Article

Vesicle Adhesion and Fusion Studied by
Small-Angle X-Ray Scattering
Karlo Komorowski,1,2 Annalena Salditt,1 Yihui Xu,1 Halenur Yavuz,2 Martha Brennich,3 Reinhard Jahn,2
and Tim Salditt1,*
1
€ t Göttingen, Göttingen, Germany; 2Department of Neurobiology, Max-Planck-Institute for
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ABSTRACT We have studied the adhesion state (also denoted by docking state) of lipid vesicles as induced by the divalent
ions Ca2þ or Mg2þ at well-controlled ion concentration, lipid composition, and charge density. The bilayer structure and the
interbilayer distance in the docking state were analyzed by small-angle x-ray scattering. A strong adhesion state was observed
for DOPC:DOPS vesicles, indicating like-charge attraction resulting from ion correlations. The observed interbilayer separations
of 1.6 nm agree quantitatively with the predictions of electrostatics in the strong coupling regime. Although this phenomenon
was observed when mixing anionic and zwitterionic (or neutral) lipids, pure anionic membranes (DOPS) with highest charge density s resulted in a direct phase transition to a multilamellar state, which must be accompanied by rupture and fusion of
vesicles. To extend the structural assay toward protein-controlled docking and fusion, we have characterized reconstituted
N-ethylmaleimide-sensitive factor attachment protein receptors in controlled proteoliposome suspensions by small-angle
x-ray scattering.

INTRODUCTION
Membrane fusion is a ubiquitous physiological process on
both the cellular and subcellular level. A well-known
example is the fusion of neurotransmitter-filled synaptic
vesicles with the presynaptic plasma membrane (1). The
fusion and the subsequent release of neurotransmitters are
essential for nerve conduction, which is mediated by proteins known as soluble N-ethylmaleimide-sensitive factor
attachment protein receptors (SNAREs) (2). Neuronal
SNAREs comprise both synaptobrevin 2 (Syb), situated in
the membrane of the synaptic vesicle, as well as syntaxin
1a (Syx) and SNAP-25 (SN25), which in turn are anchored
in the presynaptic plasma membrane. According to the
zippering hypothesis, the N- to C-terminal assembly to a
four-helix bundle, named the SNARE complex, provides
the driving force to bring opposing membranes into close
contact and therefore initiates the merger (2).
Despite significant experimental efforts, e.g., (3,4), many
important details of the membrane fusion pathway, in
particular concerning the intermediate structures of the
membrane and the corresponding energy barriers, are still
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under debate. At the same time, numerical studies have
provided interesting insight into possible structures and
mechanisms (5,6), which in turn require experimental verification. From studies of multilamellar model membranes,
we know that the planar bilayer topology becomes unstable
upon dehydration, and stalks begin to form for certain lipids
once a critical (minimal) water layer thickness dw is
reached between opposing bilayers (7–11). A limitation
of these experiments is the fact that the critical osmotic
pressure is extremely high and cannot be reached in solution but requires partial hydration in vapor pressure chambers. Important biochemical and biophysical parameters
such as ionic strength cannot be used in such a setup. It
is therefore of interest to investigate the equilibrium
spacing between adhering lipid vesicles in solution, especially in the presence of controlled concentrations of monovalent or divalent ions such as Ca2þ. In particular, it is
important to see whether adhesion and eventually fusion
can be induced by controlled variation of divalent ion concentration and to quantify the corresponding electrostatistical forces (12,13). Experimentally, adhesion and fusion can
be studied both in protein-free vesicles induced by Ca2þ as
well as in vesicles with reconstituted SNAREs (also denoted as proteoliposomes) because reconstitution protocols
are well established (3).

Vesicle Adhesion/Fusion Studied by SAXS

In this work, we use small-angle x-ray scattering (SAXS)
as a well-established technique for structure analysis of lipid
vesicles in solution (14–16) to characterize the adhesion (or
docking) state of vesicles. To this end, we primarily address
‘‘physical’’ adhesion induced by Ca2þ in pure lipid vesicles.
We hence provide an experimental investigation of the contact zone, which has also received much attention in recent
molecular dynamics (MD) simulations (17–19). Importantly, we find that the interbilayer distance in the strong
adhesion state is governed by condensation of the divalent
counterion according to the regime of strong coupling
(13). In Outlook: SNARE-liposomes, we present SAXS
experiments using vesicles with reconstituted SNAREs.
For the latter, we use the mutant SybD84, which was shown
to induce adhesion but not to promote full fusion (3). In this
way, intermediate states of a SNARE-mediated liposome
fusion pathway could be made accessible for SAXS. Note
that the adhesion state of both protein-free vesicles and proteoliposomes, with two bilayers brought into close apposition, is likely to be governed by strong electrostatic and
osmotic forces.
The main aim of this work is hence to probe the bilayer
structure and the interbilayer water spacing dw , with molecular resolution as quantified by the electron density profile
(EDP) normal to the membranes. Following suitable preparation protocols of vesicles, the first challenge is the preparation and identification of the adhesion or docking state. As
a long-term goal, we want to control and distinguish a nonreacted, a docked, and a fused state, as illustrated in Fig. 1.
We thus first address vesicle preparation, protein reconstitution, and SAXS analysis in the Materials and Methods
following this introduction. Subsequently, results will be
presented and discussed, first for noninteracting unilamellar
lipid vesicles and then for the adhesion state of vesicles
induced by CaCl2 and MgCl2. The interbilayer distances
obtained from adhered vesicles will be discussed in terms
of interaction potentials. The study will close with an
outlook toward x-ray structural investigations of SNAREmediated liposome docking and fusion and with a summary
of the main findings. Auxiliary data sets and further evaluations as well as additional technical details are included as
Supporting Material.
MATERIALS AND METHODS
Preparation of vesicles
The lipids dioleoylphosphatidylcholine (DOPC), dioleoylphosphatidylethanolamine (DOPE), dioleoylphosphatidylserine (DOPS), and cholesterol
were purchased as lyophilized powders from Avanti Polar Lipids (Alabaster,
AL). As a first step, the lipids were dissolved in chloroform and mixed at the
desired molar ratio. Chloroform was then evaporated under a stream of
nitrogen. The resulting dried lipid film was subsequently hydrated with ultrapure water (Milli-Q; Merck, Darmstadt, Germany) to a final lipid concentration of either 5 mg/mL for DOPC:DOPE:DOPS:Chol or 10 mg/mL for all
other lipid mixtures. To achieve a homogeneous phase, the mixture was sonicated to clarity using a tip sonicator (SONOPULS HD 3100; Bandelin, Ber-
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FIGURE 1 (a) SAXS geometry and isotropic two-dimensional diffraction pattern as measured by an area detector (here, scattering from DOPC:
DOPE (1:1) vesicles). The distance between the sample plane and the detector is denoted by dSD. The momentum transfer vector is given by !
q ¼
! !
!
!
k j  k i , where k i and k j are the wave vectors of the incident and the
scattered x-ray beam, respectively. (b) Sketch of a ‘‘free’’ vesicle with the
radius R0 (left) and of two docked vesicles with an extended interface between two opposing bilayers (right) is shown. For both illustrations, three
Gaussians describing the EDP rðzÞ of a bilayer are indicated (one Gaussian
for each headgroup region and one Gaussian for the hydrophobic chain region). To see this figure in color, go online.
lin, Germany) at amplitude 40% and pulse duration 0.5 s/0.5 s and at least
five times for 60 s, with cooling periods on ice. After sonication, the vesicle
suspension was stepwise extruded through polycarbonate membranes with
pore sizes of 100, 50, and 30 nm in diameter (in that order, for each round
25 times) using a Mini-Extruder from Avanti Polar Lipids.
For the investigation of CaCl2- and MgCl2-induced vesicle adhesion, the
DOPC:DOPS mixtures were hydrated with either ultrapure water or a
100 mM glucose solution to a final concentration of 10 mg/mL and subsequently vortexed. Afterwards, the vesicles were extruded through membranes of a pore size of 100 nm in diameter. CaCl2 and MgCl2,
suspended either in ultrapure water or in a 100 mM glucose solution,
were added to the vesicle suspension before the experiment.
Size distributions of the vesicles were quantified by dynamic light scattering (DLS), both for noninteracting vesicles (included as Fig. S1) and for
the calcium-induced adhesion state. DLS measurements were performed by
using an ALV/CGS-3 DLS/SLS Laser Light Scattering Goniometer System
(ALV, Langen, Germany). The setup is equipped with a 22 mW polarized
HeNe-Laser operating at a wavelength of l ¼ 632:8 nm (model 1145P;
Uniphase, St. Charles, IL) and an ALV-7004 Multiple Tau Digital Correlator. Data analysis was performed with the ALV-Correlator Software
(ALV-7004 for Windows, V.3.0.5.4; ALV, Langen, Germany), as previously
described in (20).

Protein expression and purification
Expression and purification of SNAREs were performed by following the
protocol in (3). The SNAREs used in this work, synaptobrevin-2 (residues
1–116 (21) and 49–96 (22)), syntaxin-1A (residues 183–288) (21), and a
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cysteine-free variant of SNAP-25A (residues 1–206) (23), were derived
from Rattus norvegicus and their constructs were cloned into expression
vectors. Full-length syb(1–116) C28S was cloned into a pET28a vector
containing His6-tags. For the DN-complex (containing syb2(49–96),
syx1A(183–288) and SN25(1–206)), the SNAREs were coexpressed using
the pETDuet-1 vector for syb2(49–96) and syx1A(183–288) and
the pET28a vector for SN25(1–206). All SNAREs were expressed in
Escherichia coli strain BL21(DE3) and purified by Ni2þ-NTA (nickelnitrilotiacetic acid) affinity chromatography, followed by ion-exchange
chromatography on the Äkta system (GE Healthcare, Little Chalfont,
UK). His6-tags were removed by thrombin cleavage.

