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Abstract

Synaptic neurotransmission is a highly complex and crucial process in the communi-
cation between neuronal cells, and is thus directly related to the complex functions of
the neural system, including information processing in the brain, sensory reactions,
and learning. The last decades have considerably shaped our current understanding of
the underlying processes in synaptic neurotransmission on the molecular level, and
up to the level of the entire synapse. X-ray crystallography and more recently also
cryo-electron microscopy have provided the structural basis to elucidate the function
of many synaptic proteins. At the same time, synaptic neurotransmission also relies
crucially on processes governed by biological membranes. Synaptic vesicles as small
membranous organelles store neurotransmitters in the cytoplasm of the synapse and
release them into the synaptic cleft in a highly controlled manner. While synaptic vesi-
cles can be described in a very detailed picture in terms of their molecular composition,
less is known about structural rearrangements involved in the dynamic processes of
neurotransmitter uptake and fusion with the presynaptic plasma membrane.

This work employs X-ray diffraction, in particular small-angle X-ray scattering (SAXS),
for structural investigations of vesicles in view of adhesion, fusion and neurotrans-
mitter uptake. To this end, we study model lipid vesicles, as well as vesicles with
reconstituted proteins and synaptic vesicles. SAXS is a powerful non-invasive tech-
nique which enables to probe the structure of the membrane as well as vesicle size and
size distribution (polydispersity) under quasi-physiological conditions in solution.

Membrane adhesion and fusion in the physiological system are the result of a complex
interplay between lipids, fusiogenic proteins, ions and water molecules. From a physi-
cal point of view, attractive and repulsive forces are balanced in membrane adhesion,
and repulsion has to be overcome to enable fusion. Experimentally, we show that
adhesion of lipid vesicles induced by divalent salts can be clearly identified by SAXS.
The deduced structural parameters, most importantly the interbilayer spacing, can be
modeled based on theoretical inter-membrane interaction potentials. For moderately
and highly charged systems the experimental results are well in line with the predicted

strong-coupling attraction, which is associated with correlated counterions confined



2 Abstract

between two bilayers in close proximity.

With the availability of highly brilliant synchrotron radiation, structural dynamics,
reaction kinetics, and morphological transitions can be monitored by SAXS with
millisecond time-resolution. This work employs rapid turbulent mixing in a stopped-
flow device coupled to SAXS to study the structural dynamics of vesicle adhesion and
fusion. This allows us to observe intermediate and transient adhesion states in charged
vesicles. As a complementary technique to stopped-flow, we also evaluate continuous
flow mixing in microfluidics devices for vesicle SAXS.

Finally, we use SAXS to study the structural changes of synaptic vesicles after neuro-
transmitter (glutamate) uptake, and present first results on fusion of synaptic vesicles
with vesicles with reconstituted fusiogenic proteins.

Chapter 1 describes the biological framework, the physics of vesicle adhesion and the
corresponding interfacial interaction potentials, and gives a brief summary of X-ray
structure analysis of lipid vesicles.

In Chapter 2, SAXS is used to study vesicle adhesion and fusion. SAXS models are
discussed in view of potentially discriminating intermediate steps in the vesicle fusion
pathway, with a particular focus on vesicle adhesion (docking). We introduce the
docking model, which enables the quantitative analysis of SAXS data obtained from
adhering vesicles. We show, that the interbilayer spacing in the calcium-induced
adhesion of charged unilamellar vesicles is well explained by the electrostatic strong-
coupling theory. Further, we study the fusion of vesicles with reconstituted SNARE
proteins.

In Chapter 3, time-resolved SAXS is used to investigate the structural dynamics of
vesicle adhesion in real time. Intermediate states are observed by using a stopped-flow
rapid-mixing device coupled to SAXS. Further, microfluidics SAXS is used in two
different beam configurations and the microfluidic flow is studied by scanning-SAXS,
i.e. by scanning the microfluidics device by a focused X-ray beam. The main emphasis
in this chapter is on strong-coupling.

In Chapter 4, X-ray diffraction is used to study glutamate uptake and fusion of synaptic
vesicles. We show, that upon glutamate uptake, structural rearrangements both on
the length scale of the membrane and of the entire vesicle can be quantified by SAXS
analysis. At the same time, a discussion is provided regarding the limitation of SAXS
analysis with respect to polydisperse ensembles and how these limitations could be
overcome by single-particle coherent diffraction with X-ray free electron laser pulses.

Chapter 5 provides a brief summary of this thesis and ideas for future directions.



Introduction

1.1 Synaptic Neurotransmission

Synaptic neurotransmission is a highly complex process on the sub-cellular and molec-
ular level that constitutes the underlying mechanism in the communication between
neuronal cells [1, 2, 3], illustrated in Fig. 1.1. This process takes place in the nerve
terminals, so called synapses, which are the connections between neurons. Synaptic
Vesicles (SVs) are the key organelles in neurotransmission that store neurotransmitters
in the cytoplasm of the synapses under resting conditions [4]. An electrical stim-
ulus, i.e. an incoming action potential in the nerve terminal, leads to the opening
of voltage-gated calcium channels. The resulting calcium influx stimulates fusion
of neurotransmitter-filled SVs with the synaptic plasma membrane, followed by the
release of neurotransmitters into the synaptic cleft (exocytosis). The neurotransmitters,
in turn, bind to receptor molecules of the post-synaptic membrane. In this way, the
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Fig. 1.1: Illustration of the exo- and endocytotic cycle of synaptic vesicles. Figure taken from
JAHN et al. [3] and used with kind permission from Nature.
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signal is transferred from one neuron to another. After exocytosis, SVs are regener-
ated within the synapse by clathrin-mediated endocytosis, where the SV proteins are
retrieved. The rebuilding of SVs takes place either directly or through an endoso-
mal intermediate after the uncoating of clathrin. In a next step, SVs are refilled with
neurotransmitters and are then ready for the next round of exocytosis.

Glutamate uptake

The uptake of neurotransmitters is driven by the energy provided by an electrochemical
gradient which is established by a vacuolar-type ATPase (V-ATPase) [5, 6, 7]. For this
purpose, the V-ATPase translocates protons into the cytosol of the SVs using the energy
derived from ATP hydrolysis. With ~ 800 kDa the V-ATPase is the largest protein on
the SV, facing towards the cytoplasm of the synapse, with copynumbers of 1 - 2 per
vesicle [4]. It is considered that the proton electrochemical gradient is regulated by
cytoplasmic ATP concentration [8]. Glutamate uptake reaches a plateau at 2 mM ATP
for isolated SVs, which lies well within the physiological range of ATP concentration.
Under resting conditions, the cytosolic ATP concentration is approximately 2 mM, and
is reduced to 1 mM after endocytosis.

The uptake of neurotransmitters is eventually mediated by vesicular neurotransmitter
transporters. The vesicular transporters are defining the neurotransmitter phenotype
of a SV, and neurons are traditionally classified accordingly. For glutamate, three
different vesicular glutamate transporters (VGLUTSs) have been identified, VGLUT1,
VGLUT2, and VGLUTS3 [9, 5, 10, 11]. Synapses which express VGLUT1 and VGLUT2
are defining the glutamatergic phenotype of neurons (VGLUT3 surprisingly not), and
are mainly found in the cerebral cortex and hippocampus or in the thalamus and
brain stem, respectively. Glutamate uptake established by an electrochemical gradient
further depends on chloride ions and competes with glutamate at high concentrations
[12]. It was found, that glutamate transporters possibly also act as proton antiports or
as K*/H* exchanger, allowing to adjust to different ionic conditions [12]. Recently it
was reported, that a single SV is filled with approximately 8000 glutamate molecules
[13].

Great effort has been made to investigate the process of neurotransmitter uptake
on the molecular level. Contrarily, the understanding of structural changes on the
organelle level and how they relate to physiological function is yet at the beginning.
Large structural changes upon glutamate uptake were observed in isolated SVs, with
an ~25 % increase in diameter [14]. The lipid bilayer alone can not account for the
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corresponding surface area expansion with an increase of ~ 50 %, supporting the
idea, that other molecules act as a flexible network within the SV membrane. It was
shown, that SVs lacking SV protein 2A (SV2A) did not undergo structural changes
upon glutamate uptake, however, the detailed mechanism remain unclear [14]. At
this point, one can only speculate about possible implications of the large size increase
to physiologically relevant processes. In model membrane systems equipped with the
minimal fusion machinery the fusion efficiency was found to be considerably increased
with increasing lateral tension [15], which supports the idea, that the large size increase
of SVs might play an important role in the efficiency of neurotransmitter release. In fact,
there is still a large gap in time scales between fusion taking place during exocytosis
in the biological system and fusion between membrane/vesicle model systems, as the
observed fusion rates are much higher in the synapse [15].

Fusion of SVs with the presynaptic plasma membrane

Exocytosis of SVs takes place at specific compartments of the presynaptic plasma
membrane referred to as active zones. Three temporally and spatially distinct steps can
be distinguished such as docking, priming and fusion. Docking and priming means
recruiting SVs into the active zone in close proximity to the plasma membrane and
activating the release apparatus, respectively. Docked and primed SVs define the ready
releasable pool [16], and fuse with the plasma membrane upon calcium influx in a

highly cooperative manner.

Fusion of SVs with the presynaptic plasma membrane is crucially mediated by the
SNARE:s (soluble N-ethylmaleimide-sensitive-factor attachment receptors) synapto-
brevin 2, syntaxin 1a and SNAP-25B [17]. Synaptobrevin 2 is situated in the SV mem-
brane, and is the most abundant protein on the SV with a copynumber of approximately
70 per vesicle [4]. Syntaxin 1a and SNAP-25B are associated to the synaptic plasma
membrane. The assembly of the SNARES is considered to be the driving force for
fusion of SVs with the synaptic plasma membrane. To this end, they contain char-
acteristic and evolutionary conserved domains of 60 to 70 amino acids, referred to
as SNARE motifs, which mediate complex formation of cognate SNARE monomers
[18]. While the SNARE motifs of monomeric SNARES are flexible and rather unstruc-
tured in the isolated state, they become helical after assembly to a core complex. Both
synaptobrevin 2 and syntaxin 1a contain a transmembrane domain, while it lacks for
SNAP-25. However, SNAP-25 is also associated to the synaptic plasma membrane by a
hydrophobic post-translational modification that functions as a membrane anchor.
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SNARES were first characterized in the late 1980ies [19, 20], and the first crystal struc-
ture of a SNARE complex was published by R. B. SUTTON et al. a decade later in 1998
using neuronal SNARESs involved in synaptic exocytosis [21]. The core complex repre-
sents a parallel four-helix bundle provided by the SNARESs synaptobrevin 2, syntaxin
la and SNAP-25B in a 1:1:1 stoichometry. To this complex, SNAP-25 contributes with
two a-helices, synaptobrevin 2 and syntaxin 1a contribute each with one a-helix. The

linker

76 -5-4-3-2-1 0+1+2+3+445+6+7+8

SN25 (N)

Fig. 1.2: Ribbon structure of the SNARE complex [22], adapted from [23]. The interacting
layers (from —7 to +8) are indicated. The +8' layer is not resolved since the electron density of
SNAP-25 is lacking at this position.

SNARE complex contains 16 stacked layers in the inner core which are stabilized by
mostly hydrophobic side chains interactions with the exception of the ’0’ layer. The
latter is composed of one negatively charged arginine (Arg, R) side chain and three
highly polar glutamine (Gln, Q) side chains. SNARESs are classified accordingly into
Q- and R-SNARESs with respect to the ’0’ layer [18]. A functional relevant complex
formation for driving membrane fusion has the composition QabcR such as in the
case of the neuronal SNARE complex. In this scenario, synaptobrevin 2 represents
the R-SNARE, while syntaxin 1a and both the N-terminal and C-terminal helices
of SNAP-25 are termed as Qa-, Qb- and Qc-SNARES, respectively. The amphiphilic
character of the SNARE motif also enables other configurations. For example, a Qaabc
complex composed of two syntaxin 1a and one SNAP-25 is able to form but provides
less energy [24], and therefore it is unable to drive membrane fusion [17]. Further
information on the fully assembled SNARE complex including the linker and the
transmembrane region was provided later by another X-ray crystallographic study [22],
as illustrated in Fig. 1.2. It was found that assembly of synaptobrevin 2 and syntaxin
1a proceeds beyond the SNARE motifs, forming continuous helices along the linker
and transmembrane regions. Together with a subsequent study in [23], where fusion
of membranes was prevented by using a mutant of synaptobrevin 2 lacking the residue
corresponding to the +8 layer in the SNARE complex, it is suggested that the helical



1.2 Adhesion and fusion of vesicles 7

extension plays a crucial role in the membrane merger.

In vitro, the assembly to a SNARE complex as a minimal fusion machinery is sufficient
to drive membrane fusion using artificial membrane systems [25]. However, such a
minimal machinery for membrane fusion on its own does not explain physiological
observations as for example the fusion efficiency in terms of the reaction rates [26, 17].
Toward the complete picture, it is proposed that the fusion machinery is composed of
a set of molecular components, which regulates the assembly and disassembly cycle
of SNARE complexes to achieve such a controlled and fast exocytosis. The detailed
mechanisms and pathways are reviewed in [3].

1.2 Adhesion and fusion of vesicles

Thus far, we have briefly described the biological framework relevant for this thesis.
We can easily see that biological membranes as highly complex interfaces play an
important role in synaptic neurotransmission. Both compartmentalization and the
ability of membrane fusion are important properties. Compartmentalization enables
the parallelization of spatially limited reactions such as the uptake of neurotransmitter,
while membrane fusion makes the exchange of substances possible.

The lipid bilayer is often described as the structural matrix of a biological membrane.
At the same time, lipids are not only "structural molecules”, but they are also directly
performing important cellular functions including signaling [27, 28]. The diversity
of lipids contributes to the complexity of a biological membrane as to its functions
and structural organization [29]. To this end, the lipid composition varies for different
cells or organelles as they fulfill different tasks. For example, differences in lipid
composition of SVs and the synaptosome were reported recently, where isolated SVs
showed a higher fraction of triacyl glycerols and sphingomyelins as opposed to the
synaptosome membrane fraction [30].

Along with sterol lipids and sphingolipids, glycerophospholipids are one of the three
major groups representing the most abundant group of membrane lipids that are found
in eukaryotic membranes [27]. The amphiphilic nature of lipids enables the sponta-
neous self-assembly of most membrane lipids to higher-level structures in aqueous
solutions due to the hydrophobic effect once a critical concentration is reached, referred
to as critical micelle concentration (CMC) [31, 32].

Lipids can be generally characterized by their net charge and their effective molecular
shape, where both attributes have impact on the type of the formed aggregate. The
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@ P<1/3
——>

12<P<1

.m

Fig. 1.3: Geometries of mean molecular shapes of different types of lipids and the corresponding
lipid aggregates, which depend on the critical packing parameter P, based on [31]. Small values
for the packing parameter, P < 1/3, as in the case of single-chained lipids (surfactants) result in
spherical micelles. In the opposite case, lipids with P > 1 corresponding to an inverted truncated
cone (e.g. DOPE) have the propensity to form inverted micelles. Lipids with cylindrical shapes
(P ~ 1) as DOPC have the propensity to form planar bilayers. Unilamellar vesicles are formed by
lipids with a truncated cone (1/2 < P < 1), where the bilayer shows a spontaneous curvature.

propensity of individual lipids to form a certain aggregate is determined by the packing
parameter P = V /(agyl.) with the volume V occupied by the acyl chains, the mean
cross-sectional area a, of the headgroup in the interfacial region and the length [, of the
chains [31]. Fig. 1.3 shows several geometrical shapes of different lipid species and the
corresponding aggregate. However, this rather simplistic picture is in general limited
to single-component aggregates, while lipids indeed can form a variety of different
aggregates further dependent on, for example, lipid composition, concentration, tem-
perature, and ions. At the same time, the geometrical shape of individual lipid species
plays an important role in membrane fusion intermediates. For example, adding DOPE
to DOPC can significantly lower the energy for stalk formation due to a reduction of
the spontaneous curvature [33, 34].

Once two lipid bilayers are in close proximity, fusion takes place either spontaneously
or in a controlled manner for example triggered by fusiogenic proteins or by other
external parameters such as the addition of divalent salts or osmotic pressure. Fusion
of lipid bilayers proceeds through the formation of non-bilayer intermediates at the
contact site [35, 36]. Figure 1.4 illustrates membrane fusion intermediates in the
classical fusion-through-hemifusion pathway. In the first step an "hourglass’-shaped
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stalk intermediate is formed, followed by a radial expansion of the stalk to a hemifusion
diaphragm. The latter is formed by a lipid bilayer composed of the two distal leaflets,
while the proximal leaflets are fused. Subsequently, rupture of this bilayer results in
the formation of a fusion pore and eventually in complete fusion.

Proximal monolayer
Distal monolayer Stalk Hemifusion

Fusion pore Fusion pore

Fig. 1.4: Top illustrations: Lipid bilayer fusion intermediates in the classical fusion-through-
hemifusion pathway. Bottom illustrations: Snapshots of a simulated SNARE-mediate membrane
fusion pathway corresponding roughly to the fusion-through-hemifusion pathway. Figure taken
from JAHN et al. [3] and used with kind permission from Nature.

The interplay between lipids and proteins is indicated in Fig. 1.4 (bottom illustra-
tions) for the case of SNARE-mediated membrane fusion. The intermediate states are
represented by snapshots of molecular dynamics simulations [37], which roughly corre-
spond to those of the pure lipid bilayer fusion-through-hemifusion pathway. Zippering
of SNARES brings two bilayers into close proximity. Importantly, subsequent lipidic
intermediate states are also facilitated by the SNAREs [37]. Beyond the predicted
classical model other pathways have been reported in the framework of the stalk hy-
pothesis [38, 36, 39]. In general, the detailed mechanisms with respect to intermediate
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molecular structures as well as the energy landscapes of membrane fusion pathways
are still not fully understood. Structural rearrangements take place at short time and
small length scales, and are therefore experimentally difficult to access. In this regard,
great progress has been achieved experimentally and based on simulations over the
last decade, for example in [34, 40, 41, 42, 43, 44, 45, 46, 47].

Adhesion interaction energy between a pair of vesicles

For vesicle adhesion, the interaction energy forces the opposing vesicles to flatten
at the contact site and to form an extended interface between the membranes in
close proximity [48, 49, 50, 51]. For simplicity, equally sized vesicles are assumed as
illustrated in Fig. 1.5(a). It is further assumed, that the adhering vesicles conserve
their volumes. Finally, the adhesion is assumed to be in the limit of strong adhesion.
According to [50], the bending energy can then be neglected and the total energy can be
considered as only consisting of the elastic stretching energy and the adhesion energy

(A — Ap)?
U=k, 220
a AO

— Af|W,l, 1.1)
where A, is the surface area of undeformed vesicles, A is the surface area of deformed
vesicles, Ay is the contact area, K, is the elastic area compressibility modulus and
W, is the adhesion energy per unit area. Minimizing Eq. 1.1 with respect to A¢

Fig. 1.5: a) [llustration of the geometry of two equally sized adhering vesicles, adapted from [50].
(b) Cryo-electron microscopy image of two vesicles arrested in a SNARE-mediated docking state,
figure taken and modified from [23]. The balance of forces with the elastic stretching tensions
04, 0,, 03 and the inter-membrane interaction |W,| is indicated.
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yields the equilibrium condition, from which the equilibrium contact angle 8 and
the equilibrium adhesion energy |W,| can be found. Assuming a perfect sphere for
undeformed vesicles the volume V) and the surface area A are given by

4
Vo = §nRg 1.2)
and
Ay = 4nR?, (1.3)

whereas for adhered vesicles assuming a spherical cap geometry the volume V and the
surface area A are given by

V = ZR(1 +cos(9)1(2 - cos(9)) (1.4)
and
A, = 2R*(1 + cos(9))
A; = 7Rsin’(0) (1.5)
A = A, + Af = TR*(1 + cos(8))(3 — cos(0)) .
Here the surface areas A, and Ay correspond to the curved and the flat part of the

deformed vesicles, respectively, and 6 is the half of the contact angle as indicated in
Fig. 1.5. Using the volume constraint V' = Vj,, R can be expressed in terms of R, as

4 1/3
R=Ro [(1 + cos(0))2(2 — cos(@))] (16)
The total energy is then [50]
2
U = 47R2K, (3 — cos(6) —1
41/3(1 + cos(8))1/3(2 — cos(8))2/3 w7
AnR2W,| (1 — cos(8))
04T\ 41/3(1 + cos(6))/3(2 — cos(6))2/3 |

By minimizing Eq. 1.7 with respect to 6 the adhesion energy per unit area is obtained
as [50]

W,l = 2K,(1 — cos(6)) 3 = cos(®) | as

(2(1 + cos(0))1/2(2 — (:OS(G)))2/3
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This expression for the adhesion energy can be also derived directly from the Young-
Dupré equation 2ocos(6) = 20 — |W,|, where o = (1/2)K,(A — Ap)/(Ayp) is the
elastic stretching tension [52]. Figure 1.5(b) shows a cryo-electron microscopy image
of a SNARE-mediated vesicle docking state as well as the balance of forces with the
elastic stretching tensions oy, 0,, 03 and the inter-membrane adhesion interaction
|W,|. With the assumptions made in the discussion and further with the simplification
o = 0y = 0, and 03 = 20 the adhesion energy is |W,| ~ 0.0034 J/m’ corresponding
to 0.82 kgT/ nm? for a contact angle of 260 = 94.4°, and with the literature value of
K, = 243 mN/m for phosphatidylcholines bilayers [53]. For comparison, the total
zippering energy of ~ 70kgT has been recently reported for a single SNARE complex
[54, 55].

Van der Waals attraction and hydration repulsion

Adhesion of lipid bilayers is governed by the interplay of various interfacial forces.
These forces can be either short- or long-range, attractive or repulsive, and further,
they can be of electrostatic and/or of entropic nature. In equilibrium, these interaction
forces predict well-defined interbilayer spacings.

For charge neutral lipid bilayers in close proximity the interaction potential can be
well described by the sum of van der Waals attraction and hydration repulsion [56].
Van der Waals interactions between molecules are universal and always attractive.
The attraction results from different polarizabilities of lipid and water molecules. The
interaction pressure P can be calculated in the framework of Lifshitz theory [57, 58]. For
lipid bilayers, a widely used approximation of the van der Waals interaction pressure
is given by

H|1 2 1

P dy)=—|— — + ,
vaw(dn) 6 dﬁ (dn +dcn,)?  (dp +2dcp,)?

(1.9)

where H is the Hamaker coefficient in the units of energy [59]. Here, the proximal
hydrophilic headgroup regions and the water layer in between are modeled as one
homogeneous layer with the thickness dy, = dy; + 2dp,, so that the bilayer is treated as
a hydrocarbon layer with the thickness dcy, [59, 56].

The van der Waals attraction is balanced by strong repulsive forces acting between lipid
bilayers on the nanometer scale, referred to as hydration repulsion, resulting from the
orientation of water molecules close to the surface. For bilayer separations dy, > Ay,
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the hydration repulsion can be approximated by [60, 61]
dy
Piya(dy) = Phexp (=52 (1.10)

where the decay length Ay, typically is in the range of 1 to 3 A. The exponential
hydration repulsion is suggested to be universal and of entropic nature within the
approximated distance regime. At smaller separations and consequently for smaller
degrees of hydration, however, the interaction pressure is generally not following an
exponential law and depends mainly on the chemical characteristics of the headgroups
[62].

Interaction potentials between charged lipid bilayers

Electrostatic interactions are ubiquitous in soft matter and biological systems, and many
biological processes and structures can be found, where charge-mediated interaction
is the primary driving force [63, 64].

One famous example is given by DNA packaging in the cell nucleus, where all highly
negatively charged DNA is densely packed as a nucleoprotein complex called chro-
matin. On the lowest level of the multi-hierarchical structure, a short DNA section
is wrapped around a positively charged histone protein and partially and electrostati-
cally neutralized [63, 65]. In the physical point of view, it is of interest to understand
the ion distributions near charged surfaces and the resulting and divers interaction
phenomena between two charged surfaces.

Two like-charged objects in vacuum always repel each other, but once they are sur-
rounded by an electrolyte the system becomes more complicated. It was shown, that
mean-field approaches such as the Poisson-Boltzmann theory yield always repulsion
between like-charged objects [66]. In the mean-field approximation, the counterions
are rather loosely bound at the charged surface and form a diffuse ionic cloud, where
correlations between the counterions are neglected as illustrated for two plates in
Fig. 1.6(a). At the same time, like-charge attraction is possible in the presence of
counterions, which experimentally has been known since the 1980ies [67, 68, 69, 70].
Quite a bit counterintuitively, such an attraction only occurs when the surface charge
density is high enough. In this scenario, mean-field approximations, even though suc-
cessful in describing many weak-coupling phenomena, fail to describe the like-charge
attraction, and electrostatic correlations between counterions have to be considered,
illustrated in Fig. 1.6(b). It is now the strong coupling theory, which predicts the
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like-charge attraction of highly charged bodies when surrounded by counterions [71,
72, 63, 73]. For the simplest case of two like-charged planar plates at small separations,
an analytical expression for the interaction pressure was found two decades ago by R.
NETZ and coworkers [74].

(a) a; < p<d (b)
.:.o..... .o.:.:::: o. : * a| > d
T [Jcos s el
,UI 0%e% ..o..o’.o:.o:.°.o..‘::' l a| l

Fig. 1.6: Illustration of (a) the electrostatic mean field scenario accurately described by Poisson-
Boltzmann theory, and (b) of the strong coupling scenario in the case of two like-charged plates.
The scenarios are obtained by comparing the Gouy-Chapman length u, the interplate separation
d and the lateral distance between counterions a, . Figure adapted from [72].

In the following, we first introduce the characteristic length scales relevant for the
interaction between two membranes following the literature in [75, 76, 72].

The Bjerrum length is defined as the distance between two unit charges at which the
electrostatic energy equals the thermal energy kT and is denoted by

Iy = e*(4meepkpgT) ™! . (1.11)

Here, e ~ 1.602 - 107'? C is the elementary charge, ¢, = 8.85 - 107!2 F/m is the
vacuum permittivity, € is the relative permittivity of a medium (~ 80 for water at
room temperature), kg ~ 1.381 - 10723 J/K is the Boltzmann constant, and T is the

temperature in the units of K.

The Gouy-Chapman length, defined as the distance between a planar surface and a
unit charge at which the electrostatic energy equals the thermal energy, is expressed as

u = Qrqlgo)™, (1.12)

where q is the valency of the counterions and oy is the surface charge density.

