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Chapter 1

Introduction

Amphiphilic lipids are crucial components of every living organism. Due to the hy-
drophobic effect, they assemble in mesophases once they are dispersed in an aqueous
medium [1-4]. These are often based on a bilayer structure in which two lipid layers are
arranged symmetrically with their hydrophilic parts facing to the water phase shield-
ing the hydrophobic regions. Cell membranes, which separate the cytoplasm from the
environment and enable a controlled mass and information transfer between intra- and
extracellular region, are based on this fundamental structure [5, 6]. Furthermore, lipid
bilayers can be found in the cell interior, e.g., as constituents of transport vesicles or
organelles like the mitochondria, the nucleus, the Golgi apparatus or the endoplasmatic
reticulum [7, 8]. The properties of a lipid bilayer depend on many factors like tem-
perature, pressure, composition, or the chemical environment, and transitions between
fluid and gel-like states are observed [9, 10]. Typically, cell membranes require the high
flexibility of the fluid Ly phase to fulfill their biological functionalities [5, 11]. In this
context, conditions like in the Mariana Trench at low temperatures and high pressures
appear to be highly unfavorable for living organisms. However, life found strategies to
withstand these conditions [12, 13]|. These are for example based on the regulation of the
amount of lipids with unsaturated fatty acid chains or cholesterol, which are incorpo-
rated in membranes [14]. Cholesterol is a molecule that strongly influences the fluidity
of a membrane, as its rigid sterol rings affect the mobility and order of the surrounding
lipids [15].

Beside lipid membranes, also proteins are strongly affected by pressure and tempera-
ture [16]. It is known that an appropriate composition of osmolytes in a cell can prevent
the denaturation of proteins at extreme conditions [17-19]. For example, there is a cor-
relation between the depth at which a marine species is found and the concentration
of trimethylamine- N-oxide (TMAO) in its tissue [20, 21]. While TMAO stabilizes the
structure of proteins at high pressures, it was observed that urea has a counteracting
influence and a mutual compensatory effect was found [22-25]. However, for a compre-
hensive understanding of the regulative effects of cellular solutes like TMAO and urea,
also their influence on intracellular membrane processes and structures has to be con-
sidered. It was found that they can modify the phase behavior, fluidity and hydration
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state of bilayers and they are thought to contribute to membrane remodeling processes
like endocytosis and fusion [26-32].

The main driving forces of membrane remodeling are often interactions with proteins.
An example of such a process is the viral cell entry. Enveloped viruses enter host
cells via protein-mediated membrane fusion [33-36]. The proteins are embedded in the
viral envelope and interact with the cell membrane pulling cell membrane and viral
envelope towards each other [37-39]. Hydrophobic segments located in the ectodomain,
which are either called fusion peptides or fusion loops depending on their position in the
fusion protein sequence |33, 40|, initiate this processes as their insertion into the target
membrane leads to destabilization [41-43]. A hemifusion stalk forms and evolves into a
fusion pore. It was found that for the generation of a pore also the peptide sequence that
anchors the fusion protein in the viral envelope, the so-called transmembrane domain,
is essential [44-50]. The intermediate states of membrane fusion are characterized by a
negative Gaussian curvature whose molecular origin is subject of current research [37,
51-55].

Non-lamellar lipid structures also exist beyond transient intermediate states as some
systems exhibit, e.g., micellar, hexagonal or bicontinuous cubic phases. From this po-
lymorphism various technical applications arise. A focal point of current research are
bicontinuous cubic phases due to their potential in fields like drug delivery [56—-59], nu-
cleic acid delivery [60-64|, medical imaging |58, 65, 66], membrane protein crystallization
[67-71], and biosensing [72-75]. A molecule that forms these phases spontaneously in
an aqueous solution even at ambient conditions is monoolein |76, 77|. As it is non-toxic,
biodegradable, bio-compatible and comparatively cheap in the production, it is suitable
for many applications and it is one of the most studied lipids in this context. The unique
properties of monoolein also give rise to numerous applications of it as component of
model membranes for the investigation of biological processes [51, 76, 78, 79].

This thesis is divided into three subchapters that deal with different factors that affect
the behavior of lipid structures. The first project (chapter 4) is a pressure-jump study
on the effect of additives on the equilibration of cubic monoolein structures at excess
water conditions. The formation of the cubic phase was triggered by an abrupt pressure
release beyond the lamellar-to-cubic phase boundary. Due to the high water content
of the samples, cubic phases subsequently emerge with much higher lattice constants
compared to the equilibrium state. They release the excess of enclosed water in a
process that lasts several hours. This process was investigated with small angle X-ray
scattering in presence of different additives to explore their effect on the dynamics of
lipid self-assembly. Subjects of this experiment were molecules that are crucial for the
adaptation of living organisms to external conditions like TMAQO and urea as well as
viral fusogenic peptides. Model membranes consisting of monoolein or other lipids that
form inverse phases are powerful tools to study membrane fusion, as their structure
resembles intermediate states that occur in this process [51, 80-86]. The transition from
lamellar to cubic phase and subsequent the release of enclosed water is accompanied by
an increase of the membrane curvature. Observing how this process is influenced by
viral fusion peptides thus provides implications about their role in the destabilization of
target membranes.



Apart from viral infestation, numerous processes take place inside of cells that involve
the deformation of lamellar membrane structures, and highly curved bilayers constitute
the building blocks of certain organelles [87-93]. These structures are formed in an
environment that is characterized not only by the presence of osmolytes like TMAO and
urea, but also by a variety of soluble and insoluble macromolecules like proteins, lipids,
ribosomes, biopolymers, nucleic acids or carbohydrates [23, 94-97]. Therefore, a further
subject of this study was the polymer polyethylene glycol (PEG) that was already used
in previous studies to simulate molecular crowding like it is found in cells [98-104].
This approach provides insight into the effect of depletion interactions on lipid phase
formation. It is known that the presence of PEG in the extra- or intracellular space
can induce membrane fusion or fission [105-107|. The investigation of the interaction of
PEG and monoolein may also have implications for technical applications of monoolein
that rely on the use of polymers to achieve the stabilization of cubosomes [108-111].

The second project (chapter 5) is the structural investigation of phospholipid Lang-
muir films interacting with viral fusogenic peptides. By combing X-ray reflectometry
and grazing incidence diffraction, detailed vertical electron density profiles and lateral
lattice parameters of the lipid monolayers have been obtained. While the first project
focuses on the influence of fusogenic peptides on the membrane curvature, in this study,
their adsorption and penetration behavior at lipid surfaces is characterized.

Viral fusion proteins are divided into three different classes based on different struc-
tural properties [33, 35, 112]. In this work, the fusion peptide of class I Influenza virus
Hemagglutinin 2 [37, 113-117|, the fusion loop of class II Tick-borne encephalitis virus
glycoprotein E [38, 118-120], and the fusion loop and transmembrane domain of class
IIT Vesicular stomatitis virus G protein [39, 44, 121-127] have been studied on the basis
of amino acid sequences specified by Weise and Reed [128|. The investigations aim to
improve the understanding of the molecular mechanisms of viral membrane fusion by
identifying characteristics of the interactions of peptides belonging to all three classes
with model membranes and contrasting the behavior of anchor and attacking sequences.
Beyond increasing the knowledge of viral cell entry, this also has implications for medical
applications of fusogenic peptides like the use of the Influenza fusion peptide for nuclear
drug delivery in cancer treatment [129-131].

The third project (chapter 6) addresses the effect of cholesterol on the pressure re-
sponse of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) membranes. The phase
behavior of DMPC vesicles has already been studied in detail and phase boundaries be-
tween the Ly phase and several gel-like phases like the rippled Pg/ phase or the lamellar
Lg/ phase have been determined [132-135|. There are also studies on the influence of
cholesterol showing that the incorporation of cholesterol leads to a broadening of the
main phase transition regime until, at a certain concentration, fluid and gel-like phase
can no longer be distinguished [15, 136-141]. This state is called liquid ordered L,
phase and it combines the low positional order of the fluid phase with the high orien-
tational order of gel-like phases [142]. However, most studies involving cholesterol only
consider membranes at ambient pressure and little is known about the influence of high
hydrostatic pressure [139, 143].

A promising but challenging strategy for the analysis of membranes is the preparation
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of lipid layers on solid surfaces to enable their exploration with surface-sensitive methods
[144-148]. This requires model membranes that are stable on the substrate surface
without being influenced by it too much. A simple way to reduce the influence of
the substrate is to prepare stacks of bilayers. In literature, solid-supported DMPC
multilayers were investigated mostly under humidity gas phase [149, 150|, as they lack
stability once they are fully immersed in water, especially, when they are heated above
the main phase transition temperature [144, 151|. However, it was also observed that
the abrasive effect of water can be reduced or even reversed by increasing the pressure
beyond the main phase transition boundary [152].

In this work, the structure of solid-supported DMPC multilayers containing choles-
terol was analyzed with X-ray reflectometry up to a maximum pressure of 5kbar. The
sample temperature was 20 °C which is slightly below the main phase transition of pure
DMPC at ambient pressure. In order to determine the influence of the substrate, the
behavior of the multilayers was compared to single bilayers on a solid support and multi-
lamellar vesicles. For the investigation of the vesicles, small angle X-ray scattering was
applied. The results have also been published in the journal Biophysical Chemistry [153].

The experiments were conducted at the beamlines BL2 [154, 155] and BL9 [156, 157]
of the Dortmund Electron Accelerator (DELTA), at the beamlines ID10 [158] and ID31
[159] of the European Synchrotron Radiation Facility (ESRF), and with a Bruker D8
diffractometer.



Chapter 2

Scientific Background

2.1 Polymorphism of lipid self-assembly and inverse bicon-
tinuous cubic phases

The formation of lipid mesophases in aqueous solution is driven by the hydrophobic
effect [160, 161]. Interfaces between non-polar molecules and water are entropically un-
favorable, since the configuration entropy of the hydrogen bond network is restricted.
Therefore, non-polar substances tend to aggregate. Amphiphilic lipids consist of a hy-
drophilic headgroup and a hydrophobic tailgroup, thus favoring structures in which the
headgroups form the interface with the water while the tailgroups have no contact to the
aqueous phase. Depending on the ratio of the polar surface area to the expanse of the
hydrophobic region, the lipids assemble in very different structures. Rough predictions
can be made with the critical packing parameter [162]

v

V= ok (2.1)
where v is the molecular volume, ag the optimum headgroup area and [, the effective
maximum chain extension. If the cross-section of the required space of a lipid parallel
to the water interface is constant along the membrane normal, this ratio becomes 1
and the lipids tend to assemble in lamellar structures. When ~ deviates from 1, the
shape is conical or wedge-like. Then, phases with curved surfaces are preferred. For
v < 1, a curvature towards the hydrophobic region is induced (commonly referred to
as positive curvature) and the corresponding phases are denoted by an index 1. For
~ > 1, lipid layers exhibit curvature towards the aqueous phase (commonly referred to
as negative curvature). These are the so-called inverse phases that are denoted by an
index 2. The relationship between the critical packing parameter and the mesophases
formed is summarized in figure 2.1.

In the framework of this thesis, lamellar and inverse bicontinuous cubic phases were
investigated. While different lamellar phases differ mainly in the configuration of the
tailgroups, the three bicontinuous cubic phases each have a fundamentally different
architecture. They are based on triply periodic minimal surfaces (TPMS) that have
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Figure 2.1: Relation between the molecular shape of lipids described by the critical packing
parameter v and the preferred phase geometry. Picture modified from [76].

zero mean curvature H and a negative Gaussian curvature K. Mean and Gaussian
curvature result from the principle curvatures c¢; and co, which are the inverses of the
principle radii of curvature, as

1+ co
2

Three types of inverse bicontinuous cubic phases are observed, which are based on the
double diamond, the primitive, and the gyroid TPMS [163]. The first two were dis-
covered by Schwarz [164, 165] and the third by Schoen [166]. The cubic phases are
designated by their crystallographic space groups, which are Pn3m (double diamond),
Im3m (primitive) and Ia3d (gyroid). The lipid phases consist of a bilayer whose hy-
drophobic core is aligned along a certain TPMS and divides the aqueous phase into two
unconnected systems of water channels, which are congruent (Pn3m, Im3m) or enan-
tiomeric (Ia3d). Each channel system forms junctions where a characteristic number of
channels intersect. In case of the Im3m phase, the channels meet perpendicularly in
6-way junctions. In the Pn3m phase, 4-way junctions with tetrahedral symmetry occur.
The Ia3d phase forms 3-way junctions at angles of 120°. The unit cells of the different
phases are illustrated in figure 2.2.

How these phases can be identified by small angle X-ray scattering (SAXS) is ex-
plained in chapter 3.1. SAXS also yields the lattice constant a, from which further
characteristic parameters like the lipid chain length [ or the water channel radius ry can
be determined. The formulae shown in the following paragraphs are taken from [76].

When the water weight fraction in the lipid phase Cy is known, the volume fraction
is given by

H =

K= C1Co. (2.2)

Cw

ow = Cw + (1 - Cw)ZF

(2.3)

with the density of water pw and the density of the lipid pr,. For monoolein/water
mixtures at 25°C, these parameters are pw =~ 0.997 g/cm?® and pp, ~ 0.942 g/cm? [76].
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Figure 2.2: Unit cells of
the inverse bicontinuous cubic
phases. The lipid bilayer is
shown in orange and one water
channel network in cyan. The
other water channel network is
transparent. In the lower il-
lustrations, the nodes of the
cyan water channel network
7 are marked with red spheres
which are connected by blue
rods along the water chan-
nels. Reprinted with permis-
sion from [167]. Copyright (©
2018 Authors.

e ," e |
Im3m " Pn3m

The corresponding lipid volume fraction is ¢, = 1 — ¢w. Using this, the chain length [
can be determined by solving the following equation

I 4 B
¢r = 20 +3TX 3 (2.4)

where y is the Euler-Poincaré characteristic of the corresponding TPMS and o is the
ratio of the surface area in an unit cell to a®. The values of these parameters for the
three cubic phases are summarized in table 2.1.

With a and I, the radius of the water channels can be calculated as

| oca?

and the area per lipid molecule at the interface as

_ 2my, oa® 4 2nyl?
PL prad

ag (2.6)

with my, being the mass of a lipid molecule.
As mentioned above, TPMS have zero mean curvature. However, for lipid bilayers

of cubic phases, this applies only in the center of their hydrophobic region. At the

Table 2.1: Parameters of cubic lipid phases [76].