Preparation of SNARE-liposomes
The SNARE-liposomes were prepared by following the protocol in (3).
Briefly, DOPC:DOPE:DOPS:Chol (molar ratio of 5:2:2:1) liposomes
were prepared in a 150 mM KCl, 20 mM HEPES (pH 7.4) buffer by
reverse-phase evaporation and subsequently by extrusion through polycarbonate membranes. The lipids were dissolved in chloroform:methanol
(2:1) and mixed at the desired molar ratio. Using a rotary evaporator,
the solvent was evaporated resulting in a dried lipid film. The lipid film
was re-dissolved in 1.5 mL diethyl ether, and 0.5 mL of the buffer was
added. The resulting mixture was sonicated using a thin-tip sonicator
(Branson Sonifier, 50% duty cycle at low intensity, 3  45 s and cooling
on ice after each sonification step for 45 s). Diethyl ether was removed
from the emulsion by again using the rotary evaporator. Further buffer
was added to the resulting liposome suspension to get a final lipid concentration of 8 mM. To get unilamellar liposomes with a mean radius of
50 nm, the liposomes were extruded through polycarbonate membranes
with a pore size of 0.4 mm and with a pore size of 0.1 mm (each 25 times) in
that order.
For SNARE reconstitution, the liposomes were mixed with n-OG (noctyl-b-D-glucoside) and either with syb or the DN-complex purified in
1% n-OG or 3-([3-cholamidopropyl]dimethylammonio)-1-propanesulfonate, respectively. The molar ratios of these mixtures were determined
by the R-value, which describes the ratio of the concentration of n-OG
above its critical micelle concentration to the concentration of the lipids
(for details, see (3)), and further by the lipid-to-protein ratio. For reconstitution of the DN-complex and of syb, the R-values were set to R ¼ 2
and to R ¼ 1.5, respectively, and the lipid-to-protein ratio was set to
500:1 at a final lipid concentration of 4 mM for both reconstitutions.
To remove excess n-OG, two runs of dialysis against liposome buffer using Slide-A-Lyzer cassettes (Thermo Fisher Scientific, Waltham, MA) of
a molecular weight cutoff of 2 kDa were performed at room temperature.
In a first ‘‘overnight’’ dialysis, 2 g/L of adsorbent beads (SM-2-BioBeads; Bio-Rad, Hercules, CA) were included, followed by a second
run for 4 h.

the sample through the beam was generated to minimize radiation damage. For background subtraction, the matched buffer was measured
before and after each sample. Automatic raw data processing, including
azimuthal integration to obtain the one-dimensional scattering curve
IðqÞ, background subtraction, and curve averaging (with a veto in case
of radiation damage), was performed online by a processing pipeline
within the EDNA framework (25).

Form and structure factor models
SAXS analysis of lipid vesicles is well-covered in literature. In this work,
we largely follow (14,26). However, we briefly repeat the scattering equations for notational clarity and as a basis of the specific choice of model and
parameterizations used for the adhesion (docking) state. We use the standard decomposition of the powder-averaged kinematic structure factor
SðqÞ and vesicle (or bilayer) form factor FðqÞ ¼ jf ðqÞ j 2 with the form-factor amplitude f ðqÞ to write the scattering intensity IðqÞfhFð~
qÞSð~
qÞi, where
h.i denotes the powder average. q is given by the modulus of the
momentum transfer vector q ¼ j~
q j ¼ ð4p=lÞsin q, where l is the wavelength of the x rays and q the half of the scattering angle relative to the incident beam (cf. Fig. 1). The EDP normal to the bilayer, which enters into the
form factor F(q), is parameterized by three Gaussian functions according to

"

#
ðz  zi Þ2
rð~
rÞ ¼
ri exp 
;
2s2i
i¼1
3
X

(1)

representing both headgroup regions and the hydrophobic chain region with
the amplitude ri , the peak position zi , and the width si of the respective
Gaussian function as sketched in Fig. 1 b. This model has the advantage
that it provides analytic solutions for F(q).

The flat bilayer and the spherical vesicle model
For noninteracting vesicles, we assume S(q) ¼ 1. We consider two basic
models to calculate F(q) on the basis of (14), namely, the flat bilayer model,
which assumes that the SAXS signal is dominated by the powder-averaged
bilayer structure, and the spherical vesicle model, which takes interference
of the bilayer with the overall spherical shape properly into account. Note
that the latter has the advantage of providing the mean vesicle radius R0 and
polydispersity sR in addition to the bilayer structure parameters.
With the assumption that interference between different bilayer patches
averages out in polydisperse ensembles, the vesicle suspension can be
considered as a ‘‘perfect powder’’ of flat lipid bilayer patches with random
orientations. The form-factor amplitude is hence given by the one-dimensional Fourier transform of the electron density rðzÞ (Eq. 1),

Z

ffb ðqÞ ¼

rðzÞexpðiqzÞdz;

(2)

SAXS
SAXS experiments were performed at the bending magnet beamline
BM29 (BioSAXS) at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France (24). The photon energy was set to E ¼
12.5 keV by a multilayer monochromator with DE=Ex0:01. The beam
size at the sample plane was (700  700) mm2. The scattered x rays
were recorded using a pixel detector (Pilatus 1M; Dectris, Baden-D€attwil,
Switzerland) with 981  1043 pixels of size (172  172) mm2 at a sample-to-detector distance of 2.867 m to cover a q-range of 0.036–
4.95 nm1. By using the sample-changer robot, the samples were automatically loaded into a vacuum-mounted quartz-capillary of 1.8 mm in
diameter for exposure. For this purpose, the samples were loaded into
PCR tubes (in general 50 mL per sample), and the matched buffers
were loaded into microcentrifuge tubes (1–2 mL). For data acquisition,
10 frames of 1 s were recorded for each sample, in which a flow of
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followed by powder averaging. The scattering intensity is then simply given
2

by hffb ðqÞ  i because interactions between vesicles are neglected (14):
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2
N X
N
q
þ
s
s
X
i
j
1
5
Ifb ðqÞf 2
r r si sj exp4 
q i¼1 j¼1 i j
2
 

 cos q zi  zj ;

(3)

where the factor q2 takes into account the powder average of the onedimensional Fourier transform in Eq. 2.
Spherical vesicle model: taking the spherical symmetry of the vesicles
into account, the form-factor amplitude is given by the radially symmetric
Fourier transform of the electron density rðzÞ,
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Z
fsv ðqÞ ¼

rðrÞr 2

sinðqrÞ
dr:
qr

(4)

The scattering intensity is then calculated by taking the polydispersity of
the vesicle suspension into account using a Gaussian distribution. As shown
by (14), it can be written as

2

2

N X
N
q
1 X
4
r
r
s
s
exp
i
j
i
j
q2 i ¼ 1 j ¼ 1


 Aij ðqÞ  Bij ðqÞ þ Cij ðqÞ ;



Isv ðqÞf

s2i

þ

2

s2j

3
5

(5)




  

Aij ðqÞ ¼ ðR0 þ zi Þ R0 þ zj þ s2R cos q zi  zj ;

(6)





Bij ðqÞ ¼ exp 2q2 s2R ðR0 þ zi Þ R0 þ zj þ s2R




 4q2 s4R cos q 2R0 þ zi þ zj ;

(7)

and

(8)

The docking model
According to the flat bilayer model, the form-factor amplitude of the electron density of a single bilayer is calculated by the Fourier transform in
Eq. 2, yielding (26)

2
pﬃﬃﬃﬃﬃﬃ
s 2 q2
ffb ðqÞ ¼ 2p42sh rh exp  h
cosðqzh Þ
2
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Bilayer headgroups

s2c q2

3

5:
þ sc rc exp 
2
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}

(9)

2

 2
1  
nd ffb ðqÞ  SðqÞ þ ð1  nd Þffb ðqÞ  ;
2
q

(13)

taking into account the superposition

 2of the scattering contribution of single
(undocked) bilayers ð1  nd Þffb ðqÞ  and of docked bilayers, respectively.
Note that even if all vesicles dock, nd < 1, corresponding to the fraction of
vesicle surface involved in adhesion. Again, the factor q2 takes the powder
average into account.

Fig. 2 shows simulated SAXS curves IðqÞ versus q of the form and structure
factor models discussed above to illustrate the characteristic features related
to the structural parameters.
In (a), we compare the flat bilayer model and the spherical vesicle model.
Differences are observed in particular in the low q-region, where modulations are evident in the case of the spherical model. Accordingly, this q-region is sensitive to the mean radius R0 and to the width of the size
distribution sR of the vesicles. Contrarily, at higher q-values, the flat bilayer
model represents a good approximation and can be used to obtain structural
parameters only of the bilayer in a robust manner. In (b), we compare spherical model curves for different radii, whereas the ratio of the radius to the
polydispersity is kept constant. As expected, the minima (modulations)
are shifted toward lower q-values when R0 /sR increases. Furthermore, we
observe an increase of the scattering intensity over the entire q-range.
In (c), we compare scattering curves for different values of ð1  nd Þ.
ð1  nd Þ ¼ 0 gives the limiting case for the scattering arising only from
adhering bilayers (blue line), thus Id ðqÞfð1=q2 ÞFðqÞSðqÞ. In addition to
the form-factor minima of a single bilayer, further modulations are
observed because of the structure factor. In the limiting case ð1  nd Þ ¼ 1
(green line), the docking model equals the flat bilayer model
Id ðqÞfð1=q2 ÞFðqÞ. The third example shown is ð1  nd Þ ¼ 0:5 (orange
line), corresponding to a superposition of the scattering from two bilayers
in close apposition and from single uncorrelated bilayers. In this scenario,
which corresponds to the experimental observations, the structure-factor
modulations can be observed but are less pronounced than the form-factor
minima. In (d), scattering curves for different water spacings dw are
compared. Although the form-factor minima remain, the intermediate modulations of the structure factor vary in a characteristic manner with dw . As
expected, the minima of the structure-factor modulations are shifted toward
lower q-values when dw increases.

