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Energetics of stalk intermediates in membrane
fusion are controlled by lipid composition
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We have used X-ray diffraction on the rhombohedral phospholipid
phase to reconstruct stalk structures in different pure lipids and
lipid mixtures with unprecedented resolution, enabling a quantita-
tive analysis of geometry, as well as curvature and hydration en-
ergies. Electron density isosurfaces are used to study shape and
curvature properties of the bent lipid monolayers. We observe that
the stalk structure is highly universal in different lipid systems. The
associated curvatures change in a subtle, but systematic fashion
upon changes in lipid composition. In addition, we have studied
the hydration interaction prior to the transition from the lamellar
to the stalk phase. The results indicate that facilitating dehydration
is the key to promote stalk formation, which becomes favorable at
an approximately constant interbilayer separation of 9.0 +0.5 A
for the investigated lipid compositions.
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Exocytosis, intracellular transport, neurotransmission, fertiliza-
tion, or viral entry, require that two membranes merge into
one. This event, membrane fusion, involves a complex interplay
of different membrane lipids, proteins, and water molecules on
length scales of few nm. Following the “lipidic pore hypothesis”,
it is now well accepted that membrane fusion involves a sequence
of lipidic nonbilayer intermediates, whose formation is catalyzed
and guided by a specialized protein machinery (1, 2). A stage
termed “hemifusion” in which the lipids of the outer leaflets of
two membrane-enclosed compartments about to fuse can mix,
whereas the inner leaflets and the enclosed content remain un-
altered (3), has been confirmed by a variety of methods including
conical electron tomography (4) and, more indirectly; e.g., by
electron spin resonance (5) and fluorescence recovery after
photobleaching (6). Studying the fusion of protein-free bilayers
of well defined lipid composition can contribute useful insights
into the physical principles governing the merger of their more
complex biological counterparts and clarify the effect of indivi-
dual lipid species.

The first connection between two lipid bilayers is the so-called
stalk sketched in Fig. 14 (7). The proximal lipid monolayers have
merged into one strongly curved monolayer, whereas the distal
ones are still separated and intact. A persistent problem in mem-
brane biophysics is to determine the precise structure of stalks
and the free energy barrier for stalk formation. In a long series
of papers (8-16), this determination has been attempted within
the framework of the continuum theory of membrane elasticity
(17, 18). More recently, with the advent of sufficient computa-
tional power, simulations including molecular details have be-
come feasible [e.g. (19, 20) and references therein]. While stalk
formation between lipid bilayers in close contact is generally ac-
cepted as the initial step in possibly all membrane fusion reac-
tions (7), the subsequent stages from stalk to complete fusion
are still debated and different pathways may exist (21).

Complementary to these approaches, experimental data on
stalk structure and energy are required. Both for the small length
scales involved and the transient nature of the intermediate struc-
tures, direct observation of membrane fusion by current micro-
scopy techniques is impossible. Structural insights into the
process are therefore hard to gain. The 3D electron density p(7)
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of many proteins or protein fragments is routinely obtained by
protein crystallography, which has become an invaluable standard
method in structural biology, even if a multicomponent biological
process has to be dissected into the relevant protein players.
Lipidic structures can be studied in a similar fashion if they as-
semble into lipid mesophases. Lamellar phases, for example, are
well established as model systems for lipid bilayer structure and
interactions (22, 23). The 3D electron density p(7) of stalks can be
obtained by X-ray diffraction on the stalk phase of certain phos-
pholipids as pioneered by the group of H.-W. Huang (24). By
now, this technique is the only viable experimental method which
provides access to stalk structure with the required sub-nm reso-
lution. However, data are available only for two pure lipids and
with rather moderate resolution so far (24-27), and a further
analysis quantifying e.g., the curvatures of the bent lipid mono-
layers is still lacking.

According to a prevalent and widely used conception based on
effective molecular shapes (28), the presence of considerable
molar fractions of certain “nonbilayer” lipids such as phosphati-
dylethanolamines or cholesterol in biological membranes facili-
tates fusion and promotes stalk formation by virtue of their
negative intrinsic curvature [e.g., (29, 30)]. As a prerequisite for
stalk formation, close contact between lipid bilayers at the fusion
site must be established. Due to repulsive forces between lipid
bilayers at short separation distances, usually summarized as the
“hydration force” (31-33), this is associated with a considerable
energy barrier. In addition to effects on monolayer curvature or
lipid packing, changes in lipid composition also affect this “hydra-
tion barrier”. The precise origin of this barrier is still debated
(34-36) and both the ordering of water molecules close to the
lipid/water interface (37, 38) as well as thermally excited undula-
tions and molecular protrusions out of the bilayer plane (39, 40)
have been used as explanations.

In this paper, we address by experimental means how lipid
composition modulates stalk structure and the propensity of lipid
bilayers to form stalks. We consider curvature and hydration
effects and separate the energetics of stalk formation into two
contributions: the hydration barrier for bringing planar and par-
allel lipid bilayers into close contact, and the bending energy for
curving lipid monolayers from the planar state into the highly
curved stalk. We have quantified the hydration barrier as a func-
tion of lipid composition, and have determined the corresponding
critical bilayer separation dy, at which stalk formation becomes
energetically favorable. Then, by applying and extending the
X-ray diffraction methods from ref. 24, we have obtained the
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Fig. 1. (A) Cartoon of the cross-section of a stalk. (B) Arrangement of stalks
in the nonprimitive hexagonal unit cell of the stalk phase spanned by vectors
a=1(a0,0),b=(-a/2 V3a/2, 0), €= (0, 0, 3d). Shown is the electron den-
sity isosurface Ap = 0.3 (DOPC/DOPE 1:1, RH = 74%). (C) Grazing-incidence
X-ray diffraction pattern of the stalk phase (DPhPC, RH = 70%, recorded at
the MS beamline, Swiss Light Source) composed of four overlapping Pilatus
images. An attenuator with a transmission of 10~3 was used in case of the
detector position covering primary and specular beam.