TPMS Space group X o Channels per node

Diamond Pn3m -2 1919 4
Primitive Im3m -4 2.345 6
Gyroid Ta3d -8 3.091 3
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surface of the bilayer in a distance [ to the TPMS, mean and Gaussian curvature are
not constant. Their averaged values are given by

_ 2mxd _2mx

(H)

(K)

. =. (2.7)

When different cubic phases coexist, they usually share the same Gaussian curvature
[168]. Therefore, their lattice constants occur in characteristic ratios of

arm3m = 1.28 - apn3m a1a3d = 1.58 - apn3m. (2.8)

2.2 Monoolein

Monoolein is a lipid that consists of a glycerol backbone with two polar hydroxyl groups
that is esterified with an 18 C-atoms long hydrocarbon chain. The chain is monoun-
saturated and has a cis double bond between the ninth and tenth carbon atom. The
chemical structure is shown in figure 2.3. Due to the small headgroup in combination
with a cis unsaturated hydrocarbon chain, monoolein has a high tendency to form in-
verse phases (v > 1). Figure 2.4 shows a temperature-composition phase diagram of
monoolein/water mixtures determined via X-ray diffraction and differential scanning
calorimetry |77]. It can be seen that monoolein forms the inverse micellar Ly phase, the
inverse hexagonal Hy phase, and the inverse bicontinuous cubic Ia3d and Pn3m phases.
At low water content, also the lamellar fluid L, phase and, at low temperatures, differ-
ent polymorphs of the lamellar crystalline L, phase have been observed. Between 20 °C
and 90°C, the Pn3m phase is present in the excess water regime. The boundary to
the excess water regime marks the temperature-dependent maximum capacity for water
of the corresponding phase. At 25°C, this maximum is reached at a water content of
approximately 44.5 wt%.

Pressure-dependent phase diagrams of monoolein exist for a few different water con-
tents. Figure 2.5 shows a temperature-pressure phase diagram for excess water con-
ditions obtained with small angle X-ray scattering [169]. At high pressures and low
temperatures, a phase transition from the Pn3m to a L. phase was observed. At limited
hydration, also pressure-induced transitions from the Pn3m to the Ia3d phase and from
the Ia3d to the L, phase have been reported [51, 76].

Figure 2.3: The struc-
0 tural formula of monoolein
(1-oleoyl-rac-glycerol).

HO OH
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Figure 2.4: Temperature-composition phase diagram of mo-
noolein at ambient pressure. The abbreviation FI stands
for fluid isotropic and refers to an inverse micellar phase.
Reprinted with permission from [77]. Copyright ©) 1999 El-
sevier Science Ltd.

2.3 DMPC/cholesterol membranes
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Figure 2.5: Temperature-
pressure phase diagram of mo-
noolein at excess water condi-
tions. Adapted with permission
from [169]. Copyright (©) 2001
Elsevier Science Ltd.

The structural formulae of the phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) and cholesterol are shown in figure 2.6. Phospholipids are a major component
of cell membranes and constitute their bilayer structure. DMPC has two 14 C-atoms long
hydrocarbon chains that are fully saturated. These are bound to a glycerol backbone
that connects them to a polar headgroup consisting of a phosphate group and choline.
The key feature of cholesterol are its four steroid rings. The polar hydroxyl group to
which they are bound causes an oriented incorporation in lipid membranes, although
cholesterol alone does not form bilayers. On the other side of the molecule is a short
hydrocarbon chain. Cholesterol occurs in cell membranes in concentrations of up to

50mol% [11].

DMPC

Cholesterol

HO

Figure 2.6: The structural formulae of DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine)

and cholesterol.
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Figure. 2.7: Temperature-pressure Figure 2.8: Simulated temperature-composition
phast.e d1agr3fm of DMPC membranes.  phase diagram of DMPC/cholesterol membranes.
Reprinted with permission from [135].  Reprinted with permission from [170]. Copyright ©

Copyright (© 1998 The Chemical Soci- 2010 American Chemical Society.
ety of Japan.

Figure 2.7 shows a temperature-pressure phase diagram of pure DMPC vesicles de-
termined by light transmittance measurements [135]. At ambient pressure, the main
phase transition of DMPC between gel-like and fluid L, phase occurs at approximately
24°C where the hydrocarbon chains crystallize into an all-trans configuration (cooling)
or melt into a disordered state (heating). In the gel-like regime exists a pretransition
from Lp/ to Pps at 14°C. In both of these phases, the hydrocarbon chains are tilted,
but while the bilayer is flat in the Ly, phase, it has a rippled superstructure in the Ppg/
phase. Both transition temperatures increase upon pressurization. In the Lgl phase,
which was observed at high pressure by Ichimori et al. [135], the tailgroups are interdig-
itated. Prasad et al. [134] reported the Gel III phase in which the hydrocarbon chains
are untilted at high pressures instead.

Figure 2.8 shows how the phase diagram of DMPC is modified by the addition of
cholesterol at ambient pressure [170]. The phase diagram was determined with simula-
tions in agreement with previous results of experimental studies [137, 140, 141, 171, 172].
The rigid steroid rings of cholesterol reduce the flexibility of the L, phase and disturb
the order of the gel-like phases [15]. Due to these opposing effects, the phase transition
region broadens with increasing cholesterol content until fluid and gel-like phase can-
not be distinguished anymore [136-139]. This state is called liquid ordered L, phase.
Furthermore, a non-tilted liquid crystalline L. phase was observed at low temperature.
For high cholesterol contents, a separation of molecules into pure DMPC and cholesterol
clusters occurred. The cholesterol-induced broadening of the main phase transition and
the development of the L, phase was also observed in pressure studies [11]. However,
the pressure-dependent phase behavior of DMPC is only known for a few temperatures
and cholesterol concentrations [133, 139, 143].

10



2.4. DPPC and DPPA Langmuir films

Figure 2.9: A Langmuir monolayer in different states of compression. Upon reduction of the
available surface with a movable barrier (colored rectangle) from the yellow to the green to the
red position, the lipid molecules pass from a gaseous into a crystalline phase. The lipids in the
respective states are color matched to the barrier at the corresponding position. Flexibility and
tilt of the hydrocarbon chains reduce as the molecular distances decrease.

2.4 DPPC and DPPA Langmuir films

The term Langmuir film refers to layers of insoluble organic materials on an aqueous
surface with a thickness of one molecule [173]. Langmuir films are typically prepared in
Langmuir troughs, which are flat containers with hydrophobic inner surfaces. These are
filled with an aqueous subphase to such an extent that a convex meniscus forms on the
surface. This makes it possible to vary the surface area available for the Langmuir film
with movable barriers that are placed on the side walls of the trough. The compression
level of a Langmuir monolayer can be described with the surface pressure II = ~y—- that
is given by the difference of the surface tension of an empty surface of the corresponding
subphase 9 and the tension which is observed in presence of the film ~.

Figure 2.9 illustrates different states of compression of a Langmuir monolayer which
consists of amphiphilic lipids. The lipids align with their polar headgroups immersed in
the subphase and their hydrophobic hydrocarbon chains protruding from it. The lipid
film undergoes certain phase transitions depending on the available surface area [174].
If the density of the molecules is low, the film can be described as a two-dimensional
gas based on the ideal gas law. When the distances between the molecules are reduced,
they start to interact and at a certain level of compression, the surface pressure starts
to increase. The lipids enter the liquid-expanded state in which they maintain the
conformational disorder of the gaseous phase (yellow). Upon further compression, the
molecules start to arrange in a two-dimensional lattice and the hydrocarbon chains
crystallize (green). This state is called liquid-condensed phase. When the reduction of
the surface area is continued, the lattice constant and the molecular tilt angle decrease
(red) until the monolayer finally collapses [175].

In this thesis, Langmuir films consisting of 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphate (DPPA) were used to mimic
the outer monolayer of a cell that is attacked by viral fusion peptides. The structural
formulae are shown in figure 2.10. DPPC is one of the most abundant phospholipids
in the human body [176]. At pH 5, it is uncharged. This pH value corresponds to the

11
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Figure 2.10: The structural formulae of DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine)
and DPPA (1,2-dipalmitoyl-sn-glycero-3-phosphate).

conditions at which the fusion proteins whose fusogenic peptides are studied in this work
are active. DPPA has the same tailgroup as DPPC consisting of two 16 C-atoms long
hydrocarbon chains, but the headgroup carries a negative charge at pH 5. Previous
studies showed that anionic lipids can play a crucial role for the interaction of fusogenic
peptides with target membranes [177].

DPPC and DPPA Langmuir films behave very differently upon compression. As the
headgroup of DPPA is much smaller than the headgroup of DPPC, van der Waals inter-
actions between the hydrocarbon chains are much more pronounced in DPPA films [178§].
This can be seen especially in the fact that DPPC has a wide liquid-expanded phase
regime, whereas DPPA forms a crystalline order immediately when the first increase
of the surface pressure occurs upon compression from the gaseous regime. In chapter
5.5, the behavior of both lipids is discussed in detail based on experimentally obtained
isotherms.

2.5 Viral membrane fusion and fusogenic peptides

The description of viral membrane fusion is based on the reviews of White and Whittaker
[33|, Harrison [34, 35| and Podbilewicz [112]| unless indicated otherwise.

Enveloped viruses deliver their genomes into the cytoplasm of their host cells by
membrane fusion. Only some of them attack the plasma membrane directly. In most
cases, viruses enter the interior of the target cell via endocytosis and the environmental
changes which are associated with their encapsulation launch a fusion mechanism with
the endosomal membrane. The process of membrane fusion is catalyzed by fusion pro-
teins located on the virion surface. This is necessary as energetic barriers have to be
overcome, e.g., due to the repulsive hydration force [37, 179, 180]. The fusion proteins
are held in a prefusion conformation until they are converted to a fusion-competent state
by priming. This involves an event of proteolytic cleavage that takes place in the fusion
protein itself or in a companion protein. A primed fusion protein can be triggered to
release a hydrophobic segment buried in its structure. The trigger can be binding to
a receptor, exposure to low pH, binding to a receptor followed by exposure to low pH,
or binding to a receptor followed by proteolytic cleavage. If the hydrophobic segment
is located at the N-terminal, it is called fusion peptide (FP), if it is internal to the
fusion protein, it is called fusion loop (FL). After its exposure, it can insert into the
target membrane. The fusion protein that is also anchored in the viral envelope by a
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2.5. Viral membrane fusion and fusogenic peptides

Fusion Peptide Hemifusion Fusion Pore

Transmembrane Domain

Figure 2.11: Schematic illustration of a protein-mediated fusion process. The inner monolayers
of viral envelope and plasma membrane are represented in brown and the outer monolayers in
yellow. The first frame shows the fusion proteins in a fusion-incompetent state. After a priming
event, the release of the fusion peptide can be triggered, e.g., by a reduction of the pH value.
In the second frame, the fusion proteins connect virus and cell as their FPs are inserted into
the plasma membrane. Then, refolding of the fusion proteins pulls the membranes together
and the outer monolayers fuse. The third frame shows the corresponding intermediate state of
hemifusion. The fusion pore finally opens as also the inner monolayers fuse. This is depicted in
the fourth frame.

transmembrane domain (TMD) then bridges viral and cellular membrane. By refold-
ing, it pulls both membranes together and causes at first the inner monolayers to fuse,
a hemifusion stalk forms [181, 182], and then the entire bilayers, a fusion pore opens
[44, 183, 184|. In the post-fusion state, the fusion proteins typically form hairpin-like
trimers. In this stage, the FPs or FLs are in contact with the TMDs. Their interaction is
thought to complete the fusion process [44-49]. The protein-mediated fusion mechanism
is illustrated in figure 2.11.

Fusion proteins are divided into three different classes based on their structural
properties. Class I fusion proteins are trimeric proteins mainly build of «-helices with a
central coiled-coil structure |37, 114]. The fusion proteins of class II have an extended
[3-sheet structure and rearrange from a homo- or heterodimeric prefusion into a ho-
motrimeric postfusion state [38|. Class III fusion proteins exhibit structural features of
class I and IT and typically require no priming event [39, 113, 125]. For the sake of com-
pleteness, it should be mentioned that a fourth class exists to which fusion-associated
small transmembrane proteins of non-enveloped reoviruses are assigned [185, 186]. How-
ever, subject of this thesis are only the fusion mechanisms of enveloped viruses.

In this work, the FP of class I Influenza virus Hemagglutinin (HA) glycoprotein [37,
113-117], the FL of class II Tick-borne encephalitis virus (TBEV) glycoprotein E [38,
118-120], and the FL and TMD of class III Vesicular stomatitis virus (VSV) G pro-
tein [39, 44, 121-127] have been studied. Additionally, a highly hydrophobic artificial
sequence called L16 was examined as a reference to distinguish between effects originat-
ing from unique structural features of the fusogenic peptides and general properties of
hydrophobic peptides. All three fusion proteins from which the fusogenic peptides were
taken are triggered by the drop of the pH that occurs after their encapsulation in endo-
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Table 2.2: Sequences of the investigated fusogenic peptides from Weise and Reed [128]. The
numbers refer to the positions of the residues in the corresponding fusion proteins. The text
color indicates acidic, basic, polar, aromatic and aliphatic residues.

Peptide Sequence Classification

HA2-FP GLFGAS IAGFI'® ENGWE'® @MIDG20 GCGKKKK  class I

TBEV-FL DRG0 WGNHC%® GLFGK!® @ GCGKKKK  class II
VSV-FL QGTWL!%® NPGFP0 PQScGit® YATVT!?® D GCGKKKK class III
VSV-TMD FFF470 IIGLI4™ IGLFL*C VL GCGKKKK  class III
L16 LLLLLLLLLLLLLLLL WGCGKKKK artificial

somes. The fusion process of HA is the most widely studied. The inactive precursor HAQ
cleaves into HA1 and HA2 during priming [37]. HA1 attaches to sialic-acid receptors on
the target cell surface and exposes the fusion-active subunit HA2 that releases the fusion
peptides. HA1 dissociates and is not involved in the further process. While the trimeric
pre- and postfusion states of HA are known in detail, the cascade of refolding events that
catalyses the membrane fusion is not fully understood. On the surface of TBEV, the
fusion protein E occurs in association with the companion protein prM which prevents
activation until priming [118]. As in all class II fusion processes, priming occurs in the
companion protein. After the priming event, the now exposed FLs of the E proteins
interact and trigger a trimerization before the refolding cascade starts [119, 120]. The
VSV G protein is the only protein on the VSV virion surface and does not require a
priming cleavage to become activated. Therefore, its pre- to postfusion transition is
reversible [122, 187]. There is evidence that VSV G fusion proteins form monomeric
intermediates during the conformational changes from pre- to postfusion trimers [39,
122, 188, 189].

The amino acid sequences that were examined in this study are summarized in table
2.2 and were taken from Weise and Reed [128]. The design of the model peptides is
based on the host-guest system by Han and Tamm [190]. Besides the actual fusogenic
sequence, they also consist of an anchor unit that is highly charged and thus, ensures
sufficient solubility in aqueous buffer and prevents aggregation in solution. The charge
is provided by four consecutive lysines. These are connected to the fusogenic peptide
by the flexible linker unit glycine-cysteine-glycine to avoid that the conformation of the
fusogenic sequence is affected by the anchor unit. The anchor unit can promote the
interaction of the peptides with anionic membranes, but is not able to penetrate lipid
layers and has no affinity to reside in the hydrophobic region of membranes.