The Debye screening length is

k T 1/2
Ap = (—EOE’ B 2) , (1.13)
Zi no,iezqi
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where n,; is the number density of ions species i. At this characteristic length scale
the electrostatic interactions between two charges in the presence of all other ions of
the solution are screened.

The ratio of the rescaled Bjerrum length Iy = g%l and the Gouy-Chapman length u
gives the important electrostatic coupling parameter

[1]

=Iy/u = 27q o . (1.14)

The coupling parameter uniquely describes the physical regimes of the system and
discriminates weakly coupled cases from those which are strongly coupled [71]. Exper-
imentally relevant, the coupling parameter can be tuned by varying the surface charge
density o or the valency of the ions q.

For E <« 1, corresponding to the weak coupling regime, the Gouy-Chapman length u
is relatively large and the distribution of the counterions can be well described by the
Poisson-Boltzmann theory in the mean-field approximation. Contrary, large coupling
parameters, where E > 1, describe the limit of the strong coupling regime, and the
Gouy-Chapman length u is relatively low. In this regime, the counterions are strongly
correlated and form a quasi two-dimensional layer at the charged surface.

The structure of the counterionic layer is characterized by the typical distance between
the counterions at the surface. Using the local electroneutrality condition, the typical
lateral separation for counterions in the vicinity of the charged surface is

a, ~ —. (115)

In the strong coupling regime, the lateral separation of the counterions is much larger
than the interplate separation, a; > d.

Weak-coupling regime

As discussed above, for weakly coupled cases, where E « 1, mean-field approaches
such as the Poisson-Boltzmann theory hold. The Poisson-Boltzmann theory gives a
precise description of the ion density distribution near a charged wall at physiological
conditions, e.g. for monovalent ions and low or moderate surface charge density [75,
76, 72].
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For counterions only, the Poisson-Boltzmann equation reads [52]

qepo

2wy 9€Po _qe‘P)
Va®(x) = = exp( R

T (1.16)

which is to be solved for the electrostatic potential ¥(X). For the case of a single planar
plate and counterions only, the Poisson-Boltzmann equation predicts a counterion
density profile of the form [52]

27TlBO'§

/(L+ w32’ a1

ppp(z) =
which describes an extended, i.e. algebraically decaying, ionic cloud with the distance
z from the surface. Although the counterion profile is diffusive at the surface, the
typical thickness of the ionic layer can be described by u as it equals the height of the
layer which contains half of the counterions.

For the case of two like-charged plates with low or moderate surface charge density in
the presence of an 1:1 electrolyte (.. = 1, e.g. NaCl), analytical solutions of the Poisson-
Boltzmann equation are a good approximation predicting the interplate separation.
However, analytical solutions can only be calculated when separating the general
solution into several limits. By length scale analysis, four different regimes can be
distinguished, namely the Debye-Hiickel regime, the Gouy-Chapman regime, the
Ideal-Gas regime, and the intermediate regime [75, 76]. The different regimes are
indicated in Fig. 1.7 as a function of the dimensionless variables u/Ap and d/Ap.

Following [75, 76], the Debye-Hiickel regime is valid for small surface potentials, i.e.
for small surface charge densities, and is separated into two Debey-Hiickel regions,
Debye-Hiickel 1 and Debye-Hiickel 2, for large and for small separation d, respectively.
For large separations, valid for d > Ap and u > Ap, the interaction pressure reads

2kgT
P(d) = 2B exp (—i> . (1.18)
mlgu? Ap

In the other limit of small separation, valid for d <« Ap and u > ’121) /d, the interaction
pressure is approximated by
2kgT 1

P(d) = > —2 .
wly (A5 1) d

(1.19)

In the intermediate regime the distance d is the largest length-scale and the surface is
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Fig. 1.7: Schematic representation of the different regimes (Ideal gas, Gouy-Chapman, Inter-
mediate and Debye-Hiickel) of the Poisson-Boltzmann equation for two flat and like-charged
plates at separation d, figure adapted from [76]. The regimes are separated with respect to the
independent and dimensionless variables d /A, and u/A, with the Gouy-Chapman length u
and the Debye length Ay,.

strongly charged (Ap > w). This regime is valid for d > Ap > u, and the interaction

8kpT
Pd) = —2 exp<—i>. (1.20)
mlgA} Ap

pressure is given by

The Ideal-Gas regime and the Gouy-Chapman regime both represent the regimes that
are obtained for the counterion only case. In the Ideal-Gas regime both the surface
charge density and the concentration of the counterions is small, resulting in a nearly
constant distribution of the counterions between the two surfaces. Consequently,
the main contribution to the electrostatic interaction is given by the entropy of the
counterions. The interaction pressure, valid for /1]23 /d > u > d, is written as

kT 1

P = .
@ mlgu d

(1.21)

Finally, the interaction pressure in the Gouy-Chapman regime, valid for Ap > d > p,

is expressed as
ﬂkBT 1

P(d) = 2y d2’

(1.22)

In this regime, the surface charge density is large at low concentrations of the counte-
rions. Note that the Gouy-Chapman regime is already close to the limit of the validity
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of the weak-coupling limit due to strong electrostatic interaction.

Strong-coupling regime

The strong coupling regime is described in the limit of = > 1. We consider two identi-
cally charged parallel planar surfaces at distance d that are neutralized by counterions
yielding global electro-neutrality. Further the dielectric permittivity of the solvent and
of the plates are assumed to be equal, and counterions are assumed point-like, and
all of the same charge. As discussed above, the lateral correlation length between the
counterions is larger than the interplate separation, a; > d. Since the counterions
are highly separated from each other, a single counterion confined by the two plates
can be considered as a correlation cell as sketched in Fig. 1.6(b). In this scenario, the
inter-ionic energy per particle is small compared to kT, so that ion-ion interactions
can be neglected [77]. The effective interaction pressure between the plates is than
mainly dominated by the contribution from each single correlation cell. This enables
us to get a quite intuitive insight into the electrostatic strong-coupling phenomenon.
Following [71, 74], we consider two symmetrically charged plates confining a neutral-
izing single counterion. The distance between the plates with the area A is denoted
as d, and the distance between the plates and the counterion as z and d — z, respec-
tively. For d < \/Z, the electrostatic interaction energy between the counterion and
the plates is Wy = 27wkgTlgqosz and W, = 2wkgTlzqo(d — z), respectively, which
follows from the evaluation of the potential at an infinite charged wall. The interac-
tion energy between the two plates is proportional to Ao, (total charge on one plate),
and given by Wy, = —2mkgT Algo?d, again for d < \/Z The total energy is then
W =W, + W, + Wy, = 2mkgT Algo2d. The total electrostatic pressure per unit area
reads

Py = _3w/4) = —2rkgTlgo?, (1.23)

od

indicating that the two plates attract each other. In addition, the entropic contribution
of the order S ~ kg In d accounts for the counterion confinement resulting in a
repulsive term. The entropic pressure, calculated by the relation P = T(dS/dV) with
the volume V = Ad , reads

kBT _ 2USkBT
Ad ~ qd

Pept = (1.24)
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since the system is electro-neutral with the condition g = 2Ac,. Eventually, the total
pressure is given by

205

2
P =P+ Pe = ~2kyTlyo? + 2 s

= 27kpTlo? (—1 + F) . (1.25)
This expression predicts a bound state between the plates with an equilibrium separa-
tion of d* = 2u. As a consequence, the like-charged plates attract or repel each other
ford > d* and d < d*, respectively. The result obtained for the total pressure in Eq.
1.25 agrees with the precise description of the strong coupling theory in the limit of
E>1[71, 74].

An alternative approach to understand like-charge attraction in the strong coupling
regime has been given by E. TRIZAC [77]. Accordingly, the unbinding of counterions
from the vicinity of the plates is crucial for like-charge attraction, when d is small
enough. In this scenario, the counterions can freely explore the space perpendicular
to the plates, described by a constant distribution

2
poc(2) = 27lpo? 2 (1.26)

while they are correlated laterally, i.e. parallel to the surface of the plates. It was shown
from the contact theorem, that only then attraction between like-charge plates can set
it [77]. Contrarily, the counterions are bound to the charged surface in the case of a
single plate with an exponentially decaying counterion distribution of the form [71]

Psc(2) = po exp (—i) , (1.27)

in the strong coupling limit.

1.3 X-ray structure analysis of vesicles

Since the discovery of X-rays by Wilhelm Conrad Rontgen in 1895 [78], they have played
a tremendous role in the structural elucidation of matter. The first X-ray scattering
experiments on membranes, by F. O. Schmitt, G. Boehm and coworkers in the 1930 -
1940ies, were strongly motivated towards the structural elucidation of the brain and
the nervous system [79, 80]. When analyzing the fine structure of nerve myelin, lipids
were found to be the origin of observed diffraction peaks [80, 81]. In the following,
more systematic studies were carried out by using purified "nerve lipides” such as
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lecithin, cephalin, sphingomyelin, kerasin and prenosin isolated from beef spinal cord,
concluding from the diffraction data, that the molecules occur as bimolecular leaflets
[82]. It was only one decade earlier, that for the first time a lipid bilayer ("a layer of
lipoids just two molecules thick") was proposed by E. Groter and F. Grendel in 1925,
evidenced only by measuring the surface area of extracted chromocyte lipids arranged
in a monolayer and by comparison to the total surface area of one chromocyte [83].

Since then, different lipid model membrane systems are widely used for X-ray structural
studies addressing a broad range of biophysical and physiological questions [84, 85, 86,
87]. One main objective of this thesis is the structural investigation of membrane/vesi-
cle adhesion and fusion. X-ray crystallography has provided the structural basis to
elucidate the function of proteins, which play an important role in membrane merger
(e.g. SNARE proteins as discussed earlier). From a structural point of view, membrane
fusion intermediates and the role of specific types of lipids have been rather elusive
due to both short time and small length scales at which structural rearrangement of
the lipids takes place.

Stalk structures arrested in an equilibrium state have been extensively studied in solid-
supported aligned multi-bilayers under partial dehydration by X-ray diffraction and
reflectivity [88, 34, 89]. The critical water layer thickness between opposing bilayers at
which a stalk begins to form was found to be approximately constant, d;, = 9 + 0.5 A,
for different lipid compositions [34]. Recent effort has been made to extend the X-
ray studies of membrane fusion in supported multi-bilayers towards physiological
conditions by incorporation of SNARESs into the bilayer stack [90]. However, X-ray
stalk structures in the presence SNAREs could not be observed so far. The ability to
observe stalks in supported multi-bilayers depends on the ability of the multi-bilayer
system to form a particular equilibrium lipid mesophase, namely the rhombohedral
phase. In the preparation of multi-bilayers with reconstituted SNARESs, however, the
SNAREs come with detergents. The latter was shown to impair the formation of the
rhombohedral phase [90]. A further limitation of these experiment is, that important
parameters such as pH or ionic strength can not be easily applied in such a setup.

It is therefore of interest, to study model membrane systems in fully hydrated states.
In this work, we use small unilamellar vesicles with radii from approximately 30 -
50 nm, with a focus on both pure lipid vesicles and on vesicles with reconstituted
SNARE, referred to as SNARE proteoliposomes. There has been great progress in the
last decade in order to distinguish intermediates in the SNARE proteoliposome fusion
pathway, e.g. docking, hemifusion and fusion, in view of kinetics and structures by
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employing a wide range of biophysical techniques, for example, fluorescence-cross-
correlation-spectroscopy combined with Forster resonance energy transfer (FCCS-
FRET) [91, 92], dynamic light scattering (DLS) [93], cryo-electron microscopy (cryo-
EM) [94, 23, 95]. In vitro, formation of the SNARESs synaptobrevin, syntaxin and
SNAP-25 to a coiled-coil complex is sufficient to drive membrane fusion [91, 23]. In
practice, a system of two populations of vesicles, either containing synaptobrevin or the
acceptor complex (also referred to as the AN-complex), are widely used to study SNARE-
mediated vesicle fusion. Interestingly, it was shown that mutants of synaptobrevin 2,
e.g. synaptobrevin A84 lacking the 84 residue which corresponds to the +8™ layer in
the SNARE complex, lead only to partial zippering of the SNARE complex resulting
in stable docking of the vesicles with an extended interface between two opposing
membranes [23]. This docking intermediate is found to be irreversible after NSF/a-
SNAP-mediated disassembly of the SNARE complex [96]. Recently, a docking state
has also been reported in the context of influenca virus fusion with a target membrane
mediated by hemagglutinin fusion proteins [97]. Thus there is evidence that a tightly
docked interface could be a part of a protein-mediated membrane fusion pathway.

However, important detailed structural information on the length scale of the mem-
brane are not accessible by these techniques. What are the bilayer structure and the
inter-bilayer water spacing on a sub-nanometer scale? Small-angle X-ray scattering
(SAXS) is an established technique to study the structure of lipid vesicles, and in
particular of the lipid bilayer, in solution, both in the multilamellar as well as in the
unilamellar state [98, 99, 100]. With the availability of highly brilliant synchrotron
radiation, SAXS experiments on biological samples in solution can be performed at low
concentrations and short exposure times. In the last decades, much progress has been
made in the analysis of vesicle SAXS data [100, 87]. A common approach is the direct
modeling of SAXS data, i.e. fitting a model function to the SAXS intensity profile using
non-linear least-squares methods. In general, this model-based approach requires
some basic knowledge about the structure of the measured objects in order to find an
effective expression for the one-dimensional electron density profile p(F), projected
onto the bilayer normal. In the literature, different models have been reported, such
as strips of constant values or Gaussian functions accounting for different regions
within the lipid bilayer representing distinct chemical moieties [101, 99]. Note, that
the lipid bilayer generally represents an intrinsically disordered ensemble described
by collective phenomena of lipids, which is why atomic resolution can not be achieved
by X-ray diffraction. However, the headgroup of a phospholipid contains an electron-
rich phosphate group, which results in a large electron density contrast between the
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headgroups and the surrounding hydrocarbon and aqueous region. In particular the
effective bilayer thickness can be well measured in SAXS experiments, which is often
defined as the distance between the phosphate groups [99]. Note, that the boundary
between the lipid bilayer and the aqueous surrounding is rather diffuse. More refined
descriptions of the lipid bilayer have been reported by using the scattering density
profile (SDP), where volume distribution functions are calculated for several quasi-
molecular fragments of the bilayer, supported by comparison to molecular dynamics
(MD) simulations [102, 103]. Such models were used to jointly analyze SAXS and SANS
(small-angle neutron scattering) data to increase the level of structural information.

Beyond pure lipid vesicles, SAXS analysis has been extended towards more complex
systems such as purified organelles [104, 105], or Escherichia coli cells [106]. In this
thesis, we follow [104, 107] for analysis of SAXS data obtained from SVs. The SV
membrane is densely packed with proteins. It was shown, that only a SAXS model,
where the structure of the protein shell was considered laterally anisotropic, was
sufficient to describe SAXS data obtained from SVs. While the lipid bilayer is still
conventionally modeled by a sum of three Gaussian functions, Gaussian chain models
are used to describe the inner and outer protein layers, and effectively model distinct
protein patches characterized by their radius of gyration and the number of protein
patches on the surface, thus breaking spherical symmetry. This model enables to
obtain detailed structural information about the protein layers and the lipid bilayer.
Contributions of (transmembrane) proteins to the lipid bilayer are not directly modeled
but included in the bilayer model. The polydisperse ensemble is further modeled by
a bimodal size-distribution accounting for the size polydispersity of the SVs, and for
contamination resulting from SV purification.

Recently, extracellular vesicles (EVs) have been extensively studied structurally, and
are potentially interesting organelles for medical therapy [105, 108]. Surprisingly, and
maybe not surprising at all, the SAXS signal of EVs shows a large similarity to those
obtained from SVs [105]. In contrast to SVs, SAXS analysis was performed by using an
isotropic SAXS model consisting of a spherical core-shell model. In the case of SVs,
isotropic model fits did not yield satisfactory fits. One possible reason for this might be
the difference in size; EVs have a size distribution ranging from 100 - 200 nm in radius,
an order of magnitude larger than the sizes measured for SVs [104].

Beyond static structure, structural dynamics of vesicles is highly relevant for the under-
standing of functional processes. Numerous processes can only be fully understood,
when we unravel the structural rearrangements, e.g. of molecular assemblies or of
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morphological membrane transitions, as a function of time. With modern synchrotron
sources it has now become possible to study structural dynamics with millisecond time
resolution [109, 110]. Besides the ability to probe kinetics, we demonstrate in Chapter
3 that intermediate steps in the transition from unilamellar to multilamellar vesicles
can only be made visible by employing time-resolved SAXS, in this case using the
stopped-flow rapid-mixing technique [109]. For time-resolved SAXS, controlled mixing
is crucial, which can be achieved either by stopped-flow rapid mixing, or alternatively
and on different time scales by microfluidics [111, 112, 113].

Microfluidics devices enable the manipulation of small amounts of fluids within
micron-scale channels in a very controllable manner, and are thus suitable for precise
mixing [114]. Given small Reynolds-numbers [115], the flow is characteristically
laminar and mixing is diffusion-limited. In continuous flow, mixing occurs while the
sample flows, so that temporal resolution can be potentially achieved by measuring
the signal at different positions along the stream, corresponding to probing different
reaction times. The accessible time resolution, i.e. smallest observable reaction time
by minimizing the dead time, can be in principle on the order of 100 us [116], well
below the accessible time resolution in the millisecond range achieved by stopped-flow
rapid-mixing devices. A further advantage is the fact that by constant replenishment
of sample radiation damage can be outrun. In microfluidics SAXS, the time resolution
depends not only on the flow characteristics such as flow velocity, but also on the
focal spot size of the X-ray beam. At the same time, real-space resolution determined
by the focal spot size of the beam enables to probe the detailed spatial heterogeneity
of a system within the microfluidic flow [117]. With recent improvements in X-ray
optics, the focal spot size of the X-ray beam can be in principle reduced down to the
nanometer range [118], however, a smaller beam size comes at the cost of a lower
signal-to-noise ratio of the SAXS signal. Exploratory microfluidics SAXS experiments
are presented in Chapter 3 to evaluate the suitability to study vesicle adhesion and
fusion upon mixing with divalent salts, also in view of future extensions towards
probing the structure of physiologically relevant states of SVs in microfluidic flows.
Note that the potential down-scaling of the total volume which can be achieved by
microfluidics is in particular important for samples, which can not be easily obtained
in large amounts, such as in the case of isolated SVs.
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We have studied the adhesion state (also denoted by docking state) of lipid vesicles as
induced by the divalent ions ca® or Mg2+ 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 (SAXS). A strong
adhesion state was observed for DOPC:DOPS vesicles indicating like-charge attraction
due to ion-correlations. The observed interbilayer separations of ~ 1.6 nm agree quan-
titatively with the predictions of electrostatics in the strong coupling regime. While this
phenomenon was observed when mixing anionic and zwitterionic (or neutral) lipids,
pure anionic membranes (DOPS) with highest charge density o 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 towards protein-controlled docking
and fusion, we have also characterized reconstituted N-ethylmaleimide-sensitive factor
attachment protein receptors (SNARESs) in controlled proteo-liposome suspensions by
SAXS.

2.1 Introduction

Membrane fusion is an ubiquitous physiological process, both on the cellular and sub-
cellular level. A well known example is the fusion of neurotransmitter-filled synaptic
vesicles with the presynaptic plasma membrane [4]. 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
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receptors (SNARES) [17]. 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 [17].

Despite significant experimental efforts, e.g. [23, 94], many important details of the
membrane fusion pathway, in particular concerning intermediate structures of the
membrane and the corresponding energy barriers, are still under debate. At the same
time, numerical studies have provided interesting insight into possible structures and
mechanisms [119, 37], 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 that a critical
(minimal) water layer thickness dy, is reached between opposing bilayers [88, 34, 89,
120, 90]. 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, in particular
in the presence of controlled concentrations of monovalent or divalent ions such as
ca’*. 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 electrostatic forces [75, 71]. Experimentally, adhesion and fusion
can be studied both in protein-free vesicles induced by Ca”", as well as in vesicles
with reconstituted SNARES (also denoted as proteo-liposomes), since reconstitution
protocols are well established [23].

In this work, we use small-angle X-ray scattering (SAXS) as a well established technique
for structure analysis of lipid vesicles in solution [99, 101, 121] to characterize the
adhesion (or docking) state of vesicles. To this end, we primarily address ‘physical’
adhesion induced by ca’* in pure lipid vesicles. We hence provide an experimental
investigation of the contact zone, which has also received much attention in recent MD
simulations [122, 123, 124]. Importantly, we find that the interbilayer distance in the
strong adhesion state is governed by condensation of divalent counterion according to
the regime of strong coupling [71]. In the outlook, we present first SAXS experiments
using vesicles with reconstituted SNAREs. For the latter, we use the mutant SybA84
which was shown to induce adhesion, but not to promote full fusion [23]. In this
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Fig. 2.1: (a) Small-angle X-ray scattering 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 dg;,. The momentum transfer
vector is given by § = K ;= l_c),-, where E,- and k ; are the wave vectors of the incident and the
scattered X-ray beam, respectively. (b) Sketch of a "free’ vesicle with the radius R, (left) and of
two docked vesicles with an extended interface between two opposing bilayers (right). For both
illustrations three Gaussians describing the EDP p(z) of a bilayer are indicated (one Gaussian
for each headgroup region and one Gaussian for the hydrophobic chain region).
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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 proteo-liposomes, with two bilayers brought into close apposition, is likely to be
governed by strong electrostatic and osmotic forces.

The main aim of the present work is hence to probe the bilayer structure and the
interbilayer water spacing d,, with molecular resolution, as quantified by the electron
density profile (EDP) normal to the membranes. Following suitable preparation proto-
cols 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 non-reacted,
a docked and a fused state, as illustrated in Fig. 2.1.

We thus first address vesicle preparation, protein reconstitution, and SAXS analysis in
the Materials and Methods section following this introduction. Subsequently, results
will be presented and discussed, first for non-interacting unilamellar lipid vesicles, and
then for the adhesion state of vesicles induced by CaCl, and MgCl,. The interbilayer
distances obtained from adhered vesicles will be discussed in terms of interaction
potentials. The paper will close with an outlook towards X-ray structural investigations
of SNARE-mediated 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 A.1.

2.2 Materials and Methods

2.2.1 Preparation of vesicles

The lipids dioleoylphosphatidylcholine (DOPC), dioleoylphosphatidylethanolamine
(DOPE), dioleoylphosphatidylserine (DOPS), and cholesterol (Chol) were purchased as
lyophilized powders from Avanti Polar Lipids (Alabaster, AL, USA). 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 ultra-pure water (Milli-Q) 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 (Bandelin, SONOPULS HD 3100) with the following settings: amplitude
40 %, pulse duration 0.5 s/0.5 s, at least five times 60 s with cooling periods on ice.
After sonication, the vesicle suspension was stepwise extruded through polycarbonate
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membranes with pore sizes of 100 nm, 50 nm 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 CaCl,- and MgCl,-induced vesicle adhesion, the DOPC-DOPS
mixtures were hydrated with either ultra-pure 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. CaCl,- and
MgCl, suspended either in ultra-pure water or in a 100 mM glucose solution, were
added to the vesicle suspension prior to the experiment.

Size distributions of the vesicles were quantified by dynamic light scattering (DLS),
both for non-interacting vesicles (included as Supporting Material A.1, Fig. A.1) 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 GmbH Langen,
Germany). The setup is equipped with a 22 mW polarized HeNe-Laser operating at a
wavelength of A = 632.8 nm (UNIPHASE, model 1145P), 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), as previously described in [125].

2.2.2 Protein expression and purification

Expression and purification of SNAREs were performed by following the protocol in
[23]. The SNARES used in this work, synaptobrevin-2 (residues 1-116 [26] and 49-96
[126]), syntaxin-1A (residues 183-288) [26] and a cysteine-free variant of SNAP-25A
(residues 1-206) [127], 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 Hisg-tags. For the AN-complex (containing syb2(49-96), syx1A(183-
288) and SN25(1-206)), the SNARESs were co-expressed using the pETDuet-1 vector for
syb2(49-96) and syx1A(183-288) and the pET28a vector for SN25(1-206). All SNARESs
were expressed in Escherichia coli strain BL21(DE3) and purified by Ni*"-NTA (nickel-
nitrilotiacetic acid) affinity chromatography followed by ion-exchange chromatography
on the Akta system (GE Healthcare). Hisq-tags were removed by thrombin cleavage.

2.2.3 Preparation of SNARE-liposomes

The SNARE-liposomes were prepared by following the protocol in [23].

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 subse-
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quently 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 x 45 s and cooling on ice after each sonification step for 45 s). Diethyl
ether was removed from the emulsion by using again 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 approximately 50 nm,
the liposomes were extruded through polycarbonate membranes with a pore size of
0.4 um, and with a pore size of 0.1 um (each 25 times), in that order.

For SNARE reconstitution, the liposomes were mixed with n-OG (n-octyl-3-D-gluco-
side) and either with syb or the AN-complex purified in 1 % n-OG or CHAPS (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 [23]), and further by the lipid-to-protein ratio. For recon-
stitution of the AN-complex and of syb, the R-values were set to R =2 and to R = 1.5,
respectively, and the lipid-to-protein ratio was set to 500:1 at a final lipid concentra-
tion of 4 mM for both reconstitutions. In order to remove excess n-OG, two runs of
dialysis against liposome buffer using Slide-A-Lyzer cassettes (Thermo Scientific) of
a molecular weight cut-off of 2 kDa were performed at room temperature. In a first
‘overnight’ dialysis 2 g/1 of adsorbent beads (SM-2-Bio-Beads, Bio Rad) were included,
followed by a second run for approximately 4 hours.

2.2.4 Small-angle X-ray scattering

SAXS experiments were performed at the bending magnet beamline BM29 (BioSAXS)
at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France [128].
The photon energy was set to E = 12.5keV by a multilayer monochromator with
AE/E =~ 0.01. The beam size at the sample plane was (700 x 700) um?. The scattered
X-rays were recorded using a pixel detector (Pilatus 1M, Dectris) with 981 x 1043 pixels
of size (172 x 172) um?, at a sample-to-detector distance of 2.867 m to cover a g-range
of approximately 0.036 nm~! to 4.95 nm~!. 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



2.2 Materials and Methods 31

general 50 ul per sample) and the matched buffers were loaded into microcentrifuge
tubes (1-2 ml). For data acquisition, ten frames of one second were recorded for each
sample, where a flow of 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 in-
tegration to obtain the one-dimensional scattering curve I(q), background subtraction
and curve averaging (with a veto in case of radiation damage), was performed online
by a processing pipeline within the EDNA framework [129].

