase; membrane rafts; Monte Carlo simulations
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Introduction

Diverse physiological processes in living systems depend on fundamental physi-

cal interactions between lipid membranes acting on the nanoscopic length scale.

Of particular interest in this context are forces acting between membrane do-

mains/rafts across the aqueous phase, involved also in their correlated mutual

alignment. Such positional correlations are well established for liquid-ordered

(Lo)/liquid-disordered (Ld) domains in model lipid multibilayers (1–8), and are

also biologically relevant in the context of e.g. the immune response, where orga-

nization of receptor–ligand domains occurs during T-cell adhesion (9, 10). Both,

the formation of such domains as well as the adhesion affinity depend strongly

on thermal fluctuations and consequently on the bending rigidity of membranes

(11, 12). It is therefore reasonable to expect that fundamental intermembrane

interactions will play an important role also in receptor–ligand domain alignment.

Within the broad DLVO paradigm (13) the fundamental long-range interac-

tions between soft material interfaces, mediated by their molecular environment,

such as solvation (hydration) interaction, electrostatic interaction, and van der

Waals interaction, can be treated independently and additively. However, this

additivity Ansatz is in general not vindicated for entropically driven bending un-

dulation interactions that warrant a more sophisticated approach (13–15).

Besides the fundamental role of entropic membrane undulations, their relation

with the membrane bending rigidity Kc (14), and through it their connection with

diverse physiological processes, has spurred a sustained scientific interest (16).

Shape analysis of giant unilamellar vesicles (GUV) (17), diffuse X-ray scattering

from oriented lipid multibilayers (18), and GUV micropipette aspiration (19) are

all techniques exploiting this connection, but none of them so far has been able

to simultaneously determine the bending moduli for coexisting membrane phases.
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On the other hand, macroscopically sized domains form distinct lamellar lattices

in multibilayer systems, enabling the application of osmotic stress experiments

(6, 20). In such experiments, osmotic pressure is maintained by, e.g., large neu-

tral polymers, such as poly-ethylene-glycol (PEG), which do not penetrate into

the interbilayer water layer, while the corresponding bilayer separation and more

recently also the specific line broadening due to fluctuations are measured by small-

angle X-ray scattering (SAXS). Several groups, including ours, have previously ap-

plied this approach to study interactions between macromolecules, including lipid

bilayers (6, 20–29).

The bare long-range DLVO interaction components, that couple macromolec-

ular surfaces through their molecular environment, get inextricably intertwined

through the thermally driven conformational fluctuations of the soft interfaces,

making detailed predictions of the overall interaction nearly impossible. There-

fore, many studies in the past have resorted to describe such complicated ther-

mal fluctuation effects by different mean-field/additivity approximations, where

conformational fluctuation effects on the bare interaction potentials are included

self-consistently (14, 15, 30–32). In contrast, additivity/mean-field approximations

can be altogether avoided in the case of simulations that start from fundamental

long-range DLVO interaction components and need no additional approximations

to yield an accurate estimate for the total osmotic pressure in the system (33, 34).

In order to understand the coupling between bare interactions and thermal

undulations, we apply a gradient-based optimization algorithm to iteratively ad-

just the parameters entering MC simulations, i.e., the coefficients describing the

strength and range of intermembrane interactions as well as the bending rigidity

characterizing the thermal undulations, in order to best match simulation results

with the experimental osmotic stress data for Ld as well as Lo phases. This
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simulation-driven analysis allows us to report for the first time experimental val-

ues for bending rigidities and interdomain interactions of coexisting raft-like phases

in multilamellar vesicles (MLV).

Materials and methods

Sample preparation

Cholesterol (Chol), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and 1,2-di-

stearoyl-sn-glycero-3-phosphocholine (DSPC) were purchased from Avanti Polar

Lipids, Inc., Alabaster, AL, USA and used without further purification. Poly-

(ethylene glycol) (PEG) with an average MW of 8000 was obtained from Fluka

Chemie AG, Buchs, Switzerland and used as received.

After weighing, lipids were dissolved in chloroform/methanol 2:1 at concen-

trations of 10 mg ml−1 (35). We prepared the ternary lipid-only mixture DOPC/

DSPC/Chol (0.42:0.37:0.21), which is known to separate into Lo and Ld domains

(36), in a glass vial and evaporated the organic solvent under a gentle nitrogen

stream at 30 ◦C. Remaining solvent traces were removed by placing the samples in

vacuum overnight. 18 MΩ cm−1 water (UHQ PS, USF Elga, Wycombe, UK) was

added at 20 µl water/mg lipid and the mixtures fully hydrated at 50 ◦C for 4 hours

with repeated freeze-thaw cycles.