Least-squares fitting

Bilayer chain region

Here, the left term in the square brackets corresponds to the form factor of
the bilayer headgroups and the right term to the form factor of the chain
region.
In real space, two bilayers in close apposition can be described by a
convolution of the electron density rðzÞ, with the sum of two Dirac delta
functions with distance d given by

sðzÞ ¼ dðzÞ þ dðz  dÞ:

Id ðqÞf

Form and structure factor simulations

where Aij ðqÞ, Bij ðqÞ, and Cij ðqÞ contain the structural parameters R0 (mean
radius) and sR (standard deviation of the size distribution) as follows:



  
Cij ðqÞ ¼ 2qs2R exp 2q2 s2R 2R0 þ zi þ zj sin q 2R0

þ zi þ zj :

Note that the structure factor in Eq. 12 can also be obtained from a multilamellar vesicle model with N bilayers with periodicity d (26,27), setting
N ¼ 2. Using Eqs. 9 and 12, the scattering intensity IðqÞ is given by

To obtain structural parameters from SAXS data, the experimental scattering intensities Iexp ðqi Þ with data points i ¼ 1; .; N recorded at qi were
fitted by the model curve Imod ðqi Þ, accounting for scaling factor and background (additional background contribution after experimental background
reduction) as

Itot ðqÞ ¼ c1 , Imod ðqÞ þ Ibg ðqÞ:

(14)

(10)
The quality of the fit was monitored by the reduced c2 -function

The Fourier transform of the delta function is simply a shift in Fourier
space, thus

sðqÞ ¼ 1 þ expðiqdÞ:

(11)

2

Iexp ðqi Þ  Itot ðqi Þ
i¼1
s2i
;
Np1

XN
c2red ¼

(15)

The modulus square of Eq. 11 gives the structure factor

SðqÞ ¼ 2 þ 2cosðqdÞ:

(12)

where p is the number of free model parameters and s2i is the variance of the
intensity Iexp ðqi Þ for a measured data point i. Nonlinear least-squares fitting
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a

as indicated. For the bilayer structure, a symmetric profile was enforced,
reducing the number of free parameters, unless specified otherwise. The
Gaussian parameters representing the headgroups are sh ¼ sh1 ¼ sh2 and
rh ¼ rh1 ¼ rh2 . Although the width sc of the Gaussian representing the
chain region is a free parameter, the amplitude and the position were fixed
to rc ¼ 1 (arbitrary (arb.) units) and zc ¼ 0 (nm), respectively. The positions of the two outer Gaussians are denoted as zh1;2 ¼ 5zh . Only for the
comparison in Fig. 3, an asymmetric bilayer model was included. Hence,
the width and the amplitude of the Gaussians representing the headgroups
were free parameters for both sides (sh1 ssh2 and rh1 srh2 ), whereas the
positions were fixed analogously to the symmetric profile.

b

RESULTS AND DISCUSSION
SAXS characterization of unilamellar vesicles

c

d

FIGURE 2 Form and structure factor models. (a) A comparison of the
spherical vesicle model (blue line) and the flat bilayer model (orange
line) is shown. (b) The data for the spherical vesicle model for varied radius
and polydispersity (R0 =sR ¼ constant) are shown. (c) The data for the
docking model for dw ¼ 2 nm and different values of ð1  nd Þ are shown.
(d) The data for the docking model for different water spacings dw , 4 nm
(blue line), 2 nm (orange line), and 1 nm (green line), for nd ¼ 0:5, are
shown. The bilayer parameters are sh ¼ 0:35 nm, sc ¼ 0:7 nm, rh ¼ 1:5
(arb. units), rc ¼ 1 (arb. units), and dhh ¼ 3:6 nm for (a and b) and
sh ¼ 0:4 nm, sc ¼ 0:7 nm, rh ¼ 1:5 (arb. units), rc ¼ 1 (arb. units),
and dhh ¼ 3:66 nm for (c and d). To see this figure in color, go online.

was implemented using the MATLAB function lsqnonlin of the MATLAB
R2016a Optimization Toolbox (MathWorks, Natick, MA).
For the flat bilayer model and the docking model, a constant background
Ibg ðqÞ ¼ c2 was used to account for possible errors in the instrumental background subtraction. For the spherical vesicle model, both constant and
power-law background correction terms Ibg ðqÞ ¼ c2 qc3 þ c4 were used

1912 Biophysical Journal 114, 1908–1920, April 24, 2018

First, we have verified that a unilamellar state has been
reached by the vesicle preparation for each of the different
lipid compositions to have a structural reference for any
further docking or fusion reactions. In view of a fusion reaction, we further addressed the question of whether we can
control the size distribution of the vesicles. To this end,
SAXS measurements were performed after the respective
preparation step (subsequent extrusion through membranes
of 100, 50, and 30 nm pore size) in ultrapure (Milli-Q) water
and are shown as Fig. S2. The SAXS curves indicate that vesicles containing the negatively charged lipid DOPS achieve
unilamellarity already after the first preparation step of direct
sonication, whereas DOPC:DOPE mixtures (pure DOPC and
the molar ratios of 4:1 and 1:1) differ from the characteristic
SAXS profile of unilamellar vesicles, in particular between
the first two form-factor minima, where remnants of Bragg
peaks or at least modulations are observed. For both DOPC
and DOPC:DOPE (4:1), unilamellarity is not even achieved
after three runs of extrusion (using pore diameters of 100,
50, and 30 nm), whereas DOPC:DOPE (1:1) does become
unilamellar after the final extrusion step (30 nm diameter).
Hence, if no charged lipid component is used, at least a
high molar ratio of DOPE should be used to achieve unilamellar vesicles. A strong decrease in scattering intensity is
observed for DOPC and DOPC:DOPE after extrusion, reflecting the significant reduction in lipid concentration after
filtering out big aggregates.
Next, we have to select a suitable scattering model for
unilamellar vesicles to extract structural parameters of the
bilayer EDP. To this end, we compare the models of the
flat bilayer dispersion and of perfectly spherical vesicles.
We further investigate the effects of constraining the model
to asymmetric EDP versus a freely parameterized EDP.
Fig. 3 shows a quantitative analysis of the SAXS data of
30-nm extruded DOPC:DOPE (1:1) vesicles in which
different models are compared. In (a), the spherical vesicle
model and the flat bilayer model fits are shown both for symmetric and asymmetric EDP. For the spherical vesicle model
fit, the full q-range was fitted, whereas only a restricted
q-range of 0.36–4.95 nm1 was fitted to the flat bilayer
model, corresponding to the validity of this model

Vesicle Adhesion/Fusion Studied by SAXS

a

b

FIGURE 3 (a) SAXS data of 30-nm extruded
DOPC:DOPE (1:1) vesicles in Milli-Q water
(black circles), spherical vesicle model fits with
either a symmetric or an asymmetric EDP (blue
and red lines, respectively), and flat bilayer model
fits with either a symmetric or an asymmetric EDP
(yellow and purple lines, respectively). (b) EDPs
obtained from the fits in (a) with the corresponding
colors are shown. (c) SAXS simulation results using the spherical vesicle model with either a symmetric or an asymmetric EDP (blue and red,
respectively) are shown. To see this figure in color,
go online.

c

(cf. SAXS simulations, Fig. 2). Note that all fit functions are
plotted over the entire q-range for a better comparability.
Further, an additional power law c2 qc3 þ c4 modeling the
background is included in the spherical vesicle model and
a constant background in the flat bilayer model. The dependence of the structural parameters on the choice of the background model is further elucidated in Fig. S3.
The corresponding EDPs are plotted in (b). The structural parameters and the related c2red are listed in Table 1.
In general, all models match the data quite well, with
only minor differences in the medium and high q-range.
The parameters of the bilayer profile are found to be robust
with respect to the two models and background choices.
Larger differences between the models are observed in
the lower q-range. As expected, only the spherical vesicle
model can capture the dip corresponding to the vesicle
size (radius R0 ). The values for R0 derived from the fit
match the expectation according to the pore size of the
extrusion, see Table 1.
Slight improvements of c2red appear for an asymmetric
bilayer profile. However, this is hard to justify in view of
the unreasonably strong asymmetry (b), as well as the

high number of free model parameters. In (c), SAXS simulations of the spherical vesicle model with either a symmetric or an asymmetric bilayer profile are indicated. The EDP
is displayed in the inset. By comparison of the two cases, we
observe that already a slightly asymmetric profile yields
large deviations in the SAXS profile (red lines), in particular
for the form-factor minima. This observation indicates that a
precise background subtraction is essential when considering an asymmetric bilayer structure, especially because
the form-factor minima are sensitive to this. Therefore, we
restrict ourselves mainly to the analysis of a symmetric
bilayer profile to obtain robust effective EDPs.
Note that the analysis of further curves is presented as
Fig. S4, along with tabulated values of structural parameters
(Tables S1–S3) obtained from the fits for the respective
models.
Adhesion of lipid vesicles
Next, we have investigated the structural changes induced
by the addition of divalent salts. Fig. 4, a–c shows a series
of SAXS data IðqÞ versus q of vesicles, either suspended in

TABLE 1 Structural Parameters Obtained from Spherical Vesicle Model and Flat Bilayer Model Least-Squares Fits to SAXS Data of
30-nm Extruded DOPC:DOPE 1:1 Vesicles Using Either a Symmetric or an Asymmetric Bilayer Profile
Model
Flat bilayer
Spherical vesicle

Bilayer Structure

rh1 , rh2 (Arb. Units)

sh1 , sh2 (nm)

sc (nm)

dhh (nm)

R0 (nm)

sR (nm)

c2red

symmetric
asymmetric
symmetric
asymmetric

1.26, 1.26
2.63, 0.92
1.23, 1.23
2.79, 0.82

0.32, 0.32
0.17, 0.44
0.30, 0.30
0.18, 0.42

0.73
0.77
0.67
0.75

3.68
3.66
3.72
3.68

–
–
14.35
15.32

–
–
7.4
8.68

1.15
1.1
1.42
1.09

The structural bilayer parameters are rh ¼ rh1 ¼ rh2 and sh ¼ sh1 ¼ sh2 or rh1 srh2 and sh1 ssh2 for a symmetric or an asymmetric bilayer profile, respectively. The amplitude of the Gaussian representing the chain region is selected to rc ¼ 1 (arb. units) for all fits.
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ultrapure water (a and b) or in a 100 mM glucose solution
(c), in which structural changes were induced as a function
of lipid composition and CaCl2/MgCl2. In the case of pure
DOPS (a), we observe a phase transition toward a multilamellar phase already at low CaCl2 concentrations,
e.g., 0.1 mM, as is evidenced by the emerging Bragg peaks.
The latter become more pronounced with an increase of
the CaCl2 concentration. From the position of the
first Bragg peak, we infer a lamellar periodicity
d ¼ 2p=q0 z4:97 nm for the 1 mM CaCl2 curve, yielding
a water layer thickness dw ¼ d  dhh ¼ 1:18 nm, given the
measured headgroup-to-headgroup distance dhh ¼ 3:79 nm
(Table S1).
Contrary to DOPS, the SAXS profiles of the two-component mixture DOPC:DOPS (1:1) (b and c) exhibit a
different line shape with structure factor modulations
instead of Bragg peaks upon addition of CaCl2 or MgCl2
(highlighted by black arrows). According to the simulations of the docking model in Fig. 2, we identify these
profiles as stable adhesion states of the vesicles. Control
experiments indicate that the observed structure factor
modulations are characteristic for the divalent cations