2.2.5 Form and structure factor models

SAXS analysis of lipid vesicles is well covered in literature. In this work we largely
follow [98, 99]. 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 S(q) and vesicle (or bilayer) form factor F(q) = |f(q)|?
with the form factor amplitude f(q) to write the scattering intensity I(q) o (F(q)S(q)),
where (...) denotes the powder average. q is given by the modulus of the momentum
transfer vector g = |q| = (47 /1)sin6, where A is the wavelength of the the X-rays and
0 the half of the scattering angle relative to the incident beam (cf. Fig. 2.1). The EDP
normal to the bilayer, which enters into the form factor F, is parameterized by three
Gaussian functions according to

3
p(F) = ) piexp [——(z — ?)z] g @1
i=1 20-1'

representing both headgroup regions and the hydrophobic chain region with the
amplitude p;, the peak position z; and the width o; of the respective Gaussian function
as sketched in Fig. 2.1(b). This model has the advantage that it provides analytic
solutions for F.

The flat bilayer and the spherical vesicle model. For non-interacting vesicles, we
assume S = 1. We consider two basic models to compute F on the basis of [99], namely
the flat bilayer model, which assumes that the SAXS signal is dominated by the powder-
averaged bilayer structure, and 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 R, and polydispersity oy, in
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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 p(z)
(Eq. 2.1)

me=/mmm@wn, (22)

followed by powder averaging. The scattering intensity is then simply given by (| f,(q)|*)
since interactions between vesicles are neglected [99]

{ q*(a} +0?)

N N
1
Itp(q) e Z Z PiPjO;0j€XP 3 . ] cos[q(z; — z;)] , (2.3)

i=1 j=1

where the factor g2 takes into account the powder average of the one-dimensional
Fourier transform in Eq. 2.2.

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 p(z)

sin(qr) dr.

ar 24

fat@ = [ oo
The scattering intensity is then calculated by taking the polydispersity of the vesicle
suspension into account using a Gaussian distribution. As shown by [99], it can be
written as

L NN
Is(q) x — DD piP;Oi0 jEXp

i=1j=1

q*(a? + Gf-)
- 2

] [A4;j(q@) — Bij(@) + Cij()], (2.5)

where A;(q), B;j(q) and C;;(g) contain the structural parameters R, (mean radius)
and oy (standard deviation of the size distribution) as follows:

A;j(@) = [(Ro + z)(Ro + z;) + ax]cos[q(z; — z))] , (2.6)

Byj(q) = exp(—2q202)[(Ry + z)(Ry + z;) + 05 — 4q*0xcos[q(2Ry + z; + z;)] (2.7)

and
Cij(q) = 2qozexp(—2q°03)(2Ry + z; + z;)sin[q(2R, + z; + z))] . (2.8)
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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.
2.2, yielding [98]

onq’ a2q’
fv(q) = V27 | 20 ppexp (— ) cos(qzy) + TcPcEXp <—°T> : (2.9)
Bilayer headgroups 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 p(z) with the sum of two Dirac delta functions with distance d given
by

s(z)=8(z)+6(z—4d). (2.10)

The Fourier transform of the delta function is simply a shift in Fourier space, thus
5(q) =1+ exp(—iqd). (2.11)
The modulus square of Eq. 2.11 gives the structure factor
S(q) = 2 + 2cos(qd) . (2.12)

Note that the structure factor in Eq. 2.12 can also be obtained from a multi-lamellar
vesicle model with N bilayers with periodicity d [98, 130], setting N = 2. Using Eq.
2.9 and Eq. 2.12 the scattering intensity I(q) is given by

I4(q) % [val Fen(@12S(@) + A — o)l fen(@)I?] & (2.13)

taking into account the superposition of the scattering contribution of single (undocked)
bilayers (1 — v4)|ff,(q)|?, and of docked bilayers, respectively. Note that even if all
vesicles dock, vq < 1, corresponding to the fraction of vesicle surface involved in
adhesion. Again, the factor g~ takes the powder average into account.

Form and structure factor simulations. Fig. 2.2 shows simulated SAXS curves
I(q) vs. q of the form and structure factor models discussed above in order to illustrate
the characteristic features related to the structural parameters.
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Fig. 2.2: Form and structure factor models. (a) Comparison of the spherical vesicle model (blue
line) and the flat bilayer model (orange line). (b) Spherical vesicle model for varied radius and
polydispersity (R,/or = constant). (c) Docking model for d,, = 2 nm and different values of
(1 = v4). (d) Docking model for different water spacings d,,, 4 nm (blue line), 2 nm (orange line)
and 1 nm (green line), for v4 = 0.5. The bilayer parameters are o, = 0.35 nm, o, = 0.7 nm,
pn = 1.5 (arb. units), p, = —1 (arb. units) and d,;, = 3.6 nm for (a) and (b) and ¢;, = 0.4 nm,
o. = 0.7 nm, p, = 1.5 (arb. units), p. = —1 (arb. units) and d,;, = 3.66 nm for (c) and (d).
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In (a) we compare the flat bilayer model and the spherical vesicle model. Differences
are observed in particular in the low g-region, where modulations are evident in the
case of the spherical model. Accordingly, this g-region is sensitive to the mean radius
Ry and to the width of the size distribution oy of the vesicles. Contrarily, at higher
g-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, while the ratio of the radius to the polydis-
persity is kept constant. As expected, the minima (modulations) are shifted towards
lower g-values when R,/oy increases. Furthermore, we observe an increase of the
scattering intensity over the entire g-range. In (c) we compare scattering curves for
different values of (1 —vy). (1 —v4) = 0 gives the limiting case for the scattering arising
only from adhering bilayers (blue line), thus I4(q) « (1/g*>)F(q)S(q). In addition to
the form factor minima of a single bilayer, further modulations are observed due to the
structure factor. In the limiting case (1 —v4) = 1 (green line), the docking model equals
the flat bilayer model I4(q) « (1/g%)F(q). The third example shown is (1 — v4) = 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 d,, are compared. While the form factor minima
remain, the intermediate modulations of the structure factor vary in a characteristic
manner with d,. As expected, the minima of the structure factor modulations are

shifted towards lower g-values when dy, increases.

Least-squares fit. To obtain structural parameters from SAXS data, the experimental
scattering intensities Iex,(g;) with data points i = 1, ..., N recorded at g;, were fitted by
the model curve I,,,4(q;), accounting for scaling factor and background as

Tior(q) = ¢1  Imoa(q) + Ibg(Q) . (2.14)
The quality of the fit was monitored by the reduced y2-function

N Uexp(@)~Tior(@)P?

Z:1 o2

1= i
Xy = N—p-1T (2.15)

where p is the number of free model parameters and al.z is the variance of the intensity
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Iexp(q;) for a measured data point i. Nonlinear least-squares fitting was implemented
using the MATLAB function Isqgnonlin of the MATLAB R2016a Optimization Toolbox.

For the flat bilayer model and the docking model, a constant background I;,,(q) = ¢,
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 Ig(q) = €7 + ¢4 Were used, as indicated. For the bilayer structure, a sym-
metric profile was enforced, reducing the number of free parameters, unless specified
otherwise. The Gaussian parameters representing the headgroups are o, = o1 = oy
and p, = pp1 = Pne- While the width o, of the Gaussian representing the chain
region is a free parameter, the amplitude and the position were fixed to p. = —1 (arb.
units) and z, = 0 (nm), respectively. The positions of the two outer Gaussians are
denoted z; , = +2zy,. Only for the comparison in Fig. 2.3 an asymmetric bilayer model
was included. Hence, the width and the amplitude of the Gaussians representing the
headgroups were free parameters for both sides (oy,; # opy and pp1 # Pno), while the
positions were fixed analogously to the symmetric profile.

2.3 Results and Discussion

2.3.1 SAXS characterisation of unilamellar vesicles

First, we have verified that a unilamellar state has been reached by the vesicle prepara-
tion for each of the different lipid compositions, in order to have a structural reference
for any further docking or fusion reactions. In view of a fusion reaction, we further
addressed the question if 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 nm, 50 nm and 30 nm pore size) in ultra-pure
(Milli-Q) water, and are shown as Supporting Material (Fig. A.2). The SAXS curves
indicate that vesicles containing the negatively charged lipid DOPS achieve unilamel-
larity already after the first preparation step of direct sonication, while 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), while DOPC:DOPE (1:1)
does become unilamellar after the final extrusion step (30 nm diameter). Hence, if no
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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.
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Fig. 2.3: (a) SAXS data of 30nm 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), 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
colours. (c) SAXS simulation results using the spherical vesicle model with either a symmetric
or an asymmetric EDP (blue and red, respectively).

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. 2.3 shows a quantitative analysis of the SAXS data of 30 nm extruded DOPC:DOPE
(1:1) vesicles, where 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 g-range was fitted, while only a restricted
g-range of ~ 0.36 — 4.95 nm™~! was fitted to the flat bilayer model, corresponding to
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the validity of this model (cf. SAXS simulations, Fig. 2.2). Note that all fit functions
are plotted over the entire g-range for a better comparability. Further, an additional
power law ¢, + ¢, 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
the Supporting Material (Fig. A.3).

The corresponding EDPs are plotted in (b). The structural parameters and the related
sze g are listed in Tab. 2.1. In general, all models match the data quite well, with only
minor differences in the medium and high g-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 g-range. As expected,
only the spherical vesicle model can capture the dip corresponding to the vesicle size
(radius Ry). The values for R, derived from the fit match the expectation according to

the pore size of the extrusion, see Tab. 2.1.

Slight improvements of sze 4 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
since especially 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 the Supporting Material (Fig.
A.4), along with tabulated values of structural parameters (Tab. A.1, A.2, A.3), obtained
from the fits for the respective models.

2.3.2 Adhesion of lipid vesicles

Next, we have investigated the structural changes induced by the addition of divalent
salts. Fig. 2.4(a-c) shows a series of SAXS data I(q) vs. q of vesicles, either suspended
in ultra-pure water (a,b) or in a 100 mM glucose solution (c), where structural changes
were induced as a function of lipid composition and CaCl,/MgCl,. In the case of pure
DOPS (a), we observe a phase transition towards a multi-lamellar phase already at low
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Tab. 2.1: 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. The structural bilayer parameters are p,, = pn; = Pra
and gy, = 0y = Oy, OF Py # Pre and oy,; # 0y, for a symmetric or an asymmetric bilayer profile,
respectively. The amplitude of the Gaussian representing the chain region is selected to p, = —1
(arb. units) for all fits.

. o
Bilayer Pn1, A dn R, ox )

structure (‘Oizu.) (Ur}llrzn) (nm)  (nm) (am) (nm) Ared

Model

1.26, 0.32,

Flat bilayer =~ Symmetric 1.6 032 0.73 3.68 - - 1.15
. 2.63, 0.17,

Asymmetric 0.92 0.44 0.77 3.66 - - 1.1

Spherical Symmetric 1.23, 0.30, 0.67 3.72 1435 7.4 1.42
. 1.23 0.30

vesicle

. 2.79, 0.18,

Asymmetric 0.82 0.42 0.75 3.68 15.32  8.68 1.09

CaCl, concentrations, e.g. 0.1 mM, as is evidenced by the emerging Bragg peaks. The
latter become more pronounced with an increase of the CaCl, concentration. From
the position of the first Bragg peak we infer a lamellar periodicity d = 27 /q, ~ 4.97
nm, for the 1 mM CacCl, curve, yielding a water layer thickness dy, = d — dj;, = 1.18
nm, given the measured headgroup-to-headgroup distance dy;, = 3.79 nm (Supporting
Material, Tab. A.1).

Contrary to DOPS, the SAXS profiles of the two-component mixture DOPC:DOPS (1:1)
(b,c) exhibit a different lineshape with structure factor modulations instead of Bragg
peaks upon addition of CaCl, or MgCl, (highlighted by black arrows). According to
the simulations of the docking model in Fig. 2.2, 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 Ca*" and Mg2+. The
addition of (b) 4 mM glucose or (c) 4 mM KCI does not lead to this particular lineshape.
At the same time, changes in the low g-range of the SAXS profile are observed for
vesicles suspended in ultra-pure water, both for the control experiment as well as
upon the addition of CaCl,, indicating structural changes of the vesicle shape, e.g.
due to osmotic shrinkage or locally flattened bilayers. Contrarily, no pronounced
changes in the low g-range are observed for vesicles suspended in a 100 mM glucose
solution, indicating that the overall vesicle shape (apart from the contact zone) remains
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Fig. 2.4: (a) SAXS data I(q) vs. g of DOPS vesicles in ultra-pure water, measured after the
addition of CacCl, at different concentrations. (b) SAXS data I(q) vs. g of DOPC:DOPS (1:1)
vesicles in ultra-pure water (blue), after addition of 4 mM glucose (red) and after addition of
4 mM CaCl, (yellow). The SAXS profiles are shifted for clarity. (c) SAXS data I(q) vs. g 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 MgCl, (yellow), and after addition of 4 mM CaCl, (purple). The
SAXS profiles are shifted for clarity. (d) Size distributions of DOPC:DOPS (1:1) vesicles in 100
mM glucose, measured by DLS after the addition of CaCl, at different concentrations.
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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 CaCl,. Fig. 2.4(d)
shows the resulting size distributions for DOPC:DOPS (1:1) vesicles in 100 mM glucose.
Upon addition of 4 mM and 10 mM CacCl,, the size distributions are systematically
broadened, particularly, towards 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 CacCl,, however, the size distribution becomes bimodal
and shifts to significantly higher hydrodynamic radii.
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Fig. 2.5: (a) SAXS data I(q) vs. g of DOPC:DOPS (1:1) vesicles suspended in a 100 mM glucose
solution upon addition of 4 mM CacCl, (black circles) and least-squares fit using the docking
model (blue line). (b) Reconstructed EDP using the structural parameters obtained from the
docking model fit indicated in (a). The structural parameters are summarized in Tab. 2.2.

The quantification of structural parameters by least-squares fitting is exemplified in
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Fig. 2.5 for CaCl,-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 g-range, here ~ 0.424 to 4.95 nm~!, where 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 dy, = 1.56 nm. In Tab. 2.2 the
structural parameters of all fits are listed. Lipid composition, aqueous environment
(ultra-pure water versus 100 mM glucose solution) and the CaCl,/MgCl,-concentration
have been varied. From the results, we draw the following conclusions: (1) the bilayer
structure and the interbilayer distance dy, are nearly identical for the glucose solution
and ultra-pure water, (2) dy, does not change between 4 mM and 10 mM CacCl, and
MgCl,, (3) dy, for MgCl, is slightly higher, by ~ 1.5 A, than for CaCl,, (4) In ultra-pure
water the vesicles deform more easily than in glucose, favoring a higher fraction of
adhered membranes vy, (5) dy, depends on the lipid composition (i.e. charge density)
as it is significantly smaller (~ 1 nm) for DOPC:DOPS (4:1) than for (1:1), and (6) the
bilayer thickness increases upon addition of CaCl, and MgCl,. Note that further EDPs
are included as Supporting Material (Fig. A.5), illustrating the differences between
CaCl,- and MgCl,-induced structural changes, as well as the effect of background
(monovalent) salt (KCI), see Supporting Material, Fig. A.6, Tab. A.4. In this case
higher interbilayer distances (~ 3 to 6 nm) are observed.

2.3.3 Interaction potentials

Next, we have investigated which additive interaction potentials and parameters could
possibly explain the observed values of d, ~ 1.6 nm of the adhesion state. To this end,
Fig. 2.6 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 f,,q and an attractive van
der Waals term fyqw [52, 131, 56]. The resulting equilibrium water layer thickness is
known from experiments on fully hydrated multilamellar membranes as d, ~ 2.7 nm
[132]. 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 [52]

dy
Shya(dyw) = PpAnexp <_Z) , (2.16)
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Fig. 2.6: 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
d,, ~ 1.6 nm in the adhesion state. (a) The total interaction potential for uncharged membranes
exhibits a local minimum at d,, ~ 2.7 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 osmotic pressure
(or depletion force). (c) The same depletion force acting on the neutral membrane would only
slightly change the adhesion state to d,, =~ 2.3 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 d,, ~ 1.3 nm is found, already close
to the experimental finding. The latter is well reproduced for o’ = 0.60 (solid blue line). The
following simulation parameters have been used: o = 0.5/64 - 10 ¢/m? assuming an area
per lipid headgroup of 64 Az, Ap ~236-107°m,l; ~7.11-107%m, l;c ~2.87-107° min
(b), lgc > 1.43-10° min (d), d, = 20107 m, d}, = 16 - 107 m, Hy,, = 0.7, Hyp = 0.7,
A, =2-109m, P, =3.3-10°Jm™3, T = 294 K.
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Tab. 2.2: 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 CaCl, and MgCl, concentration. The model fits are based on a symmetric EDP, thus the
amplitude and width of the inner and outer leaflet are p, = py; = pp, and oy, = 0y,; = 0},,. The
amplitude of the Gaussian representing the chain region is selected to p. = —1 (arb. units) for
all fits.

Oh»

Fit [CaCl,] [MgCL ] py dy, dy ,
Sample model (mM) (mM) (a.u) °¢ (nm) (nm) (A=%0)  Xiea
(nm)
DOPC:DOPS ga;rb" - - 1.47 g'gg’ 375 - - 1.20
41)inmMQ V! :
. 0.43,
Docking 4 - 1.66 395 1.00 0.73 7.13
0.86
DOPC:DOPS Sa;rb" ; - 1.35 g'gg’ 3.64 - ; 1.19
(1:1) in MQ Y ’
. 0.44,
Docking 4 - 142 00 372 154 085 1.37
DOPC:DOPS Sa;rb" - - 1.27 g'gg’ 363 - - 1.03
(1:1)in100 V! :
mMglucose i king 4 - 1.39 g'gg’ 371 156 089 114
. 0.51,
Docking 10 - 1.26 0.98 3,70 1.60 0.82 0.95
. 0.39,
Docking - 4 1.34 372 172 098  0.89
0.84
Docking - 10 1.32 g'gg’ 369 174 0.86 111

where the prefactor (Py4y,) is typically on the order of a few kgT 10\_2 with the Boltz-
mann constant kg =~ 1.38065 - 10723 J/K and the temperature T, and the decay length
Ay isin the range of 1 to 3 A. Following [59, 56], we write the van der Waals interaction
as the sum of the static and the dispersive part fyqw(dy) = fsar(dw) + faisp(dw) with

_ HstathT
1272(d + dy, /2)?
_ HdispkBT 1— 2 + 1
167(d + dy,)? A +d,/(d+dy)? (A +2d,/(d+dy/2)? |’
(2.17)

fraw(dw) =
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where d;, and d, denote the hydrophilic and hydrophobic slab thickness, i.e. the
headgroup and hydrocarbon chains, respectively. The Hamaker constants H,; and
Hgjgp are of order one. The resulting potential is plotted in Fig. 2.6(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 o results in an unbinding of charged membranes, i.e. the van-der-Waals
attraction cannot compensate the repulsion in the Poisson-Boltzmann regime [133].
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 Gouy-Chapman regime. This follows from evaluation of the
three characteristic length scales, the Bjerrum length Iy = e?(4mecokgT) ™!, the Debye
screening length Ap = ((€oe,kpT)(X, 1o e2q)™")'/?, and the Gouy-Chapman length
lgc = (2mqlgo)~! according to [75, 76], for the parameters given in the caption. Here,
e is the the elementary charge, q is the valency of the ions, n, is the number density
of the ions, ¢, = 8.85 - 107!2 F/m is the vacuum permittivity, €, ~ 80 is the dielectric
constant for water, and o is the surface charge density in the units of e/m3. In this
regime, the free energy per unit area is given by [75, 76]

ﬂkBT

focldy) = Pndy’

(2.18)

which is plotted in Fig. 2.6(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), a minimum can 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 inter-membrane space, similar to the
phenomenon reported in [134]. Accordingly, we would have an additional attractive
interaction

fosm(dw) = cRTdy,, (2.19)

where c is the excess concentration of the expelled ions or molecules in the units of
mol m~3 and R » 8.314 kg m? s=2 mol " K~! is the gas constant. Here we can assume
a maximum value of 10 mM for the expelled ions. Such an osmotic pressure would
hence result in a rather large d,, in the range of several nm, rescuing a weak adhesion
state in charged membranes. Contrarily, it would have only a minor effect on dy, in the
uncharged reference system (pure DOPC), as visualized in Fig. 2.6(c), in comparison
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to (a). Accordingly, neither osmotic effects nor mean-field electrostatics [75, 76], 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
[71, 74, 135, 72], 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 & = I /lc, where [ = ¢*l5.
The Poisson-Boltzmann approximation is valid for E <« 1, while E > 1 is denoted as
the strong coupling regime. For the present experimental parameters, we indeed find
E ~ 19.8. Correspondingly, we must turn to the the strong coupling regime, for which
an analytical expression was derived in [71, 72] in terms of the interaction pressure
N IR

Pyc(dy) = 2mlgo*kgT (—1 + W> . (2.20)
By integration, we find the potential plotted in (d) (green line) for the given experi-
mental parameters. The addition of the hydration repulsion to the strong coupling
potential (dashed blue line) predicts an adhesion state with d,, ~ 1.3 nm, which is
already quite close to the experimental finding. Further, a reduction of the charge
density to ¢’ = 0.60 (solid blue line) or equivalently an increase of the decay length A,
of the hydration repulsion from 0.2 nm to 0.25 nm (not shown), would result in perfect
agreement. We find that the van der Waals force can be safely neglected here, since
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 dy, ~ 1.6 nm is well explained by a
superposition of hydration repulsion and electrostatics in the strong coupling regime
predicted by the theory of R. R. NETZ, A. G. MOREIRA and coworkers.

2.3.4 Outlook: SNARE-liposomes

After probing the adhesion state in pure lipid vesicles, the next challenge is to perform
similar experiments using proteo-liposomes, where complex formation of SNARESs
and Ca®* condensation both control adhesion and subsequently fusion. While 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.
2.7(a,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 KCI, 20 mM
HEPES, pH 7.4 buffer (blue circles) and of DOPC:DOPE:DOPS:Chol (5:2:2:1) liposomes
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Fig. 2.7: Structural characterization of SNARE-liposomes. (a) SAXS data of

DOPC:DOPE:DOPS:Chol (5:2:2:1) liposomes (shifted for clarity) directly after extru-
sion (blue circles) and after an overnight dialysis, mixed with n-OG (R = 2, red circles).
Least-squares fits (black lines) are based on the spherical vesicle model, 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 AN-complex liposomes (red circles), shifted for clarity.
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).
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after an overnight-dialysis, where the liposomes were mixed with n-OG (red circles).
For the latter case, the R-value was set to R = 2 (analogous to the preparation of
AN-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 Tab. 2.3. 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 d,;, decreases by ~ 4 A after the dialysis step.
Moreover, the mean radius of the liposome suspension is decreased after dialysis. Fig.
2.7(b) shows SAXS data from AN- (red circles) and SybWT-liposomes (blue circles).
Compared to the SAXS curves of pure lipid vesicles, the curves differ in particular in
the lower g-range. The first minima are less pronounced for SNARE-liposomes, in
particular for AN-liposomes, most likely due to the interference between the SNARESs
and the lipid-bilayer as well as due to 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 Tab. 2.3. By
comparison of the structural parameters, we observe only slight differences between
Syb- and AN-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 dyy,,
upto~1 A, was obtained. Hence, rather than a result of SNARE reconstitution, the
thinning must be attributed to the preparation protocol. It could be either explained
by a loss of Chol [136] 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
[137]. Further evidence for the second explanation is found in [90].

2.4 Summary and Conclusions

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 several extrusion steps. In all cases, it was challeng-
ing to achieve vesicle preparations with sufficiently small polydispersity oy to clearly
observe Ry and ok. From the spherical vesicle model fits, we have obtained plausible
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Tab. 2.3: Structural parameters of syb- and AN-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. For
all fits a symmetric bilayer profile was applied, so that p,, = py; = pp, and gy, = oy,; = 0y,. The

amplitude of the Gaussian representing the chain region p. = —1 (arb. units) for all fits.
Ohs
; Pn dhn R Or 2
Fitmodel " E’;m) (nm) (nm) (nm) Kred
spherical 0.36,
DOPC:DOPE:DOPS:Chol P L1z 7r 381 478 17 139
(5:2:2:1) in buffer
flat bilayer 1.11 8;(6)’ 3.83 - - 0.82
DOPC:DOPE:DOPS:Chol spherical . 032, o o Lo el 120
(5:2:2:1) in buffer (after vesicle ' 0.72 ' ' ' '
dialysis)
flat bilayer  1.35 8?;’ 3.41 - - 0.67
SybWT-liposomes in buffer  flat bilayer 1.26 8'§i’ ©347 - - 0.68
SybA84-liposomes in buffer  flat bilayer  1.24 8'3‘1" 351 - - 0.68
AN-liposomes in buffer flat bilayer  1.10 82421 351 - - 0.72
DOPC:DOPE:DOPS:Chol spherical ) o9 046, 355 204 137 247
(5:2:2:1) in ultra-pure water vesicle 0.84

values, for example Ry, ~ 14 nm and oz = 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 do not allow us to clearly observe the increase
in R, following vesicle fusion. The spherical vesicle model is found to be too restrictive
since 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 g-range is excluded. However, access to R,
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 to account for deviations from the perfect spherical shape
with appropriate parameters for shape and size polydispersity. 3.) the absolute scatter-
ing intensity in combination with calibrated vesicle concentration can be exploited to
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obtain constraints on R,. Further, molecular dynamics simulation (MD) studies could
be used to obtain constraints in the analysis of the SAXS data. It would for example be
an interesting task to focus on asymmetric bilayer profiles resulting from curvature
[138, 139].

As the main result of this work, we found very clear evidence for a calcium-induced
adhesion state in lipid vesicles, initially suspended in ultra-pure 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 ultra-pure water
dy ~ 1.5 —1.7 nm and for the glucose solution, and also was nearly identical at 4 and
10 mM concentration of bulk CaCl,. This suggests a recruitment of Ca*? 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, but
may further act to stabilize the adhesion. Given the fact that d, is defined here as
the distance between density maxima of the headgroups, and the headgroup width
is dy ~ 0.8 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 + 0.05
nm), an intermediate prior to fusion [34].

Using realistic parameters, simple mean field models of electrostatics do not result
in interbilayer potentials which yield the observed interbilayer distances. Only when
we evaluate the interaction forces of the so-called strong coupling theory according
to R. R. NETZ, A. G. MOREIRA and coworkers, we can 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 solid-
supported lipid bilayers in solution in the presence of CaCl, (e.g. [140, 141, 142]), as
well as by MD simulations in the future. Here, we observed nearly the same effect
for Mg+2 as for Ca™, with a small but systematic shift of Ad, ~ 0.15 nm. This would
be in line with recent reports that Ca®t and Mg2+ dehydrate and partially neutralizes
the bilayer surface with a stronger effect for Ca®* dueto a higher binding affinity
[123], which could possibly also play a role in the physiological scenario of calcium-
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dependent membrane fusion. Finally, we observed a stable CaCl,-induced adhesion
state at 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 to 6 nm), see Supporting Material (Fig. A.6, Tab. A.4).