The HA2-FP was found to have a high structural flexibility between «-helix and
random coil and turn structure under fusogenic conditions [128, 191, 192]. It inserts
into membranes as two antiparallel o-helices [115, 193-195]. Han et al. [196] analyzed
the structure of the HA2-FP model sequence, which is also used in this work, in phos-
pholipid micelles via nuclear magnetic resonance and electron paramagnetic resonance
spectroscopy. They observed a N-terminal helix involving the residues L2 to 110 followed
by a turn that is stabilized by hydrogen bonds between the NHs of E11 and N12 and the
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2.5. Viral membrane fusion and fusogenic peptides

carbonyls of G8 and F9 and a short helical sequence from E15 to D19 that is only present
at pH 5 and not at neutral conditions. The resulting V-shape is oriented with the open
side towards the hydrophobic core in lipid bilayers. The formation of the C-terminal
helix rotates the charged residues E15 and D19 to the top and is thought to increase
the hydrophobicity of the bottom side and thus the penetration depth and the lateral
pressure exerted on the lipid tailgroups. In further studies, it was observed that HA2-
FP tends to oligomerize in a membrane mimicking environment [192, 197]. Moreover,
the stress that is exerted on a membrane due to the insertion of HA2-FP was found to
modify the membrane structure and curvature |41, 191, 198, 199|. It is discussed that
it induces negative curvature [51, 85, 200], which is characteristic for hemifusion stalks,
or positive curvature [83, 201|, which promotes the formation of nipple-like precursors
of hemifusion.

The FL of TBEV includes the residues D98 to G111 and is found at the tip of
an elongated domain formed of two disulfide-stabilized loops [118, 120, 202, 203]. In
contrast to the HA2-FP, no structural flexibility is found for the TBEV-FL. Its random
coil and turn structure is stabilized by internal hydrogen bonds, a salt bridge between
D98 and K110, and a disulfid bridge between C74 and C105 [128, 204]. It is assumed
that the loops penetrate the membrane via an aromatic anchor formed by W101 and
F108, whose insertion depth is limited by surrounding charged and polar residues [177,
205|. It was found that TBEV-FLs can strongly affect the structure of lipid membranes.
In presence of TBEV-FLs, the pressure-temperature phase diagram of monoolein at
limited hydration changes drastically and monoolein adopts phases with higher negative
curvature [51].

VSV exhibits a bipartite FL consisting of W72-Y73 and Y116-A117 [39, 124, 126].
Similar to class II fusion peptides, the FLs of VSV are believed to attack the mem-
brane via aromatic residues whose penetration depth is limited by adjacent amino acids
[125]. Obviously, it is problematic to study a bipartite loop based on the experimental
approach to examine isolated fusogenic sequences. The sequence examined in this work
contains the residues Q101 to D121 and thus includes only one part of the loop and its
environment. Although the impact of Y73 for the fusion process was underlined by Sun
et al. [124], this region was chosen since it is highly conserved and its significance for
the fusion process was pointed out in many studies [128, 206-208]. The sequence shows
structural flexibility between «-helix and random coil and turn structure similar to class
I fusion peptides. However, there is no evidence of a helical insertion into membranes
[206].

The VSV-TMD involves the residues F468 to L482 and is thought to insert into
bilayers as an «-helix aligned almost parallel to the membrane normal, as it was also
observed for TMDs of other fusion proteins [45, 46, 209-211|. However, it shows con-
formational flexibility between o-helix and [3-sheet at fusogenic pH mainly due to the
presence of glycines and isoleucines [128, 209|. Glycine can destabilize o-helices in TMDs
acting as a flexible hinge [212], while the side chains of isoleucines provide a high 3-sheet
propensity resulting from steric interactions [213, 214]. The observed structural flexi-
bility seems to be crucial for the role of TMDs in membrane fusion [215, 216]. While
early studies suggested that the fusogenic activity of VSV G protein does not depend on
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the exact amino acid sequence of its envelope anchoring unit [217], more recent results
demonstrated that replacement of the TMD can strongly reduce the fusion activity or
even cause the fusion process to abort in the hemifusion state [44|. This implies that FL
and TMD, which are in close proximity at this stage, need a structural compatibility to
facilitate the opening of a fusion pore.

2.6 Urea, TMAO and sucrose

In cell biology, the term osmolyte refers to substances of low-molecular weight that are
formed or incorporated by a cell in a hypertonic milieu to level the osmotic stress [20,
21, 218, 219]. As the concentration range in which inorganic ions do not perturb the
metabolism of a cell is typically small, organic osmolytes with minor influence on cellular
processes, called compatible solutes, are crucial for the adjustment of the osmolality [220].
The group of organic osmolytes includes polyols and sugars, free amino acids and amino
acid derivates, urea and methylamines [221]. However, compatibility is not given for all
of them. It was found that some of these molecules can have a considerable effect on the
structure of macromolecules like proteins, which is suppressed in cells by an appropriate
composition of stabilizing and denaturing agents. Therefore, terms like compensatory or
counteracting solutes became more common [17, 222].

A widely studied couple of counteracting osmolytes are TMAO (trimethylamine-
N-oxide) and urea (figure 2.12), which are found in many marine species that are ex-
posed to osmotic stress and hydrostatic pressure in a characteristic molar ratio of 2:1
(urea:TMAO) [223-225]. The presence of urea shifts the conformational equilibrium of
proteins towards unfolded states, while TMAOQ is able to stabilize their native structure.
It is believed that urea accumulates in proximity of proteins due to favorable interactions
with the protein backbone and amino acid side chains. Since a compact protein struc-
ture limits the possible amount of such interactions, this constitutes a thermodynamic
driving force for unfolding [223, 226-228]. For TMAO, an indirect mechanism is pro-
posed. Accordingly, the strong interactions of TMAQO and water prevent the molecule
from residing in vicinity of proteins resulting in an osmophobic effect that favors folded
protein conformations with low surface area [229-232]. However, less is known about
the mechanism of TMAO counteracting the denaturing effect of urea. There is doubt
about explanations stating that TMAO and urea form strong hydrogen bonds [233, 234]
or that TMAO displaces urea from the protein surface [235], since more recent studies
suggest that there is little direct interaction between the two molecules [236] and that

HO.
Sucrose
0 (I) HO,,, OH Figure 2.12: The struc-
)j\ +N 0 0 tural formulae of urea,
P U \
H:2N NH: R o\ TMAO and sucrose.
Urea TMAO HO o oH
OH Ho  “oH
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the distribution of urea near the protein is not affected by TMAO [237]. Therefore, it is
assumed that the counteracting effect results in sum from the individual interactions of
TMAO and urea with water and proteins [25, 238, 239].

While the compensatory effects of TMAQO and urea on proteins have been a focal
point of research for a long time, less attention has been paid to their interaction with
lipid structures, which goes beyond an adjustment of the osmotic pressure on the plasma
membrane as a simple effect of the number of dissolved particles. Also in this context,
limits of the compatibility are found and individual effects of single osmolytes come into
play [29, 240, 241]. It was observed that interactions of TMAO with lipid headgroups are
unfavorable, causing an exclusion of TMAO from membrane interfaces. Consequently,
TMAO solution is displaced from inter-bilayer spaces, so that an attractive force is
generated between membranes [26]. This phenomenon can also be described by a TMAO
concentration gradient between inter-bilayer and bulk water, which leads to an osmotic
pressure. Manisegaran et al. [27] found that TMAO causes a reduction of the spacing of
multi-lamellar vesicles in a broad temperature and pressure range, accompanied with an
increase of the conformational order of the lipid tails, a shift of phase boundaries towards
higher temperatures and lower pressures, and a coalescence of liquid disordered domains
in multi-component membranes consisting of saturated and unsaturated phospholipids
and cholesterol. In contrast, urea shows an affinity to reside near lipid headgroups
and thus does not dehydrate inter-bilayer spaces. Instead, it was observed that urea
increases the hydration level of cubic monoolein phases [71, 242]. Further, it can act as
a substitute for solvents at dry conditions and it is able to prevent phase transitions of
lipid bilayers that are caused by severe dehydration, promoting the fluid phase [28, 30].

In addition to TMAO and urea, sucrose (figure 2.12) is examined in the framework
of this thesis. Sucrose is an osmolyte that has only a weak ability to stabilize native
protein structures compared to TMAO [243, 244]. It was found to have an affinity to
interact with phosphatidylcholine headgroups and it can act as a solvent substitute at dry
conditions similar to urea [245, 246]. The interaction with membrane surfaces causes a
swelling of multi-lamellar lipid structures at low concentrations. Upon addition of higher
amounts of sucrose, an exclusion of the molecules from inter-bilayer spaces dominates
and the lamellar spacing reduces |26, 247|. It was observed that sucrose decreases the
lattice constants of cubic monoolein structures in excess water [242, 248] and shifts the
phase boundaries at limited hydration towards phases with higher negative curvature
[71, 249, 250].

2.7 Polyethylene glycol and the excluded volume effect

Living cells are occupied by various macromolecules reaching total concentrations of 50-
400 mg/mL [95, 96, 251]. Since typically each single species does not occur in a high
concentration, these environments are not referred to as concentrated. Instead, the term
crowded is used. Considering the diversity of macromolecules, the effects of crowding
on biochemical processes can be attributed mainly to non-specific interactions [252,
253|. Non-specific interactions result from global properties of molecules rather than
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. 0QY

Figure 2.13: Illustration of the excluded volume effect. The crowding agents (gray) reduce the
available space (blue) for the test particles (black). For small particles, the excluded volume is
almost equal to the volume occupied by the crowding agents. The minimum distance between
the test particle and the surface of a crowding agent is given by its radius, so that the excluded
volume (red) per molecule increases for larger particles.

from particular structural features and include steric, electrostatic, and hydrophobic
interactions. Molecular crowding shifts chemical equilibria and interaction constants.
The most fundamental contribution is the steric repulsion as all molecules share the
property of being mutually impenetrable [254|. Therefore, the presence of background
molecules reduces the available volume for particles involved in cellular processes. Figure
2.13 illustrates how crowding affects particles of different sizes. When a particle is small
compared to the background molecules, the excluded volume is almost equal to the
volume occupied by the crowding agents. For a particle that has a similar size or is even
larger than the background molecules, the situation is different. As the components
cannot overlap, the radius r of the particle defines the minimal distance of its center to
the surface of a crowding agent. Thus, a spherical shell with a thickness r around each
background molecule adds to the excluded volume. The reduction of the available space
decreases the configuration entropy, accompanied by an increase of the free energy and
the chemical potential [99, 100, 255].

The excluded volume effect can be a driving force for aggregation of larger particles.
As shown in figure 2.14, an overlap of the excluded regions around the particles increases
the available space for the surrounding molecules and thus also their configuration en-
tropy [256]. The exclusion of molecules from the space between the larger particles
leads to an anisotropy of the osmotic pressure that promotes the cohesion [257-261].
This so-called depletion force is counteracted by diffusion, since aggregation generates
concentration gradients [262].

In the framework of this thesis, polyethylene glycol (PEG) of different sizes was
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Figure 2.14: Illustration of how the excluded volume effect can be a driving force of aggrega-
tion, fusion and budding. The orange objects in the first frame reduce the available space for the
gray particles, excluding them from the red colored area. The configurational entropy increases
upon aggregation of the large molecules (second frame), as the excluded red spaces now overlap
and thus the total excluded volume is reduced. When the orange objects represent vesicles or
cells, this process leads to a partial dehydration of the membrane surfaces and promotes fusion
events. The third frame illustrates how crowding agents inside of a vesicle can induce budding.
If the area of the surface is constant and the surface includes a constant volume, the excluded
volume due to the confinement decreases, when the curvature of the membrane increases.

applied as crowding agent. Figure 2.15 shows the chemical formula of the polymer. In
this work, the smallest applied polymer was PEG 200 (molar mass M = 200 g/mol) and
the largest PEG 35000 (molar mass M = 35000 g/mol). From the molar mass M, the
radius of gyration Rg and the hydrodynamic radius Ry can be calculated as

Rg = 0.215 - MO588=0031 4 Ry = 0.145 - MO-5TI=E00094 (2.9)

based on power laws established by Devanand and Selser [263]. When the concentration
of PEG c is larger than the overlap concentration
. M

= 2.10
© T U/3rNARD (2.10)

with N being the Avogadro constant, the polymers form an entangled mesh [264, 265].
For ¢ <« c¢*, the properties of individual PEG molecules determine the behavior of
the solution, while it is essentially defined by the volume concentration above ¢*. The

O H Figure 2.15: The struc-
H O/ tural formula of PEG.
n
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Table 2.3: Radii of gyration Rg, hydrodynamic radii Ry and overlap concentrations ¢* of PEG
of different molecular weight M.

M [g/mol] Rg [A] Ry [A] ¢ [g/L]

200 4.72 2.99 754
400 7.07 4.44 449
600 8.96 5.59 331
1000 12.06 7.49 226
1500 15.28 9.44 167
2000 18.07 11.12 134
4000 27.07 16.53 80
8000 40.55 24.55 48
35000 95.86 97.02 16

properties of the applied PEG are summarized in table 2.3. The osmotic pressure exerted
by PEG was found to decrease with the molecular weight and to increase with the
concentration [266].

The presence of PEG removes water from the inter-bilayer spaces of multi-lamellar
lipid structures [241, 267] and shifts lipid phase boundaries, promoting phases with
negative curvature [268]. As a result of depletion and dehydration, PEG can induce cell
fusion [105, 106, 267, 269, 270|. When PEG is placed inside of vesicles, its exclusion from
regions close to the lipid surface can be a driving force for budding, since the excluded
volume reduces with increasing membrane curvature [107]. How crowding agents can
induce fusion and fission is illustrated in figure 2.14.
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Chapter 3

Experimental methods

Common to all experiments that were conducted in the framework of this thesis is that
they are based on structural investigations of lipid membranes with X-ray scattering
methods. Three different techniques have been applied, which are introduced in this
chapter. The first section deals with small angle X-ray scattering (SAXS) which was
used to identify and characterize mesophases formed by lipids in an aqueous environ-
ment. Then, X-ray reflectometry (XRR) and grazing incidence diffraction (GID) will be
described. These methods are surface-sensitive and were applied to study the behavior
of Langmuir films and solid-supported multilayers. XRR provides information on the
laterally averaged vertical electron density distribution of thin films, while the lateral
lattice structure of lipid layers can be determined by GID. In the last section of this
chapter, the custom-made high hydrostatic pressure sample cells are introduced, which
were used to perform X-ray scattering experiments at pressures of up to 5 kbar.

In the following, formula symbols in bold print stand for vectors X, while normal
print refers to their absolute values X = | X|. A caret denotes the unit vector X = %
For clarity, vector arrows are only used in figures.

3.1 Small angle X-ray scattering

Small angle X-ray scattering is a technique that provides structural information on a
sample system by observing its elastic scattering. The name is derived from the recorded
scattering angles, which are typically below 5°. SAXS enables to resolve structural
features of the size of 10 to 1000 A. This corresponds to the dimensions of nanoparticles
and macromolecules like proteins as well as the lattice constants of lipid phases. These
range from the typical thickness of a bilayer of 30-60 A to the repeat units of bicontinuous
cubic phases which can reach to more than 200 A. This chapter focuses on the theoretical
principles that are essential for the latter application. The description of the concepts
is based on the textbook “Festkdrperphysik” by Rudolf Gross and Achim Marx [271].
The basic scattering geometry of a SAXS experiment is shown in figure 3.1. A
monochromatic X-ray beam with a wavelength A and a wave vector k; = Q{ki hits the
sample and the scattered intensity is detected as a function of the scattering angle 26.
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Figure 3.1: Basic scattering geometry of a SAXS experiment.