To exert osmotic pressure on MLVs, sample aliquots were overlayed after hy-

dration with PEG dissolved in water, yielding final concentrations of 1–42 wt%

PEG in water. Samples were protected against oxidation with argon, the vials

closed and taped, and stored at 4 ◦C for 7–10 days until the measurement. The os-

motic equation of state for PEG, connecting its osmotic pressure with its solution

concentration is well known (37) and allows for an accurate determination of the
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PEG osmotic pressure P by using previously reported high resolution data (38).

X-ray measurements

Small-angle X-ray scattering (SAXS) was performed at the Austrian SAXS beam-

line at ELETTRA, Trieste, Italy (39, 40), at a wavelength of 1.54Å and an energy-

dispersion ∆E/E of 2.5× 10−3. A mar300 Image Plate 2D detector from mar-

research, Norderstedt, Germany was used, covering a q-range from 0.2–7.1Å−1

and calibrated with silver-behenate (CH3(CH2)20−COOAg) with a d-spacing of

5.838 nm (41). Samples were filled into reusable quartz-glass capillaries and kept

in a brass sample holder connected to a circulating water bath from Huber, Offen-

burg, Germany. The samples were equilibrated for 10 min at (20.0± 0.1) ◦C before

exposing them for 30 s to the X-ray beam.

The two dimensional detector signal was radially integrated with FIT2D (42,

43). Water background subtraction for samples without PEG was performed with

Primus (44). For osmotically stressed samples however, additional scattering from

PEG made a standard background subtraction impractical. Since the essential

informations in this case were just the Bragg peaks’ shapes and positions, we

subtracted approximative backgrounds, obtained by interpolating between SAXS

signals of pure water and PEG/water mixtures. Alternatively, one could just

subtract an arbitrary smooth function from the measured data.

The reduced data were then fitted using a recently published, full q-range anal-

ysis method for coexisting liquid/liquid membrane domains (45). This method

models each phase’s contribution individually with a bilayer-structure and a su-

perimposed membrane lattice. The lattice description is based on a modified Caillé

theory (46, 47) and therefore yields the average membrane periodicity d and the

line shape parameter η, which is connected to the mean square fluctuation of the
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membrane spacing via ∆2 = ηd2/π2 (27). The bilayer-structure of each phase is

then modeled separately via probability distributions of quasi-molecular fragments

(48).

Most importantly, the full q-range analysis allowed us to quantify the magni-

tude of fluctuations for coexisting domains. For both phases of stress-free sam-

ples, this also yields accurate electron density profiles, from which the bilayer

thickness could be obtained; but this was not possible when osmotic pressure was

applied. Instead, the osmotic thickening of dB was calculated using dB(P ) =

dB(0) · (KA + P · d(P ))/(KA + P · dB(0)) (26), where the area extension modulus

KA was estimated from published micropipette aspiration experiments on single

lipids and binary lipid mixtures (49, 50), as detailed in Sec. S1 of the Supporting

Material. The overall analysis was rather insensitive to uncertainties in KA be-

cause the maximal change in bilayer thickness was only slightly larger than the

uncertainty of the fit (±2%). The definition of the bilayer thickness dB was found

to be more important. In principle one could determine optimal values of dB via

a joint fit with free MC parameters, but this problem is under-determined and led

to bizarre values of dB for different data sets (51). Instead, we defined dB as the

distance between the remotest lipid atoms (52), also known as the steric bilayer

thickness (24); this yielded good fits and comparable results, while being directly

accessible from the SAXS analysis.

Membrane Monte-Carlo simulation

The simulation code used has been described previously in detail for a single

membrane between two walls and for a stack of membranes (33, 34, 51). For

completeness, but also to highlight our modifications, we briefly summarize its

basic elements.
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Figure 1: Real space snapshots of equilibrated Ld simulations at zero (left)
and finite (5.5 MPa, right) osmotic pressure. Membranes are drawn with
their average thickness. Deviations from the periodic lattice are color coded.
Due to 3D periodic boundary conditions, the top-most (orange) and bottom-
most membranes are equal. The most prominent effects of external pressure,
a compression of the stack and a reduction of the fluctuations, are clearly
visible.

The system under consideration consists of a stack of M fluctuating and in-

teracting membranes of size L × L, as depicted in Fig. 1. The m-th membrane’s

displacement from its average plane is denoted as um(x, y), the average distance

between membranes ā, and the bending rigidity as Kc. Imposing periodic bound-

ary conditions in all directions yields the Hamiltonian of a stack of membranes

H =
M−1∑
m=0

∫ (
Kc

2 (∇2um)2 + Φ(am)
)
dx dy, (1)

where Φ denotes the bare interaction potential, given here by the hydration repul-

sion and the van der Waals attraction, and am(x, y) = um+1(x, y)−um(x, y)+ā de-

notes the local distance between two membranes. We furthermore require am ≥ 0,

meaning that membranes cannot interpenetrate.