In future, protein-induced docking should become tractable by the scattering model
put forward here, once that a higher efficiency and purity of the SNARE induced
adhesion state can be reached. As a first step towards this goal, we have structurally
characterized vesicles with reconstituted SNARESs in this work. Specifically, our future
aim will be to identify and to characterize a SNARE-induced docking state, based on a
suitable mutant (SybA84), which promotes full fusion but prevents docking. However,
we did not find clear evidence for this state, yet, possibly due to limited efficiency
and loss of the signal by averaging over different populations, see Supporting Material
(Fig. A.7). Nevertheless, even without docking and fusion, the structural characteriza-
tion of vesicles with reconstituted SNARESs was successful and is an important first
step. Generally, the SAXS data of the SNARE-liposomes showed more features in the
scattering curves I(q) vs. g (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
SNARE:s per vesicle with a radius of 30 nm. With a ’full g-range’ model, including a
coarse-grained description of the SNARES, the distribution of SNARESs and possible
clustering could be addressed, along with the mean radius and the polydispersity of
the SNARE-liposomes. Such a model could be then useful to study the structure before
and after fusion, as well as the arrested docking intermediate. Towards this goal, a
first point of reference is the work of S. CASTORPH et al. [107], where 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.

Acknowledgments

The SAXS experiments were performed on beamline BM29 at the European Syn-
chrotron Radiation Facility (ESRF), Grenoble, France. We acknowledge Dr. Diego
Pontoni, Dr. Yuri Gerelli and Pierre Lloria for sharing their resources and expertise at



52 Vesicle adhesion and fusion studied by small-angle X-ray scattering

ESRF and at the Partnership for Soft Condensed Matter (PSCM) facilities during our
beamtimes. We also thank Susanne Hengst for her support in sample preparation and
Dr. Sebastian Aeffner for fruitful discussions.

This work was supported financially by Sonderforschungsbereich 803 "Functional-
ity Controlled by Organization in and between Membranes” funded by Deutsche
Forschungsgemeinschaft.



Vesicle adhesion in the
electrostatic strong-coupling
regime studied by time-resolved

small-angle X-ray scattering

Karlo Komorowski, Jannis Schaeper, Michael Sztucki, Lewis Sharpnack, Gerrit Brehm,
Sarah Koster, and Tim Salditt
Reproduced from Soft Matter 16, 4142-4154 (2020)

We have used time-resolved small-angle X-ray scattering (SAXS) to study the adhesion
of lipid vesicles in the electrostatic strong-coupling regime induced by divalent ions.
The bilayer structure and the interbilayer distance d, between adhered vesicles was
studied for different DOPC:DOPS mixtures varying the surface charge density of the
membrane, as well as for different divalent ions, such as Ca2+, Sr2+, and Zn?*. The
results are in good agreement with the strong coupling theory predicting the adhesion
state and the corresponding like-charge attraction based on ion-correlations. Using
SAXS combined with the stopped-flow rapid mixing technique, we find that in highly
charged bilayers the adhesion state is only of transient nature, and that the adhering
vesicles subsequently transform to a phase of multilamellar vesicles, again with an inter-
bilayer distance according to the theory of strong binding. Aside from the stopped-flow
SAXS instrumentations used primarily for these results, we also evaluate microfluidic

sample environments for vesicle SAXS in view of future extension of this work.

3.1 Introduction

The intrinsically non-equilibrium state of small unilamellar lipid vesicles (SUVs) is
stabilized against the transition to larger membrane aggregates such as multilamellar
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lipid vesicles (MLVs) by repulsive interactions, in particular by hydration repulsion as
well as by electrostatic repulsion for the case of charged lipids [31, 75, 76]. Furthermore,
while fusion of two SUVs would release curvature energy on the order of the bending
rigidity x, the highly curved intermediate states in membrane fusion also act as a highly
effective energetic barrier. For these reasons, lipid vesicles can be encountered as meta-
stable phases, or - in a biological context - as organelles, which can maintain their
structure and shape also without significant energy turnover. In fact, the conditions of
stability against aggregation, shape transformation and fusion are of utmost importance,
equally for cellular vesicles and lipid vesicles used in drug delivery, food processing or
cosmetics.

At some point in its life, triggered by changes in environmental parameters or by strong
interactions, a vesicle it is bound to transform. Structural observation and charac-
terization of these shape transformations is of fundamental interest, but challenging
in view of their transient nature and the small length scales involved, on the order
of the bilayer thickness. In the biological context, membrane fusion is known as a
well-controlled and important physiological process. Fusion of neurotransmitter-filled
synaptic vesicles (SVs) with the presynaptic plasma membrane [4], for example, is
an essential step in nerve conduction. This process is catalyzed and controlled by
proteins, in particular by the soluble N-ethylmaleimide-sensitive factor attachment
protein receptors (SNARESs) [17]. In general, the merger of two membranes involves
a highly complex interplay on the molecular level among lipids, proteins, ions of the
aqueous environment and water molecules. Important aspects of the membrane fusion
pathway, concerning for example intermediate structures, such as the docking state [23,
94], and the quantitative evaluation of underlying forces and energetics, are currently
under investigation. To this end, numerical studies have provided interesting insight
into possible structures and mechanisms [119, 37], and now call for experimental
verification.

Lipid vesicles without proteins have also been intensively studied. The equilibrium
phase diagram of vesicle shapes was calculated long ago [143], and a quantitative
understanding of inter-bilayer forces based on linear superposition of molecular in-
teractions has entered textbooks [31, 58]. Self-consistent field-theoretical approaches
including Helfrich-type steric interaction predict a phase transition from bound to
unbound lipid membranes [144]. More recently, effects from non-linear electrostatics,
such as like-charge attraction, have been considered, and a regime of strong coupling
induced by multi-valent ions has been identified [71, 74, 135, 72]. Binding of divalent
ions, in particular Ca’" and Mg2+ to lipid membranes has been studied by Molecular
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Dynamics (MD) simulations [122, 123, 124].

We have recently studied the adhesion state of vesicles, as induced by the divalent ions
Ca’" and Mg** for different ion concentration, lipid composition, and surface charge
density o [145]. Using small-angle X-ray scattering (SAXS), we could distinguish a
strong adhesion state - probably caused by ion bridging - and a soft adhesion state in
the presence of background monovalent salt concentration. While vesicle adhesion
was observed when mixing anionic and zwitterionic or neutral lipids (binary and qua-
ternary lipid mixtures), pure anionic membranes (DOPS) with correspondingly high
o, were found to undergo a phase transition to a multilamellar state. The structure and
interactions between charged MLVs in the presence of multivalent ions was also stud-
ied by SAXS in [146]. Recently, strong coupling has been studied between two highly
charged solid-supported lipid bilayers in the presence of monovalent counter-ions by
neutron and X-ray reflectivity [147]. While interesting aspects of bilayer interactions
beyond linear electrostatics were elucidated, studies of ion-induced transition, non-
equilibrium effects or the kinetics of vesicle phase transitions still remain scarce, with
the exception of experiments based on temperature changes (T-jump) [148].

In this work, we now extend our SAXS studies of the adhesion state, presenting a wider
range of ions and first time-resolved studies monitoring the transition from SUVs to
MLVs Fig. 3.1(a,b). We show that the divalent salts induced attractive interactions
between bilayers, which are in quantitative agreement with the strong coupling theory
put forward by R. Netz and coworkers [71, 74, 135, 72]. Furthermore, we have studied
the adhesion transition by time-resolved SAXS using the rapid mixing technique
as illustrated in Fig. 3.1(a) as well as with microfluidic devices. Importantly, we
can identify a transient docking intermediate state in the SUV to MLV transition in
DOPC:DOPS mixtures, induced by ca’".

For this study, we have used both a stopped-flow rapid mixer as well as microfluidic
devices, and different beam conditions, instrumentation and optics have been eval-
uated for studies of time-resolved SAXS, in particular with respect to docking and
fusion of vesicles. Therefore, it is adequate to briefly consider the state-of-the art in
this field: SAXS combined with the stopped-flow rapid-mixing technique has been
used previously to study osmotic shrinkage of sterically stabilized liposomes [149],
as well as the role of calcium in membrane condensation and spontaneous curvature
variations in model lipidic systems [150]. A calcium triggered lamellar to hexagonal
phase transition (L, — H,) was studied by combined rapid mixing and time-resolved
synchrotron SAXS [151]. For SAXS in combinations with microfluidics, we refer to the
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review [111]. Direct monitoring of calcium-triggered phase transitions in cubosomes
using small-angle X-ray scattering combined with microfluidics has been reported in
[152]. A microfluidic platform for the continuous production and characterization of
multilamellar vesicles was presented in [153]. Finally, a microfluidic SAXS Study of
unilamellar and multilamellar surfactant vesicle phases was reported in [154].

3.2 Interaction potentials and strong coupling

regime

Before giving the details of the experiment, we briefly address the essential interactions
needed to describe the docking of vesicles and the transition from SUVs to multilamel-
lar phases. Like-charge attraction between two bilayers induced by divalent ions is
illustrated in Fig. 3.1(c). The distance between the two bilayers is denoted as d,, which
is obtained from the SAXS analysis described in detail in the Materials and Methods
section. In the following, we recapitulate the formula used in the literature for the sake
of notational clarity. In line with textbook literature and in particular following the
review by Andelman [75], we first define the characteristic length scales which govern
the different regimes of electrostatic interaction between membranes in solution. The
Bjerrum length is defined as

Iy = e*(4meepkpT) ™!, (3.1)

where e ~ 1.602 - 10~%° C is the elementary charge, ¢, = 8.85 - 1072 F/m is the
vacuum permittivity, € is the relative permittivity of a medium (~ 80 for water at
room temperature), kg ~ 1.381 - 10723 J/K is the Boltzmann constant, and T is the
temperature in the units of K. The Bjerrum length gives the length scale at which the
electrostic energy between two unit charges equals the thermal energy. The Gouy-
Chapman length is expressed as

u = Qrqlgo)™, (3.2)

where oy is the surface charge density of the membrane, and q the valency of the ions.
At the Gouy-Chapman length scale, the electrostic energy between a unit charge and a
planar surface with a constant charge density oy equals the thermal energy. Finally,
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Fig. 3.1: (a) Ilustration of the principle of SAXS combined with the stopped flow rapid mixing
technique. The two components (CaCl, and unilamellar lipid vesicles both prepared in ultra-
pure water) are rapidly mixed and flowing into a flow-through capillary cell adapted to the mixing
chamber. For time-resolved data collection, the X-ray beam is synchronized with the mixing
device. The two-dimensional diffraction pattern is measured by an area detector. The distance
between the sample plane and the detector is denoted by dy;. The momentum transfer vector is
givenby g = k kl, where k and k are the wave vectors of the incident and the scattered X-ray
beam, respectlvely (b) Sketch of the structural dynamics of the phase transition from unilamellar
vesicles toward multilamellar vesicles upon mixing with divalent salts. An intermediate state of
docked vesicles can be distinguished in the structural analysis of the SAXS data. (c) Illustration
of the strong coupling theory on lipid membranes. Two like-charge membranes with the surface
charge density —o, are in close proximity induced by ion correlations, where the ions have the
valency +q. In the SAXS analysis the effective electron density profile (EDP) p(z) is modeled
by the sum of three Gaussians (one Gaussian for each headgroup region and one Gaussian for
the hydrophobic chain region). The bilayer thickness dy;, is given by the distance between the
two headgroup’s maxima within the bilayer. The inter-membrane distance d,, is defined as the
distance between two opposing headgroup maxima. The Gouy-Chapman length u is a measure
for the ion-layer thickness. Note, that o, and g are both positive by definition.
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the Debye screening length is

k T 1/2
Ap = (—e‘)e’ B 2) , (3.3)
Zl- no,iezqi

where ng; is the number density of ions species i. The Debye length describes a
characteristic length for which the electrostatic interactions between two charges in
the presence of all other ions of the solution are screened.

Together, these three length scales are sufficient to describe all regimes of linear electro-
statics in solution. As mentioned above, the dominant attraction between like-charge
membranes when adhesion is induced by divalent ions is described by the so-called
strong coupling theory [71, 74, 135, 72], which is characterized by ion bridging and/or
ion correlation effects. In contrast, mean-field electrostatics which neglect ion-ion
correlation effects is denoted as the weak coupling regime [75, 76]. The two regimes
are delineated by the unitless coupling parameter £ = Iy /u, where Iy = g*l5. The
Poisson-Boltzmann approximation is valid for E « 1, while E > 1 is denoted as the
strong coupling regime. In the strong coupling regime, an analytical expression for
the interaction pressure is given as

2
Po(dy) = 27lo2ksT <—1 + —”‘) . (3.4)
dy
To describe the balance of forces and the equilibrium distance between bilayers in the
docking state (see Fig. 3.2 below), the electrostatic attraction of the strong coupling
regime is superimposed to the repulsive hydration potential, which we write as [31]

dy
Jhyd(dw) = Ppdpexp <—X) , (3.5)

where the prefactor (Py4y) is typically on the order of a few kgT A_z, and the decay
length 4y, is in the range of 1 to 3 A. The superposition of the strong coupling potential
as found by integration of the interaction pressure given above and of the hydration
potential is plotted in Fig. 3.2(d) for the given parameters.
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3.3 Materials and Methods

3.3.1 Microfluidics devices

X-ray compatible microfluidics devices were built in a multi-step process following
the protocol in [155]. First, SU-8 2150 negative photo resist (MicroChem, Newton,
MA, USA) is processed by means of standard photolithography on a 2-inch silicon
wafer. During the soft bake step, an edge bead removal is performed to ensure a better
contact between the substrate and the photo mask (Selba S. A., Versoix, Switzerland)
in the mask aligner. The resulting channels have a width of 200 um as defined by the
lithography mask, and a height of 200 um as measured with a profilometer (Veeco
Dektak 6). Subsequently, a PDMS copy (Sylgard, Dow Corning, Midland, USA) was
made from the wafer. The PDMS stamp was used to print the structure in UV-curable
glue (NOA 81, Norland Optical Adhesives, Cranberry, USA) on a glass slide as support
which is cured under a UV-lamp (366 nm). A stack of aluminium foil, the glass slide
and a 300 um COC foil (Topas 8007, Topas Advanced Polymers GmbH, Frankfurt,
Germany) with a glass transition temperature t; = 78 °C was placed in a preheated
laboratory hotpress at 130 °C for 10 min. Subsequently, it was pressed with 2.3 kN for
5min. Holes for the inlets and outlets are punched in the COC with a 0.5 mm biopsy
punch (Harris Unicore, Sigma-Aldrich, St. Louis, Missouri, USA). The device is sealed
with a 20 um COC foil (Topas 8007, Topas Advanced Polymers GmbH, Frankfurt,
Germany) with a glass transition temperature t; = 78°C in a heat and pressure
controlled lamination machine.

In order to tightly connect the microfluidics device and the tubing in a leak-free manner,
the device was integrated into a sample holder. The sample holder consists of two
plates made of aluminium, which are designed with a gab to expose the channels. The
two plates sandwich a PVC (polyvinylchloride) plate and the device itself. The front
metal plate and the PVC plate have five small holes matching the holes of the device to
attache the tubing to the device. For sealing, the tubing was further threaded through
o-rings. A photograph of the sample holder integrated at the GINIX endstation at the
P10 beamline is shown in Fig. 3.5.

To establish certain flow velocities on all four inlets and to be able to control the flow
remotely the neMESYS pump system (Cetoni GmbH, Korbussen, Germany) is used in
combination with Hamilton Gastight Syringes (Hamilton Bonaduz AG, Switzerland).
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3.3.2 Simulation of the microfluidic flow

Both the flow conditions and the distribution of lipid vesicles and Ca®*-ions in the
microfluidics device have been studied using finite element method (FEM) simulations
with COMSOL Multiphysics 5.3 (COMSOL GmbH, Goéttingen, Germany). Due to the
small cross-section of the device and the small flow rates, the flow can be described as
laminar flow, hence the stationary Navier-Stokes equation was solved, applying the no-
slip boundary condition at the channel walls. The distribution of lipid vesicles and the
Ca®*-ions in the channel was calculated, setting the initial concentration of both sub-
stances to the arbitrary value 1 mol/m?3. The diffusion coefficient of the lipid vesicles
has been calculated according to the Stokes-Einstein equation, Dyegicle = kgT /(67T71),
with vesicle radius ryegicle = 20 nm. The diffusion of Ca*-ions was modelled with a
diffusion constant Dcy2+ = 7.92 X 10719 m? /s [156].

3.3.3 Sample preparation

Lipid vesicles with a size of approximately 100 nm in diameter were prepared by ex-
trusion through polycarbonate membranes. The lipids dioleoylphosphatidylcholine
(DOPC) and dioleoylphosphatidylserine (DOPS) were purchased as lyophilized pow-
ders from Avanti Polar Lipids (Alabaster, AL, USA). DOPC and DOPS were dissolved
in chloroform and mixed at the desired molar ratio. Subsequent evaporation of chlo-
roform was performed under a stream of nitrogen. The resulting dried lipid film was
hydrated either with a 100 mM glucose solution or ultra-pure water to a final lipid
concentration of 10 mg/ml for the flow-through SAXS and the microfluidic SAXS
experiments, and to 20 mg/ml for the stopped-flow SAXS experiments. Note that by
adding glucose the vesicle volume can be quenched, as water in- or outflux is penalized
by an osmotic pressure difference. For vesicle preparation, the suspension was first
vortexed and subsequently extruded (35 times) through membranes with pore sizes
of 100 nm in diameter by using a Mini-Extruder from Avanti Polar Lipids (Alabaster,
AL, USA). Prior to the injection into both, the microfluidic and the stopped-flow rapid
mixing devices, the samples were gently degassed to minimize air bubbles.

3.3.4 Small-angle X-ray scattering

SAXS experiments were performed at the undulator beamlines P10 at Deutsches
Elektronen-Synchrotron (DESY) in Hamburg, Germany, and ID02 [157] at European
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Synchrotron Radiation Facility (ESRF) in Grenoble, France. At P10, the GINIX (G&t-
tingen instrument for nanoscale imaging with X-rays) endstation [158] was used for
the experimental realization. The details of the experimental settings are given below.

3.3.4.1 Microfluidic SAXS

At P10, the beamline was operated at E = 13.8 keV photon energy monochromized by
a Si(111) double crystal monochromator with an X-ray beam of size 2.5 um (horizontal)
% 1.3 um (vertical) focused by a beryllium compound refractive lens (CRL) transfocator.
The scattered X-rays were recorded using an Eiger 4M detector (Dectris, Switzerland)
with 2070 X 2167 pixels, each of size 75 um X 75 um, at a sample-to-detector distance
of 5.098 m.

At ID02, the photon energy was set to 12.56 keV by a Si(111) mono crystal monochro-
mator. The beam size at the sample plane was 30 um X 30 um for microfluidics
experiments. The scattered X-rays were recorded using an Rayonix MX-170HS CCD
pixel detector (Rayonix L.L.C., USA) with 3840 X 3840 pixels at a sample-to-detector

distance of 1.5 m.

3.3.4.2 Flow-through and stopped-flow SAXS

SAXS experiments using the flow-through capillary cell (1.6 mm in diameter), as well as
the stopped-flow rapid mixing device (SFM-400, Bio-Logic Instruments, France) were
performed at the beamline ID02 of the ESRF. For the stopped-flow SAXS experiments,
the flow-through capillary cell was adapted to the mixing chamber. More details of the
stopped-flow rapid mixing device implemented in the ID02 beamline can be found
in [159, 160]. The measurements were performed during two different beamtimes.
The beamline was operated at 12.56 keV photon energy for the data sets shown in Fig.
3.3(a,c), and at 12.45 keV photon energy for the data sets shown in Fig. 3.2 and Fig.
3.3(b). The sample-to-detector distance was 1.5 m to cover a g-range of approximately
0.067 to 5.124 nm~!. The beam-size at the sample-plane was 100 xm X 100 um.

3.3.4.3 SAXS analysis

In general, the analysis of SAXS data from lipid vesicles is well covered in literature,
e.g. reviewed in [100]. In this work we follow the SAXS analysis described in [145],
where we have shown, that the effective structural parameters of the lipid bilayer and
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the water spacing between two bilayers in close proximity can be well obtained from
the flat bilayer model [99, 145] and the docking model [145]. These models are based
on the assumption, that the vesicles can be considered as a perfect powder of flat lipid
bilayer patches with random orientations, without taking the spherical shape of the
vesicles into account.

Briefly, we use the standard decomposition of the powder-averaged kinematic struc-
ture factor S(g) and the bilayer form factor F(q) = |f(g)|> with the form factor
amplitude f(q) to write the scattering intensity I(q) « (F(q)S(q)), where {...) de-
notes the orientational average. q is given by the modulus of the momentum trans-
fer vector ¢ = |g| = (4m/A)sind, where A is the wavelength of the the X-rays and
9 the half of the scattering angle relative to the incident beam. The electron den-
sity profile (EDP) p(z) normal to the bilayer, which enters into the form factor by
F(q) = |f(Q? = | f o(z)exp(igz)dz|?, is parameterized by three Gaussian functions
according to

Zz)z
p(F) = ZpleXp[ ] : (3.6)

representing both headgroup regions and the hydrophobic chain region with the
amplitude p;, the peak position z; and the width o; of the respective Gaussian function

(Fig. 3.1(c)).
The final expression for the scattering intensity of the docking model used in the
analysis is given by [145]

Iy(q) % I f@PS@ + A =) f@P] . (3.7)

where
S(q@) = 2 + 2cos(qd) , (3.8)

with the distance d, and

o.q’ o2
fev(q) = V27 | 20pppexp <—T> cos(qzp) + TcPcexp (- CZ ) , (3.9)
Bilayer headgroups Bilayer chain region

taking into account the superposition of the scattering contribution of single (un-
docked) bilayers (1 — v)| f1,(q)|?, and of docked bilayers v| f,(q)|2S(q), respectively.
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Therefore, the dimensionless parameter v is a measure for the fraction of adhered bilay-
ers in the ensemble of docked and undocked vesicles. For v = 0, Eq. 3.7 corresponds to
the flat bilayer model. Note that even if all vesicles dock, v < 1, corresponding to the
fraction of vesicle surface involved in adhesion. The factor g~ takes the orientational
average into account. The bilayer thickness and the interbilayer spacing are defined as
dnn = 2|2z and dy, = d — dyy,, respectively.

Least-squares fit. To obtain structural parameters from SAXS data, the experimental
scattering intensities Iex,(g;) with data points i = 1, ..., N recorded at g;, were fitted by
the model curve I;,,4(q;), accounting for a scaling factor and a constant background as

Itot(CI) =C- Imod(‘]) +C. (3-10)

The quality of the fit was monitored by the reduced y?-function

N Uexp(@)~Tor (@)1
1= i
Xy = N—p=T (3.11)

where p is the number of free model parameters and Giz is the variance of the intensity
Iexp(q;) for a measured data point i. Nonlinear least-squares fitting was implemented
using the MATLAB function Isqnonlin of the MATLAB R2018b Optimization Toolbox.

For the bilayer structure, a symmetric profile was enforced, reducing the number of free
parameters. The Gaussian parameters representing the headgroups are oy, = o1 = o2
and p, = pp1 = Pne- While the width o, of the Gaussian representing the chain
region is a free parameter, the amplitude and the position were fixed to p. = —1
(arb. units) and z. = 0 (nm), respectively. The positions of the two outer Gaussians
are denoted zy;, = +z,. Estimation for standard deviation of the fit parameters
was performed by calculation of the variance-covariance matrix approximated by
cov = resnorm - (JTJ)7!/N.
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3.4 Results and Discussion

3.4.1 Vesicle adhesion in the strong coupling regime

First, we have studied vesicle adhesion as a function of the divalent cations (CaCl,,
SrCl,, and ZnCl,) and as a function of the surface charge density o, by varying the con-
tent of DOPS in the DOPC:DOPS mixture. Previously, it was shown, that the addition
of CaCl, and MgCl, to a suspension consisting of 100 nm extruded DOPC:DOPS (1:1)
vesicles, resulted in a stable adhesion state [145]. The obtained interbilayer spacing was
well reproduced by the strong-coupling theory. Moreover, d, was approximately the
same for CaCl, and for MgCl,, and was independent of the concentration of the ions.
Contrarily, v was increased when increasing the ion concentration. This indicates, that
the concentration of the divalent ions has a minor effect on the equilibrium interbilayer
spacing, but indeed affects the fraction of adhered bilayers.

The characteristic shape of the SAXS signal from adhered vesicles is discussed in detail
in [145]. Briefly, in the case of vesicle adhesion, structure factor modulations can be
observed in a most pronounced manner between the characteristic form factor minima
of the lipid bilayer (depending on the bilayer thickness, approximately in the g-range of
0.4 and 2.5 nm™1). The structure factor modulations are superimposed by the bilayers
form factor, so that the minima of the structure factor exhibit a smooth profile. The
intermediate modulations of the structure factor vary in a characteristic manner with
dy-

Here, we extend the the previous study by using other divalent salts as well as by using
different molar ratios in the DOPC:DOPS mixtures. Moreover, the results presented in
Fig. 3.2 will be an important basis for the time-resolved SAXS experiments discussed
later. Fig. 3.2(a,b) shows a series of SAXS data of lipid vesicles prepared in a 100 mM
glucose solution, in which structural changes were induced by (a) ZnCl, and SrCl, for
DOPC:DOPS (1:1), and by (b) CaCl, for DOPC:DOPS (1:1, 1:2, and 1:4). Comparing
the SAXS signal with the pure lipid vesicle suspension, e.g. no salt added, structure
factor modulations characteristic for the adhesion state can be observed for almost all
cases except for DOPC:DOPS (1:4), where two Bragg peaks are visible. This indicates,
that increasing the surface charge density by increasing the content of DOPS results in
a collapse of the vesicles and to an rearrangement of the vesicles to a multilamellar
state at a certain point. Previously, this observation was also made with pure DOPS
vesicles suspended in ultra-pure water [145].
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Fig. 3.2: SAXS experiments at ID02 using the flow through cell. (a) SAXS data of DOPC:DOPS
(1:1) vesicles suspended in a 100 mM glucose solution, both with and without the addition of
the divalent salts ZnCl, and SrCl,. (b) SAXS data of DOPC:DOPS (1:1), (1:2), and (1:4) vesicles
suspended in a 100 mM glucose solution, both with and without the addition of CaCl,. (c)
DOPC:DOPS (1:1), 12.5 mM SrCl2, docking model fit, d,, = 1.59 nm, d;;, = 3.63 nm. (d) The
strong-coupling potential (orange line) yields an attractive interaction of like-charge membranes
at small separations. By adding the hydration repulsion, an equilibrium water spacing of
d,, ~ 1.6 nm is found, in agreement to the experimental finding. The following simulation

parameters have been used: o, = 0.5/64 e /1&2 assuming an area per lipid headgroup of 64 Az,

Iy ~711-107%m, u ~ 1.43-107° m, d;, = 13- 1071 m (FWHM, taken from the fit result in
(©), A, =2-107°m, P, =3.3-10° Jm=3, T = 294 K.
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The quantitative analysis of the adhesion state is exemplified in Fig. 3.2(c) for DOPC:-
DOPS (1:1) with the addition of 12.5 mM SrCl,. From the docking model fit, the
effective electron density profile (EDP) and the interbilayer spacing, here d, = 1.6 nm,
are obtained as indicated in the inset. The results are well in line with the previous
studies [145] for CaCl, and MgCl,. The structural parameters are summarized in
Tab.3.1. The modeling of the interaction potentials by using the strong-coupling
theory for the dominating attraction between the like-charge bilayers and an additional
hydration potential for the repulsion is shown in (d) using the parameters described
in the caption. The experimentally obtained interbilayer spacing of d, = 1.6 nm
can be well reproduced by the superposition of the strong-coupling potential and
the hydration potential. Thus, the small bilayer separations, e.g. strong like-charge
attraction between the bilayers, are the result of ion-correlation effects associated with
strong coupling according to theory. The simulation parameters are as summarized in
the caption of Fig. 3.2.