For a representation independent of the incident energy, the scattering angle is typically
converted to the momentum transfer ¢ = kr — ki. In case of fully elastic scattering, the
absolute value of the momentum transfer can be determined as ¢ = 47“ sin 6.

Periodic structures like crystal lattices and also multi-lamellar arrangements of lipid
bilayers with repetition units in the order of magnitude of the wavelength lead to the
occurrence of sharp reflections at certain scattering angles. For crystal planes spaced at
a distance d, the positions of these so-called Bragg reflections can be determined by the
Bragg condition [272]

2dsinf = nA, (3.1)

where n is a positive integer.

A more comprehensive view is offered by the description of Max von Laue [273].
Accordingly, the scattering of a plane wave ¥(r) = Woe'*” from a three-dimensional
Bravais lattice R = nja; + noas + n3as, where n; are integers and a; are the primitive
translation vectors, interferes constructively when the wave vector transfer is a reciprocal
lattice vector. The reciprocal lattice G = hb; + kbs + Ibs, where h,k,l are integers and
b; are the reciprocal translation vectors, is defined by ¢!® = 1. The von Laue condition
is therefore

q=G. (3.2)

Under neglect of multiple scattering, the kinematic approximation (which is equiv-
alent to the Born approximation) provides information about the intensity of the re-
flections. The form factor f(q) of a single base atom of a crystal lattice is obtained
as the Fourier transform of its charge distribution and its square is proportional to the
scattering intensity. For small scattering angles, it becomes independent of g and pro-
portional to the atomic number of the base atom. By phase correct summation of the
form factors of all atoms in the unit cell, the structure factor S(q) is obtained. Taking
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Table 3.1: Characteristic ratios of the positions in ¢ of diffraction maxima of different lipid
phases.

Pn3m V23 :vV4:v6:vV8:v9: V10...
Im3m V2 :vV4:v6:v8: V10 : V12 V14...
Ta3d V6 :v8 V14 : /16 : V20 : V22 : V24...
Lamellar 2:3:4:5:6:7.

1: ..
1:v3:vV4:V7:v/9:v12:/13...

Hexagonal

into account the von Laue condition 3.2, possible scattering vectors can be described by
the coefficients h,k,l of the reciprocal lattice. If the unit cell atoms are located at the
positions (x;,y;,2;), the structure factor is given as

Shkl —_ Z fie—iQWn(h:ti—l-kyi—i-lzi). (33)
)

For a cubic crystal structure with an atom with the form factor f; at (0,0,0) and an
atom with the form factor f at (3,3,3) the structure factor is

fi+fo if h+k+1l=even

3.4
fi—fo if h4+k+1=odd. (3-4)

Shkl _ fl + f2efi7r(h+k+l) _ {

For fi = fo, this describes a body-centered cubic lattice. It can be seen that in this case
only those reflexes occur whose h,k,l triplets have an even sum. This example illustrates
that it is possible to deduce the lattice structure of a sample system on the basis of the
observed reflections and their intensities in a diffraction experiment.

If one can assign a h,k,l triplet to an observed reflection at ¢ = qp, the lattice
constant

P — (3.5)
qhki V2 + k2 + 12
of the crystal structure can be determined.

The same principles apply for the identification of the mesophases of monoolein that
are described in chapter 2.1. Here, the scattering patterns are mainly determined by the
electron density contrast between the less dense hydrophobic areas and the surrounding
water. In case of the bicontinuous cubic phases, the corresponding periodic minimal
surface defines a region of minimal electron density and thus a periodic modulation of
the electron density with a specific symmetry belonging to a certain space-group [274,
275]. The bicontinuous cubic Im3m phase, for example, has the same symmetry as a
body-centered cubic lattice and so the occurrence of reflections in a SAXS pattern is
given by equation 3.4 with f; = fo. The structure factors of further phases formed by
monoolein are summarized in table 3.1.
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Figure 3.2: Basic scattering geometry of an XRR experiment.

3.2 X-ray reflectometry

While SAXS exploits the powder-like character of randomly oriented lipid mesophases in
solution, X-ray reflectometry is a surface-sensitive method that requires highly ordered
samples. From the data obtained, a vertical electron density profile with sub—Angstrém
resolution can be extracted. This section provides information on the basic scattering
geometry, characteristic features, and the fitting procedure of XRR experiments. The
explanations are based on the textbook “X-ray scattering from soft-matter thin films:
materials science and basic research” by Metin Tolan [276].

An XRR measurement is the observation of the specularly reflected intensity of a
monochromatic X-ray beam at an interface as a function of the angle of incidence «;.
The interface is a boundary between media with different refractive indices n, where the
incident radiation with a wave vector k; splits into a reflected beam with a wave vector
k¢ and a transmitted beam with a wave vector k¢. The reflected beam occurs under the
angle af = oy, while the angle of the transmitted part oy depends on the corresponding
refractive indices. The basic scattering geometry is summarized in figure 3.2.

In adequate distance to absorption edges of the sample elements, the refractive index
of a homogeneous medium is given as

2

nzl—%rep+iﬁuzl—5+iﬁ (3.6)
with the classical electron radius re, the electron density p and the linear absorption co-
efficient u. It can be described by the dispersion § and the absorption 8. The objective
of this section is to outline the relation between the reflectivity R(cs) and the vertical
dispersion profile §(z) of a sample, which according to equation 3.6 is directly propor-
tional to the electron density profile p(z). In the X-ray regime, § typically assumes values
between 10 and 1078, while 3 is around one or two orders of magnitude smaller. This
means that the real part of the refractive index is less or equal 1. Therefore, external
total reflection occurs in the X-ray regime, whereby radiation is completely reflected

below a critical angle a, ~ v/26 when passing into an optically denser medium.
On basis of Fresnel’s formulae, the reflectivity of an ideally smooth surface (the
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Figure 3.3:  Amplitudes of
transmitted 7 and reflected R;
components in XRR experiments
on multilayer systems consisting
of N —1layers with thicknesses d;
which are separated by N inter-
faces at positions z; between sub-
strate (layer N+1) and surround-
ing medium (layer 1). With the
Parratt algorithm, the ratios be-
tween transmitted and reflected
components can be determined
for every layer. Picture modified
from [276].

so-called Fresnel reflectivity) can be determined as

L 2 2
Ry — (a5 —py) +p; (3.7)
(i +py)?+p2

in the small angle regime with the real and imaginary part of the complex transmission
angle oy = p4 +ip_

i =5 (Vi - e ram s 2 -a).

For a3 > 3a,, this can be approximated as

Ry ~ (O‘C )4. (3.8)

20y

The reflectivity of a system that consists of more than one interface is given by the
Parratt algorithm, which provides a phase correct summation of all reflected radiation
[277|. Due to multiple reflection at the different interfaces between the substrate and the
surrounding medium, phase shifts and thus interference occurs. The resulting sequences
of constructive and destructive interference with varying incident angle are called Kiessig
oscillations. Analogous to SAXS at crystalline structures (equation 3.1), a periodic
arrangement of interfaces leads to Bragg reflections in reflectivity measurements. Figure
3.3 provides an overview of the parameters required for the mathematical description
of the reflectivity of a multilayer system with N interfaces at positions z;. The Parratt
algorithm is based on the recursive layer- by layer calculation of the ratio between the
reflected and transmitted components X; . The starting value is X1 = 0, because
there is no reflected component in the mﬁmtely large substrate. The recursion expression
is

.. . 2ik, ; 1%4
-2ik; jzj Tjg+1 + Xjp1 exp™e st

147511 X 41 exp?hest1%

X; =exp (3.9)
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with the Fresnel coefficients

kzj— ke jta

: 3.10
kej+kzji (3.10)

T+l =

where k. ; = k /n? — cos? ; is the z component of the wave vector in layer j.

In order to predict the reflectivities of real systems whose interfaces typically cannot
be assumed to be ideally smooth, an additional parameter is required. A rough interface
exhibits a lateral inhomogeneity of the height z; of the boundary between two media that
can be described with a probability density P;(z). The expected value of z regarding
Pj(z) is then interpreted as the position z; of the interface. The corresponding root mean
square deviation o; characterizes the width of the probability density function and is
therefore a suitable measure of the roughness of the interface. In the framework of this
thesis, the reflectivities were simulated and fitted under the assumption of Gaussian
distributed interface boundaries with a probability density

Py(z) = —= exp<—("’_zj)2). (3.11)

2
o2mo 207

<o

If the thickness of the layers is large compared to the roughness of the interfaces
(dj > o), the roughness can be incorporated into the Parratt algorithm using modified
Fresnel coefficients. However, if d; and o; are in the same order of magnitude, this
concept leads to discontinuities in the corresponding dispersion profiles. Since this is the
case for lipid systems, a different approach is discussed here. The effective density model
provides an initial guess of a dispersion profile that is still based on a layer structure
where every layer is defined by a thicknesses dj, a dispersions d; and an absorption
B; and every interface by a roughness o;. A continuous transition between the layers
is implemented by an odd function Yj(z), which is £1 for 2 — =+oo. In this work

Yj(z) = erf( z ) is used. With the connection points

V20,
Oizi 1+ 012
¢ =+~ ) (3.12)
0+ 0j5-1
the fraction of material j at position z can be determined as

1
s(1+Y;(z— 2 f < (5

Wi(2) =11 L+ Y(z—2) Horzsg (3.13)
5 (1—=Yj(z —2z-1)) for z> (.

This results in the following dispersion profile

N+1 N+1
5(z) = | D> 6;Wi(2) / > Wi2) | (3.14)
j=1 i=1

In analogy, the absorption can be calculated for each point. The layer system is then
sliced into thin smooth layers to which the Parratt algorithm 3.2 can be applied. To
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3.3. Grazing incidence diffraction

extract a dispersion profile based on an XRR pattern, the parameters of the model are
varied minimizing the deviation between calculated and measured reflectivity.

The electron density of lipid monolayers was modelled by two sublayers representing
the head- and the tailgroup. In chapter 5, the formation of adsorbate layers at Langmuir
films was taken into account by adding another layer below the headgroups. For the
simulation of bilayers, a sublayer was introduced to describe the gap of the electron
density between adjacent tailgroups in addition to the two head- and two tailgroup
sublayers. In multi-lamellar lipid structures, the bilayers are separated by water layers,
so that the repeat unit has to be modeled by a total of six sublayers. In chapter 6, a
periodic repetition of a symmetric bilayer was used to simulate the structure of solid-
supported multilayers.

3.3 Grazing incidence diffraction

The lateral structure of Langmuir films was determined by grazing incidence diffraction.
This method exploits the low penetration depth (~ 5nm) of a monochromatic X-ray
beam into a substrate when the angle of incidence is below the critical angle (o = 0.8 )
to achieve high surface sensitivity. The resulting scattering patterns provide information
on the lateral organization of lipid monolayers and lattice vectors, mean crystallite sizes,
and tilt angles of the tailgroups can be determined. The basic scattering geometry of a
GID experiment is presented in figure 3.4. In this geometry, the momentum transfer of
elastic scattering is given by

cos o cos(26) — cos oy
q= cos o sin(26) (3.15)
sin oy + sin o

with a constant incident angle a; and the vertical and horizontal scattering angles af
and 26. As a; = 0 and af = 0, the horizontal component of the wave vector transfer can
typically be written as

4

Figure 3.5 illustrates the alignment of lipids in a compressed monolayer at the air-
water interface. The objective of this section is to demonstrate how the specified pa-
rameters can be determined from a measured GID pattern. The structure is defined by
lattice vectors a and b, which include the angle v, and a tilt angle 7 of the lipid tail in
a direction given by 1, which is the angle between a and the projection of the lipid tail
on the water surface. Without restriction of the generality, the lattice vectors can be
written as

1 cos 7y
a=al|0 b=>b|siny |. (3.17)
0 0
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Figure 3.4: Basic scattering geometry of a GID experiment.

However, the description of the unit cell, which is determined by the electron density
distribution of a lipid, is more complex. Here, we treat the molecules as rod-shaped
objects of a length [ whose orientation is given by 7 and . The tilt is now introduced
into the mathematical consideration by defining a third lattice vector

sin 7 cos Y
l=1|sinTsiny | . (3.18)

COST

Then, the reciprocal lattice vectors are given by

_ 9 bxl
o= “Ma(b = 1)]

by cyclic permutations of @, b and I. According to the von Laue condition 3.2, these
define the scattering vectors where Bragg reflections can occur. It must be noted that
there is no periodic structure in vertical direction, so that in this case the von Laue
condition is only fulfilled for

(3.19)

Ghi = hgq + kgp. (3.20)

However, the additional lattice vector [ leads to a tilting of the lattice planes that affects
especially the z component of the resulting reciprocal lattice vectors

sin vy 0
27
9o = o 1 . (3.21)
v —sinytanTt

27
a = —arctan-y

ST\ “sin(y — o) tan 7

Therefore, Bragg reflections are expected at

2
Qohk = — 7r (hbsin(y — v) + kasint) tan~y
’ absiny
27
= hb — ka|. .22
Uhk = hsin~y ’ al (3.22)
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3.3. Grazing incidence diffraction

Figure 3.5: Illustration of the parameters of a compressed lipid film that can be determined via
GID. The vectors a, b and ¢ and the angle v describe the two dimensional lattice. The length
and orientation of the alkyl chains is represented by the vector I. The tilt of the molecules is
specified by the angles 7 and .

Based on these equations, all stated parameters can be determined from the positions
of the Bragg reflections that occur at the lowest horizontal scattering angles. The corre-
sponding lattice planes have the Miller indices (1,0), (1,0), (0,1), (0,1), (1,1) and (1,1).
Lattice planes with h,k-pairs with opposite signs yield the same horizontal scattering
angle, while their vertical scattering angles also have opposite signs. As the water sur-
face shades reflections with negative g, values, only one of the corresponding reflections
is observed or they overlap at g, = 0. Therefore, a maximum of three distinguishable
reflexes are observed. For their scattering vectors, new designations are introduced. We
define

Qsa = 9||,10 za = |gz,10]
4,6 = 4,01 Q= = |gz01]
d|l,c = 4911 Qz,c = |Qz,1i| (3.23)

with the convention gy, > gj, > q|.. The tilt angles can then be determined as

sin 7y

1) = arctan — (3.24)
cosY + G-l
gz
T = arctan | ——— | . (3.25)
(q”b Sln¢>

Up to this point, only the positions of maximum scattering intensity were deter-
mined. However, due to the lack of restriction of the scattering vector perpendicular
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to the 2D crystal, the Bragg reflections are continuous rods, so-called Bragg rods, in
this scenario. Therefore, the vertical scattering will now be discussed in more detail. A
detailed description of the Bragg rods can be obtained by an explicit determination of
the form factor

f(q) = / () eiar (3.26)

Besides the form factor, the scattering intensity is defined by the transmission functions
of the incident and the scattered wave ¢; and ¢r and a Debye-Waller-like roughness term.
It can be written as

1(q) o |ti(a) | [ f(@)]? |te(an)|? e E7° (3.27)

with the surface roughness o. Since a; is constant, an explicit specification of #;(«;) is
not necessary to model the relative intensity distribution. The transmission function
of the scattered wave describes the Yoneda or Vineyard peak [278, 279] that originates
from the maximum of the transmission coefficient at the critical angle and is given by

2sin oy
te(ar) = .
sin o + v/n? — cos? ay

The form factor will be approximated by a cylinder with homogeneous electron density.
In a rotated coordinate system with the transformed coordinates ¢}, and q|'| which is set

(3.28)

with the cylinder axis pointing in direction of ¢/, the form factor separates into a ¢.-
and a q|’|—dependent component and the following relation can be found

/ / / Sin (Q;TL>
(@) = Fi(q:) Fa(q)) < A (3.29)

The transformation is given by
¢, = q.cosT — qsiny*sinT (3.30)

with g sin 9™ being the projection of the the parallel wave vector transfer ¢ into a plane
perpendicular to the rotation axis.
In the framework of this thesis, the function

sin <q;L) ?
I(d) = O ()2 |——2| +C 1

with a constant of proportionality C and an offset Cs was used to model the measured
Bragg rods. The surface roughness term was neglected, as it has only minor effects on
the scattering in the low g, regime [280].