structure of stalks in seven different lipid systems, including data
on lipid mixtures, with unprecedented resolution. We introduce
an approach based on differential geometry of implicit surfaces to
analyze lipid monolayer curvature in p(7). Surfaces requiring a
minimum amount of bending are found by using the integrated
squared mean curvature as the objective function. This method al-
lows a direct comparison of monolayer curvature based exclusively
on experimental data. The results are further analyzed within the
framework of the continuum theory of membrane bending.
Complementary to the tremendous progress in simulations of
membrane fusion in recent years, as well as in the understanding
of the protein machinery involved, our work elucidates the struc-
tural rearrangements of the lipid matrix at the fusion site by ex-
perimental means. Our work aims to provide insights into the
conditions which must be established and the work that needs
to be performed by fusion proteins in vivo, and allows an estima-

tion of the involved free energy differences based on structural
data.

Results

Phase Diagrams and Existence of Stable Stalk Phases. As a prerequi-
site for the structural analysis reported here, the phase diagrams
of lipid model systems forming the stalk phase of rhombohedral
symmetry (R) were required, as a function of the main control
parameter relative humidity (RH) and lipid composition. Note
that the present study focuses on stable stalk phases in thermal
equilibrium, while many more systems may display interesting
transient or metastable stalk phases. To single out stable stalk
phases, we have used own work as well as published data on
diphytanoylphosphatidylcholine (DPhPC) and mixtures of dio-
leoylphosphatidylcholine (DOPC) with dioleoylphosphatidy-
lethanolamine (DOPE) and cholesterol (Chol) (25, 27, 41). In
addition, we have detected stable stalk phases in several di-mono-
unsaturated phosphatidylcholines, structurally similar to DOPC,
but with different chain lengths. The corresponding phase dia-
gram is shown in the SI Appendix, Fig. S1. These measurements
allow us to study stalks formed between bilayers of different
thickness. Addition of nonbilayer lipids such as DOPE and Chol
significantly shifts the phase boundary between the lamellar (L)
and R phase, promoting stalk formation at higher RH. The used
molar fractions of 50 mol% DOPE and up to 30 mol% Chol are
close to the maximum amount of these lipids at which the R phase
persists in mixtures with DOPC. All lipid systems, along with the
respective phase transition values RH _  observed in our experi-
ments are listed in Table 1.

Critical Interbilayer Distance for Stalk Formation. In a second step,
the lamellar phase of all lipid systems was studied at RH values
above and close to the phase transition. The hydration force op-
posing bilayer approach was quantified by the osmotic stress
method in conjunction with electron density profile (EDP) ana-
lysis (31, 33, 42). The water layer thickness d,, is defined as the
difference of the lamellar repeat spacing d and the distance dy,
defined by the position of electron density maxima indicating
lipid headgroups (Fig. 2B). As demonstrated by model calcula-
tions, the positions of these peaks can be determined with an
accuracy of 0.1-0.5 A (44). For all lipids, dehydration was accom-
panied by a slight increase in dy;, (Fig. 2C). As described in the
SI Appendix, the onset of lateral correlations in the lipid bilayer
stack is already observed at some percent in RH above the L/R
phase transition (SI Appendix, Fig. S4). From the corresponding
EDPs, we infer that stalk phase formation is initiated at an ap-
proximately constant bilayer separation of d, = 9.0 + 0.5 A, in-
dependent of lipid composition and the associated hydration
force parameters and phase transition value RH; _ g.

Table 1. Summary of results on bilayer repulsion and stalk curvature in several lipid systems

Bilayer repulsion (lamellar phase)

Curvature analysis (stalk phase)

Lipid or lipid mixture  RH,_g P,[10° Pa] n [A] Whyg [kgT] RH x5 Piso Py RH
di14:1PC* 21 4.13 £0.38 2.29 + 0.06 91+ 25 50-70 392+131 0.18 1398+3.0 13-17
di16:1PC* 37 262+ 045 256+0.12 98 + 33 50-90 718+ 195 026 196.0+53 18-31
di18:1PC (DOPQ)* 43 3.35+0.37 235+0.06 84 + 23 60-95 7.84+080 028 207.6+4.6 18-34
di18:1PC (DOPQ)" 8.57 +0.87 0.28 205.2+38 24-32
di20:1PC 39 3.19+0.77 234x0.14 78 + 34 50-90 - - - -
DPhPC* 82 0.39 +0.04 3.50 +0.11 51+ 82-94 11.79£1.17 042 233.0x52 70-78
DOPC/Chol 90:10" 50 1.57 £ 0.10  2.56 + 0.04 59 + 13 67.5-95 1414 £ 163 038 262712 36-42
DOPC/Chol 80:20 60 1.24 + 0.09 2.66 + 0.05 55+ 12 72.5-95 - - - -
DOPC/Chol 70:30" 66 043 +0.11 3.22x0.24 42 + 17 84-95 16.38 £2.79 030 196.2+3.1 50-60
DOPC/DOPE 75:25 59 0.62 + 0.07 3.21 +0.12 59+ 14 76-94 - - - -
DOPC/DOPE 50:50* 73 0.24 + 0.04 3.68 + 0.23 38 + 11 85-94 6.81+0.78 024 2005+7.0 68-74

*GIXD data of the stalk phase recorded at Materials Science beamline, Swiss Light Source, and

at beamline IDO1, European Synchrotron Radiation Facility.
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Fig. 2. Bilayer structure and interactions as determined from electron density profiles: (A) Typical X-ray reflectivity data indicating eight clearly resolved orders

of diffraction, (B) corresponding electron density profiles Ap(z) (shifted vertically for clarity) reconstructed by aid of the swelling method, (C) structural data
d,dpp,d,, for DOPC/DOPE mixtures and (D) pressure-distance curves of all investigated lipids. The hydration properties of the branched-chain lipid DPhPC clearly
deviate from those of di-monounsaturated PC lipids. Addition of DOPE or cholesterol facilitates dehydration and therefore close bilayer contact. For all in-
vestigated samples, stalk phase formation becomes favorable at d,, < 9.0 + 0.5 A. In case of DOPC, curves TI(d,,) from two independent measurements are

shown.