Note, that further flow-through SAXS experiments were performed to study the reaction
between DOPC:DOPS (1:1) vesicles and the trivalent salts FeCls, Al;(S04)5, and MgSO,,
as shown in the supplementary material (Appendix A.2, Fig. A.9). In those cases,
no signature was observed which could be attributed to the docking state of vesicles.
Instead, phase transitions to different multilamellar states were observed.

Tab. 3.1: Structural parameters obtained by SAXS analysis using the docking model. For all
fits a symmetric bilayer profile was applied, so that p, = p,; = pn, and oy, = oy,; = op,. The

amplitude of the Gaussian representing the chain region p. = —1 (arb. units) for all fits.
Pn Oh, Oc  dip dy _ 2
Sample (au) (nm)  (nm) (nm) A-v) Xy Ref.
DOPC:DOPS (1:1), 139 044 55 156 089 114 [145]
4 mM CaCl2 0.95
DOPC:DOPS (1:1), 134 93% 555 155 (98 089 [145]
4 mM MgCI2 0.84

DOPC:DOPS (L), 1, 05 543
12.5 mM SrCI2 0.98

DOPC:DOPS (1:1), 113 0.48,
4 mM ZnCI2 0.89

DOPCDOPS(1:2), 133 046 5.0 150 (g5 1763
4 mM CaCl2 0.91

1.59 0.83 1.44 -

3.63 1.59 0.85 101.76 -
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3.4.2 SAXS combined with the stopped-flow rapid mixing device

Next, structural dynamics of vesicle adhesion and fusion upon mixing with divalent
salts was studied by time-resolved SAXS combined with the stopped-flow technique.
Fig. 3.3 shows the time-resolved SAXS data of DOPC:DOPS vesicles with the a molar
ratio of (a) 10:1, (b) 1:1 and (c) 1:4, either mixed with 15 mM CacCl, (a,c) or 25 mM SrCl,
(b). After mixing, the first SAXS image is recorded approximately 0.05 after starting
the measurement script, subsequently following the reaction over a time window of
approximately 92 s (a,c) and 316 s (b). However, subtracting the dead time of the
stopped flow mixing time, the true kinetic time can be smaller down to the millisecond
range, accounting for an offset between the elapsed time in the data acquisition and
the kinetic time. In all data sets, different states along the reaction pathway can be
distinguished as a function time. In particular, the transition of unilamellar vesicles
to adhered vesicles is visible, even if the final states are different. For DOPC:DOPS
(10:1), notably, the final state is difficult to attribute. The docking modulation seems
to be superimposed with several smaller (structure factor) peaks indicative of short
range order between several adhering bilayers. Osmotic shrinkage of vesicles may also

contribute to the signal.

For DOPC:DOPS (1:4), the final state is clearly characterized by the structure factor of
multilamellar vesicles. This state is reached from a transient docking state. As revealed
by the least-square fits, the collapse of vesicles occurs at v &~ 0.5. For the observation
of the intermediate state of adhered vesicles in this system, the time-resolved SAXS
combined with the stopped-flow technique was essential. SAXS experiments using
the flow-through cell could only reveal the initial state of unilamellar vesicles without
mixing with CaCl,, and the final state of multilamellar vesicles by measuring the
equilibrated reaction upon mixing with CaCl, (cf. Fig. 3.2). The quantitative analysis
of the adhesion state is exemplified in (d) for representative SAXS curves of each
data set, where the typical structure factor modulation associated with docking are
observed.

Fig. 3.4 shows the main structural results combining the analysis of the stopped-flow
SAXS data and of the flow-through SAXS data. The structural parameters d, dy;, and
d,, are displayed in (a) as a function of the molar ratio of DOPC:DOPS (10:1, 1:1, 1:2,
and 1:4). For (10:1), (1:1), and (1:4) the structural parameters are the mean values
from the time-course analyzed by docking model fits to the stopped-flow SAXS data
(corresponding to the analysis of at least ten SAXS signals, where a clear adhesion
state could be identified). As shown in Fig. A.9, the structural parameters dy,;, and dy,
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Fig. 3.3: Time-resolved SAXS data of 20 mg/ml DOPC:DOPS vesicles with varied surface charge
density mixed with either 15 mM CaCl, (a,c) or with 25 mM SrCl, (b) obtained by using the
stopped-flow rapid mixing device. The vesicles were either suspended in ultra-pure water (a,c)
or in a 100 mM glucose solution (b). The background corrected SAXS data is shifted for clarity.
(a) 30 frames, first frame 0.05 s after mixing, last frame 91.95 s. The exposure time was 0.005 s.
(b) 35 frames, first frame 0.04 s after mixing, last frame 316.16 s. The exposure time was 0.02
s. (c) 30 frames, first frame 0.055 s after mixing, last frame 92.099 s. The exposure time was
0.01 s. (d) Representative docking model least-squares fits to the SAXS data from (a-c) show
that adhesion states can be well identified, either as intermediate (a,c) or as final states (b). The
SAXS data of DOPC:DOPS (1:1) and DOPC:DOPS (10:1) as well as the corresponding fits are
shifted for clarity.
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remain nearly constant over time. The error is given as the standard deviation of the
mean. For the molar ratio of (1:2), the results are from the analysis of the flow-through
SAXS data shown in Fig. 3.2(b). The error is calculated by the approximated parameter
co-variance matrix of the least-squares fit.

In (a) it can be observed that with an increasing oy, i.e. increasing content of DOPS,
the structural parameters d and d, decrease, while dy;, shows a slight increase. While
those parameters remain nearly constant over time, in (b) we can observe that (1 — v)
as a measure of the fraction of single (undocked) bilayers decreases significantly as a
function of time for all stopped-flow data sets shown here. The increase of the fraction
of adhered bilayers is most pronounced for DOPC:DOPS (1:4), indicating that the
surface charge density oy is an important factor for triggering the adhesion-reaction.
Prior to the collapse of the DOPC:DOPS (1:4) vesicles (cf. Fig. 3.3(c)), inferred from
the emerging Bragg peak, the fraction of adhered bilayers is v & 0.5. Contrary, for
DOPC:DOPS (10:1) and for DOPC:DOPS (1:1) v = 0.1 and = 0.2, respectively.

In (c), the structural parameter d, obtained by the docking model analysis of the SAXS
data (shown in (a)) is plotted as a function of d, s, obtained from the simulations
of the strong coupling theory. It can be observed, that the experimentally measured
water spacings of the lipid bilayer, obtained for the different o values, are well in
line with the predictions from the strong coupling theory. For the simulated water
distance predicted by strong coupling, the following parameters were chosen and kept
constant for all systems: area per lipid headgroup day = 64 A%, g ~7.11-1071%m,
A =2-10719m, P, = 3.3-10° Jm™3, and T = 294 K. In contrast, the thickness
of the headgroup dj, pwiy is taken from the fit results of d}, by calculating the full
width half maximum (FWHM), and more importantly, the surface charge density oy is
varied corresponding to the molar ratios of the DOPC:DOPS mixtures and the Gouy-
Chapman length u is calculated accordingly. Further, it is of interest to also discuss
the multi-lamellar final state of the DOPC:DOPS 1:4 system in view of strong coupling.
From the position of the first Bragg peak g,_; ~ 1.208 1/nm, we obatain d ~ 5.2 nm,
and by subtraction of the bilayer thickness (as obtained from the least-square fit of
the adhesion state), the water layer can be determined to dy, ~ 5.2 — 3.935 = 1.27 nm,
again in good agreement with the predicted value dy, g, ~ 1.25 nm. All additional fit
results, in particular for d, and dy, as a function of time are shown in the appendix
(Fig. A.8).
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3.4.3 SAXS combined with microfluidics

After the evaluation of stopped-flow SAXS for vesicle adhesion, it is of interest to briefly
address the suitability of a microfluidics setup for similar studies. Note that stopped
flow and microfluidics sample environment could potentially access regimes, which
are complementary in temporal resolution. With typical flow velocities on the order
of vp ~ 1 — 10 mm/s and minimal spatial sampling dx ~ 1 — 10 um defined by the
relevant diffusion lengths and/or beam size, smallest reaction times would range in
100 us < tmin < 10 ms, well below those accessible by the stopped flow chamber. At
the same time, a SAXS image of the interaction zone is obtained by scanning SAXS,
and potentially a down-scaling of the total volume. On the other hand, a tighter beam
focus will compromise SAXS data quality. Further, the material and window choices
compatible with microfluidics devices are more restrictive than those for stopped
flow. To evaluate suitability, limitations and instrumental settings, we have carried out
two exploratory microfluidics SAXS experiments, the first one using scanning SAXS
with a micro-focused beam of 2.5 um (horizontal) X 1.3 um (vertical) at the GINIX
endstation of the P10 beamline (PETRAIII storage ring, DESY), the second using a
30 um (horizontal) X 30 um (vertical) collimated beam defined by slits at the ID02
beamline (ESRF). For both experiments, identical home-built microfluidics devices
made of Topas were used, placed vertically in a device holder with adaptation for
tubing. The device holder was then positioned in the beam on the sample stage.

Fig. 3.5 presents an overview of the setup and illustrates the micro-focus SAXS experi-
ment at GINIX. In Fig. 3.5(a) a photo of the microfluidics device is shown, mounted
on the sample tower, for alignment and subsequent scanning in x, y, and z. Coarse
alignment and inspection of the flow was enabled by an on-axis video camera (OAV).
A microfluidics layout with four-inlet/one-outlet channels was chosen for all devices.
Flow properties were simulated by finite elements (COMSOL), see Fig. 3.5(b). Lipid
vesicles were simulated as particles with 60 nm in diameter with the diffusion constant
of D ~ 8-107'2 m? /s and injected into the upper diagonal inlet. The flow rates are 100
uL/h and 25 uL/h for the diagonal inlets and for the side inlets, respectively. In this
configuration, the side inlets focus the flow from the diagonal inlets. Along the outlet,
diffusion of the particles outside of the focused stream can be observed. Finally, Fig.
3.5(c,d) show examples of integrated scattering intensity maps (darkfield maps), as
recorded by scanning-SAXS with 1s accumulation time for each frame. As indicated,
10 mg/ml extruded DOPS vesicles and 10 mM CacCl, suspended in ultra-pure water
were injected through the diagonal inlets at the flow rates of 25 ul/h to study the
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Fig. 3.5: (a) Photograph of the microfluidics setup integrated into the GINIX endstation at P10,
DESY. (b) COMSOL simulation of a microfluidic flow profile showing the concentration of
the particles representing lipid vesicles with the diffusion constant of D ~ 8 - 1072 m?/s. (c)
Darkfield of the microfluidics device obtained by scanning-SAXS. 10 mg/ml DOPS vesicles are
mixed with 10 mM CacCl, suspended in ultra-pure water and injected through the diagonal
inlets with the flow-rates of 25 ul/h. Ultra-pure water is injected through the side inlets with
the flow-rates of 100 ul/h. (d) Darkfield of the microfluidics device shown in (c) obtained by
scanning-SAXS, showing a larger scan of the outlet. (e) Selected 1d curves corresponding to the
positions marked in (d). Along the reaction path (position 1 to 4), a transition from an rather
aggregated state (1,2) to a co-existing multilamellar state can be observed.
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reaction upon mixing along the outlet. Ultra-pure water was injected through the
side-inlets at the flow rates of 100 ul/h. Each pixel represents the integrated photon
counts from a single 2d-diffraction pattern. The darkfield images show an increase of
the intensity in the vesicle inlet as well as in the mixing region, corresponding to the
scattering from vesicles. In particular, a large increase of the intensity can be observed
after the mixing of DOPS vesicles with CaCl,. The one-dimensional curves I(q) vs. q,
obtained by azimuthal integration of the 2d diffraction patterns, are exemplified in
Fig. 3.5(e) for selected points along the reaction line. The corresponding locations
are indicated by numbers in Fig. 3.5(d). Note that the raw data are shown before
background subtraction. Qualitatively, the curves 1 and 2 show an aggregated state of
vesicles with an emerging multilamellar Bragg peak modulated by the bilayer form fac-
tor. Along the outlet, a phase coexistence regime of different multilamellar states can
be observed, see Bragg peaks of curves 3 and 4. From previous experiments it is known
that DOPS vesicles mixed with CaCl, show a transition to a monophasic multilamellar
state [145]. Accordingly, the multilamellar state obtained from the microfluidics SAXS
experiments shown here has not reached its equilibrium state.

The darkfield maps and the SAXS curves reveal the limitations of the configuration:
high background and limited g-range. Aside from background generated by the cham-
ber itself, the micro-focusing by compound refractive lenses (CRL) and the relatively
large beam path in air both compromise the SAXS quality. While the strong multil-
amellar signals can still be extracted under these conditions, the much weaker signal
of unilamellar vesicles (see the vesicle inlet in the darkfield map) does not reveal much
structural information. For this reason, the second experiment at ID02/ESRF used
a much more optimized configuration for SAXS, and keeping air paths at minimum,
albeit sacrificing spatial and hence also temporal resolution.

Fig. 3.6 and 3.7 presents examples of SAXS data recorded in this configuration. In this
setting, it became possible to study vesicle adhesion of DOPC:DOPS mixtures at varied
molar ratios mixing with CaCl,. Fig. 3.6 shows the results obtained by microfluidics
SAXS for DOPC:DOPS (1:1) vesicles mixed with a 4 mM CaCl, solution suspended in
ultra-pure water. The samples were injected through the diagonal inlets as indicated
in (a) by the darkfield obtained by scanning SAXS of the microfluidic device. The flow
rates were 100 ul/h and 0 ul/h for the diagonal and the vertical inlets, respectively. For
a point-wise background subtraction, the device was previously measured with only
ultra-pure water being injected in the channels. (b) shows an example of a background
corrected SAXS signal corresponding to the position | 1 | highlighted in the darkfield.
The background corrected SAXS signal were analyzed by fitting the docking model
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to the SAXS data as exemplified in (c) for three SAXS signals, corresponding to the
positions , and | 3 | highlighted in the darkfield. For the positions|1 |and |3 |no
reaction with CacCl, is expected, while position | 2 | corresponds to the mixing region.
The fraction of adhered bilayers quantified by v is slightly increased for the SAXS signal
from position | 2 | (v = 0.04 at position 2, compared to v = 0.01 at position 1, and 3),
indicating that a small adhesion-reaction can be observed. The water spacing dy, ~ 1.7
nm is well in line with the results obtained by flow-through and stopped-flow SAXS
discussed above.
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Fig. 3.6: Scanning-SAXS combined with microfluidics for the investigation of the reaction of
10 mg/ml DOPC:DOPS (1:1) vesicles with 4 mM CacCl,, both suspended in ultra-pure water,
in a microfluidic flow. (a) Darkfield of the microfluidics device obtained by scanning-SAXS.
The exposure time was 1 s for each pixel. The value shown in each pixel is the integrated
intensity of the two dimensional SAXS pattern recorded at the respective position. The flow
rates are 100 ul/h and 0 ul/h for the diagonal and the vertical inlets, respectively. The inlets
of the DOPC:DOPS (1:1) vesicles and the CaCl, solutions are as indicated. (b) Example of a
background corrected SAXS signal 1(q) = Iy;,5(q) — Ig(q) obtained from DOPC:DOPS (1:1)
vesicles. The background (ultra-pure water) was measured separately by scanning SAXS in the
same microfluidics device, so that background correction can be performed at the same position.
(c) Docking model fits to SAXS data corresponding to the positions , and | 3 | highlighted
in the darkfield in (a). The structural parameter (1 — v) is significantly lower for the SAXS data
from position , indicating adhesion of vesicles in the mixing region.

Fig. 3.7 shows much stronger evidence for the adhesion state for DOPC:DOPS (10:1)
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vesicles and 10 mM CacCl,, again along with the corresponding least-square fits. How-
ever, this signal is observed only at the stagnation point (almost zero flow rate), and
not at other points in the channel with higher flow rates, see the darkfield map in
(a) with the point of stagnation highlighted by a red box . The scattering curves
I(g) vs. q taken from the point of stagnation show indeed the characteristic structure
factor modulations corresponding to adhesion of the vesicles, which is exemplified in
(b) by the background corrected SAXS signal corresponding to the position marked in
(a). The docking model analysis reveals an interbilayer spacing of dy, = 2.4 nm, which
is in good agreement with the results obtained by the stopped-flow SAXS data and the
theory of strong coupling, as discussed above.
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Fig. 3.7: Scanning-SAXS combined with microfluidics for the investigation of the reaction of
10 mg/ml DOPC:DOPS (10:1) vesicles with 10 mM CacCl,, both suspended in ultra-pure water,
in a microfluidic flow, with a particular focus on the point of stagnation. (a) Darkfield of the
microfluidics device obtained by scanning-SAXS. The exposure time was 1 s for each pixel.
The value shown in each pixel is the integrated intensity of the two dimensional SAXS pattern
recorded at the respective position. The flow rates are 50 ul/h and 100 ul/h for the diagonal
and the vertical inlets, respectively. The inlets of the DOPC:DOPS (10:1) vesicles and the CaCl,
solutions are as indicated. (b) Docking model fit to the background corrected SAXS curve I(q)
vs. g corresponding to the position highlighted in (a) by the red rectangle.
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3.5 Conclusions

We conclude that time-resolved SAXS with a stopped-flow chamber reveals a transient
adhesion state induced by divalent ions for vesicles with high charge density before
the system transforms to a multilamellar phase. This transient state could not have
been observed with static SAXS, and gives important clues about the conditions of
arrested adhesion, i.e. meta-stable vesicle binding versus topological transformation
into multilamellar vesicles. The first scenario, which we have already observed before
by static SAXS, applies to low and moderate charge density, and is associated with only
asmall adhesion zone (low parameter v). Contrarily, the full reaction to a multilamellar
state is preceded by a large surface of adhesion, presumingly providing the energy
required to overcome the barriers of vesicle rupture. At the same time the water
layer thickness in the adhesion zone is in both cases governed by strong electrostatic
interaction.

The current study has also solidified and extended the experimental basis of this very
interesting effect of like-charge attraction, predicted by the theory of strong coupling.
For the first time, the surface charge density of the bilayers and hence the coupling
parameter was varied to study the corresponding variation in water layer distance. To
this end, different molar ratios of the DOPC:DOPS mixtures were probed. Our previ-
ous study of vesicle adhesion in a DOPC:DOPS (1:1) mixture [145] was also extended
concerning the type of divalent ions used. As we have shown, adhesion is induced
not only by CaCl, and MgCl,, but also by SrCl, and ZnCl,. Importantly, variation
of ions results only in small changes of the water layer thickness, as expected from
strong coupling theory. Whether ion radius and polarizability can account for these
differences remains to be investigated. The interbilayer spacings for different surface
charge densities, i.e. for different coupling parameters ranging from 2 ~ 4 ... 30,
were in good agreement with the strong coupling theory. Deviations between the
experiments and the simulations of the strong coupling theory could eventually be
attributed to a change of the effective dielectric constant of water, which was kept
constant (¢ = 80) for all coupling parameters. Recent water-explicit numerical simu-
lations of nanometer-separated charged surfaces revealed a surface charge-induced
reorientation of hydration water, which modifies the dielectric constant of water as
well es the hydration repulsion [161].

Concerning experimental settings, we conclude that the signal quality of scanning
SAXS with focused beams, while desirable in terms of temporal and spatial resolution,
strongly compromises data quality at the present configurations. Future improvements
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will address more options for cleaning of the beam as well as a configuration with
tightly evacuated flight paths. Further reduction of the chamber background scattering
for example by thinner windows (presently 120 um total thickness), and possibly also
by the processing protocol are also important. Finally, a layout with 5 inlets would be
well suited to avoid a stagnation point, which often led to unwanted formation of large
lipid aggregates which in turn impeded proper microfuidic flow.

With all of these improvements in place, we anticipate that both microfluidics and
stopped flow experiments will enable kinetic studies of vesicle transformation and
reactions in a complementary manner. Already in the present proof-of-concept study
and under current parameters, the time-resolved SAXS data has allowed us to probe the
structure of a transient adhesion state of highly charged vesicles induced by calcium
injection. Importantly, the binding of like-charged vesicles in this state results in a
spacing which is in very good agreement with strong binding theory, predicted more
than fifteen years ago. This example demonstrates, that transient vesicle states can not
only be evidenced but that the corresponding structures can be described in quantitative
terms. This opens up an interesting perspective in applications of this approach
for biological vesicles undergoing shape transformations and functionally important
transitions. Understanding the docking and fusion reaction of synaptic vesicles (SVs),
for example, is of significant interest in view of a quantitative understanding of chemical
synapses. To this end, we include a first test exposure of SVs in a microfluidics device,
comparing the present data quality with respect to static SAXS (Fig. A.10).
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The size, polydispersity, and electron density profile of synaptic vesicles (SVs) can be
studied by small-angle X-ray scattering (SAXS), i.e. by X-ray diffraction from purified
SV suspensions in solution. Here we show that size and shape transformations, as
they appear in the functional context of these important synaptic organelles, can
also be monitored by SAXS. In particular, we have investigated the active uptake
of neurotransmitters, and find a mean vesicle radius increase of about 8% after the
uptake of glutamate, which indicates an unusually large extensibility of the vesicle
surface, likely to be accompanied by conformational changes of membrane proteins
and rearrangements of the bilayer. Changes in the electron density profile (EDP) give
first indications for such a rearrangement. Details of the protein structure are screened,
however, by SVs polydispersity. To overcome the limitations of large ensemble averages
and heterogeneous structures, we therefore propose serial X-ray diffraction by single
free electron laser pulses. Using simulated data for realistic parameters, we show that
this is in principle feasible, and that even spatial distances between vesicle proteins
could be assessed by this approach.

4.1 Introduction

Neurotransmission at chemical synapses relies on synaptic vesicles (SVs) as highly
specialized small organelles containing neurotransmitters. Triggered by an influx of
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Ca*t during neuronal stimulation, SVs fuse with the plasma membrane (exocytosis),
release their neurotransmitter content into the synaptic cleft, and are recovered again
by endocytosis only to be refilled with neurotransmitter for the next round of exocyto-
sis [1, 3]. A comprehensive molecular model integrating all quantitative data on the
protein and lipid composition of the SV has been presented in [4], and is shown in Fig.
4.1(a). SVs and in particular the SNARE (soluble N-ethylmaleimide-sensitive-factor
attachment receptor) protein machinery regulating SV fusion have been intensively
studied [17, 23, 15]. While molecular composition of SVs can be well analyzed by vari-
ous biochemical techniques, and the structure of its protein constituents by structural
biology techniques [162], structural details at level of the organelle level, in particular
regarding the arrangement of proteins and lipids are difficult to obtain directly from
microscopy techniques. Given the small SV radius around R ~ 19nm, imaging of
SVs by fluorescence microscopy requires super-resolution techniques [163] or elec-
tron microscopy (EM) of cryogenically vitrified sections [4], in which inner and outer
protein layers can be discerned, however, without much structural details. Using
small-angle x-ray scattering (SAXS), our group has investigated the size and structure
of purified SVs directly in solution [104]. Based on a scattering model [107, 104], which
is illustrated in Fig. 4.1(b), we could deduce detailed size and density parameters for
the protein layers, as well as structural information about the lipid bilayer. A laterally
anisotropic structure for the protein shell, indicative for protein microdomains yielded
very satisfactory least-square fits of the measured SAXS, while a rotationally symmetric
density profile fitted the data less well [104].

A prerequisite for analysis, both chemical and structural, is the purification of SVs in
sufficient quantity. Even measurements of size as the presumingly most basic structural
parameter, can in fact be already quite challenging for biological vesicles [164, 165,
166]. For SVs, measurements are facilitated by the large SV abundance in brain tissue
and the relative size and shape homogeneity. Compared to most other vesicles and
organelles, the polydispersity of SVs is relatively small, but not small enough to enable
cryo-EM single particle reconstructions, which requires monodisperse particles. SAXS
analysis is also significantly affected by polydispersity, as discussed further below in this
work. For this reason, SAXS is also very well suited to validate purification protocols.
However, at some point the intrinsic heterogeneity associated with the physiological
processes of SV formation and recycling, as well as the corresponding variations in copy
numbers will set a limit to most analysis techniques. This may come as a nuisance, but
also reflects an important physiological fact which can shed light on the robustness of
functional processes. As active energy-driven processes, uptake, fusion, release and
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Fig. 4.1: Structure and function of synaptic vesicles (SVs). (a) Molecular model of an average SV
based on biochemical knowledge, adapted from [4]. (b) Sketch of the anisotropic SAXS model.
The radial electron density profile (EDP) of the lipid bilayer is modeled by the sum of three
Gaussians (one Gaussian for each headgroup region and one Gaussian for the hydrophobic chain
region). The inner and outer protein layers are modeled as Gaussian chains. (c) Illustration of
glutamate (Glut) uptake by SVs. Glutamate is loaded by the vesicular glutamate transporter
(VGLUT) into SVs. The driving energy for neurotransmitter uptake is provided by an electro-
chemical gradient established by a vacuolar-type ATPase (V-ATPase), which translocates protons
(H") into the vesicle interior using the energy derived from ATPhydrolysis.
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recycling require tight temporal and spatial control, and beyond the basic ‘anatomy’ of
SVs, the next challenge is to shed more light on these processes and their structural
dynamics. A particular case in point is the neurotransmitter uptake based on active
pumping, for example by the vesicular glutamate transporter 1 (VGLUT1) energized
by V-ATPase, as sketched in Fig. 4.1(c). Much is known already on the regulation
of VGLUT1 and other vesicular neurotransmitter transporter [167], as well as on
the relationship between neurotransmitter transport activity and vesicle filling [168].
The transport is driven by the V-ATPase-dependent electrochemical proton gradient
(AuH™) and can be stimulated by low concentration of C1™. Using a reconstitution
approach, it was shown that VGLUT1 contains two anion binding sites and one cation
binding site, allowing the transporter to adjust to the changing ionic conditions during
vesicle filling without being dependent on other transporters or channels [12]. In
addition to glutamate transport, VGLUT1 can also perform bidirectional phosphate
transport and may play a role in neuronal phosphate homeostasis [169].