Ca2þ and Mg2þ. The addition of 4 mM glucose (b) or
4 mM KCl (c) does not lead to this particular line shape.
At the same time, changes in the low q-range of the SAXS profile are observed for vesicles suspended in ultrapure water,
both for the control experiment as well as upon the addition
of CaCl2, indicating structural changes of the vesicle shape,
e.g., because of osmotic shrinkage or locally flattened bilayers. Contrarily, no pronounced changes in the low q-range
are observed for vesicles suspended in a 100 mM glucose solution, indicating that the overall vesicle shape (apart from the
contact zone) remains spherical in this case. To shed further
light on the overall size of the adhering vesicles, DLS measurements were performed before and after addition of
CaCl2. Fig. 4 d shows the resulting size distributions for
DOPC:DOPS (1:1) vesicles in 100 mM glucose. Upon addition of 4 and 10 mM CaCl2, the size distributions are systematically broadened, particularly toward higher hydrodynamic
radii. In this range, the size distributions are still monodisperse, indicating that strong aggregation of many vesicles
does not play a role. For 20 mM CaCl2, however, the size distribution becomes bimodal and shifts to significantly higher
hydrodynamic radii.
b

c

d

FIGURE 4 (a) SAXS data IðqÞ versus q of DOPS vesicles in ultrapure water, measured after the addition of CaCl2 at different concentrations. (b) SAXS
data IðqÞ versus q of DOPC:DOPS (1:1) vesicles in ultrapure water (blue), after addition of 4 mM glucose (red) and after addition of 4 mM CaCl2 (yellow), are
shown. The SAXS profiles are shifted for clarity. (c) SAXS data IðqÞ versus q of DOPC:DOPS (1:1) vesicles in a 100 mM glucose solution (blue), after
addition of 4 mM KCl (red), after addition of 4 mM MgCl2 (yellow), and after addition of 4 mM CaCl2 (purple), are shown. The SAXS profiles are shifted
for clarity. (d) The size distributions of DOPC:DOPS (1:1) vesicles in 100 mM glucose, measured by DLS after the addition of CaCl2 at different concentrations, are shown. To see this figure in color, go online.
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The quantification of structural parameters by leastsquares fitting is exemplified in Fig. 5 for CaCl2-induced
adhesion of DOPC:DOPS (1:1) vesicles in 100 mM
glucose. To this end, the docking model has been applied
with a constant background model. As is apparent from
(a), the docking model is well suited to describe the
SAXS data in the fitted q-range, here 0.424–
4.95 nm1, in which the scattering is dominated by the
bilayer form factor. In (b), the corresponding EDP of the
two bilayers in close proximity is displayed, with an interbilayer spacing of dw ¼ 1:56 nm. In Table 2, the structural
parameters of all fits are listed. Lipid composition,
aqueous environment (ultrapure water versus 100 mM
glucose solution), and the CaCl2/MgCl2-concentration
have been varied. From the results, we draw the following
conclusions: 1) the bilayer structure and the interbilayer
distance dw are nearly identical for the glucose solution
and ultrapure water; 2) dw does not change between 4
and 10 mM CaCl2 and MgCl2; 3) dw for MgCl2 is slightly
higher by 1.5 Å than for CaCl2; 4) in ultrapure water, the
vesicles deform more easily than in glucose, favoring a
higher fraction of adhered membranes nd ; and 5) the
bilayer thickness increases upon addition of CaCl2 and
a

MgCl2. Note that further EDPs are included as Fig. S5,
illustrating the differences between CaCl2- and MgCl2induced structural changes, as well as the effect of background (monovalent) salt (KCl); see Fig. S6 and Table
S4. In this case, higher interbilayer distances (3–6 nm)
are observed.
Interaction potentials
Next, we have investigated which additive interaction
potentials and parameters could possibly explain the
observed values of dw  1:6 nm of the adhesion state. To
this end, Fig. 6 shows different approaches for modeling
the interaction free energy per unit area corresponding to
different experimental scenarios. We start by the ‘‘reference
state’’ of uncharged (zwitterionic) phospholipids such as
pure DOPC, governed by a repulsive hydration interaction
fhyd and an attractive van der Waals term fvdW (28–30).
The resulting equilibrium water layer thickness is known
from experiments on fully hydrated multilamellar membranes as dw x2:7 nm (31). Note that the value corresponds
to the definition as the distance between the two headgroup
maxima. This value is reproduced by modeling the
interactions, i.e., by an exponential hydration repulsion
term (28)
fhyd ðdw Þ ¼ Ph lh exp 

dw
;
lh

(16)

where the prefactor ðPh lh Þ is typically on the order of a few
kB T 
A2 with the Boltzmann constant kB x1:38065
23
10
J=K and the temperature T, and the decay length lh
is in the range of 1–3 
A. Following (29,32), we write the
van der Waals interaction as the sum of the static and the
dispersive part fvdW ðdw Þ ¼ fstat ðdw Þ þ fdisp ðdw Þ with
b

fvdW ðdw Þ ¼ 

þ

FIGURE 5 (a) SAXS data IðqÞ versus q of DOPC:DOPS (1:1) vesicles
suspended in a 100 mM glucose solution upon addition of 4 mM CaCl2
(black circles) and least-squares fit using the docking model (blue line).
(b) The reconstructed EDP using the structural parameters obtained from
the docking model fit indicated in (a) is shown. The structural parameters
are summarized in Table 2. To see this figure in color, go online.

Hstat kB T
2

12pðd þ dh =2Þ
"
Hdisp kB T
2

16pðd þ dh Þ
1

1

2
ð1 þ da =ðd þ dh ÞÞ
#

ð1 þ 2da =ðd þ dh =2ÞÞ

2

2

(17)

;

where dh and da denote the hydrophilic and hydrophobic
slab thickness, i.e., the headgroup and hydrocarbon chains,
respectively. The Hamaker constants Hstat and Hdisp are of
order one. The resulting potential is plotted in Fig. 6 a for
the exact parameter values given in the caption. When
anionic lipids such as DOPS are present as in the experimental two-component lipid mixture, the corresponding
average surface charge density s results in an unbinding
of charged membranes, i.e., the van der Waals attraction
cannot compensate for the repulsion in the Poisson-
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TABLE 2 Structural Parameters as Obtained from the Flat Bilayer and Docking Model Analyses of the SAXS Data of DOPC:DOPS 1:1
Vesicles in MQ and in 100 mM Glucose with Respect to the Added CaCl2 and MgCl2 Concentration
Sample

Fit Model

[CaCl2] (mM)

[MgCl2] (mM)

rh (Arb. Units)

sh , sc (nm)

dhh (nm)

dw (nm)

ð1  nd Þ

c2red

DOPC:DOPS (1:1) in MQ

flat bilayer
docking
flat bilayer

–
4
–

–
–
–

1.35
1.42
1.27

0.42, 0.89
0.44, 0.95
0.42, 0.90

3.64
3.72
3.63

–
1.54
–

–
0.85
–

1.19
1.37
1.03

docking
docking
docking
docking

4
10
–
–

–
–
4
10

1.39
1.26
1.34
1.32

0.44, 0.95
0.51, 0.98
0.39, 0.84
0.46, 0.98

3.71
3.70
3.72
3.69

1.56
1.60
1.72
1.74

0.89
0.82
0.98
0.86

1.14
0.95
0.89
1.11

DOPC:DOPS (1:1) in
100 mM glucose

The model fits are based on a symmetric EDP; thus, the amplitude and width of the inner and outer leaflet are rh ¼ rh1 ¼ rh2 and sh ¼ sh1 ¼ sh2 . The
amplitude of the Gaussian representing the chain region is selected to rc ¼ 1 (arb. units) for all fits.

Boltzmann regime (33). How does this change if salt is
added and electrostatic repulsion is screened?
For monovalent ions and concentrations in the experimentally relevant mM range, the repulsion is in the GouyChapman regime. This follows from evaluation of the three
characteristic length
Debye screening length
P scales, the
1 1=2
lD ¼ ððε0 εr kB TÞð i n0;i e2 q2i Þ Þ , the Bjerrum length
lB ¼ e2 ð4pεε0 kB TÞ1 , and the Gouy-Chapman length
lGC ¼ ð2pqlB sÞ1 according to (12,34), for the parameters
given in the caption. Here, e is the elementary charge, q is
the valency of the ions, n0 is the number density of the
ions, ε0 ¼ 8:85  1012 F=m is the vacuum permittivity,
εr x80 is the dielectric constant for water, and s is the surface charge density in the units of e/m3. In this regime, the
free energy per unit area is given by (12,34)

fGC ðdw Þ ¼

pkB T
;
2lB dw

(18)

which is plotted in Fig. 6 b, including an additional van der
Waals term (orange line). Again, no minimum and thus no
adhesion state is formed. Only if we introduce an additional
osmotic pressure (red line) can a minimum again form (blue
line), albeit at much larger distances for the relevant osmotic
pressure corresponding to an excess concentration of ions in
the mM range. Such an osmotic pressure or depletion force
could arise if ions are expelled from the intermembrane
space, similar to the phenomenon reported in (35). Accordingly, we would have an additional attractive interaction