Energy Required for Dehydration. The obtained pressure vs. dis-
tance curves I1(d,,) in the lamellar state (Fig. 2D) were fitted by
an exponential decay, yielding the amplitude P, and decay length
Ay, of the hydration pressure P(dy,) = P, exp(—dy/Ay) as empiri-
cal fit parameters (Table 1). For lower osmotic pressure II, the
bilayer separation d, tends toward larger values, which could be
due to an increase of bilayer undulations (33). The area under
each curve between a given value dy, and infinity, 4, Py exp(—d,/
Ap), yields an estimate for the energy (per unit area) required for
dehydration up to this point for the particular lipid composition
(11). A lower bound for the contact area of two merging bilayers
is the cross-sectional area of a stalk, for which we obtain a typical
value of A, = nd2 /4 = 20 nm? (see below). The corresponding
energies for dehydration Wy, are given for each lipid composi-
tion and d,, = d;, in Table 1. Values for the di-monounsaturated
lipids of different chain length agree within error intervals, while
DPhPC, despite its identical headgroup, is substantially easier
to dehydrate. The effect of cholesterol and phosphatidylethano-
lamine lipids was studied by successive addition to DOPC as a
host lipid. Both additives systematically reduce Wi,y by more
than 50% for the highest concentrations used. To obtain the en-
ergy for dehydration to form a stalk between planar bilayers such
as in the stalk phase, a typical area of v/3a2/2 ~ 40-50 nm? has
to be used; i.e., the values in Table 1 have to be multiplied by a
factor of 2-2.5. For example, we obtain 173 +47 kg T for pure
DOPC and 89 + 26 kgT for DOPC/DOPE (1:1 mol:mol). The
lattice constant a ~ 7 nm (for exact values, see SI Appendix) de-
notes the distance between adjacent stalks in the stalk phase. In
summary, the critical interbilayer separation of dj; ~ 9.0 +0.5 A
for stalk formation is approximately identical for all systems,
but the amount of work required to establish d;, is not. In parti-
cular, addition of the nonbilayer lipids DOPE or Chol consider-
ably reduces its value by up to approximately 50% for the used
concentrations.

3D Electron Density Distribution and Stalk Geometry. We have ob-

tained the structures of stalks in seven different lipid systems and
lipid mixtures by X-ray diffraction using a modification of the

Aeffner et al.

methods introduced by Yang, et al. (25). For each dataset, we ob-
served between 26 and 37 independent reflections and solved the
phase problem of crystallography by the swelling method for the
rhombohedral phase (25) and additional criteria as described in
SI Appendix. For further analysis and comparison, we used 25-26
independent reflections whose phases could be unambiguously
determined for all samples. This number is higher than in pre-
vious datasets on DOPC and DPhPC (24-27) and thus allows
a more precise reconstruction of the stalk phase. The spatial
arrangement of stalks can be most easily visualized by using a
nonprimitive hexagonal unit cell (Fig. 14). Fig. 34 displays 2D
electron density maps normalized to max Ap(r) = 1 for slices
through single stalks. In contrast to conventional crystallography,
lipidic structures lack fixed atomic positions and are character-
ized by thermal disorder and fluctuations (44). Therefore, they
are represented by smooth continuous electron density distribu-
tions with limited resolution compared to e.g., protein crystallo-
graphy. Regions of elevated electron density contrast indicate
lipid headgroup regions. These regions are separated by regions
of lower or negative electron density contrast indicating acyl
chains or residual water. Stalks with a strongly curved cis mono-
layer and well separated distal monolayers can readily be recog-
nized. Because diffraction averages over an enormous number of
unit cells, the obtained structures are excellent representations of
the mean stalk shape for each lipid composition.

By the naked eye, the structures shown in Fig. 34 look very
similar. The structures also display a very high similarity with
the stalk observed in a recent coarse-grained MD simulation by
Smirnova, et al. (Fig. 3B) (46). In case of DPhPC, the dimples
of the frans monolayers seem to be slightly more pronounced than
in case of the other lipids, however, compared to stalk structures
obtained by theory (11-14), they are rather weak. For further ana-
lysis and to quantify possible changes, we use the contours of max-
imum electron density contrast to define the four structural
parameters d,,d,,dy,dy, as shown in Fig. 44. In the xy plane, the
variation of the stalk waist diameter d; as a function of the polar
angle ¢ is typically below 1 A, and the mean value is used. d;
denotes the distance of the frans monolayers, and d,, and d,,

PNAS | Published online May 15, 2012 | E1611

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY

APPLIED PHYSICAL

SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119442109/-/DCSupplemental/Appendix.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119442109/-/DCSupplemental/Appendix.pdf

DPhPC (RH=78%) DOPC (RH=34%)

Fig. 3.

DOPC/DOPE 1:1 (RH=74%)

DOPC/Chol 7:3 (RH=60%) B ~ Number Density

r (nm)

Side-by-side comparison of different stalks: (A) Slices through the xz plane of a stalk in different lipid systems. The colorbar applies to all four density

maps. (B) The density map obtained by a recent MD simulation using POPC (46) shows a very similar stalk architecture. Shown is the lipid headgroup number
density. Fig. 3B adapted with permission from ref. 46. Copyright (2010) American Chemical Society.

the water layer and bilayer thickness in the stalk phase, respec-
tively.