In this work, we use SAXS combined with active SV preparations to study the size
increase associated with glutamate uptake. The starting point of our investigation
was the surprisingly large increase in SV radius R after glutamate uptake, up to 25%,
reported in [14], corresponding to about a doubling of the volume! The effect was
first observed by fluorescence correlation spectroscopy (FCS). To rule out that this was
only an apparent size increase resulting from changes in the hydrodynamic radius or
the diffusion properties, the authors verified the result by cryo-EM. The authors did
not observe the size increase if SV-specific proteins notably SV2A (synaptic vesicle
glycoprotein 2A) were absent, and discussed different models accounting for the vesicle
expansion. To this end, they distinguished three different mechanisms: (i) an island
model with the vesicle surface composed of non-expandable lipids and of a second
phase composed of expandable protein components, (ii) a virus-like model exhibiting
expandable breathing modes, and (iii) a matrix-swelling model where a gel formed
by SV2A sugar moieties binds the glutamate even if the membrane ruptures upon
expansion. The first goal of this work is to verify the size increase by using solution
SAXS. Note that while FCS probes structural changes only indirectly via diffusion
properties, cryo-EM gives direct access to the size of individual particles, but only in
the vitrified state. Further cryo-EM is limited to a relatively small number of particles
which can be probed. Contrarily, SAXS probes the average structure of a large ensemble,
but in contrast to a direct imaging method such as cryo-EM requires least-square fitting
to a parameterized model, see for example [170]. The advantage here is the fact that
potentially more structural parameters can be extracted, in particular a parameterized
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density profile with more details on the structural rearrangements for example in
the inner and outer SV protein layers. As we show here, SAXS can confirm the size
increase, albeit by a factor of about AR/R ~ 0.08, hence about a factor of three smaller
than the largest values reported in [14]. Further, we obtain some indications for
significant protein rearrangmenents (possibly conformational changes) in the protein
layers. The second goal is more technical and concerns the further development
of SAXS for functional SV studies in general, including not only neurotransmitter
uptake or release, but also adhesion and fusion. With our earlier study of equilibrium
SVs suspensions as a SAXS benchmark [104], we now ask about the potential and
limitations of solution SAXS concerning functional dynamics and out-of-equilibrium
processes. As we show here, while some insight and additional information can be
derived from uptake studies, the level of details which can be robustly derived from
the model fits is largely limited by the intrinsic polydispersity of the SV suspension.
As a solution to this problem, we propose high throughput single particle coherent
diffractive imaging with femtosecond X-ray free electron laser (XFEL) pulses in the
outlook of this paper, and corroborate feasibility by numerical simulations.

The manuscript is organized as follows: after this introduction, the methods section
details sample preparation, SAXS measurements, and also gives a brief recapitulation
of the SAXS model and data analysis. In the results section we then first consider
polydispersity and the improvements in purification and correspondingly homogeneity,
before we address structural changes associated with SV functions. Aligned with the
main goal of this work, we present the SAXS results for SVs after glutamate uptake,
and quantify the associated size increase. We then also include first results of a fusion
experiment monitored by SAXS. After the results section, we discuss the limiting effects
of polydispersity in deducing structural parameters from scattering, and close with an
outlook proposing an alternative approach based on sequential single-pulse coherent
diffraction with XFEL radiation, which we substantiate with numerical simulations.
In addition, dynamic light scattering (DLS) analysis of SVs and additional SAXS data
as well as additional technical details are included as Supporting Material A.3.
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4.2 Materials and Methods

4.2.1 Preparation of the uptake experiment

Synaptic vesicles were purified from rat brain, as described in [4, 171]. After purifica-
tion, SV samples were frozen and stored at —80° C. Further sample preparation was
performed directly before the SAXS experiments. First, the SVs were thawed on ice
for approximately 15 minutes. For buffer exchange, the SVs were dialysed against the
buffer consisting of 300 mM glycine, 10 mM KCl, 5 mM HEPES, 2 mM MgS0, X 7H,0
(pH 7.3) at 4° C for approximately three hours. To this end, the SV samples were
injected into Slide-A-Lyzer cassettes (Thermo Fisher Scientific, Waltham, MA) with
a molecular weight cutoff of 2 kDa. For the uptake experiment and for the control
experiment, 10 mM K-glutamate and 1 mM Mg-ATP, and 10 mM K-glutamate, respec-
tively, was added to the SV sample and incubated in a thermo-mixer at 37° C for 10-15
minutes just before the samples were injected into the sample chamber for the SAXS
experiments.

4.2.2 Preperation of proteoliposomes

For fusion of SVs with proteoliposomes, we have prepared lipid vesicles contain-
ing the AN acceptor complex (containing the SNARES syb2(49-96), syx1A(183-288)
and SN25(1-206)). Protein expression and purification, as well as the preparation of
SNARE-liposomes was described in detail in [145, 23]. Briefly, liposomes composed
of DOPC:DOPE:DOPS:Chol (molar ratio of 5:2:2:1) 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 (pore sizes of 100 nm in diameter) us-
ing a Mini-Extruder from Avanti Polar Lipids (Alabaster, AL, USA). The lipids were
purchased as lyophilized powders from Avanti Polar Lipids and used without any
further purification. For protein reconstitution, the vesicles were mixed with n-OG
(n-octyl-5-D-glucoside) and the AN-complex purified in 1% n-OG at a lipid-to-protein
ratio 500:1, and dialyzed against buffer (again 150 mM KCI, 20 mM HEPES, pH 7.4)
over-night at 4° C to remove excess n-OG using Slide-A-Lyzer cassettes (Thermo Fisher
Scientific, Waltham, MA) with a molecular weight cutoff of 2 kDa.
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4.2.3 Small-angle X-ray scattering
4.2.3.1 SAXS measurements

SAXS experiments were performed at the undulator beamline ID02 [157] at European
Synchrotron Radiation Facility (ESRF) in Grenoble, France. The beamline was oper-
ated at 12.45 keV photon energy. The beam size at the sample-plane was 100 X 100 um.
The samples were measured at two sample-to-detector distances, 1.5 m and 5 m, to
cover a g-range of approximately 0.02 to 3.37 nm™~" after merging the SAXS signals. The
scattered X-rays were recorded by a Rayonix MX-170HSCCD pixel detector (Rayonix
L.L.C., USA) with 3840% 3840 pixels. The two-dimensional isotropic diffraction pattern
was calibrated to the absolute scale (water reference). For the SAXS measurements,
the samples were loaded into a flow-through capillary cell (1.6 mm in diameter). The
sample chamber was heated to 37° C. For each measurement, 10 SAXS signals were
recorded with an exposure time of 1 s, and averaged after azimuthal integration. The
SAXS signals obtained at the two detector distances were then merged. For background
subtraction, the matched buffer was measured separately.

4.2.3.2 SAXS analysis

For completeness and notational clarity we include a brief recapitulation of the SAXS
analysis for SVs, as developed in [104, 107], and summarized also in [86]. The incident
x-ray beam with wave vector Ei and wave number |12 | = 27 /A for wavelength A is
scattered from an isotropic suspension of SVs. The scattered x-rays with wave vector k g
and momentum transfer g = K i — Ei are recorded on the 2d area detector. The isotropic
diffraction pattern depends only on the scattering angle 26, or correspondingly the
modulus of the momentum transfer g = |g| = 477/ sin 0. The intensity for a dilute,
polydisperse system of particles of radius R with the number size distribution p(R)
follows from an incoherent polydispersity integration, is modeled by

Inoa(q) = Ap? / PRV (R1F(q, R)R, 1)
0

where Ap is the average electron density contrast between the solvent and the particle,
V,(R) is the volume of the particle. Here this volume corresponds to the total volume of
the SV minus the volume of the vesicle lumen (core). The relationship between scatter-
ing curve and particle structure is contained in the form factor F(q, R) = {|f(g,R)|?)
with the form factor amplitude f(q,R) and {...) denoting the powder average. For
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p(r), we used a bimodal size distribution composed of two Gaussian distributions
accounting for size distribution for the SVs, as well as for larger membranous particles
in the sample.

The SAXS model for SVs is schematically illustrated in Fig. 4.1. The radial electron
density profile (EDP) p(r) for the lipid bilayer is modeled by three Gaussians, which
also includes contributions of transmembrane proteins and amino acid residues as-
sociated with the headgroups. Further, the proteins of the inner and outer protein
shell are modeled as Gaussian chains. It is important to note that the Gaussian chains,
which break the spherical symmetry, are proxies for distinct protein patches. They
are characterized by an effective radius of gyration R, and an effective copy number
of protein patches N.. The scattering length density profile of the lipid bilayer with

partial and symmetrized protein contributions is accounted for

Ry
p(r) = Z p; €Xp (—%) : (4.2)

where R; is the peak position, p; is the amplitude and ¢t;, i € {in,out,tail} is the
width, for each of the Gaussians representing the headgroups and the tail region. The
thickness of the bilayer is defined as D = \/E(tm + trgil + tour), Where ti, =ty iS
chosen to describe a symmetric bilayer. In this work, the vesicle radius R is defined by
the center of the bilayer, i.e. by R,;;, in contrast to [104], where it was defined as the
outer bilayer surface R = R,,;; + t,,:V 27 /2. The total excess scattering length of the
bilayer with respect to the aqueous buffer is 8,. The Gaussian chains are distributed
randomly and without correlations forming the inner and outer protein shell with
effective copy numbers N };” and N2*, respectively. They are further characterized
by their radii of gyration, Ré” and R3*, and by their average excess scattering length
density p.. The distance between the inner headgroup and the center of mass of the
Gaussian chains facing the lumen is tin\/ﬂ /2 + R, and the distance between the
outer headgroup and the center of mass of the Gaussian chains facing outwards is
tou,\/% /2+ Rg“’ . In this way, the Gaussian chains partly overlap with the tails of the
bilayer profile, but do not fully penetrate the bilayer. The combination of these results
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leads to the following form factor
F(q.R) = — 2F2(q,R
(q7 )_mx[ 613 b(qr )
+ ) NP9

i=in,out

+ D, 2NL?ByBLS. (q.R)

i=in,out
+ D, NUNL-1)BiSi(q,R)
i=in,out
+ SinoutqR) J] NALI. (4.3)

i=in,out

The different terms are now described in the following. M = f;, + NGl 4 Nou! gout
denotes the excess scattering length, with g% = 4?ﬂRéspc the total excess scattering
length of a single Gaussian chain in the modeled protein layer and with i = in, out, as
in all following equations. The first term contains the normalized amplitude of the

self-correlation of the bilayer profile, given by

Fb (q’R)
Fy(@.R) = D, ——"+Flumen (4.4)
i=in,tail,out bi
with
t2q?
Fpi(q,R) = 4V 21,0, exp (—17) q~" [t7g cos(qR;) + R;sin(gR;)] , (4.5)

and Fiumen = PrumenV (Sin qR, — qR, cos(qR,))/(qR,)? the form factor of the vesicle
lumen modeled as an ideal sphere with radius R, = R — (¢;, + t;qi1/ 2)\/% and the
excess scattering length density pj,men (i.e. the density contrast to the buffer) to
account for changes in density due to neurotransmitter uptake. Note that in the
original model oy, = 0 [104], since in that work only inactive SVs were considered.
My; = pi%”((Ri + 1727 /2)3 = (R; — t;27/2)3) is the excess scattering length of
one peak of the bilayer profile. The second term in the form factor describes the
self-correlation terms of the Gaussian chains:

2[exp(—x) — 1 + x1]

Piq) = —

, (4.6)
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with x! = qugz. The third term accounts for the interference cross-terms S;J”C(q, R)
and Sg"C‘ (g, R) between the bilayer and the Gaussian chains, given by

. ~sin(q[Rai ¥ (D/2 + R)))
S (q.R) = Fy(q, RYi(x)) iy @7)
b LB = Ry ) b2+ Rl

where /(x!) = [1 — exp(—x!)]/x! the effective form factor amplitude of the Gaussian
chains. Finally, the fourth term describes the interference of chains inside and outside
the bilayer

sin(q[Reat ¥ (D/2 + RI) |

q[Reai F (D/2 + RY)]

Si(g,R) = [$i(x") (4.8)

and the interference between the chains of the inner and outer shells across the bilayer
is taken into account by the fifth term

snougry= [ # (xi)Sin(Q[Rtail¢(D/2+Ré)])

_ : 4.9)
i=in,out q[Rias ¥ (D/2 + Rg)]

Least-squares fit. To obtain structural parameters from SAXS data, the experimental
scattering intensities Iy, (g;) with data points i = 1, ..., N recorded at g;, were fitted by
the model curve I;,,4(q;), accounting for a scaling factor and a constant background as

Iexp(‘]) =c1 Imoa(q) + ¢z . (4.10)

The quality of the fit was monitored by the reduced y?-function

N [Iexp(qi)_ltot(Qi)]z
231 a?
1= i
Xy = N—poT (4.11)

where p is the number of free model parameters and o’l.2 is the variance of the intensity
Iexp(q;) for a measured data point i. Nonlinear least-squares fitting was implemented
using the MATLAB function Isqnonlin of the MATLAB R2020b Optimization Toolbox.
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4.3 Results and Discussion

4.3.1 Polydispersity und Purity

Notwithstanding well established protocols and almost two decades of experience [4,
171], reproducible and contamination-free SV preparations extracted and purified from
rat brain is always a primary concern. This is accentuated by the rather large quantities
required for scattering experiments. More generally, at the organelle level, almost
any fractionation and purification from higher animals is quite challenging. At the
same time, the purity of the preparation is crucial for structural studies by ensemble
techniques such as scattering or spectroscopy. In scattering, whether with light, X-rays
or neutrons, large particle contaminations have particular strong weight in the signal,
since the signal scales with the squared volume, i.e. R® for the model case of solid
spheres. As a consequence, a small fraction of larger aggregates caused by contamina-
tion (aggregated or fused SVs, ruptured membrane debris, etc.), compared to the size of
SVs (R =~ 19 nm), has a considerable impact on the scattering curve. In fact, the SAXS
data measured by Castorph et al. could only be modeled by including an additional
size distribution accounting for contamination [104]. Large membranous particles,
i.e. contamination, were also observed by cryo-EM [104], but can of course be vetoed
out in direct microscopic observations, while they remain always in the scattering
volume (cuvette) of ensemble techniques. At the same time, scattering is therefore very
sensitive to detect contaminations, even if orders of magnitude smaller than the main
fraction. The first point of this study therefore concerned the reproducibility of our
previous results measured a decade ago [104], and whether there was any improvement
in the level of contaminations due to refinements of the preparation protocol. To this
end, we first show and compare the SAXS data of SVs measured during this study to
the SAXS data published a decade ago by Castorph et al. [104].

Fig. 4.2 presents the comparison of the SV data and the analysis of contamination.
By inspection of the scattering curves shown in (a), and already before any fitting,
we can directly recognize the characteristic modulations of the SAXS curve in both
the old and the new data sets indicating qualitative reproducibility. At the same time
small differences can be observed in the functional shape, in particular for small g,
where the more shallow slope for the new SV data indicates a smaller contribution
from larger aggregates, i.e. a cleaner purification. This observation is quantified by
least-squares fits using the anisotropic SAXS model for both data sets. The fit of the
SV data measured during this study was parameterized as follows. The amplitudes of
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Fig. 4.2: (a) Comparison of SAXS data I(q) vs. q obtained from (blue) SVs measured during this
study and (orange) from SVs published a decade ago by S. Castorph et al. [104], and least-squares
fits (SAXS data, this study: y2, = 67.8, and SAXS data S. Castorph et al.: y2, = 4.99). (b)
Bimodal Gaussian size distributions obtained from the fits shown in (a) for SVs (this study) and
SVs (S. Castorph et al.), accounting for the actual SV size distribution, and for contamination
(for example, large membranous particles). The size distribution of the SV fraction was modeled
as a Gaussian, fitted to the new SAXS data, and then kept constant in the fit of the Castorph
et al. data. For this reason of enforced equality, (b) shows only a single color (blue) for this
fraction. Contrarily, the contamination fraction was fitted freely in both datasets (see the
corresponding curves in the two respective colors). The results show that the size distribution of
the contamination is larger for the ‘old’ SV purification (S. Castorph et al.), as compared to the
purification used in this study. Fitting parameters are tabulated in Tab. 4.1.
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the EDP as well as the scale were kept constant, while all other parameters were free
to vary. In other words, the protein and lipid headgroup and tail electron density was
fixed at literature reference values (see Tab.4.1), but the protein number density and
radius of gyration was free. For the least-squares fit of the SAXS data from Castorph et
al. [104], the amplitudes of the EDP and the small size distribution was kept constant,
but the other structural parameters could vary freely and independently. All fit results
are listed in Tab. 4.1. As a result we see that the EDP and the small size distribution,
i.e. the main fraction of the SVs is well reproduced, while the amplitude of the large
size distribution, i.e. the contaminations, have been reduced in the new data. The
resulting size distributions are plotted in Fig. 4.2(b). The large size distribution for
the SAXS data from Castorph et al. shows a higher fraction as compared to the SV
sample measured during this study, i.e. higher amplitude. Please also note the double-
logarithmic scale and the fact that in the new data set, a suppression by four orders
of magnitude is achieved for the large size fraction, underlining the quality of the
preparation. Interestingly, the sze 4-Values of the SAXS data from Castorph et al. is
substantially lower, which may be attributed to the fact that larger polydispersity
screens some of the systematic errors of the model. In other words, the discrepancy of
the stil overly simplistic SV SAXS model become more apparent for the high quality
preparation. Note that compared to inhouse or second generation SAXS instruments,
the higher brilliance of the ID02 undulator beamline results in very small statistical
errors of the SAXS data points, and hence y? ~ (1) is much more difficult to reach.
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Tab. 4.1: Parameters corresponding to the least-squares fits shown in Fig. 4.2, comparing the SV
fractions of this study to [104]. p; is the amplitude and ¢;, i € {in, out, tail} is the width, for each
of the Gaussians representing the headgroups and the tail region. Ré and N.,i € {in, out}, denote
the radii of gyration, and the copy numbers of the Gaussian chains, and o, the corresponding
electron density. All (excess) densities denote the density difference to the buffer solution. The
thickness of the bilayer is D = \/E(tm + tan + toue ), With £, = t,,,, since the bilayer is assumed
to be symmetric. R denotes the vesicle radius defined as the center of the bilayer. oy denotes
the Gaussian width of the SV polydispersity, and a its amplitude. Ry, and o 4., denote the
corresponding parameters for the contamination fraction.

SVs, Castorph

Model fit parameter SVs, this study etal. Unit

Pin> Pout 46.8 46.8 e nm™3
Prail -28.8 -28.8 e nm™3
tins Lout 1.6 1.79 nm

tiail 2.33 2 nm

Ry 2.51 2.86 nm

R 4.38 5.3 nm
N!"/(4m(R—D —Ry')*)  0.0179 0.0084 nm™2
N /(47(R + R;")Z) 0.00136 0.0009 nm™2

Oc 52.1 52.1 e nm™
R 16.95 16.95 nm

Og 3.92 3.92 nm
amplitude 248.19 248.19 arb. units
Riarge 277.84 328.58 nm
OR,large 40.8 82.5 nm
amplitudehlrge 0.43 1.22 arb. unit
scale 1.0097 0.0838 -

constant background 0.00109 0.00019 1/mm
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4.3.2 Structure of SVs upon glutamate uptake

Next, we have investigated the structure of SVs upon the uptake of K-glutamate. Fig.
4.3 shows the superimposed SAXS curves obtained from (blue) SVs without glutamate
and ATP, (green) SVs with added glutamate but without ATP as a control experiment,
and (orange) SVs with added glutamate and ATP as the uptake experiment. The curves
differ in particular for low-q values, showing an increase in I(q — 0) for the uptake
and the control experiment with respect to the SV reference without added metabolites.
Note that in this low-q values, the ATP-driven glutamate transmembrane transport
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e ———
S 0 107
é 102 g (1/nm)
103 |[——sv
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Fig. 4.3: Comparison of SAXS data I(q) vs. q obtained from (blue) inactive SVs and (yellow)
active SVs upon the addition of 1 mM ATP and 10 mM K-glutamate. For the control experiment,
10 mM K-glutamate, without ATP, was added to the SV suspension (green curve). The inset
shows the SAXS data set for lower g-values, where main differences can be observed between
the different SAXS signals.

and ATP-devoid ‘control’ curves both show an intensity increase with respect to the SV
reference, but the effect is more pronounced for the active system than for the control.
Importantly, the SAXS curve of the active system differs from the control over the entire
g-range, by a significant amount, with respect to the statistical errors. The SAXS data
of the uptake experiment was then fitted with the anisotropic SV-SAXS model, see Fig.
4.4. The data and the least-squares fits (solid curves) are presented in Fig. 4.4(a), shifted
vertically for clarity, for (blue) SVs, (green) SV uptake control, and (orange) SV uptake.
All resulting fit parameters are tabulated in Tab. 4.2. The parameters were freely and
independently varied for all three cases, including the now added parameter p;,,,,cr, to
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account for the uptake effect (see above). The fits resulted in satisfactory sze 4 values,
of sze q= 14.6, 38.4,106.6 for SVs, SVs uptake control, and SVs uptake, respectively.
Fig. 4.4(b) shows the resulting size distributions (normalized to 1). An increase is
observed in the mean radius R for the uptake experiment (R = 18.42 nm) compared
to R = 16.42 nm for the inactive SVs, and the control experiment (R = 17.56 nm).
Note that by our definition, R refers to the bilayer center, and hence is smaller by
half the bilayer thickness D, when one compares to cryo-EM data such as in [104].
At the same time, the width of the size distribution shows a slight decrease both for
the control and the uptake experiment. More importantly, the corresponding EDPs
which are displayed in (c) for (blue) SVs, (green) SV uptake control, and (orange)
SV uptake, show a significant rearrangement of protein and lipid moieties. This
may be taken at an indication of significant conformational changes of SV proteins
which are plausible given the high level of vesicle expansion. The increase in the
thickness of the outer protein layer, the decrease in local protein density (both inner
and outer layer) and the decrease in the central bilayer density are the most prominent
changes in the EDP. Interestingly, the local protein density decreases (dotted lines)
while the average density (dashed lines) of the inner protein shell increases. This
suggests a more uniform coverage of the inner vesicle monolayer with protein moieties
accompanied with the uptake and vesicle swelling. Of course, the changes in the
EDPs have to be regarded with caution with respect to possible over-parameterisation.
Alternative fitting strategies with fixed EDPs, hence ignoring possible rearrangements
in the bilayer or protein layer, are included as supporting material. They result in
substantially higher sze 4> but confirm the main finding of the SV size increase to
be a robust result. Notably, the fitted values of the mean radius are very similar to
the results shown in Fig. 4.4. Interestingly, the parameter pj,men, Which denotes the
density difference of the lumen with respect to the buffer solution, is negative in
sign, but very small. This is not unlikely, since the density of glutamate solutions of
molality around 0.1 mol/kg differs from water by less than 1% at 37°C [172]. Note
that no literature values are available for the higher molality encountered here for SVs
with estimated 8000 glutamate molecules per vesicle [13]. Finally, in order to further
corroborate the robustness of the observed size increase with respect to alternative
fitting strategies/models, the supporting material includes an approach where the
large fraction is also freely varied as well as an isotropic fitting model composed of
concentric shells.
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Fig. 4.4: Structural changes of SVs after neurotransmitter uptake. (a) SAXS data and anisotropic-
SV model fits for SV only (blue, )(fe 4 = 14.6), SV uptake control (green, )(fe 4 = 38.4),and SV
uptake (orange, sze 4 = 106.6). (b) Normalized Gaussian size distributions obtained from least-
square fits shown in (a) with the corresponding colors. (c) Electron density profiles obtained
from the least-squares fits with the corresponding colors. (Solid line) EDP of the lipid bilayer,
(dotted line) Gaussian chains local, and (dashed line) Gaussian chains spherically averaged. The
electron density of the inner lumen differs only slightly from zero for each EDP. For details, the
fitting parameters are tabulated in Tab. 4.2.
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Tab. 4.2: Parameters corresponding to the least-squares fits shown in Fig. 4.4, presenting the
uptake experiments. Symbols are defined as in Tab.4.1. In addition to the parameters of Tab.
4.1, the parameter p;,.., denotes the density difference of the lumen with respect to the buffer

solution.
Model fit parameter SV tSr\gluptake con- gy uptake Unit
Pin> Pout 31.7 26.53 31.16 e nm™3
Prail -62.45 -67.92 -64.75 e nm™3
Olumen -0.3 -0.2 -0.75 e nm™3
tins tout 2.47 2.62 2.5 nm
Lot 0.65 0.58 0.7 nm
Ry 2.47 2.72 2.77 nm
Rg’” 5.67 6.58 6.82 nm
NI"/(4m(R—D —Ry")*)  0.032 0.038 0.044 nm~?
N /(47(R + Ri"Y?) 0.00102 0.00081 0.00107 nm™2
Pe 28.06 19.63 19.02 arb. unit
R 16.42 17.56 18.42 nm
OR 4 3.58 2.14 nm
amplitude 35.64 35.75 35.51 arb. units
Riarge 273.62 274.32 267.8 nm
ORjarge 42 42.88 39.92 nm
amplitude,, . 0.05 0.08 0.18 arb. unit
scale 10.62 10.92 5.44 -
constant background 0.0011 0.0012 0.0012 1/mm
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4.3.3 Fusion of SVs with proteoliposomes

As we saw above, SAXS is well suited for structural characterization of activated SVs.
Next, we consider the applications of SAXS for structural studies of SV fusion. In the
synapse the fusion of neurotransmitter-filled synaptic vesicles with the presynaptic
plasma membrane [4] and the subsequent release of neurotransmitters are mediated by
the soluble N-ethylmaleimide-sensitive factor attachment protein receptors proteins
(SNARES). 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 are anchored in the presynaptic plasma membrane [17]. Fusion is initiated by
the formation of the four-helix bundle, named the SNARE complex, which provides the
driving force [17, 23, 94]. In the present in vitro model, SVs are incubated with proteo-
liposomes containing the AN-complex (syb2(49-96), syx1A(183-288) and SN25(1-206)).
Our main questions here is to which extent this can be followed by SAXS to resolve
structural details such as fusion efficiency, increase in radius of the fused vesicle, or
protein re-partitioning.