FIGURE 6 Calculated interaction potentials per
unit area as a function of the interbilayer distance, modeled to discern possible scenarios to
reproduce the experimental equilibrium water
layer dw x1:6 nm in the adhesion state. (a) The
total interaction potential for uncharged membranes exhibits a local minimum at dw z2:7 nm
for the experimental parameters given below.
(b) The adhesion vanishes if Poisson-Boltzmann
repulsion in the Gouy-Chapman regime is
taken into account and can be rescued only
by an additional (attractive) osmotic pressure,
plotted here for an assumed maximum of
10 mM expelled ions causing the attractive osc
d
motic pressure (or depletion force). (c) The
same depletion force acting on the neutral
membrane would only slightly change the adhesion state to dw z2:3 nm. (d) The strong
coupling potential (green line) yields an attractive interaction of like-charge membranes at
small separations. By adding the hydration
repulsion, an equilibrium water spacing of
dw z1:3 nm is found, already close to the
experimental finding. The latter is well-reproduced for s0 ¼ 0:6s (solid blue line). The
following simulation parameters have been used:
s ¼ 0:5=64  1020 e=m2 assuming an area per
lipid headgroup of 64 
A2 , lD x2:36  109 m,
10
10
10
10
10
m, lGC x2:87  10
m in (b), lGC x1:43  10
m in (d), da ¼ 20  10
m, dh ¼ 16  10
m, Hstat ¼ 0:7, Hdisp ¼
lB x7:11  10
0:7, lh ¼ 2  1010 m, Ph ¼ 3:3  109 Jm3 , and T ¼ 294 K. To see this figure in color, go online.
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fosm ðdw Þ ¼ cRTdw ;

(19)

where c is the excess concentration of the expelled ions or
molecules in the units of mol m3 and Rz8:314 kg m2
s2 mol1 K1 is the gas constant. Here, we can assume a
maximal value of 10 mM for the expelled ions. Such an osmotic pressure would hence result in a rather large dw in the
range of several nm, rescuing a weak adhesion state in
charged membranes. Contrarily, it would have only a minor
effect on dw in the uncharged reference system (pure
DOPC), as visualized in Fig. 6 c, in comparison to (a).
Accordingly, neither osmotic effects nor mean-field electrostatics (12,34), which neglects ion-ion correlation effects
and is also denoted as the weak coupling regime, can explain
the experimental results. Contrarily, the so-called strong
coupling theory (13,36–38), which is characterized by ion
bridging and/or ion correlation effects, is well-known to
result in attractive interaction of like-charge membranes.
The two regimes are delineated by the unitless coupling
parameter X ¼ ~lB =lGC, where ~lB ¼ q2 lB . The PoissonBoltzmann approximation is valid for X  1, whereas
X [ 1 is denoted as the strong coupling regime. For the
present experimental parameters, we indeed find Xx19:8.
Correspondingly, we must turn to the strong coupling
regime, for which an analytical expression was derived in
(13,38) in terms of the interaction pressure
PSC ðdw Þ ¼ 2plB s2 kB T

1þ

2lGC
:
dw

(20)

By integration, we find the potential plotted in (d) (green
line) for the given experimental parameters. The addition
of the hydration repulsion to the strong coupling potential (dashed blue line) predicts an adhesion state with
dw x1:3 nm, which is already quite close to the experimental finding. Further, a reduction of the charge density
0
to s ¼ 0:6s (solid blue line), or equivalently an increase
of the decay length lh of the hydration repulsion from 0.2
to 0.25 nm (data not shown), would result in perfect agreement. We find that the van der Waals force can be safely neglected here because the attractive force is in this case
largely dominated by like-charge attraction, as given by
the expression above.
We conclude that the observed adhesion state with
dw x1:6 nm is well explained by a superposition of hydration repulsion and electrostatics in the strong coupling
regime predicted by the theory of Netz, Moreira, and
coworkers.

Ca2þ condensation both control adhesion and subsequently
fusion. Although we could not yet reach this goal in this
work, we pave the way by a careful structural characterization of the preparation pathway of SNARE-liposomes as
displayed in Fig. 7 a and b to get a better understanding
of the structure of SNARE-liposomes. (a) shows SAXS
data of DOPC:DOPE:DOPS:Chol (5:2:2:1) liposomes in a
150 mM KCl, 20 mM HEPES (pH 7.4) buffer (blue circles)
and of DOPC:DOPE:DOPS:Chol (5:2:2:1) liposomes after
an overnight dialysis, in which the liposomes were mixed
with n-OG (red circles). For the latter case, the R-value
was set to R ¼ 2 (analogous to the preparation of DN-liposomes). The least-squares analysis is based on the spherical
vesicle model with an additional power-law background
model. Structural parameters of the fits are listed in Table 3.
The obtained EDPs are indicated in the inset. We address the
question whether an overnight dialysis involving n-OG affects the bilayer structure. In fact, the analysis of both scattering curves reveals significant changes in the bilayer
structure as the headgroup-to-headgroup distance dhh decreases by 4 Å after the dialysis step. Moreover, the
mean radius of the liposome suspension is decreased after
dialysis. Fig. 7 b shows SAXS data from DN- (red circles)
and SybWT-liposomes (blue circles). Compared to the
SAXS curves of pure lipid vesicles, the curves differ, particularly in the lower q-range. The first minima are less
pronounced for SNARE-liposomes, in particular for DNliposomes, most likely due to the interference between the
SNAREs and the lipid bilayer as well as the form factor
of the SNAREs themselves. Least-squares analysis is carried out based on the flat bilayer model with an additional
constant background assuming a symmetric bilayer structure. The corresponding EDPs are shown in the inset, and
the structural parameters are listed in Table 3. By comparison of the structural parameters, we observe only slight differences between Syb- and DN-liposomes, and between the
SNARE-liposomes and the control liposomes (after dialysis). This indicates that the SNAREs have only a minor effect on the mean lipid bilayer structure. For example, for all
SNARE-liposomes, a slight increase of dhh up to 1 Å was
obtained. Hence, rather than a result of SNARE reconstitution, the thinning must be attributed to the preparation protocol. It could be explained either by a loss of Chol (39)
washed out by n-OG or by a remaining fraction of n-OG
even after dialysis. Note that n-OG is known to form bilayers together with phospholipids (40). Further evidence
for the second explanation is found in (11).
CONCLUSIONS

Outlook: SNARE-liposomes
After probing the adhesion state in pure lipid vesicles, the
next challenge is to perform similar experiments using proteoliposomes, in which complex formation of SNAREs and

First, we have screened the preparation pathway and parameters as well as different fitting models in view of structural
docking and fusion assays. Suitable suspensions of small
unilamellar vesicles were obtained for all but pure DOPC
vesicles, which showed interbilayer interactions even after
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b

FIGURE 7 Structural characterization of SNARE-liposomes. (a) SAXS
data of DOPC:DOPE:DOPS:Chol (5:2:2:1) liposomes (shifted for clarity)
directly after extrusion (blue circles) and after an overnight dialysis, mixed
with n-OG (R ¼ 2, red circles), are shown. Least-squares fits (black lines)
are based on the spherical vesicle model, and the resulting EDPs are indicated in the inset (colors correspond to the SAXS data). (b) SAXS data of
SNARE-liposomes, SybWT-liposomes (blue circles), and DN-complex liposomes (red circles), shifted for clarity, are shown. Least-squares fits
(black lines) are based on the flat bilayer model, and the resulting EDPs
are indicated in the inset (colors correspond to the SAXS data). To see
this figure in color, go online.

several extrusion steps. In all cases, it was challenging to
achieve vesicle preparations with sufficiently small polydispersity sR to clearly observe R0 and sR . From the spherical
vesicle model fits, we have obtained plausible values, for
example R0 x14 nm and sR ¼ 7:4 nm for 30-nm extruded
DOPC:DOPE (1:1) vesicles, but it must be realized that a
high polydispersity in combination with an insufficient
fusion efficiency probably does not allow us to clearly
observe the increase in R0 following vesicle fusion. The
spherical vesicle model is found to be too restrictive because
it does not account for any deviations from the perfect
sphere, for example, by thermal fluctuations. Contrarily,
the quasi-planar bilayer model was used in a very robust
and convincing manner if the low q-range is excluded. However, access to R0 is of course lost in this case. In future,
there are several possible remedies: 1) the vesicle population
could be purified, or the scattering volume could be reduced,
e.g., by using microfluidics in combination with focused undulator radiation; 2) the spherical model can be generalized
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to account for deviations from the perfect spherical shape
with appropriate parameters for shape and size polydispersity; and 3) the absolute scattering intensity in combination
with calibrated vesicle concentration can be exploited to
obtain constraints on R0 . Further, MD simulation studies
could be used to obtain constraints in the analysis of the
SAXS data. It would, for example, be an interesting task
to include asymmetric bilayer profiles resulting from curvature (41,42).
As the main result of this work, we found very clear evidence for a calcium-induced adhesion state in lipid vesicles
initially suspended in ultrapure water or in a 100 mM
glucose solution and could quantify the corresponding density profiles of the contact zone. The control experiments in
glucose solution prove that the double bilayer contact detected by the SAXS pattern does not arise from deflated vesicles, but indeed from the adhesion between two different
vesicles. Further, the characteristic water layer thickness
in this strong adhesion regime was nearly identical for ultrapure water dw z1:5  1:7 nm and for the glucose solution
and also was nearly identical at 4 and 10 mM concentration
of bulk CaCl2. This suggests a recruitment of Ca2þ to the
contact zone in a quantity required to compensate the charge
density of anionic membranes. The monovalent counterions
must hence be expelled from the contact zone. The resulting
osmotic pressure is not the cause of the adhesion but rather
its outcome, and yet may further act to stabilize the adhesion. Given the fact that dw is defined here as the distance
between density maxima of the headgroups, and the headgroup width is dh x0:8 nm, an ion bridging phenomenon
is structurally plausible, eventually accompanied by a local
bilayer corrugation. The observed interbilayer distance can
also be compared to the critical distance where the stalk
phase appears (0.9 5 0.05 nm), an intermediate before
fusion (8).
Using realistic parameters, simple mean field models of
electrostatics do not result in interbilayer potentials that
yield the observed interbilayer distances. Only when we
evaluate the interaction forces of the so-called strong
coupling theory according to Netz, Moreira, and coworkers can we reproduce the experimental result for
realistic parameters. Accordingly, ion condensation on
the bilayer surface and ion correlations are responsible
for the observed adhesion. This phenomenon, which is
interesting in itself from a soft matter and electrostatics
point of view, certainly deserves further attention and
should be complemented by investigations of solidsupported lipid bilayers in solution in the presence of
CaCl2 (e.g., (43–45)), as well as by MD simulations in
the future. Here, we observed nearly the same effect for
Mg2þ as for Ca2þ, with a small but systematic shift of
Ddw x0:15 nm. This would be in line with recent reports
that Ca2þ and Mg2þ dehydrate and partially neutralize
the bilayer surface, with a stronger effect for Ca2þ due
to a higher binding affinity (19), which could possibly
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TABLE 3 Structural Parameters of Syb- and DN-Liposomes and of Protein-free Liposomes with the Same Lipid Composition
DOPC:DOPE:DOPS:Chol 5:2:2:1 with Respect to the Fit Model