The results and corresponding dimensionless ratios are sum-
marized in Fig. 4B and confirm the visual impression of Fig. 34:
The dimensionless ratios of structural parameters display very si-
milar values for all investigated lipids. The overall structure of
stalks is therefore highly conserved, with only subtle variations
upon addition of the nonbilayer lipids DOPE or Chol or changes
in acyl chain length. For each lipid, the four structural parameters
as well as the lattice constants a,d (provided in ST Appendix) de-
crease slightly upon dehydration. Changes in a are significantly
stronger than simultaneous ones in d. For the dimensionless ratio
d,/dy,, we find values of 1.13 < d,/d, < 1.33; i.e., the stalk waist
diameter is slightly larger than the bilayer thickness. In most sam-
ples, the water layer thickness d,, in the stalk phase exceeds the
critical value of about dj = 9.0 0.5 A for transition from the
lamellar to the stalk phase (Fig. 4B). Formation of the stalk phase
is thus associated with a spatial redistribution of the volumes
occupied lipid and water which reduces the hydration repulsion
at least in a part of the unit cell. This effect is most pronounced
in DPhPC, which is also reflected in a lower electron density con-

trast Ap close to (x,z) = (£4,0) in the density maps in Fig. 34.
Addition of cholesterol or DOPE leads to a slight increase of d,,
in the stalk phase.

Analysis of Lipid Monolayer Curvature and Bending Energy. In the
continuum theory of membrane elasticity, each lipid monolayer
of given composition is treated as a homogeneous sheet charac-
terized by few material constants. Bending deformations are
described in terms of the two principal curvatures cy,c, or,
equivalently, by the mean curvature H = (¢, + ¢;)/2 and Gaus-
sian curvature K = c; - ¢,, in each point of the neutral surface
(47). This neutral surface applies to the widely used model intro-
duced by Helfrich (18) as well as to extensions including lipid tilt
as an additional degree of freedom (47, 48) or higher-order terms
in the principal curvatures (49).

To apply this formalism to stalks reconstructed from diffraction
data, a reasonable criterion for putative neutral surfaces in
electron density representation is required. In lipid bilayers, the
neutral surface of each monolayer is usually assumed in the in-
terfacial region between lipid headgroups and acyl chains at a
fixed distance from the bilayer center (13). The neutral surface
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Fig. 4. Quantitative analysis of the stalk phase: (A) Definition of structural parameters by local electron density maxima: Electron density contrast Ap(r) in the
xy plane and corresponding stalk waist diameter d; and maximum electron density contrast (/eft), slices through a stalk in the xz and yz plane (center) and slice
through the stalk phase in the yz plane and electron density along the white line in vertical direction (right) (DOPC/DOPE 1:1, RH = 74%). (B) Summary of
results for eight different datasets. In the bottom box, the dashed line indicates the value d;, ~ 9 A, at which the transition from the lamellar to the rhom-
bohedral phase starts. For most lipid compositions, formation of the stalk phase is associated with an increase of d,,.
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corresponds to a certain electron density value within the 1D
EDP of the lamellar phase. Therefore, also in the rhombohedral
phase, we use surfaces of constant electron density contrast
Ap(F) = pjso, so-called isosurfaces, as approximations to the neu-
tral surface. Of course, the precise choice of an isosurface as an
approximation to the neutral surface is debatable. We therefore
adapted a strategy of parallelized analysis. The mathematical
background and detailed derivations are provided in Materials
and Methods and SI Appendix. Starting from the experimentally
determined 3D electron density contrast Ap(7), we computed iso-
surfaces for a range of choices of the parameter pj,, followed by a
curvature analysis of this entire family of surfaces. Fig. 5 shows
typical results: Electron density isosurfaces (Fig.54) and corre-
sponding distributions of ¢;,¢,,H and K (Fig. 5C) were computed
for pis, € [—0.2, +0.8] in steps of 0.02. In this interval, isosurfaces
display a stalk-like topology. The threefold rotational symmetry
due to the space group R3 (25) is clearly visible in each plot. At
most positions, the two principal curvatures c, ¢, are different in
sign. The principal curvatures adopt large absolute values in a
narrow region close to the stalk waist at z = 0. The same applies
to the mean and Gaussian curvatures H and K.

Using the Helfrich Hamiltonian, the bending energy difference
of the cis monolayer of a stalk with respect to a flat monolayer of
the same area can be written as AFy.,q = k() + ¢o%y) — 47kg.

A isosurface Ap = 0.3 (DOPC/DOPE 1:1)

Here, =, =2A(H?) and %, = -2A(H) correspond to the
squared mean and mean curvature, averaged over the entire
monolayer area 4. In other words, up to the bending rigidity
as a prefactor, X; quantifies the stalk shape in terms of average
mean curvature, and X, quantifies the correction in case the
spontaneous curvature c, is nonzero for the given lipid composi-
tion. The term xg [KdA = —4zxg resulting from the Gaussian
curvature is a topological invariant due to the Gauss-Bonnet
theorem (16).

Fig. 5D shows the corresponding curvature integrals X,,%,,4
and [KdA as a function of p;;, for DOPC and DOPE 1:1, plots
of X, , for the other lipids are provided in SI Appendix, Fig. S6.
For fixed pjs,, £; and X, did not vary significantly with RH. We
therefore use the averages over all RH levels within the stalk
phase of each lipid composition for further analysis and compar-
ison. Solid and dashed lines indicate the corresponding mean and
standard deviation. X; adopts its minimum X; for p;, ~ 0.2-0.4,
which corresponds to the interfacial region between lipid head-
groups and hydrocarbon region in EDPs of the lamellar phase
(Fig. 2B). Therefore, we use these X minimizing the average
mean curvature for further comparison. The isosurface area A
varies monotonously with p;,, as expected based on the corre-
sponding shift from the center of the stalk. In contrast to the
mean curvature integrals X; ,, A also exhibits a systematic shift
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with RH encompassed within the dashed lines shown in Fig. 5D,
due to the shrinking/swelling of the unit cell upon changes in lipid
hydration. For pj,, < 0.5, the numerical results for [ ,KdA are
close to the theoretical value —4xz expected for the topology of a
smooth stalk between planar bilayers (16). In this range of pjg, all
electron density isosurfaces possess a topology similar to the one
in Fig. 54. We use this integral as a control that the algorithm
works correctly and attribute residual deviations from —4z to
imperfect integration close to z = 0 where K assumes its most
extreme values.