Fig. 4.5 shows a set of SAXS data obtained from (blue) SVs, (red) AN-liposomes, (yellow)
SVs mixed with AN-liposomes (molar ratio 1:2) as the fusion experiment, and (purple)
SVs mixed with AN-liposomes previously incubated with syb(1-96) to block the AN-
complex (molar ratio 1:2) as the fusion control experiment. The SAXS curve shown in
green color is obtained by incoherent superposition I(q) = (1/3Isy(q) + 2/31xn(q))/2
of the SAXS intensity obtained from SVs and obtained from AN-liposomes. The pre-
factors of 1/3 and 2/3 account for the dilution of the individual contributions. The
incoherent superposition represents the scattering curve expected when no reaction
occurs upon mixing. Fig. 4.5(b) shows a Kratky plot I(q) x g2 vs. g of the same set
of SAXS data. When comparing the fusion experiment to the control experiments,
distinct differences can be observed for low-q values. In this particular region, the
SAXS signal is sensitive to the vesicles size and polydispersity, so that the (raw) SAXS
data does indeed give good indication of fusion. Stated differently, the hypothesis
that the two populations mix without fusion can be rejected. This is of course not
surprising. The more interesting question is whether we can learn about any of the
structural parameters mentioned above. Unfortunately, all our efforts to fit the data to
a model were not yet convincing. In brief, the data did not discriminate well enough
against different scenarios. There are two main reason for this: the first is the broad
polydispersity of SVs and liposomes which sort of washes out details as we saw already
in the first part of this section, the second is the finite fusion efficiency which means
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Fig. 4.5: Fusion of SVs with AN-liposomes. (a) I(q) vs. g, and (b) Kratky plot I(q) X g* vs. q for
(blue) SVs, (red) AN-liposomes, (yellow) SVs mixed with AN-liposomes (molar ratio 1:2) as the
fusion experiment, (purple) SVs mixed with AN-liposomes previously incubated with syb(1-96)
(molar ratio 1:2) as the fusion control experiment, and (green) the incoherent superposition
I(q) = (1/314y(q) + 2/31,x(q))/2 of the SAXS intensity obtained from SVs and obtained from

AN-liposomes.



4.4 Conclusion and Outlook 101

that fused and unfused fractions have to be modeled and superimposed. Altogether
we must conclude that three populations (SVs, proteoliposomes, and contamination)
are simply too many to fit the model without over-parameterisation. In the outlook
below we therefore propose an entirely different approach for SV structural dynamics
based on single pulse coherent diffractive imaging.

4.4 Conclusion and Outlook

As we have seen above, the increase in vesicle radius upon uptake of neurotransmitter
reported in [14] can be qualitatively confirmed by SAXS. With about 8% relative increase
in radius, however, the expansion was not quite as large as the maximum value observed
in [14]. This may very well be attributed to the fact that the dense suspension of SVs
used here may require still higher ATP concentration than 1 mmol/1. In other words,
it may be possible that the uptake experiment here was ATP limited. For a free EDP fit,
there is some indication of significant rearrangement in the protein layers in agreement
with what one would expect from the two first models proposed in [14]. The electron
density of the glutamate loaded vesicle lumen was found to be very close but slightly
lower than that of pure buffer. From the simulation and dependencies of the SAXS
curve on the different parameters, we can also conclude that polydispersity is the main
limiting factor for SAXS analysis of SVs. This also screens details on the conformational
changes in the protein shells.

In order to unlock the potential of diffraction for SV structural studies in a more
complex functional context, we essentially have three different options: Firstly, im-
provement of purification and size fractionation: this may be difficult since we are most
probably facing the intrinsic poydispersity of SVs, rather than an effect of non-ideal
preparation. Secondly, we may increase data diversity by contrast variation, which is
not easily possible for SAXS but which is quite straightforward for small-angle neutron
scattering (SANS) based on selective deuteration. Here it would be interesting for
example to measure the glutamate concentration in the vesicle lumen by variation of
the contrast in this moiety (using deuterated glutamate). In fact, with regard to SAXS,
the electron density of a glutamate solution does not differ sufficiently from the pure
buffer solution to deduce the glutamate concentration. For fully activated SVs, we
can estimate approximately 8000 glutamate molecules contained in the lumen [13],
roughly corresponding to 1500 mM. With the literature values for room temperature
density of glutamate solutions, this results only in a minor increase in electron density.
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Note as well that even in the absence of ATP, glutamate may partition differently due

to osmotic and electro-osmotic effects.

Third, and finally we may measure SVs not in a large ensemble, but in sequential high
throughput mode using single particle coherent diffractive imaging (CDI) with single
XFEL pulses, an approach already demonstrated for viruses [173, 174] and scalable
to smaller biomolecular assemblies and macromolecules [175, 176, 177], which are
delivered by aerosol electrospray methods [178]. In fact, in view of the limitations
outlined above, we want to advocate single-particle CDI for the important problem of
SV functional dynamics. In this way, the main limitation of conventional solution SAXS
due to polydispersity and loss of information by ensemble average could be overcome
in a fundamental manner. In addition, by the diffract-before-destroy principle we could
significantly increase the signal without any risk of radiation damage.

Fig. 4.6 illustrated both the feasibility and information gain of a single-SV CDI ex-
periment by a numerical simulation. The simulation of the diffraction pattern in (a)
was performed by using the open-source software package Condor [179], with the
simulation parameters listed in the caption of Fig. 4.6. We have used the molecular
model of a SV shown in Fig. 4.1(a) for the simulations. Details on how the molecular
model of a SV is built, regarding the lipid vesicle and the composition of proteins, can
be found in [4]. All atom positions are converted into a PDB file, which was used as
an input file for Condor. Fig. 4.6(b) shows the projected electron density of the SV
used for the simulation, as well es the reconstruction of the real-space image from the
diffraction pattern in (a). Phase reconstruction was performed by using the software
package HAWK [180]. It can be observed, that the overall shape of the SV can be quite
well reconstructed, as well as the two ATPases can be identified.

However, due to the intrinsically heterogeneous nature of SVs in view of size polydis-
persity and to some extent of the molecular composition, a 3D reconstruction from
many diffraction patterns obtained from different orientations of the SVs will be chal-
lenging and accompanied by a loss of information on the molecular level. Therefore,
in addition to phase retrieval, the anisotropic SV SAXS model can be used to analyze
the data in reciprocal space by using an “in silico cleaned” monodisperse ensemble. To
this end, SV diffraction patterns will be added up, following a veto-strategy to rule out
images with aggregates, and radially integrated. This approach is roughly equivalent
to sub-tomogram averaging in cryo-EM and will prevent loss of information by hetero-
geneous ensembles and thus increase structural resolution compared to conventional
solution SAXS. Fig. 4.6(c) shows simulated SAXS curves using the anisotropic SV SAXS
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Fig. 4.6: (a-c) Simulation results of a single-SV CDI experiment and phase reconstruction using
Condor and HAWK, taking the estimated Poisson noise and the detector gaps into account.
(a) Simulated single-SV diffraction pattern for the orientation of the SV shown in (b) using
the following simulation parameters: 6 keV photon energy, 1 mJ pulse energy, 500 nm focus,
AGIPD detector geometry with 4x downsampling and 0.75 m sample-to-detector distance. (b)
Projected electron density of a SV based on the molecular model in (a). Scalebar: 10 nm. (c)
Reconstruction of the real space image from (a) using the difference-map algorithm with 20000
iterations, Scalebar: 10 nm. It shows that the two ATPases can be identified. (d) SAXS data [104]
of a polydisperse ensemble of SVs with a model fit using a bimodal size distribution accounting
for contaminations. This is compared to simulations with a unimodal size distribution of SVs
and a monodisperse ensemble of SVs, as can be achieved by sub-ensemble averaging, in contrast
to synchrotron SAXS.
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model for (red) an unimodal size distribution (without contamination), and (yellow)
an unimodal size distribution and monodisperse ensemble of SVs, which are compared
to SAXS data obtained from SVs and the corresponding SAXS model fit including a
bimodal size distribution. It can be clearly observed, that a bimodal size distribution
in the first place, but also polydispersity of only an unimodal size distribution, washes
out distinct features in the scattering curve, hence less structural information.
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Fig. 4.7: Nanobody-nanogold labeling. (a) Sketch of the gold particle attachment principle:
maleimide (brown)-coated gold 1.4 nm gold particles (red) are selectively bound to desired
proteins (green) such as VGLUT1 by a nanobody (blue). Black lines illustrate the lipid bilayer.
(b) Schematic of an experiment probing the distribution of gold-labeled proteins (red spheres)
on the SV surface. (c) From the distance histograms of the simulated 2D projections, protein
interaction potentials can be inferred. Here 19’900 pairs drawn at random with a Boltzmann
weight have been evaluated, for the interaction-free case (ideal gas distribution on the sphere),
as well as for attractive and repulsive potentials.

To gain information on the molecular level another promising approach is the use of
nanobody-nanogold labels on specific proteins [181]. Spatial proximity of proteins on
the SV surface plays a role in their concerted function. Individual large proteins or
protein clusters must therefore be identified in reconstructed images of individual SVs
to study functional units. To achieve this goal, individual proteins can be labeled with a
specific gold-nanobody probe, as illustrated in Fig. 4.7(a). Namely, a maleimide-coated
1.4 or 5 nm gold particle is bound to a protein with a nanobody to site-selectively
enhance the scattering contrast. The larger number of photons in the diffraction
pattern will also help in phase retrieval and localization of the labels. In this way, we
can study protein co-localization on individual SVs and unravel attractive or repulsive
interaction potentials between proteins from the histogram of projected distances, see
Fig. 4.7(b). Nanobodies which specifically address single synaptic proteins, such as
VGLUT]1, have already been successfully expressed [182]. Of course, sample delivery
is also a challenge; an aerosol injection into the vacuum of the beam path has already
been developed, and is compatible even with megahertz data acquisition [174] at the
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European x-ray free electron laser. In this respect, we can expect a bright future for
diffraction studies of functional states of synaptic vesicles and maybe even further
synaptic organelles, yielding high throughput quantitative data potentially at very
low sample consumption. The only bottleneck at this point is the still very limited
beamtime available at the one or two instruments which are capable to provide the
required beam and instrumental settings. Beamtime provided, a bright future may be
ahead.
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Summary and Outlook

In this thesis, we have used X-ray diffraction, in particular synchrotron small-angle
X-ray scattering, for the investigation of vesicle adhesion, fusion and neurotransmitter
uptake. To this end, SAXS analysis, sample preparation protocols, as well as different
experimental setups have been evaluated and optimized.

In the analysis of SAXS data, SAXS models have been adapted and extended to describe
different states and forms of vesicles, including lipid vesicles, proteoliposomes and
synaptic vesicles. In view of the vesicle fusion pathway, adhesion of vesicles has been
induced in model systems of charged lipid vesicles by divalent salts, and the adhesion
(docking) state could be clearly distinguished from other states by SAXS. The latter has
proven to be a powerful technique to structurally characterize adhering vesicles, and
structural details of the bilayer and the interbilayer spacing have been obtained on the
sub-nanometer length scale. We have shown that the deduced interbilayer spacing can
be well modeled by theoretical interaction potential models. As a main result of this
thesis, the adhesion of charged vesicles induced by divalent salts with characteristic
bilayer separations in the range of d, =~ 1 ... 2.4 nm can be well predicted by evaluating
the interaction forces of the electrostatic strong-coupling theory according to R. R.
NETZ, A. G. MOREIRA and coworkers. This is important, since there are very few
other experimental tests of the strong-coupling theory on membranes [147]. In view
of a possible relevance for biological membrane docking and fusion, we note that
the water layer thickness can also be compared to the critical distance where the
stalk phase appears (0.9 + 0.05 nm), an intermediate prior to fusion [34]. It may
be speculated whether calcium-induced adhesion also plays a role in the context of
biological fusion, for example by lowering energy barriers. At the same time, we found
that the strength of the interaction by means of the fraction of adhering membranes in
the entire ensemble quantified by v specifically depends on the type of the counterion.
At constant counterion concentration, adhesion was much more favorable for Cca*t
than for Mg2+, which possibly might play a role in the physiological scenario of calcium-
dependent fusion.

Further, SAXS studies of vesicles were extended to probe transient, strongly interacting
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as well as non-equilibrium states of vesicles by using time-resolved SAXS with the
stopped-flow mixing technique. In this way, transient adhesion states of vesicles in-
duced by divalent salts could be revealed prior to the transformation to a multilamellar
phase in the case of high charge density. Importantly, the transient adhesion state gives
important clues about the conditions of the transformation into a multilamellar state:
The phase transition is preceded by a large surface area of adhesion, as inferred from
the parameter v, which likely is the main driving force of vesicle rupture and subse-
quent fusion. At the same time, the bilayer separation in the adhesion state remained
approximately constant over time and was governed by electrostatic interactions in
the strong coupling regime.

In addition to the stopped-flow mixing technique, continuous-flow mixing of vesicles
and divalent ions has been studied in microfluidics devices. Comparison of the sig-
nal quality for two different beam characteristics revealed, that scanning SAXS of a
microfluidic flow with a small focal spot size is feasible, however, at the cost of compro-
mising data quality. Nevertheless, the heterogeneity of the samples in the microfluidic
flow could be well characterized by scanning-SAXS, and different intermediate states
upon mixing vesicles with divalent salts could be distinguished and quantitatively
analyzed. Based on our experiments, there is still plenty of room for improvement
and different suggestions have been made. In particular, a new design of the microflu-
idics device avoiding a point of stagnation would be of advantage for time-resolved
measurements. Compared to established stopped-flow SAXS devices, not only the
complementary accessible time scales after mixing, but also the potential reduction of
sample consumption is of particular importance in view of future extensions towards
microfluidics SAXS of SVs.

Finally, we have employed SAXS to study vesicles in a more physiological setting. An
important goal of this work was to show that size and shape transformations of SVs in
the functional context of fusion and neurotransmitter uptake can be monitored and
studied by SAXS. Studies on structural changes of SVs after glutamate uptake revealed
an increase in radius R of about 8% as well as indications of significant rearrangements
of the membrane including membrane proteins and the lipid bilayer, and only a mi-
nor change of the inner electron density of the lumen. Such rearrangements of the
membrane are likely to play an important role to account for the large extensibility of
the vesicle surface in agreement with proposed models in [14]. At the same time, the
polydispersity is the main limiting factor for SAXS analysis of SVs, also regarding to
details of the conformational changes in the protein patches. This also explains why
we could not deduce much information on the fusion experiment. The same holds
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for the adhesion and fusion experiments using model proteoliposomes as discussed
in Chapter 2. Whether no characteristic docking signature in the SAXS signal was
observed due to low adhesion efficiency or due to loss of information in the SAXS signal
by averaging over the entire population remains to be seen. Further improvement of
purification and size fractionation might be helpful in particular in view of eliminating
large membranous contaminations, however, at some point we are most probably
facing the intrinsic polydispersity of SVs.

To overcome the main limitations of conventional solution SAXS, loss of information
by ensemble average and polydispersity, we propose to employ single-particle coherent
diffractive imaging (CDI) which is now possible with the availability of X-ray free elec-
tron lasers. To this end, the vesicles may be measured in a sequential high throughput
mode using aerosol spray sample delivery [183, 184], an approach already demon-
strated for heterogeneous organelles and viruses [185, 186, 187]. Based on numerical
simulations, we have illustrated both the feasibility and information gain of a single-
SV CDI experiment under realistic parameters. At the same time, such an aerosol
particle injector is not limited to XFELs, and could potentially be also used in a serial
synchrotron SAXS experiment, in particular in view of fourth-generation synchrotrons.
Using X-ray pulses in the range of picoseconds and a focus in the sub-micron range
smaller ensembles of SVs may be measured, aiming at increasing structural informa-
tion by lowering the polydispersity and background scattering and potentially also at
reducing sample consumption.
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A.1 Supporting Material: Vesicle adhesion and

fusion studied by small-angle X-ray scattering

A.1.1 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 1 = 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 g,(r) = (I()I(t + 1)), /{I)?, which is related to
the resulting normalized amplitude correlation function g;(r) by the Siegert relation
2,(1) = 1 + B|g1(1)|? with the coherence factor 3. 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 8|g;(7)|?. Fig. A.1 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
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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 [125]. Here we show only unweighted distributions.
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Fig. A.1: 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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A.1.2 Non-interacting vesicles: additional figures and tables

Fig. A.2 shows a series of SAXS profiles I(q) vs g of vesicles in ultra-pure water for
different lipid compositions. The measurements were performed immediately after
the respective 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 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. How-
ever, 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. A.3 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 back-
ground model and (bottom) with an additional power-law background model (orange
lines). The structural parameters and the sze 4-values obtained from the least-squares
fits are summarized in Tab. A.1,A.2,A.3. 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 g-values, whereas dis-
crepancies still appear in the lower g-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 g-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
g-range. Consequently, the sze 4-Values are reduced. The comparison of the two power-
law backgrounds (Fig. A.3, 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
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Fig. A.2: 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
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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. A.4 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 back-
ground model (red circles). The structural parameters as well as the sze 4-values can be
further found in the Tab. A.1 (flat bilayer model, constant background), A.2 (spherical
vesicle model analysis, constant background) and A.3 (spherical vesicle model analysis,
power-law background). The four upper plots display the obtained bilayer parameters
Oh, O¢» Pn and dyy,, while the two lower plots show the vesicle parameters R, and
or- 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. A.3), the spherical vesicle model with a constant background was
not able to match the data in the lower g-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).
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Fig. A.4: 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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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 oy 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 og /Ry = 0.5). The lowest values for o can be found for
DOPC:DOPE (1:1) vesicles.



119

tudied by

10N S

d fus

10N an

Vesicle adhesi

A.1 Supporting Materi

small-angle X-ray scattering

S50 88°0¢€ LT sse £80 60T T)Xd WU Og
90
. . . . 18°0 . .
190 LS€E w1 95°¢ e LOT I)X9 WU 05
St0
. . . . €80 . . (1:T:T:5)
€L°0 6L°0% LT 96°¢ ‘b0 60T  TIXd WU 00T LeTs
10YD:Sd0A:AI0A:Dd0OA
8L°0 LYS 00T LS°E ,mw.m 90T pajedTuos
$0'0 95°¢ ST'T 89°¢ o 9T'1 T)X9 WU OF
€0
. . . . 180 . . (T:1) #4d0a:0d0a
500 L8 6LT 79°€ ‘950 Y1 T)X9 WU 0§
. . . . 88°0 . .
SP'1 1€°1€ ¥6'€ 6v°c 20 80'T T)X3 WU OF
. . . . 68°0 . .
89°0 9€°0¢ L9°T ss'e o 8T'T T)X3 WU 0§
6+°0
780 ¥T'9¢ LS€ sse 680 6T'T  “I1Xd Wu 00T
‘60 (T:1) sdo@:0doa
. . . . 88°0 .
68°0 06'8¢€ S6t Sse o 8T'1 pareodtuos
6+°0
. . . . €60 . .
S€0 T6'TT 0€T TLe o 1$°1 T)X9 WU Og
870
. . . . €60 . .
LSO 99'6T 99°¢ YLE ‘90 €51 T)X3 WU 0§
sdod
. . . . 260 . .
¥9°0 YEET 6T'S vLE ‘%0 ST IXe wu 001
(wu) I
53 15} X Qm_mw °0 (n n‘mw uoneredsig uonsodwod pidry
Up

*SIY [[e 10J (SjIun "qIe) [—

= °d 03 pa3o3[es st uordar ureyd ay) Junuasairdar ueissnen Y3 jo spmydure
oy %o = Mo = Yo pue ¢d = Md = " are 19[Je9] 19INO pUE I2UUL ) JO YIpIm pue apmyrdwe ay) sny) 9[yoid AISUSp U010 JLIOUIWAS ©
U0 Paseq dIe S [9pou Y.L, “(I9I9WERIP Ul WU O PUB WU (S ‘WU QT SIZIS 210d )M SoueIqUISW d)euoqredi[od YSnoIiy) papmnixa pue pajedruos)
uoneredaid a1} 03 30adsa1 Yym suonisodwrod pidi] SNOLIeA JO Blep SXVS O} S)1J [9POW JOAR[Iq Je[J WIOIJ paureiqo sidjourered [eInionns :I'v "qelL



Appendix

120

€50 v¢'6 o1-0T - L6'T— 61070 80°C €L91 1S°CC sg'e .MWW 60T )Xo wiu O0¢
650 €6'8 01-0T - TCT'8— 8100 |4 6T VL 19°LT 1 R3 .MWW 60°T X9 wu 0S
L0 96'8 o1-0T - IL'6— 0200 LY'T S9€l I¥'6C SS'e .Mww 60°T “IIXe WU 00T (Tzes)
. 10YD:Sd0d:4d0d:0d0d
9L0 LLOT 21-0T - ¥0'€— 1200 S[0R 6L VT 89°6C vS'e .MMW 60T pajedruos
15°808- 0T - SO0v— 15808 L00°0 wl V'L SEYL e N,WW €1 )Xo Wi 0g
S8'0T0T- 0T L6'E— S8'010T 600°0 1423 €8°L LY'ET L'e .MMW ST'T X9 wu 0S (1) 440a:Dd0d
. . . " . . . . 680 . .
i 8¢ 0T -CSC— 9200 6L'¢ 9L’ST 8¢'81L S'e “Ic0 €'l I1X9 Wl 0¢
S9'0 8T'L 101 - ¥T'¢— LT0°0 €9°¢ 96°¢L 0L LS'E ,MWN vI'L 11X Wi 0§
6L°0 889 0T -9¢'1I— 1200 19°¢ €6°€l 9T 8G°¢ €80 ST'T X W 00T
. ‘8%°0 (1:1) sdoa:pdoda
980 €V'L 1-0T - ¥S'T— 2200 9¢°L 68°¢€L €9'9C 8G°¢ .MMW €Tl pajedtuos
€€0 w9 o-0T-ST'S— 8000 LL'E 96'v1 S8'CC 8L'¢ ,MMW Wl 11X W 0¢
750 LL9 9-0T-€6'C— 1100 26'S vLY1 €9C 8L'E ,mw.o SP'1 X9 W 0§
9t°0
180 Sdod
19°0 89 00T - T¥'L— ¥10°0 v1I'6 9¢°GT 8'ST 6L'¢ ‘90 Wl X W 00T
(wu) (n
5] 5] (5] 5] X AE%bv AEMW Qﬂw _Hb .n_mmnw uoneredaig uonisodwod pidry
“Up

"SI [[e 10§ (S)run "qIe) [—

= °d 03 pajoa[es st uordar ureyo ay) Junuasaidar ueissnen ay3 Jo spmypdure oy, “¢o = Mo = Yo pue ¢d = Md = Ud
9Ie 19[JBI[ 19INO0 PUE J3UUI AY) JO YIpim pue apnirduwre oy sny) ‘O[goid £ ISusp U0III3[d ILIJSWIWIAS B UO PIseq I S [9poul 3 [, “(19JoWeIp Ul Wi
0€ PUE WU S ‘Wu QT SAZIS d10d yIm saueIquaW Ajeuoqiedf[od ySnoiy) papniixs pue pajedruos) uoneredard ayp 03 30adsar yim suonisodwod

pidI] SnoLIeA JO BIBP SXVS 01 72 4 ¢,_b% + (b)) =

(b)''T s13 [opow 9701s9A [ed1IaYds wolj paurelqo siojewered [BINONIS TV "qBL



121

tudied by

10N S

d fus

10N an

Vesicle adhesi

A.1 Supporting Materi

small-angle X-ray scattering

50 0100 ST 7991 vTse 0s°€ .mw.m ST HX0 WU Of
) . . . ) . v6°0 . )
090 0100 A 18°€1 £8°9¢ 0s°€ €50 9Tl HX0 WU 0§
%o Z10°0 59 66°TT S0°8¢ 1153 ,Mw.m 9T'T  TIXe wu 00T (1TT8)
) 0UD:SI0TAIOA:DIOA
Lo ST00 e ST T6ES Is'€ - T pajeotuos
. . . ) ) . v9'0 . )
$0°0 500°0 6T 629 98°LT oL'€ 470 €6T  WIXO WU Of
$0°0 900°0 68t 929 8L°LT L€ .mw.m 8TT  WIX0 WU 0§ (D) 240d:0d0a
) ) . . ) . 1T1 . )
81 1100 TSI Zs€T ze'8e 6€°€ 0950 9Tl WIX0 WU Of
. . . . . . T . )
890 6000 68'ST 8Tt 1T6g 05°€ 25 SE'T WIXO WU Og
780 0100 wot 41 9t'6€ 0s°€ ort 8E'T  WXe WU Q0T
TS0 (T:1) Sd0@:ddoa
880 7100 LETT 66°C1 $0'8€ Is°€ .wm.m €1 pajesruos
) . ) . ) . or'T . )
10 L0070 85°1T L8'€T 75°9¢ L9°€ 900 0LT X wuOg
. . . . ) . €€l . .
090 900°0 85pE ¥8°TT 8L°8¢ oLe €0 SLT WXO WU Og
8e'T sdoa
60 $00°0 8€°8S 791 10°0% 69°€ 60 w1 mXewu ool
(wu) .
[5) 5} X AE%bu AEMW Aﬂ_w “b (n n:%nw uoneredaig uonisodwoo pidry
‘o

"S1YJ [[e 10J (S)tun ‘qIe) [—

= °d 03 payoares st uoidar ureyd ay3 Sunjuasaidar ueissnen ay) jo opnirdure ayJ, “lo = Mo = Yo pue
dd = g = 'd a1e Jo1Je9[ 19IN0 PUR I9UUI AY) JO YIpIm pue apmyrjdure ay3 snyj ‘O[gord AJISUSP UOIJOS[S JLIJOWIIAS B UO PISeq dIe SIJ [9poW Y],
‘(I9)9WeIp Ul WU O PUe WU (S ‘WU 00T SIZIS a10d Y)1m saueIqUIdW jeuoqiedAod ysnoiyl papnixe pue pajesruos) uoneredaid sy 03 30adsax
m suonisodurod pidi] SnoLrea Jo eyep SXVS 01 Si [9pOW S[91S9A [ed1Iayds wolj paure)qo sisjoweled [BINIONIS “punoidyoeyd jueisuo) €'V "qelr,



122 Appendix

A.1.3 Adhesion of vesicles: additional figures and tables

Based on the analysis of the SAXS data of CaCl,- and MgCl,-induced adhesion of lipid
vesicles presented in the main manuscript (Fig. 2.5, Tab. 2.2), we further compare
the EDPs upon addition of the divalent ions and of the control (without divalent ions)
in Fig. A.5. Both for CaCl, and MgCl, a swelling of the lipid bilayer is observed.
Subtraction of the EDPs (oc,c1, = Pcontrol 20d PMgcl, — Peontrol) gives pronounced peaks
close to the headgroup maxima (identified as the phosphorus), revealing the position
of the condensated Ca** 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)l.S T T T T T T T (b)LS
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Fig. A.5: Reconstructed EDPs of DOPC:DOPS (1:1) with (a,b) 4 mM CaCl, /MgCl, and (c,d) 10
mM CaCl, /MgCl, using the structural parameters obtained from the flat bilayer model fits and
from the docking model fits presented in the main manuscript in Fig. 2.5 and Tab. 2.2. 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
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distances much larger than for the strong adhesion regime described in the main
manuscript. This regime is observed when the addition of CaCl, is accompanied by
monovalent salt (KCl). For the recording of that data, we have used CaCl, in a HEPES
buffer (10mM CacCl,, 150mM KCI and 20mM Hepes, pH 7.4). Fig. A.6 shows the corre-
sponding series of SAXS curves I(q) vs. g of vesicles initially suspended in ultra-pure
water, as a function of the added CaCl, and KCl concentration. The SAXS profiles of the

(a)102 3 T T (b)103 . . .
1 DOPC:DOPS (1:1) DOPC:DOPE:DOPS:Chol (5:2:2:1)
_ 4 >0 mM CaCl, ~ 107 >0 mM CaCl,
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Fig. A.6: (a) SAXS data of DOPC:DOPS (1:1) vesicles in Milli-Q water with added CacCl,
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 CaCl, with concentra-
tions 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 CaCl, (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. A.4.