Along g, the Bragg rods can be modeled with a Lorentzian distribution. As shown in
equation 3.22, the maxima provide information about the lattice constants of a Langmuir
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film. Furthermore, the Scherrer equation [281, 282| provides a relation between the full
width at half maximum FWHMy, of a Bragg rod in radian measure and the mean
crystallite size

B 0.9A
- FWHM,,, cos 0y,

Lk (3.32)

3.4 High hydrostatic pressure sample cells

The application of high hydrostatic pressure was achieved using the high pressure XRR
cell described by Wirkert et al. [283] and the high pressure SAXS cell described by
Krywka et al. [284] that allow experiments at pressures of up to 5kbar. The two cells
are depicted in figures 3.6 and 3.7. In both constructions, pressure transmitting liquid
and sample liquid are separated to ensure a clean and controlled sample environment.
The outer cells are designed similarly and consist of blocks of high strength stainless
steel with five openings pointing to the center. Two of them are the entry and exit
points for the beam in X-ray scattering experiments and are sealed with Poulter-type
[285] diamond windows. The apertures have a diameter of 2mm. The sample port is
aligned perpendicularly to the beam direction. The two remaining holes are terminals
for high pressure tubes that connect the cell to a pump and pressure gauges. In addition,
there is a channel system running through the pressure cells that is not connected to the
sample area. Through this, a liquid can circulate to regulate the temperature.

The inner sample cell of the XRR pressure cell offers space for a wafer measuring
7.6 x 7.6 mm?. The wafer is fixed with a screw in a sample holder that is mounted in a
steel casing. The casing has openings for the X-ray beam that are sealed with Kapton
foil. The opening for the sample holder is closed with a screw cap. The screw cap has a
hole in the center that is sealed with a flexible membrane transmitting the pressure into
the sample cell. The filling volume of the XRR sample cell is approximately 300 pL.

The design of the inner sample cell for SAXS experiments is much simpler. Again,
the sample volume is separated by Kapton foil. However, in this case, no additional
membrane is needed to transmit the pressure into the inner sample cell as the size of the
Kapton windows is large compared to the thickness of the cell. Therefore, the pressure
can be transferred directly via the foil without it being exposed to too much strain.
The cell can be filled with a syringe. The corresponding opening is sealed with a Teflon
screw. The filling volume of the inner SAXS cell is approximately 40 puL.

To ensure sufficient flux through the liquid phase and the diamond windows, X-ray
sources that provide radiation with high photon energies and high intensities are required
for high pressure studies. Therefore, the experiments involving high hydrostatic pressure
were performed at synchrotron facilities.
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Figure 3.6: a) Sketch of the high hydrostatic pressure XRR sample cell with an opening (O) for
the sample and windows (W) sealed by diamonds (D) along the beam path. b) Cross sectional
drawing of the beam path through the sample cell. The wafer is shown in red. c) Design of the
inner sample cell consisting of a screw cap (A), a sample holder (B) and a casing (C). d) Photo
of the inner sample cell showing the flexible membrane (M), the grub screw (S) that fixes the

wafer and the Kapton windows (K). Reproduced from [283] with permission of the International
Union of Crystallography.
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Figure 3.7: a) Sketch of
the high hydrostatic pressure
SAXS sample cell. b) Cross
sectional drawing of the inner
sample cell mounted between
the diamond windows.

c) Sketch of the inner sam-
ple cell. Reprinted with per-
mission from [284]. Copyright
(© 2008 WILEY-VCH Verlag
GmbH & Co. KGaA, Wein-
heim.
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Chapter 4

The effect of additives on the
lamellar-to-cubic transition
dynamics of monoolein at excess
water conditions

4.1 Objective

In this study, we took advantage of the unique properties of monoolein [76] to investigate
how different additives affect hydration and curvature of remodeling lipid structures.
Many cellular membrane processes involve events of fusion and fission and thus drastic
changes of the membrane curvature and the hydration state [36, 88, 89, 92, 286]. These
processes are subject to various influencing factors, which often include interactions with
proteins and solutes. An obvious example is viral membrane fusion that is facilitated by
viral envelope proteins and the insertion of fusogenic peptides into the target membrane
[33-35, 42]. But also osmolytes and crowding agents can play an important role in
fusion events as they, e.g., can promote dehydration of inter-bilayer spaces [26, 105].
In this study, the influence of fusogenic peptides, TMAQ, urea, sucrose, and PEG on
the equilibration dynamics of monoolein in excess water after a pressure-jump across
the boundary between lamellar and cubic phase is explored. When the hydrostatic
pressure is abruptly released in the lamellar regime, the cubic phase forms with a lattice
constant that is increased compared to equilibrium and that slowly decreases with time,
as excess water is released from the lipid structures. SAXS was applied to monitor the
time-dependence of this process and to examine the influence of additives.

4.2 Sample preparation

The SAXS pressure-jump experiments were conducted in the high hydrostatic pressure
XRR cell that was introduced in chapter 3.4. The XRR cell was chosen because of
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Chapter 4. Dynamics of the lamellar-to-cubic transition of monoolein

the large inner cells, which are easier to fill with highly viscous samples such as mono-
olein/water mixtures than the inner cells of the high hydrostatic pressure SAXS cell.
Monoolein (Sigma Aldrich) and buffer solution were poured into the inner sample cell
and mixed mechanically. Then, the cell was sealed and allowed to equilibrate for at least
12 hours. The buffer solution was 10 mM BisTris (Sigma Aldrich) buffer at pH 5 or 7
and was added in concentrations of 80 or 90 wt%), depending on the sample system. The
additives were dissolved in the buffer solution before it was mixed with monoolein. The
concentrations were 2wt% for the fusogenic peptides (GeneCust, > 90 % purity), 1M
for urea (Sigma Aldrich), TMAO (Sigma Aldrich) and sucrose (Sigma Aldrich), 0.67 M
urea and 0.33 M TMAO for mixtures of both solutes, and 150 g/L for PEG of molecular
weights between 200 and 35000 g/mol (Sigma Aldrich).

4.3 Experimental setup

The SAXS measurements were conducted at beamlines BL2 [154, 155] and BL9 [156]
of DELTA (Dortmund, Germany) with photon energies of 12keV (A = 1.033A) and
13keV (A =0.954 A). BL2 is a bending magnet beamline that originally operated with
white beam. However, it was lately equipped with a Pd-B4C-multilayer monochromator
with an energy resolution AE/E of 1.5% to enable diffraction measurements. At BL2
and BL9, the SAXS patterns were captured with a MAR345 image plate detector. The
beamsize was set to 0.5 x 0.5mm? at BL2 and to 1 x 1mm? at BL9 by slit systems.
For the calibration of the setups, silver behenate [287] was used. Pressure-jumps across
the lamellar-to-cubic phase boundary were typically performed from 1000 bar to 50 bar.
The reduction of pressure took about 10s. In presence of the fusogenic peptides HA2-FP
and TBEV-FL, also pressure-jumps in the opposite direction from 50 to 1500 bar were
conducted to examine their effects on the cubic-to-lamellar transition. All measurements
were performed at 25°C. The experimental setup at BL2 is shown in figure 4.1.

High hydrostatic-pressare cell
LW T slits ‘

; Slits
Multilayer monochromator

L " Evacuated flight-path

Mar345 area detector

Figure 4.1: The high hydrostatic pressure SAXS setup at BL2. The beam path is shown in
yellow.
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4.4 Measuring procedure and data treatment

Figure 4.2 shows the first steps of data processing for a SAXS pattern of monoolein
in the Pn3m phase at 50 bar. The black shadow that extends from the bottom of the
picture to the center is caused by a lead beam stop that was used to block the primary
beam. The area around the beamstop was masked, before the detector image was inte-
grated azimuthally to obtain the intensity as a function of ¢q. From the integrated data,
an interpolated background was subtracted. As discussed in chapter 3.1, conclusions
about the phase behavior can be drawn from the positions of the occurring Bragg re-
flections. The scattering intensity as a function of the wave vector transfer was fitted
using Gaussian distributions to determine the lattice constants. For cubic phases, the
first seven reflections were considered, for lamellar phases, the first four at most. The
height and width of the maxima were adjusted by two independent fit parameters for
each reflection. The positions of all maxima corresponding to the same phase were fitted
in a fixed ratio based on only the lattice constant a as fit parameter. The ratios were
set according to the characteristic ratios of the positions of Bragg reflections stated in
table 3.1 of chapter 3.1. The position of the n-th Bragg reflection g, is then given as

2
G = %/hgmgﬂg (4.1)

with hy,,kn,l, specifying the corresponding lattice planes.

Figure 4.3 a shows the pressure-dependent behavior of monoolein in 80 wt% water
at 25°C. The identification of the occurring phases is demonstrated in figure 4.3c. It
can be seen that the phase behavior observed upon pressurization differs from the phase
behavior observed upon pressure release. When the pressure was increased, the phase
transition from cubic Pn3m to lamellar occurred at 2.5kbar. As further pressuriza-
tion hardly affected the spacing of the lamellar phase, it can be identified as a lamellar
crystalline phase. When the pressure was decreased again, a transition into a lamellar
phase with a slightly higher spacing was observed. This phase also showed only a very
low compressibility. Additional measurements revealed that the lamellar phase with the

—Integrated raw data | 1
——Background
——Adjusted data

L s L L
0.1 0.15 0.2 025 03 035

Figure 4.2: SAXS intensity of monoolein in the Pn3m phase at 50 bar shown as a raw 2D
detector image (left), after masking the beam stop (center) and as a function of ¢ after azimuthal
integration (right). The area which was also masked on the right of the beam stop is the center
of rotation of the MAR345 image plate detector.
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lower spacing is not stable and that the transition into the lamellar phase with the larger
spacing also happens without pressure release after several hours. The observation of a
metastable phase with a spacing of approximately 43 A and a stable crystalline phase
with a spacing of approximately 50 Aisin good agreement with the behavior of mono-
olein found at low temperatures [77, 288] and was already observed upon pressurization
at 7.5°C [289]. In the following, the metastable phase will be referred to as Ly, phase
and the stable phase as L. phase. Upon pressure release, the lamellar-to-cubic transition
occurred below 0.5kbar. At this point, the Pn3m phase forms again with an increased
lattice constant that shrinks with time. The time difference between two data points in
figure 4.3 a is approximately four minutes.

A closer look at the cubic lattice constant during the pressure increase provided
in figure 4.3b shows that the system was not in equilibrium above 0.5kbar. At each
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pressure, three to six SAXS patterns were taken at four minute intervals and it can
clearly be seen that the lattice constant slowly increased with time in the corresponding
pressure range. Additional measurements proved that the increase of the lattice constant
continues over many hours and finally culminates in a phase transition into the L. phase
(see section 4.7, figure 4.24).

Based on the discussed observations, the following measuring procedure was estab-
lished for the investigation of the dynamics after a lamellar-to-cubic phase transition.
First, a SAXS pattern was captured at 50 bar with an exposure time of 150 s to obtain an
equilibrium value of the Pn3m lattice constant at this pressure. Then, the pressure was
increased to 3.5 kbar to ensure a fast transition into the lamellar L, phase. After this,
the pressure was decreased to 1000 bar, since it was found that the pressure reduction
reliably causes an immediate transition from the Ly, to the L. phase. To monitor this
process, SAXS patterns were taken at both pressures. As the Bragg reflections of the
lamellar phases are more pronounced, exposure times of 30 s were found to be sufficient
for this purpose. From this stable starting point, a pressure-jump was performed down
to 50 bar. Immediately after this value was reached, repetitive SAXS measurements with
exposure times of 150 s were conducted over several hours. As the readout time of the
detector is 90s, the time step between each measurement was four minutes. After the
pressure-jump, Pn3m domains with different lattice constants can coexist temporally.
In this case, the mean values of the lattice constants weighted with the area under the
first two reflections corresponding to each domain were determined.

Selected integrated SAXS patterns of different samples with the obtained fits are
presented in appendix A.1.

4.5 Urea, TMAO and sucrose

In this section, the results of the pressure-jump study on monoolein in presence of urea,
TMAO and sucrose are presented. The experiments were conducted at pH 7 and a
water content of 90 wt%. Figure 4.4 shows the Pn3m lattice constants of all samples
at 50 bar before pressurization. The mean value for monoolein in absence of osmolytes
was 105 A. In accordance with existing knowledge, TMAO and sucrose decreased the
lattice parameter as they displace water from lipid structures, while urea increased the
lattice parameter as it promotes lipid structures with large headgroup areas [26, 71, 242].
Moreover, the effects of urea and TMAO on the lattice constant compensated each other
when they were mixed in the characteristic 2:1 ratio [239]. TMAO in a concentration
of 1M reduced the lattice constant by about 8 A, sucrose by 12A. The data points
for urea strongly deviated from the mean value. As will be seen below, urea strongly
slows down the equilibration process after a pressure-jump. Therefore, it is likely that
the waiting time of 12h between sample preparation and experiment is not sufficient to
reach equilibrium for urea samples. From the convergence of the lattice parameter after a
pressure-jump (figure 4.6), the actual equilibrium lattice constant of monoolein in buffer
solution containing 1M urea is estimated to be approximately 110 A. The mean values
of the lattice parameter of monoolein in presence and absence of urea and TMAO in a
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Figure 4.4: Equilibrium values of the Pn3m
lattice constant of monoolein at 50 bar in pres-
ence of different osmolytes. The circles repre-
sent the values for different samples to illustrate
the variance. The crosses mark the mean val-
ues.

Figure 4.5: Spacing of the L. phase of mono-
olein at 1000 bar in presence of different osmo-
lytes. The circles represent the values for dif-
ferent samples to illustrate the variance. The
crosses mark the mean values.
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Figure 4.6: Decrease of the Pn3m lattice constant of monoolein after a pressure-induced
lamellar-to-cubic transition in presence of urea, TMAO and sucrose (colored dots) and fits (gray
lines).

38



4.5. Urea, TMAOQO and sucrose

2:1 ratio differ by 0.3 A, which is less than the observed variance between the individual
samples.