In case of DOPC, the two datasets containing grazing-inci-
dence data recorded at different synchrotrons agree within error
bars. Comparing different lipid compositions, we observe that the
minimum value X} increases with chain length (i.e., for the lipids
di14:1PC, di16:1PC and di18:1PC) and with Chol concentration
in DOPC/Chol samples (Table 1). Therefore, longer acyl chains
or increased Chol content seem to lead to more strongly curved
monolayers. Addition of DOPE to DOPC, on the contrary, does
not have a significant effect: electron density isocontours for
pure DOPC and DOPC/DOPE 1:1 almost coincide (Fig. 5B),
and the values of X, and %, agree within error bars for the entire
considered p;,, range (Fig. 5D).

Discussion

Prior to stalk formation, the lipid bilayers about to merge must
come into close contact. This process is opposed by strong, short-
range repulsive forces, summarized as the “hydration force”.
In the pioneering work of Rand and Parsegian reviewed in
refs. 31-33, the hydration force parameters P, 4, of many lipids,
including those of DOPC and a 1:3 DOPC/DOPE mixture rele-
vant to the present study, have been obtained by the so-called
gravimetric method. Here, only the lamellar repeat spacing d
is measured. The water layer thickness d,, is not directly obtained,
but deduced from d using the highly simplifying assumption that
lipid and water molecules partition into distinct and well defined
layers and maintain their molecular volumes in bulk. This as-
sumption excludes a possible intercalation of lipids and water,
as well as surface roughness at the molecular level (33). Further
sources of errors associated with the gravimetric method derive
from the simplified assumption that water and lipid as mixed by
macroscopic amounts must partition in strict proportion, exclud-
ing water pockets defects and any geometric shapes deviating
from idealized multilamellar domains (23, 50). Therefore, no pre-
cise value of d,, can be obtained by this method. The strategy
chosen here, using electron density profiles reconstructed by aid
of the swelling method at hydration levels close to the onset of
stalk formation, circumvents these drawbacks: It yields the actual
bilayer structure (in terms of electron density) in the hydration
range relevant for stalk formation and the corresponding hydra-
tion force parameters P, and A, based on a clear definition of
bilayer separation distances d,,. Notably, due to the absence of
strong bilayer undulations in dehydrated conditions, our EDPs
are typically based on eight orders of diffraction, compared to
only four at full hydration (51).

It has been noted earlier that the water layer thickness d,,
at given osmotic pressure, as calculated from the gravimetric
method can deviate significantly from the measured EDP (31).
However, these values are still in use: For example, a recent the-
oretical analysis based on the early hydration force parameters
obtained by the gravimetric method for DOPC and a DOPC/
DOPE mixture, predicts considerable variations in the critical
water layer thickness d, for stalk formation (36), which is in sharp
contrast to the practically constant value d, in our experiments.
Even after a compressibility correction to take into account
changes of bilayer hydration with hydration, the corrected gravi-
metric values and our new values based on EDPs show opposing
different trends on the hydration force decay length 4, of DOPC/
DOPE mixtures. Furthermore, by the compressibility-corrected
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gravimetric method, an increase of P, by about three orders
of magnitude has been reported upon addition of 50 mol%
cholesterol to eggPC (31). This increase is in striking contradic-
tion to the observation of decreasing P, and slightly increasing 1,
obtained by the EDP method for the same lipid system (52), as
well as to the observed decrease of d,, at constant pressure upon
addition of cholesterol to DOPC (Fig. 2). EggPC and DOPC are
different lipids, of course, nevertheless one would certainly
expect the same trend. We believe that these discrepancies are
due to the questionable assumptions and experimental difficulties
associated with the gravimetric method discussed above. The
EDP method, in contrast, yields the actual bilayer structure with-
out any prior assumptions, samples are more easily prepared, and
results can directly be compared to MD simulations (53). There-
fore, we suggest to use hydration force parameters P,, A, ob-
tained by the EDP method for future studies on hydration effects
in membrane fusion.

The osmotic pressures required to induce the stalk phase in
pure lipids (Table 1) correlate well with recent values for the
cross-sectional area A; per lipid headgroup at full hydration
(54, 55): The larger Ay, the lower the critical osmotic pressure
corresponding to RH;_ . Of the used di-monounsatureted
lipids, DOPC has the largest A; at full hydration (54) and re-
quires least osmotic pressure to form the stalk phase. DPhPC, in
turn, has a considerably larger A; than these lipids (55) and
undergoes the L — R phase transition at substantially lower pres-
sure. A feasible theory to explain this observation is provided by
the electrostatic model of Cevc and Marsh, which predicts pro-
portionality between P, and the square of the dipole density in
the phospholipid headgroup region (38). Following this picture,
spreading PC headgroups apart and increasing A ; e.g., by adding
cholesterol (52, 56) or by applying lateral tension (57) would
facilitate dehydration and thus hemifusion by reducing the dipole
density. Previous experiments using hydration force data
obtained by EDP analysis (58) provide support for this theory,
however, an alternative explanation based on hydrogen bonding
exists (59).