DOPC:DOPE:DOPS:Chol (5:2:2:1) in buffer
DOPC:DOPE:DOPS:Chol (5:2:2:1) in buffer
(after dialysis)
SybWT-liposomes in buffer
SybD84-liposomes in buffer
DN-liposomes in buffer
DOPC:DOPE:DOPS:Chol (5:2:2:1) in
ultrapure water

Fit Model

rh

sh , sc

dhh (nm)

R (nm)

sR (nm)

c2red

spherical vesicle
flat bilayer
spherical vesicle

1.12
1.11
1.36

0.36, 0.72
0.36, 0.70
0.32, 0.72

3.81
3.83
3.45

47.8
–
34.7

17
–
18.1

1.39
0.82
1.20

flat bilayer
flat bilayer
flat bilayer
flat bilayer
spherical vesicle

1.35
1.26
1.24
1.10
1.09

0.34, 0.78
0.33, 0.71
0.34, 0.71
0.32, 0.64
0.46, 0.84

3.41
3.47
3.51
3.51
3.55

–
–
–
–
29.4

–
–
–
–
13.7

0.67
0.68
0.68
0.72
2.47

For all fits, a symmetric bilayer profile was applied so that rh ¼ rh1 ¼ rh2 and sh ¼ sh1 ¼ sh2 . The amplitude of the Gaussian representing the chain region
is rc ¼ 1 (arb. units) for all fits.

also play a role in the physiological scenario of calciumdependent membrane fusion. Finally, we observed a stable
CaCl2-induced adhesion state at a reduced concentration
of monovalent salt, but in a soft regime characterized by
much higher interbilayer distances not compatible with
ion bridging. Depending on lipid composition and ion
concentrations, this equilibrium distance could be varied
over a wide range (3–6 nm), see (Fig. S6; Table S4).
In the future, protein-induced docking should become
tractable by the scattering model put forward here once a
higher efficiency and purity of the SNARE-induced adhesion state can be reached. As a first step toward this goal,
we have structurally characterized vesicles with reconstituted SNAREs in this work. Specifically, our future aim
will be to identify and to characterize a SNARE-induced
docking state, based on a suitable mutant (SybD84), which
prevents full fusion but promotes docking. However, we did
not find clear evidence for this state yet, possibly because of
limited efficiency and loss of the signal by averaging over
different populations (see Fig. S7). Nevertheless, even
without docking and fusion, the structural characterization
of vesicles with reconstituted SNAREs was successful and
is an important first step. Generally, the SAXS data of the
SNARE-liposomes showed more features in the scattering
curves IðqÞ versus q (hence, also potentially more information) than we could analyze in this work with limited
models. With appropriate extensions of the form-factor
models, it should become possible to obtain information
on the SNAREs in the lipid bilayers. Given a lipid-to-protein
ratio of 500:1, we estimate a copy number of 70 SNAREs
per vesicle with a radius of 30 nm. With a ‘‘full q-range’’
model, including a coarse-grained description of the
SNAREs, the distribution of SNAREs and possible clustering could be addressed along with the mean radius and
the polydispersity of the SNARE-liposomes. Such a model
could then be useful to study the structure before and after
fusion as well as the arrested docking intermediate. Toward
this goal, a first point of reference is the work of Castorph
et al. (46), in which anisotropic form factor models were
derived for the analysis of SAXS data of synaptic vesicles,

including the structure of both the lipid bilayer and the protein layers inside and outside of the vesicles.
SUPPORTING MATERIAL
Supporting Materials and Methods, seven figures, and four tables are available at http://www.biophysj.org/biophysj/supplemental/S0006-3495(18)
30341-2.
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Dynamic Light Scattering

Dynamic light scattering (DLS) measurements were performed by using an ALV/CGS-3
DLS/SLS Laser Light Scattering Goniometer System (ALV GmbH Langen, Germany).
The setup is equipped with a 22 mW polarized HeNe-Laser operating at a wavelength of
λ = 632.8 nm (UNIPHASE, model 1145P), and an ALV-7004 Multiple Tau Digital Correlator. Scattering intensities were recorded using an ALV high quantum efficiency avalanche
diode at a scattering angle of 90◦ . Cylindrical borosilicate cuvettes with a diameter of
10 mm (Fisher Scientific), closed with polymer caps (Carl Roth GmbH, Karlsruhe, Germany), were used as sample cells. For matching the refractive index of the cuvettes the
measurement cell in the setup was filled with toluene. In all experiments the samples were
diluted 1 : 500 with Milli-Q water, which was additionally filtered through a membrane
of 20 nm pore size. For each sample, three runs of ten seconds were performed to calculate the intensity correlation functions. These correlation functions were than averaged to
obtain the averaged intensity autocorrelation function g2 (τ ) = hI(t)I(t + τ )it /hIi2t , which
is related to the resulting normalized amplitude correlation function g1 (τ ) by the Siegert
relation g2 (τ ) = 1 + β|g1 (τ )|2 with the coherence factor β. Data analysis was performed
with the ALV-Correlator Software (ALV-7004 for Windows, V.3.0.5.4) using a constrained
regularization method for applying nonlinear fits to β|g1 (τ )|2 . Fig. S1 shows size distributions of vesicles obtained by DLS for different lipid compositions with respect to the
preparation step. DLS measurements were performed directly after the respective preparation step involving sonication in the first step and subsequently serial extrusion through
polycarbonate membranes with pore sizes of 100, 50 and 30 nm diameter, in this order.
In general, we observe that the extrusion steps affect the structure of the vesicles for both
parameters, the mean radius and the polydispersity of the vesicle suspension, compared to
sonicated vesicles. Both parameters are generally slightly decreased after each extrusion
step. Only for DOPS huge differences can be observed for the polydispersity. Nevertheless, direct sonication of the suspension already leads to comparatively small vesicles.
Note that DLS is particularly sensitive to contamination by larger aggregates, and size
distribution are often ‘corrected’ by weighting functions, see for example (1). Here we
show only unweighted distributions.
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Fig. S1: Size distributions of lipid vesicles obtained by DLS for different lipid compositions with respect to the preparation step. The vesicles were first sonicated, then
extruded through polycarbonate membranes with pore sizes of 100 nm, 50 nm, and
30 nm, in this order.
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Non-interacting vesicles: additional figures and tables

Fig. S2 shows a series of SAXS profiles I(q) vs q of vesicles in ultra-pure water for different
lipid compositions. The measurements were performed immediately after the respective
DOPS

DOPC:DOPE (1:1)

DOPC:DOPS (1:1)

DOPC

103
102
101
100

I(q) (kDa/(mg ml-1))

10

-1

sonicated
100nm pore size
50nm pore size
30nm pore size

103
102
101
100
10-1

DOPC:DOPE (4:1)

103 DOPC:DOPE:DOPS:Chol (5:2:2:1)
102
101
100
10-1
10-1

100

q

(nm-1)

10-1

100

Fig. S2: SAXS data I(q) vs. q for vesicles of different composition and preparation steps in ultra-pure water. The vesicles were first sonicated (blue circles), then
gradually extruded through polycarbonate membranes with pore sizes of 100 nm (red
circles), 50 nm (yellow circles), 30 nm (purple circles), in this order.

preparation step (subsequent extrusion through membranes of 100 nm, 50 nm and 30 nm
pore size). As already discussed in the main text, we observe that vesicles containing
DOPS achieve unilamellarity easily for each data set. Contrary, unilamellar vesicle using
DOPC:DOPE mixtures are only achieved for DOPC:DOPE (1:1) after the final step of
4

extrusion through 30 nm pores.
Next, we present additional fits of non-interacting vesicles without proteins, and focus
in particular on the influence of different background models. Note that the workflow
always included background subtraction in form of a pure buffer measurement. However,
residual errors occur if this subtraction is not completely correct for example by issues of
self absorption. This can be accounted for by an additional parameterized background
model (additive with either sign).
Spherical vesicle model fits with different background models.

Fig.

S3

shows SAXS data of (a) DOPC:DOPE (1:1)-vesicles and (b) DOPS-vesicles (black circles)
as well as least-squares fits based on the spherical vesicle model (blue lines) assuming a
symmetric bilayer profile. The subplots show least-squares fits for different background
models: (top) Without a background model, (center) with an additional constant background model and (bottom) with an additional power-law background model (orange
lines). The structural parameters and the χ2red -values obtained from the least-squares fits
are summarized in Tab. S1,S2,S3.
If no background model was added to the spherical vesicle model, we observe discrepancies
between the least-squares fits and the SAXS data in particular for the form factor minima.
In the case of a constant background model, a good match can be observed for higher
q-values, whereas discrepancies still appear in the lower q-region.

The discrepancies

are most pronounced for DOPC:DOPE vesicles. For DOPS vesicles the differences are
less obvious, but at a closer look we observe modulations of the least-squares fit in the
very low q-range which do not match with the experimental data. Using a power-law
background model, we observe a good match between the least-squares fits and the data
over the entire q-range. Consequently, the χ2red -values are reduced. The comparison of the
two power-law backgrounds (Fig. S3, bottom) indicates that the background depends on
the lipid composition of the vesicles. We conclude that the background model describes
discrepancies between the SAXS data and the spherical vesicle model rather than a real
effect of flawed experimental background, for example, due to deviations from a spherical
structure.

In the following we investigate how structural parameters depend on the

background model.
Structural results for each data set, a model-based discussion.

Fig.