Figure 4.5 shows the lamellar spacing of the L. phase at 1000 bar before the pressure-
jump. The spacing was hardly affected by urea and TMAO as the observed values deviate
from each other by less than 1 A. However, the urea-containing samples showed a slight
increase of spacing. By estimating the water content of the lamellar structure based on
the excess water boundary of 4 wt% given by Qiu and Caffrey 77|, the thickness of the
hydrated inter-bilayer space can be determined to be approximately 2 A. This means
that all water molecules in the hydration layer are in close proximity to the headgroups
and therefore have limited mobility [290]. Presumably, a lack of free hydration water is
the reason why we did not observe a displacement of water molecules induced by TMAO.
Such a displacement would be reflected in a reduced spacing. The increase of spacing
caused by urea can be explained by its affinity to reside at lowly hydrated membrane
interfaces [28, 30]. The effect on the spacing was more pronounced for the samples with
1M urea compared to the urea/TMAO mixtures that contained 0.67M urea. In the
case of sucrose, the lamellar phase was found to be unstable at 1000 bar. Therefore, the
pressure-jump to 50 bar was performed from a starting pressure of 2000 bar. However,
at this pressure, monoolein remained in the metastable L, phase. The mean value of
the spacing in presence of 1 M sucrose was 42.8 A

Figure 4.6 shows the decrease of the lattice constant after a pressure-jump across
the lamellar-to-cubic phase boundary of monoolein with and without osmolytes as a
function of time. The speed of the water release from the cubic structure strongly varied
upon the addition of the different osmolytes. While the lattice constant still reduced
after more than ten hours in presence of urea, the system was close to equilibrium after
only one hour in presence of TMAO and sucrose.

In order to determine how the growth process of the Pn3m crystallites and their
mean size was affected by the additives, the intensity and width of the reflections were
analyzed. As the reflections shift due to the decrease of the lattice constant, they appear
broader and less intense. Therefore, their intensity was compared based on the integral
over the first two Pn3m reflections instead of their maximum values. Figure 4.7 shows
the integrated intensities as a function of time. It can be seen that the formation of the
Pn3m structures was much faster than the equilibration of the lattice parameter for all
samples, as the integrated intensity increased to a constant level in less than one hour
in all cases. For TMAO and sucrose, the maximum was already reached after the first
measurement, indicating that the formation of the Pn3m structures is completed after
less than four minutes. In case of pure monoolein, it is difficult to estimate the time
scale, as the data points strongly fluctuate. However, the initial increase of the intensity
happened mostly in the first 15 minutes. For urea, two of the samples showed an increase
only during the first 10 to 15 minutes, while the intensity rose for 40 minutes in case
of the third sample. In presence of urea and TMAO in a 2:1 ratio, the convergence
to the maximum value took approximately half an hour. Since the equilibration of the
integrated intensity was much faster than the dynamics of the lattice constant in all
cases, it is reasonable to assume that the number of lipids in the Pn3m crystallites is
mostly constant during the shrinking process.

39



Chapter 4. Dynamics of the lamellar-to-cubic transition of monoolein

| --g-- Monoolein ---#---Urea -~ TMAQO --#--TUrea 2:1 TMAQ ---%--- Sucrose

2 T T

Figure 4.7: Time-
dependence of the inte-
grated intensity of the first
two Pn3m Bragg reflections
of monoolein in presence
of  different  osmolytes

el
S, after a  pressure-jump.
~ The integrated intensities
2t ’:‘_Wg;'gﬁ&:wtf;ﬂﬂ‘ﬁilwﬁ"ﬂfﬁ“’mﬁmtﬁl were normalized to their
? temporal mean values and
3 ?i:m"‘;:i::ﬁw:tme:w’m:q&:@t:g:«&%mw;w.&,‘ vertically shifted for clarity.
4 ‘ . ‘ . ‘
0 0.5 1 1.5 2 2.5 3
t [h]

The size of crystallites is directly connected to the width of the corresponding Bragg
reflections. As mentioned above, in this experiment, the reflections broaden as they
shift during the exposure time. For a rough comparison, the FWHM of the first Pn3m
reflections of different samples was determined in time ranges with an almost constant
lattice constant. For the two pure monoolein samples with the fastest decrease, the mean
values of the FWHM during the last hour were 0.0039 A™! and 0.0041 A, After more
than three hours, the reflections of the TMAQO sample that was measured for the longest
time had an average width of 0.0040 A'. In the plateau area between four and seven
hours after the pressure-jump, the two urea samples exhibited FWHMs of 0.0040 A
and 0.0041 A1, The mean value of the FWHM of monoolein in presence of urea and
TMAO in a 2:1 ratio after more than nine hours was 0.0042 A1, For the two sucrose
samples that were measured for the longest time, the average widths after more than two
hours were 0.0040 A! and 0.0045 A1, For none of the osmolytes, the FWHM strongly
differed from the value of pure monoolein. It can be concluded that the presence of
the osmolytes has only a minor effect on the mean size of monoolein Pn3m crystallites.
Considering the experimental resolution, which is limited in particular by the length of
the sample of 1cm and the resolution of the incident energy, a mean crystallite size of
approximately 2000 A can be estimated from the observed FWHMs.

The analysis of the intensity and width of the reflections revealed that the growth of
the lipid structures after a pressure-jump was typically completed after a few minutes
and that the resulting lipid structures had comparable sizes in all samples. Therefore,
the different time scales of the equilibration of the lattice constants of monoolein in
presence of different osmolytes (figure 4.6) cannot be attributed to differences of the
shape or growth process of the Pn3m phase. Instead, for all samples, a water release
from Pn3m structures with similar sizes which consist of an almost constant amount
of lipids was observed. In absence of additives, this process is driven by the effort of
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the lipid leaflets to approach a certain curvature which is mostly defined by the space
requirement of the hydrocarbon chains.

In figure 4.8, the speed of the equilibration processes is compared based on the time
that elapsed after the pressure-jump until the lattice constant decreased under 110 % of
the equilibrium value. For this purpose, a continuous and smoothed representation of
the data was generated. It was found that the data can be reproduced accurately with
a superposition of two exponential functions and a hyperbolic tangent. As the speed of
the reduction of the lattice constant typically slows down with time, the course of the
data can mostly be described with exponential functions. However, for pure monoolein
and the urea containing samples, an increase of the speed occurred between 120 and
110 A. This feature was taken into account by the hyperbolic tangent. The obtained
fits are shown in figure 4.6. The mean values from figure 4.4 were taken as equilibrium
values for all samples except for the urea samples. As discussed above, for urea, the
observed values are assumed to be too high due to the slow equilibration dynamics of
the system. Therefore, an equilibrium value of 110 A was estimated based on the course
of the lattice constant as a function of time in figure 4.6.

For pure monoolein, 110 % of the equilibrium lattice constant were reached between
50 minutes and 4 hours after the pressure-jump. The mean value was slightly more
than two hours. In presence of urea, this value increased to almost seven hours. Hence,
the interactions of urea molecules with the headgroups do not only shift the equilib-
rium value of the lattice constant, but also stabilize structures with even lower negative
curvature and thus larger headgroup areas, so that the water release from the Pn3m
structures is slowed down. Due to the osmophobic effect, TMAO and sucrose molecules
are displaced from lipid structures. This results in a concentration gradient and therefore
an osmotic pressure between the hydration water and the excess water that accelerates
the water release. For TMAQ, 110% of the equilibrium lattice constant were reached
after approximately 40 minutes and for sucrose, after approximately 20 minutes. When
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urea and TMAO were added in a 2:1 ratio, the threshold was reached between 1 hour
and 20 minutes and 6 hours and 20 minutes. With three and a half hours, the mean
value is higher than for pure monoolein. However, the deviations between the individual
data points of pure monoolein and samples containing urea and TMAO are high and
the intervals largely overlap, in which the values for both compositions are. It can be
concluded that the effects of urea and TMAQO on the equilibration process compensate
each other to a large extent when the two molecules are present in a 2:1 ratio.

4.6 Polyethylene glycol

In this section, the results of the pressure-jump study on monoolein in presence of PEG
of different sizes are presented. The experiments were conducted at a water content of
80 wt% and at pH 5. Figure 4.9 and 4.10 show how PEG in concentrations of 150 g/L
changed the monoolein structure at 50 bar before the pressure-jump. PEG with a molec-
ular weight of 4000 g/mol and more induced a phase transition into the Ia3d phase, which
is usually not observed in excess water [77|. In order to obtain a direct comparison of the
dimensions of the cubic channel systems and the polymers, figure 4.9 shows the water
channel radius ry as a function of the radius of gyration Rg (as given by equation 2.9)
of the added PEG. In figure 4.10, the lattice constant is shown. The radii of the water
channels were determined based on the assumption that the chain length of monoolein
does not change when PEG is added. With the excess water boundary of the Pn3m
phase of 44.5wt% at 25°C and ambient pressure (see chapter 2.2), the water volume
fraction in the lipid structures and the chain length of monoolein can be calculated from
the lattice constant with the equations given in chapter 2.1. At 50 bar, the lattice pa-
rameter of monoolein was 102.8 A on average, which corresponds to a chain length of
16.1 A. This value was used for the determination of all water channel radii at 50 bar in
this chapter.

For pure monoolein, a channel radius of 24.0 A was calculated. The data points of
pure monoolein and monoolein in presence of PEG 200 overlapped and with 23.8 A,
the mean value was only slightly lower when PEG 200 was added. An increase of the
molecular weight of the examined PEG led to a strong decrease of the water channel
radius until a constant level of approximately 17 A was reached for PEG of a molecular
weight of 4000 g/mol and more. The lowest Pn3m lattice constant was observed for PEG
2000 with a mean value of 88.8 A. For larger PEGs, the [a3d phase was observed instead,
with a lattice constant of approximately 130 A. It is known that the osmotic pressure
exerted by PEG reduces with the molecular weight at constant mass concentration [266].
Therefore, the reduction of the lattice constant and water channel radius with increasing
molecular weight of the added PEG indicates that the amount of PEG molecules that
penetrate into the water channel system of the monoolein structures strongly decreases
with the size of the polymers. Since the radii of gyration of the investigated PEGs and
the water channel radii of monoolein structures are in a similar order of magnitude,
this is not surprising. While the radius of gyration of PEG 200 is six times smaller
than the observed water channel radius, both radii are almost the same in presence of
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Figure 4.9: Radius of the water channels 7 of cubic monoolein phases at 50 bar in presence of
PEG with different radii of gyration Rg. The circles represent the values for different samples
to illustrate the variance. The crosses mark the mean values.

PEG 2000. For PEG 4000, where the Ia3d phase occurred, the radius of gyration is
larger than the water channel radius of pure monoolein. At this point, the polymers
might still be able to penetrate into the water network of the lipid structures, since
their shape is not necessarily globular. However, the confinement of the polymers in the
water channels is highly unfavorable for the molecules, as it reduces their configuration
entropy. Above 4000 g/mol, the water channel radius barely changed with the molecular
mass of the added PEG. As the osmotic pressure as a function of the molecular weight
is also almost constant for large PEGs, this is in good agreement with the assumption
that the polymers are fully excluded from the monoolein structures in the whole Ia3d
regime. The overlap concentration boundary is crossed between PEG 1500 and PEG
2000 at the applied concentration. Thus, the polymers form an entangled mesh in the
[a3d regime.

Figure 4.11 shows the spacing of the L. phase in presence of PEG at 1500 bar.
As especially PEGs with high molecular weight induce a shift of the cubic-to-lamellar
transition, some of the pressure-jumps were not conducted from a starting value of
1000 bar but from 1500 bar or even 2000 bar. Therefore, the initial state of the monoolein
structures was not always the same. At a starting pressure of 1000 bar, the lamellar
spacing was typically approximately 1A lower than at 1500 bar. At 2000 bar, the Ly,
phase with a spacing of about 43 A was still present. However, systematic deviations of
the dynamic behavior after the pressure-jump due to the different starting pressures were
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Figure 4.12: Decrease of the Pn3m lattice constant of monoolein after a pressure-induced
lamellar-to-cubic transition in presence of PEG of different molecular weight (colored symbols)
and fits (gray lines). Circles indicate that the pressure-jump was conducted from a starting
pressure of 1000 bar, triangles indicate a starting pressure of 1500 bar and crosses of 2000 bar.
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not found. Figure 4.11 shows that PEG barely affected the spacing of the L. phase. As
discussed for TMAO in chapter 4.5, this is most likely due to the fact that the L. phase
is highly dehydrated even in absence of additives. Therefore, a further compression due
to depletion is not observed.

Figure 4.12 shows the decrease of the Pn3m lattice constant of monoolein in presence
of PEG with a maximum molecular weight of 2000 g/mol. While the equilibration pro-
cesses of pure monoolein and monoolein interacting with PEG 200 took several hours,
the decrease of the lattice constant was almost completed after one hour for larger PEGs.

To analyze the formation process and shape of the monoolein structures in presence
of PEG, figure 4.13 and 4.14 show the integrated intensity and the width of the Pn3m
reflections. It can be seen that in all cases, the intensity reached its maximum level
very fast. Typically, already the second data point taken after four minutes had the
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maximum intensity. The width of the reflections was barely affected by the addition
of PEG. The data presented in figure 4.14 are the mean values of the FWHM of the
first Pn3m reflection in a time span where the lattice parameter was almost constant.
Typically, the last nine scans of the samples were considered. The intensity and width of
the observed reflections reveal that the maximum size of the lipid structure was similar
in presence of all examined PEGs and that the maximum size of the crystallites was
reached very fast in all cases.

In order to compare the speed of the equilibration process of monoolein in presence of
different PEGs, the data in figure 4.12 were fitted with a superposition of two exponential
function and a hyperbolic tangent, yielding an analytic description of the lattice constant
as a function of time. With the length of the lipid molecules, the water content of the
unit cell was determined. The first temporal derivation of the resulting term describes
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the water volume that is released per time and unit cell during the equilibration. Figure
4.15 shows how much time elapsed until this parameter dropped permanently under
certain thresholds for the different samples as a measure for the equilibration time.
To assess the accuracy of this criterion, three different limits of 30 A3/s, 50 A3/s and
80 A3 /s were set. In all three cases, the equilibration time reduced strongly with the
addition of PEG with increasing molecular weight up to 600g/mol. For PEG larger
than 600 g/mol, the elapsed time remained largely independent of M. Comparable to
the effect of TMAQO and sucrose, the osmotic pressure exerted by PEG increased the
speed of the equilibration process strongly.

Figure 4.16 shows the behavior of the Ia3d lattice constant of monoolein after a
pressure-jump in presence of PEG with high molecular weight. On average, the lattice
constants at 50 bar before the pressure-jump were 133.6 A, 131.8 A and 133.8 A for PEG
4000, 8000 and 35000, respectively. The structures that formed after the pressure-jump
exhibited mostly much larger lattice constants than before. In most cases, a fast decrease
of the lattice constant was observed initially. For two of the PEG 4000 and all PEG
8000 samples, the lattice parameter increased again after that. While the lamellar phase
is very low hydrated, the water content of the cubic phase is relatively high. Therefore,
an increase of the lattice constant after the pressure-jump could be explained by a slow
release of excess water from the entangled mesh of polymers that surrounds the lipid
structures. As the behavior of the different samples strongly deviates, it is assumed that
the amount of available excess water is locally very different.