Our electron density reconstructions of the rhombohedral
phase allows a side-by-side comparison of stalks formed by dif-
ferent lipid compositions. The dimensionless ratios of structural
parameters show little variations; i.e., the stalk morphology in dif-
ferent lipids is approximately constant. If the effective molecular
shape of lipids was the key parameter in stalk formation, one
would very likely expect more significant changes in stalk mor-
phology and the dimensionless ratios of structural parameters.
Furthermore, our electron density maps of stalks are in strikingly
good agreement with the stalk structure obtained in a recent mo-
lecular dynamics simulation of a stalk formed between two POPC
bilayers by Smirnova, et al. (46) (Fig. 3B). Comparing the distri-
bution of water in the lamellar and stalk phase close to the phase
transition, and considering the sudden increase of water layer
thickness upon stalk formation (Fig. 4B) one concludes that lipids
can be more favorably hydrated in the stalk geometry. In a highly
curved stalk structure, water molecules face lipid headgroups in
three rather than only two directions, and thus more headgroups
may “benefit” from a given number of hydrating water molecules.
Along with the structural constancy in the entry point of the stalk
phase at the L — R phase transition, these observation of a
largely universal stalk structure in different lipid systems point
to the fact that the distribution of water is the key to understand
the formation of stalks. Loosely speaking, rather than focusing on
surfaces minimizing bending energy, which has been the case in
early papers on stalk formation, the present structural results
point to the dominating role of geometries maximizing hydration.
Finally, if the propensity for stalk phase formation was dominated
by bending energy, one would expect RH; _y to decrease with
the hydrocarbon chain length, because « is expected to increase
quadratically with monolayer thickness (60). The lowest value of
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RH,;_ g for dil4:1PC and its nonmonotonous sequence for
di14:1PC to di20:1PC, which was confirmed in three repeated
measurements including calibration of the RH sensor, clearly in-
dicate that this is not the case.

With the introduced formalism of electron density isosurfaces,
we are now in a position to quantify lipid monolayer curvature
and bending energy based on experimentally obtained stalk struc-
tures. The obtained results for the curvature integrals X, , are
directly based on the diffraction data; i.e., lattice parameters and
form factors, without further modeling. For a comparison of our
stalk structures to results from continuum theory, we consider the
results obtained by Markin and Albanesi using the “standard”
Helfrich Hamiltonian and requiring H = const. (12), and by
Kozlovsky and Kozlov using a model including lipid tilt and a
nonsmooth neutral surface (13). These two models start from
two initially flat bilayers, which is the same initial configuration
as in our experiments. Because Ap(F) is reconstructed by a Four-
ier series with a limited number of terms, we obtain smooth iso-
surfaces with neither discontinuities nor a constant mean curva-
ture. Because the curvatures adopt large absolute values in a
narrow region close to the stalk waist (Fig. 5C), the Kozlovsky/
Kozlov structure better matches with our experimental results.

With known elastic coefficients cy,k,kg, it is possible to esti-
mate the contributions in the Helfrich bending energy. We
consider the case of DOPC and DOPE, because their elastic coef-
ficients are available from the literature. For fixed «,c, taken from
ref. 16, a minimum of about 50 kg T for pure DOPC and about
15 kg T for DOPC/DOPE (1:1) is obtained for the term x(%; +
coX,) (Fig. 64). If ¢, is allowed to adopt slightly more negative
values, which could be a realistic assumption in dehydrated
conditions (see below), the mean curvature term can approach
negative values (Fig. 6B). The Gaussian curvature term —4zkg
yielding about 100 kg T for kg ~ —k (16) dominates the bending
energy AFy.,q or accounts for at least more than one half of it.
This conclusion is in qualitative agreement with latest results
from continuum theory (15, 16). Notably, the work required for
dehydration of the area corresponding to the stalk waist Wy
(Table 1) is similar in magnitude to the total curvature energy
and, as proposed in ref. 15, could be released by stalk formation
and thus make the stalk phase energetically favorable compared
to the lamellar phase. Our results on Xy, given in Table 1 for
other lipid compositions can be directly applied if their material
parameters k,kg,co become available in future.
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Fig. 6. Combining our structural results with values for bending modulus
x and spontaneous curvature ¢, allows to estimate the bending energy
of a stalk: (A) Bending energy term «(X; + ¢X;) for the case of DOPC
(k=9 kgT, co=-0.0115A"") and an equimolar DOPC/DOPE mixture
(k=9 kgT, cg = —0.024 A™") as a function of the isodensity value p;, The va-
lues of x and ¢, were obtained from (16), in case of the lipid mixture, molar
fraction-weighted values are used. (B) The same energy for a fixed isosurface
(DOPC/DOPE 1:1, piso = 0.34) as a function of x and ¢y. If c; becomes slightly
more negative upon dehydration, as explained in the main text, x(Z; + ¢o%;)
may approach negative values.
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At this stage, possible limitations should be discussed: The
continuum description and the Helfrich Hamiltonian is well ac-
cepted if bending deformations are small; i.e., the radii of curva-
ture are large compared to the monolayer thickness. It is debated
to what extent this approach and truncating the series expansion
of bending energy after quadratic terms in ¢, ¢, are justified
and sufficient in case of strongly bent monolayers such as in
membrane fusion intermediate structures (12, 13, 46, 57, 61).
In addition, as a general concern, it may be doubted if neglecting
molecular details is a valid approach on these length scales (57).
For example, a locally varying lipid composition and, in case of
cholesterol, redistribution between cis and #rans monolayers by
lipid flip-flop (62) can not be ruled out. A further issue is the
interdependence of lipid headgroup hydration and curvature:
At strong dehydration, water molecules are extracted from the
first hydration shell directly associated to the lipid headgroups
(63). This dehydration could change their effective molecular
shape and thus «,kg, and ¢;. The expected trends upon dehydra-
tion, a more negative ¢, and a less negative kg, would both reduce
AFy.ng and thus facilitate stalk formation (15). However, we
stress that, from an experimental point of view, the dimensionless
ratios of structural parameters, as well as the isosurfaces com-
puted from the 3D electron density distribution Ap(7) and the
associated surface integrals, adequately describe the structure.
Of course, molecular configuration and discreteness are impor-
tant, but for the average stalk structure, the 3D continuum den-
sity is a justified and purely data-based description, and thus
independent of the validity of continuum elasticity theory. Our
structural results lead to curvature integrals which we have for-
mulated free of the elastic coefficients. Future experimental re-
sults on the elasticity constants can be directly applied to the
structural data deposited here.