DOPC:DOPS (1:1) mixture (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
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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 CaCl, and 18.75 mM KCl, based
on the docking model with a constant background model. The structural parameters
obtained from the least-squares fits to the docking model are listed in Tab. A.4 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 dy, = 6.14 nm. Furthermore, the
EDP of unilamellar DOPC:DOPS (1:1) vesicles as obtained from the flat bilayer model
fit is indicated (red line). In this example, the bilayer structure exhibits only minor
changes due to the addition of CaCl,. As is apparent from Tab. A.4, the water spacing
is decreased for an increased CaCl, concentration (dy, = 3.79 nm in the case of 5 mM
CaCl,). 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 d, = 5.48 nm is again rather
high for 1.25 mM CacCl,, a decreased water spacing of d,, = 3.03 was obtained for
5 mM CaCl,. Interestingly, comparing the values for d,, between the different lipid
compositions at the same CaCl, 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 o in the 4-component mixture (20 mol% DOPS).

In summary, we observe the following: (1) An increase of the CaCl, and KCl con-
centration yields a decrease of the interbilayer spacing d, and (2) an increase of o at
constant ion concentrations yields an increase of d.
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Tab. A.4: 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 CaCl,
concentration. The model fits are based on a symmetric EDP, thus the amplitude and width
of the inner and outer leaflet are p, = py,; = py, and oy, = oy,; = 0y,. The amplitude of the

Gaussian representing the chain region is selected to p, = —1 for all fits.
Lipid composition [CaCl,] [KCI] oy gh, dn A—-vy) x?
(mM) (mM) (a.u.) (rim) (nm) (nm) d red
1.25 18.75 1.27 0.46, 361 6.14 0.96 1.7
DOPC:DOPS (1:1) 089
5 75 1.32 832’ 3.79 482 097 2.2
DOPC:DOPE:DOPS:Chol 1.25 18.75 1.09 ggg’ 3.6 548 0.98 2.26
(5:2:2:1)
5 75 1.02 0.47, 3.58 3.69 097 1.39

0.83
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A.1.4 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 SybA84, or with SybWT, respectively, were used. For both
experiments liposomes reconstituted with the AN complex as the acceptor complex
were used. Fusion is distinctly inhibited by using the SybA84 mutant [23].

In Fig. A.7 (a) and (b) the SAXS curves I(q) vs. q are shown for the fusion experiment
(mixed SybWT- and AN-liposomes at a molar ratio of 1:1) and the docking experiments
(mixed SybA84- and AN-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) = (I5(q) +Iz(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 g-region, and a slight increase of the scattering intensity over
the entire g-region.

(@) ‘ (b) 10¢ ‘
3 ° Fusion, 20 min incubation .. ° Docking, 3 h incubation

— 10° %o, - Mean scattering of individual | | _ ;31 gua . Mean scattering of individual ||
a G%% SNARE-liposomes a ‘%;ag SNARE-liposomes
E * £

102t 102+
o o
£ £
B 1 E 101,
a 10 a
= X
S 100 T 100

10 10

107 10°

q (nm1) q (nm?)
Fig. A.7: (a) and (b) show SAXS data of SNARE-mediated fusion (mixed SybWT- and AN-
liposomes) and docking (mixed SybA84- and AN-liposomes) experiments compared to the

calculated mean scattering curves (Is,pwr(q) + Ian(q))/2 in the case of the fusion experiments
and (Isyasa(q) + 14n(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
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not possible to analyze the SAXS data by least-squares fits using the docking model to
obtain the water spacing d,,. We conclude that the signal of the docking and fusion
states may 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 Igne(q) is given by [188]

Ipen(@) = 8p*V3 | Fonen (@)1

2
V(Rout)fsphere(q’ Rout) - V(Rin)fsphere(q’ Rin) (A'l)
shell V(Rout) - V(Rin) ’

where .
3(sin(gR) — qRcos(gR))

(qR)?

is the form factor of a homogeneous sphere, V(R) = 4/37R? is the volume of a sphere
with the radius R, and Ve = 4/37(R3,, — R?) is the volume of the shell with the
outer and inner radius R,; and Ry, respectively. For the forward scattering intensity

fsphere(q’ R) = (A2)

q — 0 the form factor of the spherical shell becomes f,e ~ 1, so that

out

2
Ighen(0) x V2 o (RS, —R})". (A.3)

For example, if we consider an outer radius of R,,; = 40 nm and an inner radius R;, =
35 nm in the original state, then the radii of fused spherical shells are approximately
Rout = 50 nm and R;,, = 45 nm by assuming that the volume of the two spherical shells
remain after fusion, that means Vi,geq = 2V and thus Ryygeq = 2!/3R. 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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A.2 Supplementary information: Vesicle adhesion in
the strong coupling regime studied by

time-resolved small-angle X-ray scattering

As supplemental figures, we include a plot of the bilayer structure parameters, obtained
from the least-squares analysis of the stopped flow reaction as a function of time, see
Fig. A.8, as well as additional SAXS data on vesicle reactions upon injection of trivalent
salts, recorded in the flow-through capillary at ID02/ESREF, see Fig. A.9. Finally,
as a first test we include a comparison of the SAXS curve as recorded in the flow-
through capillary chamber, similar to our previous work in [107], and the SAXS curve
as recorded from a SV solution in a microfluidics device (P10/PETRAIII), see Fig.
A.10. As the comparison shows, the accessible g-range has to be extended by different
improvements in background reduction.
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Fig. A.8: Structural parameters (a) d,, and (b) dy,;, as a function of time as obtained from docking
model fits to SAXS data measured by the stopped-flow technique.
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Fig. A.9: Additional flow-through SAXS data measured at ID02/ESRF using trivalent salts.
SAXS curves I(q) vs. g from DOPC:DOPS (1:1) vesicles mixed with 4 mM FeCl; (blue), 4 mM
Al,(S0,), (green), and 4 mM MgSO, are shown. No signature attributed to docking of vesicles
can be observed, instead, phase transitions to multilamellar states can be inferred from the Bragg
peaks.
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Fig. A.10: Scanning-SAXS combined with microfluidics for the investigation of the reaction
of synaptic vesicles in buffer (150 mM KCl, 20 mM HEPES, pH 7.4) with 2 mM CaCl, in a
microfluidic flow. The purification of synaptic vesicles was described in [171, 4]. (a) Darkfield
of the microfluidics device obtained by scanning-SAXS. The exposure time was 1 s for each
pixel. The SAXS data within the marked areas (black: SVs from the inlet, blue: SVs mixed with
CaCl, from the point of stagnation, and red: buffer from the side-inlet) were averaged to obtain a
stronger SAXS signal. (b) Example of a background corrected SAXS signal I(q) = I5,15(q) —I1g(Q)-
Here, the averaged SAXS data from the inlet was used, and background corrected by the averaged
SAXS data from the buffer. (c) Comparison of SVs in the inlet and of SVs in the point of stagnation
(averaged SAXS signals from ROI 1 and ROI 2 in (a)). (d) For comparison, flow-through SAXS
data (obtained at ID02/ESRF) is shown, covering a much larger g-space. The two vertical lines
indicate the measured g-region by microfluidics SAXS shown in (a-c).
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A.3 Neurotransmitter uptake and fusion of synaptic
vesicles studied by X-ray diffraction:

Supplemental Material

A.3.1 Supplementary data: dynamic light scattering (DLS)

For comparison with SAXS results, and as a more accessible instrument to many
research teams, dynamic light scattering (DLS) was used to measure the hydrodynamic
radius of synaptic vesicles after neurotransmitter uptake. The preparation of the
samples was performed directly before the measurement. SVs were stored at —80° C
and had to be thawed on ice for about 15 minutes before the samples were prepared.
During a measurement the remaining SVs and chemicals were kept on ice. The SVs
were diluted to the desired concentration (here concentrations between 1:125 and
1:2000 were used) in an uptake buffer containing 300 mM Glycine, 5 mM HEPES,
10 mM KCl and 2 mM MgSO,, X 3H,0 in MilliQ. The pH was set to 7.3. Before dilution
the uptake buffer was sterile filtered with 0.2 um syringe filters (Whatman FP30/0.2
CA-S,UK). For the control measurement 10m M K-glutamate was added, for the uptake
experiment 10 mM K-glutamate and 4 mM MgATP. For the measurement 500 ul of the
sample solution was filled into thoroughly cleaned cylindrical borosilicate cuvettes
with a diameter of 5mm (ROTILABO, Roth, Germany) and sealed with a cap.

DLS measurements were performed using an ALV/CGS-3 Laser light scattering go-
niometer system (ALV GmbH, Langen, Germany) equipped with a 22 mW HeNe-Laser
(4 = 632.8 nm, UNIPHASE, model 1145P) and an ALV/LSE-5004 multiple tau correla-
tor. The sample was placed into a heated (37° C) toluene bath. The sample was kept
in this bath approximately 15 minutes before the measurement was started, allowing
for thermal equilibration and settling of eventual dust particles. The scattered light
intensity was recorded by an avalanche photo diode at a scattering angle of 90° to the
incident beam. Each sample was measured for 6 runs of 30 s and an average intensity
correlation curve (g,(t) — 1) was automatically calculated by the autocorrelator system.
An example for such curves is shown in Fig. A.11(a). Based on the relationship

2

g —1=4 /0 p(Ry) exp(—~q2D(Ry)T) dR

with coherence/ contrast parameter 8, momentum transfer vector g, diffusion constant
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D and decay time 7, the distribution function of the hydrodynamic radius p(Ry;,) can be
obtained. Here, this was implemented based on an inverse Laplace transformation of
the autocorrelation data, using the CONTIN algorithm as provided by the ALV-software
[189]. The radius distribution was weighted by 1/R°®.

The results are summarized in Fig. A.11. (a) Shows the intensity correlation function
(go(7) — 1) for the SV-measurement (SV) as well as the control experiment (SV+Glut)
and the uptake experiment (SV+Glut+ATP) for a vesicle concentration of 1:1500.
While the correlation curves of the SV and control measurement differ only by a small
shift to higher 7, the correlation curve of the uptake experiment exhibits a large shift,
i.e. indicating a much higher relaxation time. In (b) the size distribution (weighted
hydrodynamic radius) extracted from the measurements in (a) is shown. The radii of
the SV measurement and the control measurement are almost identical. Contrarily,
the hydrodynamic radius of the uptake experiment (Ry, ypake = 65.5nm) is much
larger. Similar observations (radius of the uptake experiment substantially larger)
were made for all SV concentrations. However, the exact values for the radii differ
substantially, without obvious correlation to the vesicle concentration. This can be
concluded from a series of DLS measurements at different concentrations, see Fig.
A.11(c), where the mean of the radius distribution for each measurement is indicated by
an individual symbol and the median of these is indicated by a line. For concentrations
of 1:500 and 1:1000 two samples were measured. The median of the hydrodynamic
radii of the SV measurements (R, sy = 20.56nm) and the control measurements
(Rhsv+ciut = 22.2nm) differ by about 1.6 nm, which represents a similar increase as
deduced from SAXS. Note that the definition of the radius in the SAXS model refers
to the bilayer center, and the (outer radius), which should be associated with the
hydrodynamic radius, must be correspondingly larger, by at least half the thickness of
the lipid chain region plus the headgroup thickness. Therefore, the SAXS and the DLS
results for the mean SV radius are in good agreement. The DLS results are also in good
agreement with earlier studies [125]. The results for the uptake experiment, however,
are puzzling. The apparent radius (Rp yptake = 51.25nm) is twice as large after uptake
than before. This unrealistically large size increase must be certainly regarded as an
artifact. It could possibly be a result of aggregation, or additional relaxation times
associated with other dominating modes of the active vesicle. In view of vesicle size
and vesicle concentration in the sample, a clustering of vesicles, resulting in slowing
down, an apparent increase of vesicle size seems unlikely, but the relaxation times are
certainly due to a similar indirect effect, not to single vesicle diffusion. This underlines
the necessity to probe the structural effects by a structural probe such as diffraction or
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imaging, rather than indirectly via dynamics.
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Fig. A.11: (a) Intensity correlation curves for the SV, SV control (SV+Glut) and SV uptake
(SV+Glut+ATP) measurement using DLS. The vesicle concentration was 1:1500. (b) Hydrody-
namic radius distribution obtained from the correlation curves in (a). The radii are weighted by
1 /Rf1 and are normalized to a maximum value of 1. (c) Distribution of the hydrodynamic radii
for different vesicle concentrations. The median of the distributions is indicated by a line. For
vesicle concentrations of 1:500 and 1:1000 two individual samples were measured, which are
individually plotted in the graph.
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A.3.2 Supplementary SAXS data analysis: alternative fitting
strategy

Fig. A.12 and Tab. A.5 present results of an alternative fitting strategy, where the
electron density of the EDP components, namely protein, lipid headgroup, and lipid
tail were kept fixed, while bilayer thickness, protein number density and radius of
gyration, and both size distributions were freely varied for the SV reference. Next,
for the SV uptake control and SV uptake data, only the size distribution of the small
fraction was free, and all other parameters were kept fixed. No density contrast of the
lumen was taken into account, i.e. pjumen = 0. This setting was tested to rule out that
the observed size increase is simply an artifact resulting from over-parameterisation.
The fits show that the data can still fairly well be modeled by only the size increase, as
the dominant effect causing the changes in the SAXS signal, see Fig. A.12. However,
sze 4-values are much higher than in the freely varied case, indicating that the changes
in the EDP are also significant.
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Fig. A.12: Structural changes of SVs after neurotransmitter uptake. (a) SAXS data and
anisotropic-SV model fits for SV (blue, sze 4 = 68.8), SV uptake control (green, sze 4 = 277.6),
and SV uptake (orange, )(fe 4 = 770.3). (b) Normalized Gaussian size distributions obtained
from least-square fits shown in (a) with the corresponding colors. The size distribution of large
particles was kept constant for each fit. (c) Electron density profile (EDP) obtained from the
least-squares fit of SVs only. The structural parameters of the EDP were kept constant for the fits
of SV uptake control and SV uptake. The EDP of the lipid bilayer is shown in blue, the Gaussian

chains local in red and the Gaussian chains averaged in yellow.
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Tab. A.5: Parameters corresponding to the least-squares fits shown in Fig. A.12, presenting an
alternative fitting stategy of the uptake experiments, with fixed EDP.

Model fit parameter Sv iz)/nltlrpotf ke SV uptake Unit
Pin» Pout 46.8 46.8 46.8 e nm™3
Pail -28.8 -28.8 -28.8 e nm™3
Tins Tout 0.68 0.68 0.68 nm
Tl 0.99 0.99 0.99 nm
Ry 2.51 2.51 2.51 nm
R‘g’“’ 4.38 4.38 4.38 nm
NI"/(4m(R—D —R{")*)  0.0179 0.0179 0.0179 nm™2
N /(47(R + Ri"Y?) 0.00136 0.00136 0.00136 nm™2
I 52.1 52.1 52.1 e nm™3
R 16.95 17.64 18.25 nm
Or 3.92 3.53 2.75 nm
amplitude 248.19 156.52 85.44 arb. units
Riarge 277.84 277.84 277.84 nm
ORjarge 40.8 40.8 40.8 nm
amplitude,, . 0.43 0.43 0.43 arb. unit
scale 1.0097 1.3379 1.6731 -

constant background 0.00109 0.00121 0.00117 1/mm
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Fig. A.13 and Tab. A.6 present a further validation, carried out to test a setting were
at first only the large size distribution is varied (a,b). Indeed, the corresponding fits
show higher sze 4-Values, compared to the case where only the small fraction can
change. Interestingly, the uptake control and uptake curves show an increase in the
amplitude of the large fraction, which may partially be explained by the fact that larger
aggregation now ’substitutes’ the size increase. Finally, when reopening the degrees of
freedom for the small fraction of the size distribution (after adjusting the large fraction),
the )(fe ,-Values decrease again (c,d). The corresponding model and fit parameters of
these tests are tabulated in Tab.A.6 and Tab.A.7. Altogether these tests corroborate the
findings of increased radius R after uptake.
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Fig. A.13: Least-squares fits to SAXS data and bimodal Gaussian size distributions obtained from
least-squares fits of SVs (blue), SV uptake control (green), and SV uptake (orange). (a) SAXS data
and least-squares fits. Using the parameters obtained from the fit to SV SAXS data, the model
parameters were constant for SV uptake control and SV uptake, while the large size distribution,
scale, and background were free to vary (SV: )(rze 4 = 68.8, SV uptake control: sze 4 = 303.9,SV
uptake: )(fe 4 = 848.7). (b) Size distributions obtained from the fits in (a) with the corresponding
colors. (c) SAXS data and least-squares fits. For parameterization, the fit results shown in (a,b)
were used and kept constant, but the small size-distribution accounting for SVs was free to vary
(SV: x2,, = 68.8, SV uptake control: x>, = 277.4, SV uptake: x>, = 773). (d) Size distributions

red red

obtained from the fits in (c) with the corresponding colors.
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Tab. A.6: Parameters corresponding to the least-squares fits shown in Fig. A.13(a), presenting a
control of the fitting strategy, with variations only in the large size fraction of contaminations.

SV uptake

Model fit parameter Sv control SV uptake Unit
Pin> Pout 46.8 46.8 46.8 e nm™3
Prail -28.8 -28.8 -28.8 e nm™3
Tin> Tout 0.68 0.68 0.68 nm
Oail 0.99 0.99 0.99 nm
Ry 2.51 2.51 2.51 nm
Ry 4.38 4.38 4.38 nm
N!"/(4m(R—D —Ry')*)  0.0179 0.0179 0.0179 nm™>
N /(47(R + Ré")z) 0.00136 0.00136 0.00136 nm™2
Oc 52.1 52.1 52.1 e nm™3
R 16.95 16.95 16.95 nm
og 3.92 3.92 3.92 nm
amplitude 248.19 248.19 248.19 arb. units
Riage 277.84 274.77 277.29 nm
ORjarge 40.8 45.33 44.33 nm
amplitudehlrge 0.43 0.58 0.87 arb. unit
scale 1.0097 0.9357 0.7291 -
constant background 0.00109 0.00121 0.00117 1/mm
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Tab. A.7: Parameters corresponding to the least-squares fits shown in Fig. A.13(b), presenting a
control of the fitting strategy, where the SV size distribution is varied again, after keeping the
large size fraction of contaminations at the values of Tab. A.6.

Model fit parameter Sv S(\)/nttlrpotf ke SV uptake Unit
Pins Pout 46.8 46.8 46.8 e~nm3
Prail -28.8 -28.8 -28.8 e nm™3
Gins Tout 0.68 0.68 0.68 nm
Ol 0.99 0.99 0.99 nm
Ry 2.51 2.51 2.51 nm
Rg“’ 4.38 4.38 4.38 nm
NI /(4m(R—D —Ry")*)  0.0179 0.0179 0.0179 nm=2
N /(47r(R + RI"Y?) 0.00136 0.00136 0.00136 nm™>
Oc 52.1 52.1 52.1 e nm™3
R 16.95 17.63 18.28 nm
Or 3.92 3.54 2.68 nm
amplitude 248.19 208.93 170.53 arb. units
Riarge 277.84 274.77 277.29 nm
ORjarge 40.8 45.33 44.33 nm
amplitude,, . 0.43 0.58 0.87 arb. unit
scale 1.0097 1.0053 0.8337 -
constant background 0.00109 0.00122 0.00117 1/mm

A.3.3 Supplementary SAXS data analysis: isotropic model
composed of spherical shells

Fig. A.14 and Tab. A.8 presents an alternative model composed of spherical shells
[101], see the sketch in Fig. A.14(a), and hence ignoring the patchiness of proteins
on the SV surface. The EDP (Fig. A.14(b)) was parameterized as follows: the lipid
bilayer is modeled by three shells, and the proteins by two layers (outer and inner). In
addition, to account for possible density changes at high glutamate concentration, the
vesicle lumen is allowed to have a different electron density from the buffer outside
the vesicle. For p(r), a single Gaussian distribution was used. In order to shed light
on the effect which a density contrast (lumen to outside) has on the SAXS curve, we
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first carried out a simulation, increasing the interior successively by 1 %, 5 %, 15 %,
and 30 % (Fig. A.14(b,c)). Minor changes in the scattering curve can be observed for
an increase of 1 %. Contrary, for a 5 % increase, distinct and significant differences
can be observed at low-g-values, while the high-q data is almost unaffected. A free
least-square fit to the data is shown in Fig. A.14(d), along with the corresponding
EDP and size distribution (Fig. A.14(e,f)). The mean radius of R = 17.3 nm is in
good agreement with the anisotropic model, but the overall discrepancies does not
allow to deduce much further detail. This is in line with the conclusion put forward in
[104, 107], that the existence of anisotropy resulting from protein patches has to be
considered to achieve satisfactory fits of SV SAXS curves.

Tab. A.8: Structural parameters and fit results obtained from the isotropic six-shell model shown
in Fig. A.14.

Parameters Description Fit results Unit
t. thickness lipid chains 3 (const.) nm
th thickness lipid head groups 1 (const.) nm
Lpin thickness proteins inside 5.46 nm
Ep out thickness proteins outside 5.05 nm
Pe electron density lipid chains 275.08 e"nm™3
Pn electron density lipid headgroups 420 (const.) e nm™3
Pp.in electron density proteins inside 367.62 e"nm™3
Ppout electron density proteins outside 330.33 e nm™3
Psin electron density inside the vesicle 345.98 e"nm™3
Psout electron density outside the vesicle 334 (const.) e nm™3
R mean radius 17.32 nm
OR standard deviation (width) of the size distribution 9.7 nm
scale 4.5e-07 -

background 0.00135 mm™?




A.3 Neurotransmitter uptake and fusion of synaptic vesicles studied by 143
X-ray diffraction: Supplemental Material

(a) (b) — ..t30%
— 05 int+15%
200 — eliw
— Os,in = Ps, out
T 350 L‘
<
)
< 300
L
250 i i i i
0 10 20 30 40 50
r(nm)
(c) _ _ _(d)
> Data
1010
100.
B €
< S
E 105 L E 10-1-
G G
= © 0un+30% -
° Psint15% H 10-2-
° Psint5% :
° pgint1%
100 | ° Ps,in = Ps,out
" " " 10»3 N "
10! 10° 10t 10 10°
q (1/nm) q (1/nm)
(e) . . . (f)
420 ’W h 0.05¢
280 0.04}
PN B
£ g 0.03}
T 340 [ =
~ =
Q & 0.02f}
300
0.01¢t
0 10 20 30 0 10 20 30 40 50 60
r (nm) r(nm)

Fig. A.14: Isotropic SAXS model. (a) Sketch of the isotropic SAXS model. (b) EDPs used for
the scattering simulations. (c) Simulated SAXS curves using the isotropic SAXS model. (d)
Least-squares fit to SV SAXS data using the isotropic SAXS model. (e,f) EDP and size distribution
obtained from least-squares fit shown in (d).
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A.3.4 Supplementary data: SVs in different buffer

Fig. A.15 presents an additional set of SAXS data obtained from SVs with the uptake
and the corresponding control experiments. In contrast to the SV SAXS data presented
in the main article, here a different buffer with 300 mM glycine, 5 mM HEPES, 2 mM
MgS0, x 7H,0 (pH 7.3) was used, without KCI. The difference in the buffer resulted
in noticeable differences in the SAXS lineshapes (compared to Fig. 4.3 in the main
article), in particular in the intermediate g-range (between 0.1 and 0.4 nm™1).

101 L SV1

SV1, Uptake

SV1, Uptake Control, without Glut
SV1, Uptake Control, without ATP
SV1, Uptake Control, Bafilomycin

I(g) (arb. units)

! !

101 10°
q (nm™)

Fig. A.15: Comparison of SAXS data I(q) vs. q obtained from (blue) inactive SVs and (red)
active SVs upon the addition of 4 mM ATP, 10 mM k-glutamate, and 4 mM KCl. For the control
experiments, (yellow) 4 mM ATP without K-glutamate, (purple) 10 mM K-glutamate without
ATP, and (green) 1 mM ATP, 10 mM k-glutamate, and 4 mM KCl together with bafilomycin
was added to the SV suspension. Compared to the SAXS data discussed in the main text (Fig.3),
here a different buffer was used, 300 mM glycine, 5 mM HEPES, 2 mM MgS0, x 7H,O (pH 7.3),
where KCI was only added for the uptake and the uptake control experiments.
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