4.7 Viral fusion peptides

In this section, the results of the pressure-jump study on monoolein in presence of fu-
sogenic peptides are presented. The experiments were conducted at a water content of
80 wt% and at the fusogenic pH of 5. Figure 4.17 shows that all peptide sequences in-
creased the Pn3m lattice constant at 50 bar before pressurization. It is believed that FLs
of TBEV and VSV interact mainly with membrane surfaces and that they only insert
via aromatic anchors with a limited penetration depth into lipid structures [125, 205].
Thus, the observation that these peptides increase the lattice constant of monoolein can
be explained by an enlargement of the headgroup area resulting from favorable interac-
tions between headgroups and peptides, comparable with the effect of urea. Moreover,
an insertion with limited depth partially compensates the wedge shape of the lipids,
leading to a reduced negative curvature [291].

The other three peptides have pronounced hydrophobic properties and are presum-
ably able to penetrate deeply into the tailgroup regions of the lipid structures. Thus,
their structural properties when they are incorporated into a membrane are crucial for
their effect on lipid phases. Tenchov et al. found that HA2-FP reduces the lattice param-
eter of cubic phospholipid structures [198]. They suppose that the rigid V-shape [196]
of HA2-FP induces positive curvature along its contour and negative curvature perpen-
dicular to it as the lipids wrap around the peptide, resulting in an increasing negative
Gaussian curvature. The effect of such an interaction mechanism could strongly depend
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on the membrane composition. Possibly, HA2-FP can also be favorably incorporated in
monoolein membranes with negative Gaussian curvature, but the corresponding opti-
mum lattice constant might still be higher than the lattice constant of pure monoolein.
For VSV-TMD, it is assumed that it inserts as an «-helix perpendicular to the mem-
brane surface. A cylindrical insertion with a similar cross-section in head- and tailgroup
region reduces membrane curvature. The L16 peptide was also found to form o-helices
in membrane mimicking environments [128]. Since leucine is highly hydrophobic while
the anchor unit is polar, it is likely that L.16 also inserts parallel to the membrane normal
rather than parallel to the surface, so that a similar geometric argument can be made
as for VSV-TMD.

Figure 4.18 shows that the effect of the peptides on the spacing of the L, phase
at 3500 bar and the L. phase at 1000 bar before the pressure-jump was low. The data
suggest that the peptides are widely displaced from the lipid structures in the lamellar
crystalline phases. A disruption of the crystalline chain order by incorporated peptides
would presumably cause a pronounced reduction of spacing. An accumulation in the
narrow hydration layer also seems unlikely.

The time-dependence of the lattice constant after a pressure-jump beyond the lamellar-
to-cubic boundary presented in figure 4.19 reveals that the fusogenic peptides strongly
affected the dynamics of the monoolein structures. While HA2-FP, VSV-TMD and L16
drastically accelerated the equilibration process, the FLs of TBEV and VSV slowed it
down. In presence of TBEV-FL and in three of four cases also in presence of VSV-FL,
the Im3m phase formed in coexistence with the Pn3m phase. In all samples, the Im3m
and Pn3m structures had the same mean Gaussian curvature, so that their lattice con-
stants decreased in parallel, fulfilling the condition apnsm = (1.28 £ 0.02) - apu3m (see
equation 2.8) at every point within the specified error. For urea, TMAO, sucrose, and
PEG, an increase of the equilibrium lattice constant was connected to a slower and a de-
crease of the equilibrium lattice constant was connected to a faster equilibration process
after the pressure-jump. In contrast, the examined peptides showed different effects on
the dynamics, although they all increased the equilibrium lattice constant. Therefore,
the acceleration of the reduction of the lattice constant induced by HA2-FP, VSV-TMD
and L16 cannot be explained by depletion forces. Instead, this observation confirms that
these peptides modulate the behavior of the monoolein structures by inserting into their
hydrophobic region.

Before possible interaction mechanism of the fusogenic peptides with the monoolein
structures are discussed in more detail, the formation process and size of the cubic
crystallites will be analyzed based on the intensity and width of the observed reflections.
Figure 4.20 shows how the integrated intensity of the first two Bragg reflections of
the Pn3m phase changed with time for monoolein with and without HA2-FP, VSV-
TMD, and L16. The formation of the Pn3m structures was completed in a few minutes
for all samples, as the maximum value of the intensity was typically reached already
after the first scan. The integrated intensities of the first Im3m and the first Pn3m
reflection are compared for TBEV-FL and VSV-FL in figure 4.22. The Im3m phase was
more pronounced in presence of TBEV-FL than in presence of VSV-FL. In both cases,
the Pn3m phase built up fast, as the corresponding reflections typically reached their
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maximum enlargement during the first ten minutes. After that, it was observed that
the Pn3m intensity reduced while the Im3m intensity increased, indicating that Pn3m
structures converted into Im3m structures. For TBEV-FL, in some cases, the reverse
process occurred after a few hours. In conclusion, the formation process of the cubic
structures was much faster than the equilibration dynamics of the lattice constants in
presence of all five peptides. However, in case of the FLs, the amount of Pn3m and
Im3m changed slightly also after a few hours.

In figure 4.21, the mean values of the FWHM of the first Pn3m reflection in regions
where the slope of the decrease of the lattice constant was low are compared. Typi-
cally, the last nine values of a measurement series were taken into account. Only data
from experiments conducted at BL2 and not at BL9 are shown, since the experimental
resolution at BL2 and BL9 is very different and thus the FWHM values are difficult to
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Figure 4.22: Time-dependence of the integrated intensity of
the first Pn3m and the first Im3m Bragg reflection of mono-
olein in presence of TBEV-FL and VSV-FL after a pressure-
jump. The integrated intensities were normalized to the tem-
poral mean values of the sum of the Pn3m and Im3m intensity
and vertically shifted for clarity.

compare. It can be seen that the fusogenic peptides had only minor effects on the re-
flection width. Therefore, it can be assumed that the mean size of the Pn3m crystallites
was similar in all samples.

In figure 4.23, the speed of the convergence of the lattice constant towards equilibrium
of monoolein in presence and absence of HA2-FP, VSV-TMD and L16 is compared based
on the time that passed until the released water volume per unit cell and time dropped
under certain limits, like it was also done for PEG in chapter 4.6. According to these
limits, the equilibration of the Pn3m phase after a pressure-jump was approximately 6
times faster when HA2-FP was added. While the acceleration caused by VSV-TMD was
comparable to the effect of HA2-FP, the process was twice as fast in presence of L16.

Since all three peptides caused a strong acceleration of the equilibration process, it is
unlikely that unique structural details of the individual peptides are the primary reason
for this behavior. A common feature of all three sequences is their hydrophobicity, so

o1



Chapter 4. Dynamics of the lamellar-to-cubic transition of monoolein

that they are presumably able to penetrate into the hydrophobic regions of membranes.
As shown above, the L, phase was barely affected by the peptides and it was assumed
that the peptides are displaced from the lipid structures into the excess water in this
phase. During the transition into the cubic phase, the crystalline hydrocarbon chains
melt and the lipid structure becomes more permeable. Possibly, an increase of the area
of the Pn3m surface due to a reinsertion of peptides is the main driving force of the fast
decrease of the lattice constant.

When peptides leave the hydration water volume and insert into the lipid film, the
hydration volume per unit cell reduces slightly, while the film area increases. From
previous studies it is known that HA2-FP can expand the area of a lipid film strongly
with approximately 200 A2 per inserted molecule [292, 293]. A changed ratio between
hydration volume and lipid film area forces the dimensions of the unit cell to adapt.
Based on the assumption that the chain length of monoolein I = 16.1 A remains constant,
it can be determined how an enlargement of the Pn3m surface area affects the lattice
parameter at constant water content. For example, upon an increase of the Pn3m surface
area at a lattice constant of a = 130 A by a factor of 1.4, the lattice constant would have
to assume a value of @ = 110 A to maintain the same water capacity. Therefore, an
enlargement of the Pn3m surface area by the insertion of peptides could reduce the
lattice constant without water being released from the cubic phase.

Besides a surface enlargement, the dynamics of the lattice constant are presumably
affected by further features of the peptides and their interactions with the surrounding
lipids. The exact alignment and shape of the peptides, when they are incorporated in
the lipid film, might promote a certain curvature and facilitate the formation of the
corresponding lattice constant. It is also possible that a reduction of the surface area is
caused by pressure-induced structural changes of peptides that are already incorporated
in the lipid structures. However, for HA2-FP, a high structural stability in membranes
was found upon pressurization [51].

The fact that the FLs of VSV and TBEV did not accelerate the decrease of the
lattice constant is a strong indication that they do not penetrate monoolein films. In-
stead, they seem to stabilize swollen Pn3m phases. This can again be explained by a
preferred interaction with the surface of the lipid layers and an attachment via aromatic
anchors. This behavior promotes structures with large headgroup areas and counteracts
the formation of negative curvature.

With HA2-FP and TBEV-FL, also pressure-jumps from 50bar to 1500 bar were
conducted. Figure 4.24 shows the behavior of the Pn3m lattice constant. As already
discussed in section 4.4, initially, monoolein remained in the cubic Pn3m phase. The
lattice constant increased slowly until the system underwent a phase transition into the
lamellar L. phase. For one sample, the phase transition was observed between 11h and
17h after the pressure-jump. Unfortunately, this was during a lock-down period of the
synchrotron light source, so that the process was not monitored directly. The other two
samples did not show a phase transition after 19h and 76 h measuring time. In all three
cases, the lipid structures were initially slightly compressed by the pressure application,
before they gradually incorporated more and more water, so that the lattice constant
increased. Although the swelling slowed down over time, even after 75h, a slight increase
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of the lattice parameter was still visible.

TBEV-FL drastically changed the behavior of monoolein upon pressure-jumps from
50 bar to 1500 bar. The lattice constant increased much faster and the phase transition
into the lamellar phase occurred earlier. For all three samples, the Pn3m reflections
fully disappeared 40 minutes after the pressure-jump at the latest. Figure 4.25 shows
the integrated intensity of the Pn3m and L, reflections as a function of time. It can be
seen that the lamellar phase already formed after approximately 15 minutes. Then, the
intensity of the reflections of the cubic phase linearly decreased and the intensity of the
reflections of the lamellar phase linearly increased for approximately 20 minutes, until
only the lamellar phase remained. The experiment shows that TBEV-FL does not only
stabilize lipid structures with a large headgroup area, but also promotes their formation
and even the occurrence of phase transitions. The results confirm the assumption that
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Chapter 4. Dynamics of the lamellar-to-cubic transition of monoolein

TBEV-FL interacts mainly with the surface of lipid structures. On average, the L.
phase formed with a spacing of 49.04 A in presence of TBEV-FL. After the transition
in a pure monoolein system, the spacing was 49.09 A. Considering the variance of the
data presented in figure 4.18, it can be concluded that TBEV-FL had no effect on the
L. spacing within the experimental resolution. This indicates that the peptide was
displaced from the lipid structure once the phase transition was completed.

When HA2-FP was added to the monoolein system, a fast increase of the lattice
constant to approximately 140 A was observed immediately after the pressure-jump to
1500 bar. After that, a gradual swelling of the cubic structures occurred, which slowed
down over time. In contrast to TBEV-FL, the accelerated increase of the lattice constant
was not connected to an early transition into the lamellar phase. During the observation
periods of 13 and 16.5h, the cubic phase remained stable. This confirms that the
interaction mechanisms of HA2-FP and TBEV-FL with monoolein are fundamentally
different. The rapid increase of the lattice constant was presumably connected to a
reduction of the area of the Pn3m surface by a displacement of peptides from the lipid
layers. However, it is likely that the peptides at least partially remained incorporated
in the lipid structure and exerted a stabilization effect, which prevented the cubic-to-
lamellar phase transition even at lattice constants of more than 150 A. Possibly, the
Gaussian curvature in this lattice constant range is ideally matched to the incorporation
of a HA2-FP.

The observed effects of different peptide sequences on the structure and dynamics of
monoolein in excess water show that fusogenic peptides have different interaction mech-
anisms with membranes. A general distinction can be made between very hydrophobic
peptides that penetrate deeply into membranes and peptides that interact mainly with
the surface of lipid structures. Therefore, the effect of HA2-FP on monoolein structures
was more similar to the behavior of the TMD of VSV and the artificial L16 peptide than
the attacking sequences of TBEV and VSV.

4.8 Conclusion

In this chapter, the equilibration process after a pressure-jump across the lamellar-to-
cubic phase boundary of monoolein in excess water was analyzed. After a pressure-jump,
the cubic phase formed in a swollen state and slowly released excess hydration water
until the equilibrium lattice constant was reached after several hours. It was found that
the formation process of the cubic crystallites was much faster than the equilibration of
the lattice constant, since the full intensity of the reflections, which correspond to the
cubic phase, was typically reached after a few minutes. This did not change when the
system contained additives. Moreover, also the width of the reflections and thus the
mean crystallite size was barely affected.

In agreement with existing knowledge, TMAO and sucrose reduced the equilibrium
lattice constant of monoolein in the Pn3m phase, while urea increased it [26, 71, 242].
In this study, it was shown that this behavior translates into an acceleration of the
equilibration process in presence of TMAO and sucrose, and a deceleration in presence
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of urea. The observations can be explained by the osmophobic effect, which causes a
displacement of TMAOQO and sucrose from the water channel system of the cubic phase
and thus an osmotic pressure that compresses the lipid structures, and the affinity of urea
to interact with lipid surfaces resulting in a stabilization of states with high headgroup
areas. Similar to the compensation of the effects of urea and TMAO on the structure of
proteins that was found in previous studies [223-225], samples containing a mixture of
both osmolytes behaved very similarly to pure monoolein samples.

Similar to TMAO and sucrose, PEG decreased the equilibrium lattice constant of
the Pn3m phase and increased the speed of the equilibration process after a pressure-
jump. The lattice constant of the Pn3m phase reduced with increasing molecular weight
of the polymers. As the osmotic pressure exerted by PEG decreases as a function
of the molecular weight [266], this effect is attributed to a reduced ability of larger
PEGs to enter the cubic water channel system. Therefore, large polymers exert a more
pronounced depletion force on the cubic phase. Once the radius of gyration was higher
than the radius of the water channels, monoolein formed the Ia3d phase, which is usually
not observed at excess water conditions [77]. Beyond this point, the cubic structure was
not further compressed with increasing molecular weight of the polymers. The speed of
the reduction of the lattice constant after a pressure-jump increased with the molecular
weight up to 600 g/mol and remained almost constant for larger PEGs in the Pn3m
regime. In the la3d regime, the equilibration process was found to be non-monotonic,
as the cubic structures compete with the surrounding entangled mesh of polymers to
absorb the available water.