It is a frequently encountered inaccuracy that energies ob-
tained by continuum theory; e.g., the value of about 40 kg T in
ref. 13, are interpreted as the total free energy required to induce
stalk formation [e.g. (64-66)]. However, this value only includes
bending and tilt deformations with respect to a flat monolayer of
the same area. The value does not include the Gaussian curvature
term and, most importantly, also neglects the energy required for
dehydration, which already ranges from about 80 to 250 kg T for
initially flat lipid bilayers and the area of v/3a2/2 per stalk in the
stalk phase, where stalks are located in close proximity. In simu-
lations of bilayer fusion, two parallel patches of lipid bilayers are
usually “prepared” in dehydrated conditions; i.e., at a fixed num-
ber of water molecules per lipid molecule well below the one in
fully hydrated conditions. Therefore, also here, the free energy
cost for stalk formation of 3-15 kg T obtained by different simu-
lation methods (46, 61, 67) does not include the energy required
to establish close bilayer contact, and this hydration barrier based
on our results would by far exceed the free energy difference of
3-15 kg T for the last step from dehydrated bilayers to a stalk.
Thus, we believe the present results call for a revision of the cur-
rent curvature-centered view, and suggest to reinforce work on
hydration effects in stalk formation and membrane fusion.

Next, we discuss possible implications of our results for pro-
tein-mediated membrane fusion. Both SNARE-mediated and
viral (e.g., HIV) membrane fusion involve the formation of helix
bundles (68, 69). In case of the formation of a single SNARE
complex out of syntaxin, SNAP-25, and synaptobrevin, the 'mini-
mal machinery’ required for membrane fusion (70), a free energy
release of AG = 18 kgT has been measured by isothermal titra-
tion calorimetry (65) and AG = 35 kgT by surface force appa-
ratus (64), respectively. Based on molecular size, the maximum
interaction distance at which the SNARE complex could nucleate
is in the range of 5-20 nm (71, 72), which has to be compared to
the 0.9 nm of critical distance for hemifusion in our lipid compo-
sitions. The short-range repulsive forces that need to be over-
come to bring membranes to close proximity prior to fusion are
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quantified by the hydration force parameters. Given the decay
length 4, of few A, integration of the hydration force from 5
or 20 nm to dy, yielding the hydration barrier is practically con-
stant. The composition of the involved membranes can signifi-
cantly affect the required energy: The lipid bilayer matrix of
synaptic vesicles contains about 40 mol% cholesterol and a con-
siderable amount of PE lipids (73). For the hydration barrier
between a spherical vesicle and a planar bilayer, one obtains
222 RP, exp(—ds;/Ay). With the hydration force parameters of
the DOPC/Chol 70:30 mixture (Table 1) and a typical vesicle ra-
dius of 20 nm (73), this yields about 84 kg7, and a lower value is
expected for the physiological lipid composition. We now postu-
late that SNARE complex formation may lead to dehydration at
the point of contact between the membranes, possibly as a rather
‘indirect’ effect by SNAREs formation acting at the periphery.
It is then reasonable to compare the hydration barrier with the
energy release by SNARE formation. The ratio of 2-3 deduced
from the above numbers is well compatible with recent observa-
tions that 1-3 SNARE complexes are sufficient to achieve mem-
brane fusion (66, 74). In line with the present results, the inhibi-
tion of fusion observed after depletion of cholesterol, both in
SNARE-mediated (75) and viral fusion (76, 77), as well an
increase of the docking efficiency in SNARE-mediated vesicle
fusion upon higher PE content (78), may result from the effects
of these lipids on the hydration barrier Wyyq.

Finally, the present approach may shed some light on the role
of charged lipids and ions in hemifusion. It is long known that the
interplay of Ca?* and anionic lipids such as phosphatidylserine
(PS) facilitates fusion (79-81). This finding has been explained
by calcium-induced condensation of charged headgroups and
thus phase separation, leading to the formation of hydrophobic
defects (82). Our work suggests that the bilayers fuse as soon as
the critical separation d;;, has been induced by Ca?* condensa-
tion. Indeed, condensed lamellar phases of anionic lipids are very
close to this values: For DOPG/Ca*", 47 A d-spacing are re-
ported in ref. 83, which—given the 37 A bilayer thickness (head-
group-headgroup)—results in a water layer slightly larger than
our dy;,. With additional control parameters (i.e., osmotic pres-
sure, temperatature, composition) a transition to a nonlamellar
states is then easily induced. In this context, we also found that
the lipid phosphatidylinositol-4,5-bisphosphate (PIP,), which is
enriched at the sites of vesicle fusion of synaptic membranes
(84, 85), has a very pronounced effect on the phase behavior
of DOPC and promotes stalk and inverted hexagonal phase for-
mation already at concentrations of few mol% (43). As a strongly
anionic lipid with three net negative charges, PIP, is likely to in-
teract with Ca®*, possibly again facilitating localized dehydration
and hydrophobic defect formation. Thus, if proteins induce
changes at the plasma membrane that affect ion binding and lipid
demixing or repartitioning (cholesterol, PIP,), this could modify
the local membrane hydration and thus modulate synaptic vesicle
exocytosis. In this line of argument, the fusiogenic proteins would
set a constraint on the interbilayer distance either by directly
bringing together opposing bilayers, or indirectly by inducing lo-
cal dehydration effects through lipid reorganization. In a second
step, the induced local dehydration would then lead to stalk for-
mation, not necessarily directly at the protein site (45). The cri-
tical value found here for the interbilayer distance dy; =9 A (as
measured from headgroup to the opposing headgroup) defines
the critical value at which the two opposing bilayers relax hydra-
tion energy by stalk formation. This distance is possibly required
to form lipid bridges, “splay intermediates”, where the hydrocar-
bon tails of a single lipid in one cis monolayer insert into the op-
posing lipid bilayer, as observed in MD simulations (34, 46, 86).

Maybe, the most interesting result of the present study is the
predictability of the stalk formation for a given lipid system, based
only on hydration force measurements in lipid bilayer stacks. The
measured interaction parameters of the hydration force for a gi-
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ven system directly allow for the computation of pressure, work
and/or chemical potential at which stalks begin to form, simply by
extrapolating the hydration curve to the critical value dy.