To reduce the system’s degrees of freedom to a finite amount, the membranes

are discretized on a square N × N lattice. The simulation is performed in the

constant pressure ensemble,(53) which converges for this model faster than con-
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stant volume simulations (34). Monte-Carlo updates are proposed in ā and in the

complex coefficients um(qx, qy) of the Fourier transformation of um(x, y). Simu-

lating in Fourier space allows for larger moves, thereby accelerating equilibration

(34). After every Monte Carlo step (MCS), which corresponds to degree of free-

dom (N2M+1) update proposals, we re-centered the coordinate system to correct

for small center of mass movement as a new feature in the calculations.

Simulations were performed for L = 700Å, several different N (6, 8, 12, 16,

24 and 32), M = 8, equilibration lengths of 3× 103 MCS, and collection lengths

of 104 MCS, which typically exceeded the autocorrelation time by a factor of 100.

Simulations were started with step sizes estimated from an approximative theory

(15) and then subsequently optimized during equilibration, applying either dynam-

ically optimized Monte Carlo (DOMC), or – as a new feature – the acceptance ratio

method (ARM) as a backup if DOMC fails (51, 54).

Several observables can be determined from converged simulations, but the

two most important quantities for comparison with SAXS experiments are the

temporally- and spatially-averaged distance between membranes dW = 〈ā〉 and

the time average of its fluctuations

∆2 = 〈(zm+1(x, y)− zm(x, y)− dB − dW )2〉, (2)

where the long bar denotes spatial averaging over (m,x, y), 〈.〉 denotes time aver-

aging, and zm(x, y) = um(x, y) +m · (ā+ dB) is the m-th membrane’s position in

real-space. Specifically, dW corresponds to the experimental thickness of the water

layers separating the lipid bilayers, while ∆ is related to the experimental Caillé

parameter η as detailed above.

It should be emphasized that our explicit purpose of making contact with the

X-ray structure factor and the interactions between bilayers, requires much larger
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systems than can be presently envisioned either for all-atom simulations, used to

obtain electron density profiles, or even for the most coarse grained molecular sim-

ulations (55). We require M bilayers in a stack, each bilayer having a large lateral

size L. It has been shown in previous work (33), that L = 700Å and M = 8 are

sufficient to obtain accuracies of 1% for dW and ∆, and that would require about

130 000 lipids with associated water in typical molecular simulations. Apart from

simulation size, also the necessary timescales, which scale with the fourth power of

the undulation wavelength (56, pp. 77–78), render molecular dynamics simulations

for that purpose unfeasible. Furthermore, to fit the experimental data requires on

the order of 100 separate simulations, distributed on multiple optimizations from

different start points. In the membrane MC simulations we employ, each bilayer is

reduced to a network consisting of N nodes in each of the two lateral directions and

each node has only one degree of freedom. Computed observables change signifi-

cantly with N/L (33, 34), so simulations were performed for a sequence of values

of N ∈ {6, 8, 12, 16, 24, 32} and then the observables were extrapolated towards

N/L→∞. Further details of this finite size convergence are given in Sec. S2.

Bare interaction potentials

For uncharged membranes, the potential at bilayer separation a is modeled canon-

ically by (57)

Φ(a) ' Aλ exp
(
−a
λ

)
− H

12πa2 . (3)

The first term is the well-established empirical form of the solvent-mediated hy-

dration interaction, which has been argued to originate from changes in various

measures of order for the water structure at the membrane interface (58–60), with

the strength A and the decay length λ, which is typically in the range of 1–2Å

(27). The second term describes the ubiquitous van der Waals interaction poten-
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tial for two planar semi-infinite layers, with H being the Hamaker coefficient that

in general also depends on the bilayer separation a, H = H(a) (61, p. 15). This

functional form is convenient because it can in fact describe both cases of either

two finite-thickness layers interacting across a solvent layer (62), as well as effective

pairwise interactions in an infinite stack of finite-thickness layers (63). For large

solvent layer thickness the nonpairwise additive effects in the latter case become

negligible and the van der Waals interaction potential for the two cases follows

exactly the same separation dependence.

Due to the divergence of the van der Waals potential for a→ 0, the 1/a2 term is

cut off for a < 1Å (33). In experiments, the collapse of charge neutral bilayers due

to van der Waals forces is avoided by very short range steric interactions established

by McIntosh et al. (64), but which occur at significantly higher osmotic pressures

than those relevant for the present experiments, see also Fig. S5.