S4

displays the structural parameters for each lipid composition along with the corresponding preparation step as obtained from the least-squares analysis using the flat bilayer
model with an additional constant background (blue circles), or the spherical vesicle model
with either an additional constant background (green circles) or a power-law background
model (red circles). The structural parameters as well as the χ2red -values can be further
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Fig. S3: Comparison of different background models (orange lines) for (a) 30nm
extruded DOPC:DOPE (1:1)-vesicles and (b) 30 nm extruded DOPS-vesicles (black
circles). Analysis includes spherical vesicle model least-squares fits (blue lines) without a background model (top), with a constant background model (center) and with
a power-law background model (bottom).
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found in the Tab. S1 (flat bilayer model, constant background), S3 (spherical vesicle
model analysis, constant background) and S2 (spherical vesicle model analysis, power-law
background). The four upper plots display the obtained bilayer parameters σh , σc , ρh
and dhh , while the two lower plots show the vesicle parameters R0 and σR . In the case of
the spherical vesicle model analysis, we observe that the obtained structural parameters
depend on the underlying background model. The dependence is less pronounced for the
bilayer parameters, but strong for the mean radii. By visual inspection (cf. Fig. S3), the
spherical vesicle model with a constant background was not able to match the data in the
lower q-region.
Comparing the results of the spherical vesicle model analysis to those of the flat bilayer
model analysis, we observe that the structural bilayer parameters obtained from the flat
bilayer model are systematically closer to those of the spherical vesicle model using an
additional power-law background. This observation indicates that the results obtained
from the spherical vesicle model with a power-law background are reasonable at least for
the bilayer parameters. Still for the spherical vesicle model with a power-law background,
major changes in the radius occur between vesicles extruded through 50 nm pore sizes
and through 30 nm pore sizes. DOPC:DOPE (1:1)-vesicles are an exception, since for
both preparation steps a radius of approximately 14 nm is obtained. Simultaneously,
DOPC:DOPE (1:1)-vesicles show the smallest radius as compared to the other lipid compositions. One explanation for no or only minor changes in the radius between the preparation steps sonication and extrusion through pores of 50 nm diameter could be that
already the sonication step leads to small mean radii. The mean radii obtained from the
spherical vesicle model analysis with an additional constant background are significantly
higher for each lipid composition. Unexpectedly, the mean radius shows an increase from
the sonication step to the step of extrusion through 100 nm pores for DOPC:DOPS (1:1)
and DOPC:DOPE:DOPS:Chol (5:2:2:1).
Nevertheless, independently of the background model we observe the smallest radii for
DOPC:DOPE (1:1) vesicles (∼ 14 to 18 nm). This observation is well in line with the
fact that contrary to the other lipid compositions the net charge of the mixture is zero.
Thus, there is no long-range repulsion due to a negatively charged surface. The values
for the standard deviation σR of the size distribution of the vesicle suspension appear to
be high with respect to the corresponding mean radius (for almost each lipid composition
approximately σR /R0 = 0.5). The lowest values for σR can be found for DOPC:DOPE
(1:1) vesicles.
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Fig. S4: Structural parameters obtained from least-squares fits using the flat bilayer
model and the spherical vesicle model with different background models for 13 data
sets (four different lipid compositions and up to four different preparation steps).
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Lipid composition

Preparation

ρh
(arb. u.)

σh ,
σc
(nm)

dhh
(nm)

χ2red

c1

c2

100 nm extr.

1.52

0.48,
0.92

3.74

5.19

23.34

0.64

50 nm extr.

1.53

0.48,
0.93

3.74

3.66

19.66

0.57

30 nm extr.

1.51

0.48,
0.93

3.72

2.30

11.92

0.35

sonicated

1.18

0.49,
0.88

3.55

4.95

38.90

0.89

100 nm extr.

1.19

0.49,
0.89

3.55

3.57

36.24

0.82

50 nm extr.

1.18

0.49,
0.89

3.55

2.67

30.36

0.68

30 nm extr.

1.08

0.52,
0.88

3.49

3.94

31.31

1.45

50 nm extr.

1.24

0.36,
0.81

3.62

2.79

3.87

0.05

30 nm extr.

1.26

0.32,
0.73

3.68

1.15

3.56

0.04

sonicated

1.06

0.45,
0.80

3.57

2.00

43.47

0.78

100 nm extr.

1.09

0.45,
0.83

3.56

1.73

40.79

0.73

50 nm extr.

1.07

0.45,
0.81

3.56

1.72

33.57

0.61

30 nm extr.

1.09

0.46,
0.83

3.55

1.73

30.88

0.55

DOPS

DOPC:DOPS (1:1)

DOPC:DOPE (1:1)

DOPC:DOPE:DOPS:Chol
(5:2:2:1)

Tab. S1: Structural parameters obtained from flat bilayer model fits to SAXS data
of various lipid compositions with respect to the preparation (sonicated and extruded
through polycarbonate membranes with pore sizes 100 nm, 50 nm and 30 nm in
diameter). The model fits are based on a symmetric electron density profile, thus
the amplitude and width of the inner and outer leaflet are ρh = ρh1 = ρh2 and
σh = σh1 = σh2 . The amplitude of the Gaussian representing the chain region is
selected to ρc = −1 (arb. units) for all fits.
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ρh
(arb. u.)

Preparation

σh ,
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(nm)
0.46,
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0.46,
0.83
0.47,
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0.82
0.48,
0.83
0.49,
0.84
0.51,
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0.32,
0.68
0.3,
0.67
0.47,
0.85
0.46,
0.84
0.46,
0.84
0.46,
0.84
3.55

3.54

3.55

3.54

3.72

3.7

3.5

3.57

3.58

3.58

3.78

3.78

3.79

dhh
(nm)

22.51

27.61

29.41

29.68

14.35

13.87

18.38

27.02

26.24

26.63

22.85

26.34

25.8

R0
(nm)

16.73

14.19

13.65

14.79

7.4

7.83

15.76

13.96

13.93

13.89

14.96

14.74

15.36

σR
(nm)

2.08

2.1

2.47

3.05

1.42

3.34

3.79

3.63

5.61

7.56

3.77

5.92

9.14

χ2red

0.019

0.018

0.020

0.021

0.007

0.009

0.026

0.017

0.021

0.022

0.008

0.011

0.014

c1

5.8

−2.52 · 10−5

8.96
8.93
9.34

−8.22 · 10−10
−1.97 · 10−10

10.77

−3.04 · 10−12
−9.71 · 10−10

-808.51

−4.05 · 10−5
808.51

0.53

0.59

0.71

0.76

-1010.85

1.41

0.65

0.79

0.86

0.33

0.54

0.61

c4

−3.97 · 10−5
1010.85

7.28

−3.24 · 10−7

7.43

−2.54 · 10−7
6.88

6.42

−5.15 · 10−6

−1.36 · 10−6

6.77

6.52

−7.42 · 10−6
−2.93 · 10−6

c3

c2

Tab. S2: Structural parameters obtained from spherical vesicle model fits Itot (q) = c1 Isphere (q) + c2 q −c3 + c4 to SAXS data
of various lipid compositions with respect to the preparation (sonicated and extruded through polycarbonate membranes with
pore sizes 100 nm, 50 nm and 30 nm in diameter). The model fits are based on a symmetric electron density profile, thus the
amplitude and width of the inner and outer leaflet are ρh = ρh1 = ρh2 and σh = σh1 = σh2 . The amplitude of the Gaussian
representing the chain region is selected to ρc = −1 (arb. units) for all fits.

DOPC:DOPE:DOPS:Chol
(5:2:2:1)

DOPC:DOPE (1:1)

DOPC:DOPS (1:1)

DOPS

Lipid composition
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1.16
1.15

50 nm extr.
30 nm extr.

1.12

sonicated
1.16

1.33

30 nm extr.

100 nm extr.

1.28

1.26

30 nm extr.
50 nm extr.

1.35

50 nm extr.

1.32

sonicated
1.38

1.70

30 nm extr.

100 nm extr.

1.75

1.72

100 nm extr.
50 nm extr.

ρh
(arb. u.)

Preparation

σh ,
σc
(nm)
0.55,
1.38
0.53,
1.33
0.56,
1.40
0.50,
1.05
0.52,
1.16
0.52,
1.12
0.60,
1.27
0.28,
0.65
0.27,
0.64
0.48,
0.89
0.47,
0.93
0.48,
0.94
0.48,
0.92
3.50

3.50

3.51

3.51

3.76

3.75

3.39

3.50

3.50

3.51

3.67

3.70

3.69

dhh
nm)

35.24

36.83

38.05

33.91

17.86

17.78

38.32

39.11

39.46

38.04

36.52

38.78

40.01

R0
(nm)

16.62

13.81

12.99

15.43

6.29

6.76

13.52

12.52

12.31

12.99

13.87

12.84

12.62

σR
(nm)

2.52

3.44

4.65

3.42

2.39

4.89

15.25

15.89

26.72

22.37

21.58

34.58

58.38

χ2red

0.010

0.010

0.012

0.015

0.005

0.006

0.011

0.009

0.010

0.012

0.007

0.006

0.004

c1

0.54

0.60

0.72

0.77

0.04

0.04

1.48

0.68

0.84

0.88

0.71

0.60

0.39

c2

Tab. S3: Constant Background. Structural parameters obtained from spherical vesicle model fits to SAXS data of various
lipid compositions with respect to the preparation (sonicated and extruded through polycarbonate membranes with pore sizes
100 nm, 50 nm and 30 nm in diameter). The model fits are based on a symmetric electron density profile, thus the amplitude
and width of the inner and outer leaflet are ρh = ρh1 = ρh2 and σh = σh1 = σh2 . The amplitude of the Gaussian representing
the chain region is selected to ρc = −1 (arb. units) for all fits.

DOPC:DOPE:DOPS:Chol
(5:2:2:1)

DOPC:DOPE (1:1)

DOPC:DOPS (1:1)

DOPS

Lipid composition

3

Adhesion of vesicles: additional figures and tables

Based on the analysis of the SAXS data of CaCl2 - and MgCl2 -induced adhesion of lipid
vesicles presented in the main manuscript (Fig. 5, Tab. 2), we further compare the EDPs
upon addition of the divalent ions and of the control (without divalent ions) in Fig. S5.
Both for CaCl2 and MgCl2 a swelling of the lipid bilayer is observed. Subtraction of the
EDPs (ρCaCl2 −ρcontrol and ρMgCl2 −ρcontrol ) gives pronounced peaks close to the headgroup
maxima (identified as the phosphorus), revealing the position of the condensated Ca2+ and
Mg2+ ions. Accordingly, the ions are located near the bilayer surface with a rather small
penetration depth into the headgroup region (the insertion is less for Ca2+ ).
(a)

(b)

4 mM CaCl2
4 mM MgCl2
control
subtraction, CaCl2
subtraction, MgCl2

4 mM CaCl2
4 mM MgCl2

z (nm)

(c)

z (nm)

(d)

10 mM CaCl2
10 mM MgCl2
control
subtraction, CaCl2
subtraction, MgCl2

10 mM CaCl2
10 mM MgCl2

z (nm)

z (nm)

Fig. S5: Reconstructed EDPs of DOPC:DOPS (1:1) with (a,b) 4 mM CaCl2 /MgCl2
and (c,d) 10 mM CaCl2 /MgCl2 using the structural parameters obtained from the flat
bilayer model fits and from the docking model fits presented in the main manuscript
in Fig. 5 and Tab. 2. The EDPs indicated as control correspond to the flat bilayer
analysis of the SAXS data without added salts.