Materials and Methods

Additional experimental methods are described in S/ Appendix.

Sample Preparation and Hydration Control. Oriented lipid bilayer stacks were
prepared by deposition of organic lipid solution on cleaned and hydrophi-
lized silicon wafers as a solid support. The samples were placed in environ-
mental chambers with precise relative humidity (RH) control, which in turn
were mounted on different X-ray diffractometers. RH = 100% is equivalent
to full hydration in aqueous solution (87). Lowering RH in a controlled fash-
ion was used to successively extract water molecules from the aqueous layer
separating adjacent bilayers. In the investigated phospholipids and mixtures
of DOPC/DOPE and DOPC/cholesterol, a phase transition from the lamellar
phase to the stalk phase of rhombohedral symmetry could be observed at
characteristic and reproducible values RH, _ given in Table 1. All experiments
were carried out at room temperature.

Electron Density Profiles and Bilayer Interactions. X-ray reflectivity scans as de-
scribed in S/ Appendix were carried out at different RH levels with
ARH = 2-3% from typically >90% down to the stalk phase. In these dehy-
drated conditions, at least seven lamellar orders of reflection could be re-
corded for all samples (Fig. 2A). At or close to full hydration, this number
is typically significantly less. 1D electron density profiles Ap(z) (Fig. 2B) were
then reconstructed by aid of the swelling method for lamellar phases
described e.g., in ref. 43 and references therein. Following the well estab-
lished osmotic stress method (31, 33, 42), it is assumed that the total attrac-
tive pressure can be approximated by the osmotic pressure P = —(kgT/vy,)
In(RH/100%) which dominates the van der Waals attraction in the used
RH range (33, 88). Here, v,, denotes the molecular volume of water, kg Boltz-
mann’s constant and T the absolute temperature. Empirically, the datapoints
(dw.P) are well described by an exponentially decaying function P(d,,) =
Py exp(—d,,/4,) yielding the hydration pressure amplitude P, and decay
length 4, as fit parameters.

Reconstruction of Stalk Structure. Reconstruction of the stalk phase was based
on the methods described in refs. 24, 25. Due to the unusual 2D powder
symmetry of aligned lipid mesophases, different diffraction geometries
are required to obtain the form factor amplitudes |F.| of all observable re-
flections with Miller indices h, k, . We used a combination of grazing-inci-
dence X-ray diffraction at two different synchrotron beamlines (IDO1,
European Synchrotron Radiation Facility, and Material Science beamline,
Swiss Light Source), as well as X-ray reflectivity scans and powder diffraction
using laboratory diffractometers. The crystallographic phase problem was
solved by a combination of the swelling method for the rhombohedral phase
(25) and additional criteria based on direct methods of crystallography, as
well as the characteristic physico-chemical properties of lipid mesophases,
yielding the phase factors vy, = +1. A detailed description of the applied
protocol, as well as swelling diagrams and tables including all form factors
Fpke and lattice parameters a,d of the nonprimitive hexagonal unit cell of the
rhombohedral lattice (Fig. 1B), are provided in S/ Appendix. Finally, The elec-
tron density contrast Ap(r); i.e., the deviation from the mean electron density
in the unit cell, could be reconstructed on arbitrary scale by the Fourier cosine
series

Ap(F) = thkHFhkf\ coS(Gre * 7)- [1]
kel

Curvature Analysis of Lipid Monolayers. In differential geometry, each point of
a smooth and continuous surface embedded in 3D space is characterized by
two principal curvatures ¢, and c; or, equivalently, mean curvature H = (¢; +
¢,)/2 and Gaussian curvature K = ¢ - ¢,. Using this description, the free en-
ergy due to bending deformations can be expanded up to quadratic terms in
¢; and ¢, into the widely used “Helfrich Hamiltonian” (18)

Foong = & / (2H — cy)2dA + kg / KdA, 2]
2 /4 A

where ¢, denotes the spontaneous curvature of a lipid monolayer, « its bend-
ing rigidity and kg the Gaussian curvature modulus, all with respect to the
neutral surface where energetic contributions due to changes in monolayer
curvature and area decouple. For our purposes, we rewrite (Eq. 2) into the
form
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e,

AFpeng = k(Zy + ¢oZy) — 4akg [3]

denoting the bending energy difference with respect to a flat monolayer of
the same area A in terms of the quantities

A

3, =2 / HdA = —2A(H) . [5]
A

The expression (...), denotes the average over the isosurface area A. The
term kg [KdA = -4k independent of the precise stalk shape is due to
the Gauss-Bonnet theorem (16). As motivated in the main text, we use elec-
tron density isosurfaces Ap(r) = const. as approximations to possible neutral
surfaces in the stalk phase. Due to symmetry reasons, it is sufficient to con-
sider a single cis monolayer located in the hexagonal prism indicated in
Fig. 5A. Within this volume, surfaces of constant electron density contrast
Ap(r) are given by the implicit equation

f(7) = Ap(F) = piso = 0, [6]

where p;,, denotes the chosen isodensity value. At each point r, the mean and
Gaussian curvature of the corresponding isosurface can be determined by the
expressions (89-91)

_ VfT -Hess(f) - Vf —|Vf|* - Tr(Hess(f))
- 2V ’

H [7]
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VfT - Hess*(f) - Vf
K= yI
VS|
V£, Hess(f), and Hess* (f) denote gradient, Hessian and adjugate (or classical

adjoint) of the Hessian of f. Once H, K are known, the two principal curva-
tures follow from

(8]
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electron density contrast Ap(r) reconstructed by (Eq. 1), determine H, K at
each point of this surface and compute the quantities £, £,, A, /KdA is de-
scribed in detail in S/ Appendix. An extension to any other functional of ¢q,¢;;
e.g., Hamiltonians including higher-order terms, is straightforward.
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