To calculate the Hamaker coefficient H ab initio, we had to approximate the

lipid bilayers by pure hydrocarbon (65). Specifically, we calculatedH for an infinite

stack of hydrocarbon layers in water, based on a full multilayer Lifshitz formulation

(63). The ranges for the hydrocarbon thicknesses dB = 45Å to 60Å and the

water spacings dW = 5Å to 30Å were motivated by our experimental data. In

this calculation range, differences in the Hamaker coefficient were within 10%.

For our MC simulations the exact value of H matters most when all forces are

of comparable magnitude, that is at vanishing external osmotic pressure. We

therefore used the H values of 4.08 zJ for Ld and 4.15 zJ for Lo domains (Fig. 2).

Optimizing parameters against experimental data

After calculating the Hamaker coefficient H as described in , the remaining free

parameters for the simulations are ~Λ = (A, λ,Kc). We implemented a least squares
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Figure 2: Hamaker coefficient H for hydrocarbon multilayers of height dB

and separation dW in water. Highlighted are the applied values of H for Ld
and Lo, which are described in the main text.

routine with Matlab® (66), utilizing its trust region reflective optimization algo-

rithm to minimize the sum of the squared residues

χ2(~Λ) =
∑

i

(
dW,i − dW (Pi; ~Λ)

Ueff(dW,i)

)2

+
(

∆i −∆(Pi; ~Λ)
Ueff(∆i)

)2

, (4)

where dW,i and ∆i are the experimentally determined values at fixed osmotic pres-

sure Pi, dW (Pi; ~Λ) and ∆(Pi; ~Λ) are simulation results, and Ueff(f) is the effective

uncertainty of a given quantity f , derived from

U2
eff(f) = U2(fexp) + U2(fsim) +

(
∂fsim
∂P

· U(Pi)
)2
. (5)

The agreement between model and data was evaluated by the reduced χ2
red =

χ2/Ñ , where Ñ equals the number of data points minus the number of free pa-

rameters (67, p. 268). The Jacobian for this gradient based algorithm and the

derivative in Eq. (5) were computed with the histogram reweighting method de-

scribed in Sec. S3. Once the iteration converged, the uncertainties of the fit pa-
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rameters were determined from the curvature of χ2
red. In order to locate the global

optimum, several iterations from randomly chosen initial parameter sets were per-

formed.

To test our implementation, we fitted simulation results determined for one

reasonable parameter set ~Λ′, by starting the least squares from several different

initial starting points ~Λ. Within 3–5 iterations, these optimizations converged

towards the correct values ~Λ′, thereby indicating that the weighted histogram based

differentiation and the fit were correctly implemented. For the experimental data

sets, convergence was usually reached within 10 iterations. However, due to the

stochastic nature of the simulations and the consequential randomness of results

and derivatives, the optimization algorithm propagated poorly in flat regions, i.e.

small ~∇χ2
red. Because χ2

red(~Λ) is a smooth function and its gradient has to vanish

at extrema, the optimization algorithm’s efficiency decreased, the closer it got to

the optimum. This was another reason for starting several independent iterations

(68).

As a further test case, we re-analyzed previously published osmotic pressure

data of pure dimyristoyl-phosphocholine (DMPC) bilayers (27), yielding very rea-

sonable values and a good agreement between simulations and experiments. De-

tails are given in Sec. S4.

Results and Discussion

X-ray analysis

SAXS patterns were analyzed as detailed previously (8). Figure 3 showcases the

analysis for two samples at osmotic pressures of 34 kPa and 2.4 MPa, demonstrating

that shapes and positions of Bragg reflections are well reproduced. Fits for all
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other samples are shown in Sec. S5. For increased pressures, Bragg peaks shifted

towards higher q’s and became more prominent. This is due to the decrease of

bilayer separation which goes in hand with a reduction of bending fluctuations in

agreement with previous reports (27, 69). Although the fits are superb for low

osmotic pressures, we see stronger differences at increased osmotic pressures, see

Fig. 3 or Sec. S5. It seems as if the underlying Caillé theory loses its applicability

for the increased order experienced at elevated pressures. This is consistent with

reports that the Caillé theory is unsuited to describe the even more ordered gel

phase (70).

The effect of osmotic pressure on the lamellar repeat spacing d, as determined

from the SAXS analysis, is plotted in Fig. 4. At high osmotic stress, the distance

between bilayers is effectively set by the repulsive hydration interaction which

dominates the repulsive fluctuation interaction and the attractive van der Waals

interaction. As osmotic pressure is decreased, the water spacing between bilayers
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dW increases and the fluctuation interaction eventually dominates the hydration

interaction. As the osmotic pressure is reduced to zero, the attractive van der

Waals force balances the total repulsive forces, resulting in finite dW and d values.