Next, we present data obtained in a soft adhesion regime with inter-bilayer water distances
much larger than for the strong adhesion regime described in the main manuscript. This
regime is observed when the addition of CaCl2 is accompanied by monovalent salt (KCl).
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For the recording of that data, we have used CaCl2 in a HEPES buffer (10mM CaCl2 ,
150mM KCl and 20mM Hepes, pH 7.4). Fig. S6 shows the corresponding series of SAXS
curves I(q) vs. q of vesicles initially suspended in ultra-pure water, as a function of the
added CaCl2 and KCl concentration. The SAXS profiles of the DOPC:DOPS (1:1) mixture
(b) 103

DOPC:DOPS (1:1)
0 mM CaCl2
1.25 mM CaCl2

10

5 mM CaCl2

1

100

I(q) (kDa/(mg ml-1))

I(q) (kDa/(mg ml-1))

(a)102

DOPC:DOPE:DOPS:Chol (5:2:2:1)

0 mM CaCl2

102

1.25 mM CaCl2
5 mM CaCl2

101

100

10-1
10-1
0

1

2

3

4

10-2
0

5

1

2

q (nm-1)
(d) 2

DOPC:DOPS (1:1), 1.25 mM CaCl2
SAXS data
Docking-model ﬁt
dhh = 3.61 nm

101

0

1

2

3

4

dhh

dw

dhh

0.5
0
-0.5
-1

10-1
0

5

1

dw = 6.14 nm

10

4

1.5

ρ (arb. units)

I(q) (kDa/(mg ml-1))

(c) 102

3

q (nm-1)

5

q (nm-1)

-1.5

EDP (docking model)
EDP (ﬂat bilayer model)

-12

-8

-4

Ca2+ Cl0

4

z (nm)

Fig. S6: (a) SAXS data of DOPC:DOPS (1:1) vesicles in Milli-Q water with added
CaCl2 with concentrations of 0 mM (blue), 1.25 mM (red) and 5 mM (yellow). (b)
SAXS data of DOPC:DOPE:DOPS:Chol (5:2:2:1) vesicles in Milli-Q water with added
CaCl2 with concentrations of 0 mM (blue), 1.25 mM (red) and 5 mM (yellow). (c)
Scattering curve as obtained from DOPC:DOPS (1:1) vesicles in Milli-Q water upon
addition of 1.25 mM CaCl2 (black circles) and least-squares fit using the docking
model (blue line). (d) EDP as obtained from the docking model fit indicated in (c).
The structural parameters are summarized in Tab. S4.

(a) and the DOPC:DOPE:DOPS:Chol (5:2:2:1) mixture (b) show the characteristic structure factor modulations of two membranes in an adhering state. The modulation varying
systematically with ion concentrations, indicating that the range of water layer spacings is
much more variable than in the strong adhesion regime. As an example, we explicitly show
in (c) the analysis of the SAXS data of DOPC:DOPS (1:1) vesicles in the presence of 1.25
mM CaCl2 and 18.75 mM KCl, based on the docking model with a constant background
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model. The structural parameters obtained from the least-squares fits to the docking
model are listed in Tab. S4 for each data set. In (d), the corresponding EDP of the two
docked bilayers is displayed (black line). Next to the structural bilayer parameters, the
interbilayer spacing (or water spacing) is quantified in a robust manner, yielding dw = 6.14
nm. Furthermore, the EDP of unilamellar DOPC:DOPS (1:1) vesicles as obtained from
the flat bilayer model fit (supplementary information, Tab. 1) is indicated (red line).
In this example, the bilayer structure exhibits only minor changes due to the addition of
CaCl2 . As is apparent from Tab. S4, the water spacing is decreased for an increased CaCl2
concentration (dw = 3.79 nm in the case of 5 mM CaCl2 ). For the more complex lipid
mixture of DOPC:DOPE:DOPS:Chol (5:2:2:1), a similar trend can be observed. While
the water spacing of dw = 5.48 nm is again rather high for 1.25 mM CaCl2 , a decreased
water spacing of dw = 3.03 was obtained for 5 mM CaCl2 . Interestingly, comparing the
values for dw between the different lipid compositions at the same CaCl2 concentration, we
can see that the water spacing is always smaller for DOPC:DOPE:DOPS:Chol (5:2:2:1).
This observation may result from the lower surface charge density σ in the 4-component
mixture (20 mol% DOPS).
In summary, we observe the following: (1) An increase of the CaCl2 and KCl concentration
yields a decrease of the interbilayer spacing dw and (2) an increase of σ at constant ion
concentrations yields an increase of dw .
Lipid composition

DOPC:DOPS (1:1)

DOPC:DOPE:DOPS:Chol
(5:2:2:1)

[CaCl2 ]
(mM)

[KCl]
(mM)

ρh
(a. u.)

σh ,
σc
(nm)

dhh
(nm)

dw
(nm)

(1 − νd )

χ2red

1.25

18.75

1.27

0.46,
089

3.61

6.14

0.96

1.7

5

75

1.32

0.38,
0.75

3.79

4.82

0.97

2.2

1.25

18.75

1.09

0.46,
0.85

3.6

5.48

0.98

2.26

5

75

1.02

0.47,
0.83

3.58

3.69

0.97

1.39

Tab. S4: Structural parameters as obtained from docking model fits to SAXS data
of docked DOPC:DOPS (1:1) and DOPC:DOPE:DOPS:Chol (5:2:2:1) vesicles with
respect to the CaCl2 concentration. The model fits are based on a symmetric EDP,
thus the amplitude and width of the inner and outer leaflet are ρh = ρh1 = ρh2 and
σh = σh1 = σh2 . The amplitude of the Gaussian representing the chain region is
selected to ρc = −1 for all fits.
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4

SNARE-mediated liposome fusion and docking experiments

To study SNARE-mediated liposome fusion intermediates, two types of experiments were
performed. For the docking and fusion experiments liposomes reconstituted with either the
mutant Syb∆84, or with SybWT, respectively, were used. For both experiments liposomes
reconstituted with the ∆N complex as the acceptor complex were used. Fusion is distinctly
inhibited by using the Syb∆84 mutant (2).
In (a) and (b) the SAXS curves I(q) vs. q are shown for the fusion experiment (mixed
SybWT- and ∆N-liposomes at a molar ratio of 1:1) and the docking experiments (mixed
Syb∆84- and ∆N-liposomes at a molar ratio of 1:1), respectively. Furthermore, the SAXS
data of the docking and fusion experiments are compared to the mean scattering of the
individual SNARE-liposomes. The mean scattering curve would be the expected scattering
curve if no reaction occurred upon mixing. Then the scattering intensity is the incoherent
superposition I(q) = (IA (q) + IB (q))/2 of the two individual contributions. The factor 1/2
accounts for the dilution of each individual SNARE-liposome population. By comparison
of the mean scattering curves and the scattering curves from the docking and fusion
experiments, we observe small but systematic differences in the low q-region, and a slight
increase of the scattering intensity over the entire q-region.

10

Fusion, 20 min incubation

Mean scattering of individual
SNARE-liposomes

3

102
101
100

(b) 104
I(q) (kDa/(mg ml-1))

I(q) (kDa/(mg ml-1))

(a)104

10-1

10

Docking, 3 h incubation

Mean scattering of individual
SNARE-liposomes

3

102
101
100
10-1

100

10-1

100

10-1

q (nm-1)

q (nm-1)

Fig. S7: (a) and (b) show SAXS data of SNARE-mediated fusion (mixed SybWTand ∆N-liposomes) and docking (mixed Syb∆84- and ∆N-liposomes) experiments
compared to the calculated mean scattering curves (ISybWT (q) + I∆N (q))/2 in the
case of the fusion experiments and (ISyb∆84 (q) + I∆N (q))/2 in the case of the docking
experiment

In the case of the docking experiments, the characteristic structure factor modulations
observed in the calcium-induced vesicle adhesion are not observed. Therefore, it is not
possible to analyze the SAXS data by least-squares fits using the docking model to obtain
the water spacing dw . We conclude that the signal of the docking and fusion states may
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have been lost in the ensemble average of the SAXS experiment, i.e.that docking and
fusion efficiencies have been insufficient. This conclusion is supported by the following
estimate of the increase of the forward scattering intensity, made for the case of 100 %
fusion efficiency, we consider a form factor model of a spherical shell. The scattering
intensity Ishell (q) is given by (3)
2
Ishell (q) = ∆ρ2 Vshell
|fshell (q)|2
2
= ∆ρ2 Vshell

V (Rout )fsphere (q, Rout ) − V (Rin )fsphere (q, Rin )
V (Rout ) − V (Rin )

where
fsphere (q, R) =

3(sin(qR) − qRcos(qR))
(qR)3

(1)

2

,

(2)

is the form factor of a homogeneous sphere, V (R) = 4/3πR3 is the volume of a sphere
3 − R3 ) is the volume of the shell with the outer
with the radius R, and Vshell = 4/3π(Rout
in

and inner radius Rout and Rin , respectively. For the forward scattering intensity q → 0
the form factor of the spherical shell becomes fshell ≈ 1, so that


2
3
3
Ishell (0) ∝ Vshell
∝ Rout
− Rin

2

.

(3)

For example, if we consider an outer radius of Rout = 40 nm and an inner radius Rin = 35
nm in the original state, then the radii of fused spherical shells are approximately Rout = 50
nm and Rin = 45 nm by assuming that the volume of the two spherical shells remain
after fusion, that means Vfused = 2V and thus Rfused = 21/3 R. This assumption yields
an increase of ∼ 56% of the forward scattering intensity, which is far away from the
experimental observations. Altogether, the results indicate that some reactions occurred,
but we can not clearly distinguish between a docked and a fused state, most likely, due to
a very low efficiency of the reactions.
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