Within experimental uncertainty, the two isotherms in Fig. 4 are rather sim-

ilar when the difference in membrane thickness is taken into account (dLd
B =

(48.5± 1.0)Å and dLo
B = (61.3± 1.2)Å). Of course, identical isotherms would

imply that all the interactions are identical. However, significant experimental

differences were observed in the fluctuation behavior as detailed below, corrobo-

rating the crucial advantage of jointly analyzing fluctuations and osmotic pressure

isotherms in order to obtain the interaction parameters (27).

Optimized simulations

The experimental data and the results of optimized simulations are compared in

Fig. 5, while Tab. 1 lists the corresponding simulation parameters. Experimental

errors for dW and η were obtained from the SAXS analysis and for P were estimated

to equal the pipetting error of 6% for viscous PEG solutions. To quantify the
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agreement between data and simulations, we report χ2
red, which becomes ca. 1 if

the differences are compatible with experimental errors (67, p. 268). This is the

case for the Ld phase, where simulations and experimental data match ideally, but

the mismatch for Lo is bigger than expected (χ2
red = 6).

We are inclined to attribute this discrepancy for Lo at least partially to the

limited applicability of the Caillé theory for highly ordered systems, as described in

the previous section. Indeed, deviations in ∆ are especially pronounced for small

bilayer separations, i.e. at high osmotic pressures. In light of these discrepancies,

we suggest that the experimental uncertainties determined for the Lo phase are

rather too small because they do not take into account the decreasing applicability

of the Caillé theory for more ordered phases whose fluctuations are suppressed by

low hydration.

While differences in P (dW ) are insignificant between Ld and Lo (see also
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Table 1: Optimal parameters determined for describing the coexisting Lo/Ld
phases in DOPC/DSPC/Chol (0.42:0.37:0.21). Errors as obtained from the
fitting routine, see text for further details.

Ld Lo
Kc/zJ 44± 10 120± 20
A/Pa 108.3± 0.2 108.1± 0.2

λ/Å 1.37± 0.15 1.74± 0.15
χ2

red 1.5± 0.5 5.8± 0.5

Fig. 4), fluctuations of the Lo phase, containing most of the DSPC and about

thrice as much cholesterol as Ld, are evidently smaller (Fig. 5). In the continuum

mechanics treatment used in the simulations, this increase in bilayer stiffness is

captured by a threefold higher Kc for Lo, see Tab. 1.

The values obtained by us for Kc compare well with previously reported results

from different techniques. Bending rigidities of binary DOPC/cholesterol mixtures

have been measured by several groups, ranging from (60± 8) to (100± 25) zJ and

were found to be largely unchanged by the cholesterol content (72–75). This sup-

ports the Kc = (44± 10) zJ obtained for Ld, where DOPC is the main constitutent

(36). In contrast, a larger concentration of saturated lipids, for which Kc does in-

crease with cholesterol (72), is present in the Lo phase, so a larger bending rigidity

would be expected for Lo than for Ld. Our finding of Kc = (120± 20) zJ for the

Lo phase is consistent with this expectation.

Furthermore, molecular dynamics (MD) simulation results are available for

comparison. Khelashvili et al. (76) used the reported tie-line endpoint compo-

sitions (36) to separately simulate the liquid-disordered and -ordered phases, ob-

taining bending moduli of 80–130 zJ for Ld and 340–440 zJ for Lo. Although these

values are large compared to our results, both methods find a strong increase of

Kc between Ld and Lo.

In agreement with Ref. 77, we find that a rather simple model suffices to relate
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bending to area extension moduli for cholesterol-rich samples (78). Based on the

assumption that the main contribution to membrane rigidity comes from the stiff

cholesterol ring of size δ′, Pan et al. used the relationship δ′2 = 12Kc/KA. For our

samples, with KA = 430 mN m−1 and 2100 mN m−1 (see Sec. S1 for details), this

equation yields δ′ = 11Å and 8Å for Ld and Lo, respectively, in good agreement to

actual cholesterol ring sizes of about 9Å, giving additional support to our analysis.

Interdomain forces

As stated before, the differences between Ld and Lo in the P vs dW data sets are

small. However, a more thorough investigation of these quantities yields interesting

insights. Because good fits to these data were obtained, the total pressure P is

readily dissected into its individual contributions from the fundamental surface

forces (79). Their functional dependence is plotted in Fig. 6.

The thicker Lo bilayer causes an increase in the Hamaker coefficient, but only

by 3% compared to the Ld phase; this is a minor difference in the van der Waals

interaction that is hardly noticeable in the PvdW curve in Fig. 6. For small bilayer

separations, the hydration interactions are of similar magnitude and represent, as

expected, the dominant contribution to the total interaction potential for both

phases. Despite these similarities, the fluctuation pressure starts to surpass the

hydration pressure already at much smaller separations dW for Ld than for Lo.

This difference implies, in contrast to the ordered phase, that the undulation

interaction becomes the most important repulsive interaction over a wider range

of bilayer separations in the case of the disordered phase. Stronger repulsions due

to fluctuation interactions are of course reasonable because thermal undulations

were found to be significantly increased for the Ld phase (Fig. 5). Nevertheless,

even in the Lo phase, the thermal undulation interaction dominates the hydration
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force over the most important, well hydrated range of dW , starting at separations

of 12Å.

We obtained almost exponentially decreasing fluctuation forces of the scaling

form ∝ exp (−z/λund), with effective decay lengths λund ≈ 3.3Å and 3.7Å for

Ld and Lo, respectively (80). The ratio of fluctuation to hydration decay length

λund/λ is obtained as 2.4 for Ld and 2.1 for Lo. While the mean-field theory

predicted its value as 2.0 (15), values of 2.4 have been reported for simulations

(33, 34), and 2.0–3.0 from other experiments (6, 27, 28).

Compared to Lo, a significantly shorter decay length for the hydration interac-

tion pressure was found for the Ld phase. At present, the origin for this difference

is unclear. However, it is this difference combined with the larger fluctuation force

that gives P versus dW curves that are nearly the same for Lo and Ld, both with

fully hydrated dW close to 17Å.

Domain alignment across interlamellar aqueous phases has recently been hy-

pothesized to be caused by water network mismatch due to the different hydration

properties of Lo and Ld phases (1). In support of this postulation, we observed

significantly different hydration forces and nearly equal van der Waals forces for

both phases. Thermal fluctuations were however neglected in the aforementioned

hypothesis, while we now find considerable differences specifically in the undula-

tion forces for coexisting domains. Their importance is especially striking near

full hydration, where undulation and van der Waals pressures surpass hydration

repulsion by an order of magnitude (see Fig. 6).
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Conclusion

We have evaluated the fundamental long-range interactions between bilayers in

Lo and in Ld domains in DOPC/DSPC/cholesterol MLV. Because we could do

this at concentrations where Lo and Ld domains coexist, we were able to avoid

all uncertainties in the phase diagram and its associated tie-lines between Lo and

Ld phases. This work combines methodology from three separate inputs: SAXS/

osmotic stress experiments, comprehensive Monte Carlo simulations, and detailed

calculations of van der Waals interactions.

The reported values for fundamental surface forces and bending moduli are the

first of their kind being, directly obtained from coexisting Lo/Ld domains. The

underlying full q-range SAXS analysis allowed us to quantify the extent of fluctua-

tions and capture their dependence on osmotic pressure, which proved essential for

determining the bending rigidities of cholesterol-rich phases. We obtained bend-

ing moduli of 44 zJ for Ld and a roughly threefold higher value for Lo domains,

attributable to their larger concentrations of saturated lipid and cholesterol.

While we obtained almost identical van der Waals interactions for aligned Lo

and Ld domains, the remaining interactions, however, turned out to be strikingly

different: decay lengths of the hydration pressures differed by 25% between Lo and

Ld phases, and repulsions due to thermal fluctuations were found to be significantly

increased for Ld. These findings provide evidence that, in addition to hydration

repulsion which was previously singled out as the sole mechanism driving domain

alignment in multibilayers (1), the fluctuation-driven undulation repulsion must be

considered in any quantitative explanation of the long-range positional correlations

between aligned Lo and Ld domains.
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S1 Area extension modulus estimation
The dependence of bilayer thickness on osmotic pressure P is accounted for via the area
extension modulus KA and given by the equation1

dB(P ) = dB(0) KA + P d(P )
KA + P dB(0) . (S1)

We estimated KA for our coexisting liquid phases based on published data for single lipids
and binary lipid mixtures by Rawicz et al.2,3 The Ld phase under investigation consists essen-
tially of DOPC, with approximately 10 mol% cholesterol.4 Interpolating linearly between the
two published values for 0 and 50 mol% cholesterol in DOPC2 yieldsKA,Ld = (430± 30) mN m−1.
In the coexisting Lo phase, the main constituent is the saturated lipid DSPC, which is accom-

panied by ca. 30 mol% cholesterol.4 Unfortunately, published KA values for saturated lipids are
sparse. As a compromise, we interpolated linearly between pure DMPC (0 mol% cholesterol)
and a 1:1 mixture of sphingomyelin/cholesterol,2,3 yielding KA = (2100± 500) mN m−1 for our
Lo phase.
As pointed out in the section X-ray measurements of the main text, knowing the magnitude of

KA is more important than getting the precise number. That is because the biggest estimated
change in bilayer thickness turned out to be just 0.3Å. In principle, such a subtle difference in
dB would be resolvable with SAXS, but not with the additional scattering signal due to PEG.

S2 Finite size convergence
With open edges, one generally expects a ‘surface’ perturbation proportional to the relative
size of the boundary to the interior, i.e. proportional to 1/N for our systems. As is well known,
periodic boundary conditions generally reduce this perturbation. They also speed up the con-
vergence with system size, from 1/N to 1/N2 in a case well documented by Bonner and Fisher5
(note their Fig. 1) and in the case of the one-dimensional Ising model the convergence is expo-
nentially fast with periodic boundary condions. While another case with very slow convergence
is known,6 that one is due to very long range interactions not present in our membrane stacks.

S1



For periodic boundary conditions, the exact solution of a harmonic approximation to Eq. (3)
suggests that dW and ∆ converge asymptotically like y(N) ∼ c∞ − c2/N

2, i.e. convergence is
expected to be faster than 1/N and, in agreement with the previous simulations,7 our results
are consistent with a dominant 1/N2 asymptotic convergence, allowing, of course, for higher
order terms.
We perform simulations for several ‘densities’ N ∈ {Nmin, . . . , Nmax} and fit them with the

function y(N) = c∞ +
∑kmax
k=2 ck/N

k. Together with the originally proposed kmax = 3 and
N ∈ {6, . . . , 32}, this method yields sufficiently precise continuum estimators c∞, compared to
the experimental uncertainties.8 However, we found that varying the arbitrary parameters kmax
and Nmin influenced the final estimator stronger for some simulations (e.g. high pressures) than
for others. To obtain more reliable uncertainties and perhaps even better continuum estimates,
we perform now several extrapolations, with different values for kmax and Nmin, but always
using the highest possible Nmax. By not changing Nmax, we weight the most significant
simulations (with the highest density) stronger. This procedure yields a list of results for c∞,l,
which we average for the final estimator. Its uncertainty is then determined by the individual
errors of c∞,l (statistical uncertainty of observables due to finite simulation length) and their
standard deviation (error due to finite simulation density). This procedure is closely related
to the Jackknife technique.9,10
Comparisons between these improved Jackknife estimators and estimators obtained by the

original method are given in Fig. S1. The relative difference in the estimators were less than
5% for all performed simulations, but most importantly, Jackknife produces a meaningful
uncertainty.

S3 Efficient differentiation
A single simulation of a particular set of parameters ~Λ = (P,A,H, λ,Kc, . . . ) contains more
information in the generated time series, than the aforementioned observables which are deter-
mined by averaging. By reweighting the simulated histogram of density of states, it is possible
to compute these quantities over a certain range of simulation parameters and thereby also
derive their gradients.11–13 14 This well recognized method was briefly mentioned for membrane
MC simulations,15 but has not been implemented for them previously.
We calculated the expectation value of an observable f(u, ā) for a different set of parameters

~Λ′ from a simulation performed at ~Λ by

〈f〉~Λ′ =
∑
f~Λ′(u, ā) · exp (−δG/kT )∑

exp (−δG/kT ) , (S2)

where the sums extend over all realized configurations and δG is the change in the Gibbs
energy of each state (u, ā) upon changing ~Λ to ~Λ′. Most parameters could be separated from
u and ā in our case, yielding δG(u, ā) = δΛ · ξ(u, ā). This allowed us to store only the time
series of ξ instead of all realized states. The parameters P , A, H, and Kc were separable in
this way, yielding

δG

V
= δP ξP + δAλ ξA −

δH

12π ξH +N2 δKc

2 ξKc, (S3)

where ξP = ā/dW , ξA = exp(−a/λ), ξH = 1/a2, and ξKc = q4|um(qx, qy)|2. The local distance
between membranes is denoted by a = um+1 (i, j)−um (i, j)+ ā, while the bars denote averages
over (m, i, j) or (m, qx, qy). V = L2Mā is the membrane stack’s volume.

S2
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Figure S1: Finite size convergence of membrane spacing dW vs membrane “density” N of Ld
domains according to Tab. 1 at intermediate (top) and high osmotic pressures P
(bottom). A variant of Jackknife allows us to obtain reasonable errors for the
estimator. Statistical uncertainties for plotted finite N data are less than 10−2 Å.
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Separating λ from (u, ā) in δG turned out to be impossible, but we were able to calculate
gradients of dW and ∆ with respect to λ efficiently. Because dW and ∆ did not depend
explicitly on λ (i.e. ∂f/∂λ = 0), differentiating Eq. (S2) yielded,

∂〈f〉λ′

∂λ′

∣∣∣∣
λ′=λ

= − AV

kTN2Ω
(∑

f(u, ā)ξλ − 〈f〉λ
∑

ξλ
)
, (S4)

where sums extend over all realized states, Ω denotes the collection length and

ξλ =
(

1 + a

λ

)
exp

(
−a
λ

)
. (S5)

Up to first order, 〈f〉λ′ was then determined from 〈f〉λ′ ≈ 〈f〉λ + (λ′ − λ) ∂〈f〉/∂λ.
Thus, for any observable f ∈ {dW ,∆} and parameter Λ ∈ {P,A,H,Kc, λ}, we first de-

termined 〈f〉1,2(N) for Λ1,2 = Λ ± δΛ as detailed above, extrapolated these expectation val-
ues for N → ∞ according to section S2, and finally calculated the finite difference quotient
∂〈f〉/∂Λ ≈ (〈f〉1 − 〈f〉2)/2δΛ. Relative finite differences were set to δΛ/Λ = 0.03.
We checked this method against direct numerical differentiation for a couple of reasonable

parameters. Errors were always sufficiently small (well below 50%) to lead the optimization
routine towards a global minimum (see the section Optimizing parameters against experimental
data of the main text).

S4 Results for a homogeneous control sample
We tested our analysis on already published SAXS data for homogeneous DMPC MLVs.16 The
Lifshitz calculation of the van der Waals forces yielded a value of H = 4.11 zJ for the published
bilayer thickness of 44.0Å. The obtained values describing the intersurface forces are given
in Tab. S1, while Fig. S2 compares the simulations with the experimental data. Reassuringly,
the simulations fit the experimental pressure data well. While the fit to ∆ is excellent for
high hydration, the fit becomes relatively poor for ∆ as dW becomes small, similarly to our Lo
sample and likely for the same reason given in the main text.
The interaction parameters obtained from the fit are shown in Tab. S1. Literature values

for DMPC’s bending modulus range from 50–130 zJ at 30 ◦C.18 In light of this large variation,
comparing only results of related methods is appropriate. Ref. 16 could not determine Kc

and the modulus B separately and therefore considered several values of Kc; two of these are
shown in Tab. S1. The values of A agree very well with ours. The larger values of λ would have
been smaller if the true value of KA had been known at that time. Two differences from the
previous analyses are that here we calculated H and we used simulations; these cause the main
differences reflected in the pairs of values for H and Kc in Tab. S1. Table S1 also shows results
from another study,19 that employed the same kind of simulations used here and differed by
obtaining X-ray data from oriented stacks of DMPC bilayers, from which Kc was obtained
directly. It also used the same P data, but failed to readjust the A and λ values to account
for the corrected KA. Nevertheless, agreement is reasonable.
For completeness, the functional dependence of the individual fundamental surface forces for

DMPC is plotted in Fig. S3. The fluctuation force becomes the dominant repulsive force when
dW exceeds 9Å, intermediate between the values of the Ld and Lo phases in Fig. 7, suggesting
that the DMPC bilayer fluctuations are intermediate in this regard between the more fluid Ld
phase and the more ordered Lo phase in the studied mixture. This is consistent with the Ld
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Figure S2: Pressure (top) and fluctuations (bottom) vs water-layer thickness for best fit of
membrane MC simulation (cyan) against SAXS data (light gray) obtained from
Ref. 16.17 Solid lines were obtained by exponentially interpolating fluctuation con-
tributions.
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Table S1: Optimal parameters found for describing the DMPC data published in Ref. 16.
Current 1998a16 1998b16 200519

H/zJ 4.11 7.13 4.91 6.1
Kc/zJ 57± 5 50 80 69
A/Pa 108.1± 0.2 108.1 108.1 108.1

λ/Å 1.66± 0.15 1.91 1.97 1.91
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δ
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P

Phyd

Pund
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Figure S3: Partitioning of total pressure P into contributions from hydration Phyd, van der
Waals Pvdw, and undulations Pund for DMPC.17 The large open black circle shows
the value of the separation dW at which hydration and undulation pressure are
equal.

phase having a high concentration of the more disordered unsaturated lipids and the Lo phase
having longer saturated chains with cholesterol.

S5 SAXS analysis
Comparisons between full q-range SAXS analyses and experimental data are shown in Fig. S4.
Deviations between data and fits, especially for higher q ranges, are due to imperfect back-
ground subtraction, as explained in the section X-ray measurements in the main text.
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Figure S4: Calculated scattering intensities (solid lines) from full q-range analyses, com-
pared to recorded SAXS data from coexisting phases (dots) of DOPC/DSPC/Chol
(0.42:0.37:0.21), for all recorded osmotic pressures P .
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S6 Fluctuations of the interbilayer water spacing
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Figure S5: Probability density function ρ of the water spacing a at different external pressures
P , for Ld (solid) and Lo (dashed) according to Tab. 1, obtained from N = 32
simulations.
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