All five examined peptide sequences increased the equilibrium lattice constant of
monoolein. However, their effects on the equilibration dynamics after a pressure-jump
were very different. While HA2-FP, VSV-TMD and L16 caused a drastic acceleration
of the decrease of the lattice constant, TBEV-FL and VSV-FL decreased the speed of
the process. These observations prove that the fusogenic peptide sequences interact very
differently with lipid structures. Presumably, the hydrophobic peptides HA2-FP, VSV-
TMD and L16 induce the fast reduction of the lattice constant by penetration of the
lipid structures and an enlargement of the Pn3m surface. In addition, there are probably
more specific interactions based on the individual structure of the peptides that have
direct effects on the film curvature. Similar to urea, the FLs stabilized structures with
large headgroup areas which can be explained by preferred interactions with the surface
of lipid layers. Moreover, an insertion of aromatic anchors with limited penetration
depth might counteract the spontaneous curvature of monoolein. Pressure-jumps in
the opposite direction confirmed this interpretation and showed that the interaction of
TBEV-FL induces a faster transition from the cubic to the lamellar phase. HA2-FP
induced a fast increase of the lattice constant, but stabilized the cubic structures at
the same time, since no phase transition into a lamellar state was observed even after
16h. At this point, a lattice constant of more than 150 A was reached. The observations
suggest that HA2-FP does not generally increase the negative curvature of lipid phases,
but induces a specific curvature depending on external conditions and the membrane
composition. However, to confirm that the stabilization of the swollen Pn3m phase
is indeed due to the structural properties of HA2-FP, the influence of VSV-TMD and
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L16 on the behavior of monoolein after pressure-jumps over the cubic-to-lamellar phase
boundary will be examined in a future study.

In this chapter, the effects of fusogenic peptides on the dynamic behavior and curva-
ture of lipid structures was discussed. The results indicated different penetration depths
of the sequences in lipid membranes. The study presented in the next chapter addresses
the adsorption and insertion behavior of the peptides directly as the vertical and lateral
structure of lipid Langmuir films in presence of fusogenic peptides is explored. This
model system does not provide the opportunity to study effects on the membrane cur-
vature, but enables a direct structural resolution of the peptides interacting with lipid
structures and thus complements the results of this chapter. In good agreement with the
assumptions on the interaction of the sequences with monoolein made in this chapter,
it was found that HA-FP and VSV-TMD are able to insert deeply into the hydrophobic
regions of phospholipid monolayers, while TBEV-FL and VSV-FL tend to attach to the
surface.
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Chapter 5

The interaction of viral fusion
peptides with Langmuir layers

5.1 Objective

In this study, the interaction of fusogenic peptides of viral envelope proteins with phos-
pholipid monolayers at the air-water interface was examined with XRR and GID. The
monolayer technique is a well-established tool for the investigation of peptide- or protein-
membrane interactions [294-296]. Although only half of an endosomal membrane is
represented in this model, this approach is appropriate for the study of FPs and FLs,
as they interact primarily with the outer leaflet of a bilayer [125, 196, 205|. Combining
XRR and GID yields a comprehensive insight into the structure of Langmuir monolay-
ers. From the investigation of the vertical layer structure with XRR, conclusions can be
drawn if fusogenic peptides adsorb at the membrane surface or penetrate it in an early
stage of the fusion process. In contrast, GID provides information on changes of the
lateral organization of a membrane induced by fusogenic peptides.

5.2 Sample preparation

Langmuir films of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Sigma Aldrich)
and 1,2-dipalmitoyl-sn-glycero-3-phosphate (DPPA, Sigma Aldrich) were spread from
chloroform solutions containing lipids in a concentration of 1 mg/mL. In case of DPPA,
1mL methanol was added per 10 mL solution to improve the solubility. A few drops of
the lipid solution were gradually spread on the surface of aqueous solution in a Lang-
muir trough until a surface pressure of 1-3mN/m was reached. After an evaporation
time of several minutes, the target pressure was adjusted by compressing the mono-
layer slowly with a movable barrier. Film pressures of 5, 15, 25, and 35mN/m were
applied. Sgrensen’s phosphate buffer solution at pH 5 consisting of 0.113 g/L potassium
dihydrogen phosphate and 8.992 g/L disodium hydrogen phosphate dihydrate solved in
ultra pure water (specific electrical resistivity > 18 MQcm) was used as subphase. The
fusogenic peptides (GeneCust, > 90 % purity) were dissolved in 1 mL buffer and then
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Chapter 5. The interaction of viral fusion peptides with Langmuir layers

injected underneath the monolayer, resulting in a final peptide concentration of 2 uM.
The sample temperature was 20 °C for all measurements.

5.3 Experimental setup

Combined GID and XRR experiments were conducted using synchrotron radiation at
beamline ID10 [158] of ESRF with a photon energy of 22keV (A = 0.564 A) and a beam
size of 150 pm (horizontal) x 11 pm (vertical). The setup at ID10 can be seen in figure
5.1. The GID signal was captured with a vertically aligned Mythen 2K 1D detector
[297] scanning the horizontal scattering angle 26, yielding 2D diffraction patterns. A
GID scan took three and a half minutes. For XRR, the specularly reflected and diffusely
scattered intensity was monitored simultaneously with a horizontally aligned Mythen 1K
1D detector. To avoid overexposure of the detector, the incoming intensity was adjusted
with an attenuator wheel. With increasing angle, the attenuation was incrementally re-
duced during XRR scans. Including motor movements and attenuator adjustments, the
recording of an XRR curve took five minutes. The angular resolution was defined by slits
between the sample and the detector in both setups. Further XRR measurements were
performed with a Bruker D8 diffractometer using copper K, radiation with a photon
energy of 8.05keV (A = 1.541 A) and a beam size of 10mm (horizontal) x 0.1mm (ver-
tical). The reflectivity curves were captured with a sodium iodide scintillation detector.
The corresponding data were not corrected by subtracting an experimentally determined
background. Instead, a constant background was set by an additional parameter in the
course of the fitting procedure.

Langmuir troughs with a Wilhelmy paper plate microbalance and a movable barrier
for a controlled adjustment of the surface pressure served as sample environment. For
each measurement, a DPPC or DPPA film was compressed to a certain target pressure
and a reference measurement was carried out. Then, a fusogenic peptide was injected and
their interaction with the monolayer was investigated either at constant trough surface
area or at constant surface pressure. The latter condition was achieved by an automatic

Helium supply 4 Sample chamber
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GID/XRR detector system /

Movable barrier

1 Langmuir trough
" .v"\:-'é ‘ g. £ Figure 5.1: The
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readjustment of the barrier. As the GID signal is very weak, the sample cell was flushed
with helium during the experiments to suppress air scattering. This procedure also
prevents oxidative radiation damage. Moreover, the samples were laterally shifted after
every XRR or GID scan to reduce the radiation exposure of the examined sections of
the monolayers and the beam was shaded during motor movements.

5.4 Adsorption of fusogenic peptides at the air-water inter-
face

Before the interaction of the fusogenic peptides with Langmuir films will be analyzed,
their adsorption behavior at a clean air-water interface is discussed in this section. The
peptides were injected in concentrations of 2 uM into a Langmuir trough containing
buffer solution and the vertical structure of the air-water interface was determined with
XRR. Figure 5.2 shows the obtained reflectivity curves and the corresponding electron
density profiles in comparison with an empty water surface. TBEV-FL and VSV-TMD
showed no effect, while HA2-FP and VSV-FL accumulated at the interface, forming ap-
proximately 25 A thick adsorbates. The adsorbates are divided into a part with a higher
electron density than water and one with a much lower electron density. Presumably,
the peptides arranged in monolayers and partially protruded from the water. In case of
HA2-FP, the adsorption at the air-water interface was accompanied by an increase of
the surface pressure to 27 mN/m. In contrast, the surface pressure only reached 4mN/m
after the injection of VSV-FL. The addition of TBEV-FL and VSV-TMD did not change
the surface pressure, in agreement with the results of the XRR measurements.

VSV-TMD contains a high amount of hydrophobic residues. However, due to the
anchor unit, it exhibits a net charge of +4. In contrast, HA2-FP, which also has a
pronounced hydrophobic character, contains three acidic residues that decrease the net
charge to +1. Therefore, the accumulation of VSV-TMD at the surface might be in-
hibited by electrostatic repulsion. The two FLs include more polar and charged amino
acids but also contain highly hydrophobic aromatic residues. With +6, the net charge of
TBEV-FL is much higher than the net charge of VSV-FL, which is +3 at pH 5, so that
the repulsion between TBEV-FLs is expected to be stronger. Moreover, VSV-FL has
a more flexible structure than TBEV-FL [128], which could facilitate an energetically
favorable positioning at the surface.
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Figure 5.2: XRR data (left) of the aqueous solution-air interface in presence and absence of
fusogenic peptides (colored) with fits (black) and the resulting electron density profiles (right).

5.5 Isotherms of Langmuir films interacting with fusogenic
peptides

In order to evaluate the affinity of the fusogenic peptides to interact with DPPC and
DPPA model membranes, their influence on the course of the isotherms of monolayers
consisting of the two lipids was examined. For this purpose, the surface pressure was
recorded as a function of the area per molecule during compression at a speed of 0.2 cm? /s
in presence and absence of the peptides.

The typical shape of a DPPC isotherm can be seen in figure 5.3 (black). In the
gaseous state, the lipids are disordered and barely interact with each other. This changes
as they are brought closer together during the compression. The regime where the
surface pressure starts to increase is called the liquid-expanded (LE) phase. Here, the
lipids are still conformationally disordered. At further reduction of the surface area, a
plateau region is observed that can be attributed to a phase transition into the liquid-
condensed (LC) phase. In this state, the space requirement of the lipids is reduced due
to the formation of a crystalline order. In the plateau region, LE and LC phase coexist
and the increase in surface pressure is restrained by a growing amount of LC domains.
Once the crystallites are big enough to interact with each other, the surface pressure
increases strongly until the film collapses. In this regime, the LC phase is predominant,
but between the randomly shaped and oriented crystallites gaps occur, in which LE-
like domains still remain. Even at 20 mN/m, these domains can constitute half of the
surface area [43]. Due to the rather large headgroups, the hydrocarbon chains of DPPC
are tilted against the monolayer normal in the LC phase. The tilt angle decreases with
growing surface pressure from a maximum value of approximately 40° in the coexistence
region. [298-301]

Fusogenic peptides were injected underneath the surface at a pressure of 5mN/m
and the compression was paused for at least 10 minutes until equilibrium was reached.

60



5.5. Isotherms of Langmuir films interacting with fusogenic peptides

60 : : 50 : : :
—DPPC —DPPA
— 50 — +HA2-FP || _ — +HA2-FP
El —— +TBEV-FL E 40f ——+TBEV-FL | 1
z —— +VSV-FL z —— +VSV-FL
£ 40 ——+VSV-TMD| £ ——+VSV-TMD
o © 30f 1
5 =
% 30 2
o g
2 220t
g 20} 8
£ £
@ 10} & 10f
ol— : : ol— : : : : : :
40 60 80 100 120 28 30 32 34 36 38 40 42
Area per molecule [A?] Area per molecule [A?]

Figure 5.3: Isotherms of DPPC interacting Figure 5.4: Isotherms of DPPA interacting
with fusogenic peptides that were injected at a  with fusogenic peptides that were injected at a
surface pressure of 5mN /m. surface pressure of 3mN/m.

The addition of HA2-FP showed the most pronounced effect (blue). In earlier studies,
the FPs of HA2 were found to expand the surface area of membranes, indicating an
occupied area per molecule of about 200 A2 [292, 293], which is in agreement with the
V-shaped insertion model [196] described above (chapter 2.5). After the injection of
HA2-FPs underneath the DPPC monolayer, their ability to drastically influence the
surface area of a membrane was reflected in a strong increase of the surface pressure
to almost 30 mN/m. With further compression, the pressure initially rose sharply, but
the curve flattened out quickly. Subsequently, a region of linear increase followed and
then a further flattening into a plateau region. Before the film finally collapsed, the slope
increased again for a short interval. The gradual modulation of the compressibility could
have initially been due to configurational changes of the packing of peptides and lipids
at the surface and then, possibly, also to a displacement of peptides from the surface.
However, the fact that the film collapsed earlier than the bare DPPC layer indicates
that HA2-FPs remained incorporated in the monolayer to some extent. In contrast, the
addition of TBEV-FL did not change the isotherm within the experimental resolution
(green). The peptides of VSV showed minor effects (brown and red). The increase in
pressure was slightly steeper and the film collapsed earlier.

Due to the smaller headgroups, the van der Waals interactions between DPPA mole-
cules are stronger compared to DPPC. Therefore, the corresponding isotherm presented
in figure 5.4 (black) exhibits different features. As a result of the pronounced van der
Waals interactions, no LE phase is observed. The compressibility is modulated by phase
transitions between different LC phases. In previous studies, it was found that the lipids
rearrange between 10 and 30 mN/m from a tilted oblique via a distorted hexagonal to a
non-tilted hexagonal phase. However, it should be noted that the occurring tilt angles
are much smaller (< 20°) than those of DPPC and decrease fast upon compression. [178,
302, 303|
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Figure 5.5: Surface pressure after the injection of fusogenic peptides underneath DPPC and
DPPA films as a function of time. The peptides were added at ¢t = 0.

Since DPPA already arranges in dense packing at low surface pressures, the fuso-
genic peptides were added at a slightly lower surface pressure of 3mN/m. Similarly to
DPPC, HA2-FP increased the surface pressure immediately to almost 30 mN/m (blue).
However, at further compression, only two distinct compressibility regimes were found.
After the injection, the isotherm entered a broad plateau region. Then, the pressure
steeply increased again until the film collapsed. In contrast to DPPC, DPPA lipids are
already fully stretched at a surface pressure of 30 mN/m. Therefore, the potential for an
improvement of packing by conformational changes is probably lower. GID and XRR
experiments presented in the next sections showed that HA2-FPs arrange very differ-
ently in DPPC and DPPA monolayers. Although the effects of the other three fusogenic
peptides were much smaller (green, brown, and red), they also showed an affinity to
interact with DPPA membranes. Their injection increased the surface pressure to differ-
ent degrees. Due to the positively charged anchor unit, the peptide concentration near
negatively charged monolayers increases locally. The increase in surface pressure is an
indication that the peptides penetrate the lipid film and not just accumulate underneath
it.

Figure 5.5 shows the increase of the surface pressure of DPPC and DPPA films after
the injection of the different peptides as a function of time while the compression was
paused. HA2-FP showed a very similar effect on the surface pressure of DPPC and
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DPPA monolayers. In contrast, it seems that the interaction of the other three pepti-
des with Langmuir monolayers has to be triggered by electrostatic attraction, as their
addition increased the surface pressure of DPPA films but not of DPPC films. XRR
and GID measurements confirmed this finding as they showed no structural changes of
DPPC monolayers within the experimental resolution induced by those three peptides
40 minutes after their injection (see appendix A.2). As the positive net charge of the
peptides mainly results from the four consecutive lysines that are part of the artificial
anchor unit, the electrostatic attraction cannot be assigned to the actual fusogenic se-
quences. However, it was shown by Ben-Tal et al. [304] that model peptides consisting
of 5 lysine residues adsorb at anionic monolayers but do not penetrate them and do
not affect the surface pressure. Therefore, it can be assumed that structural changes of
the lipid films, especially in the hydrophobic region, that are visible in GID and XRR
measurements are not induced by the anchor unit.

5.6 The interaction of HA2-FP with DPPC Langmuir films

Figure 5.6 shows a typical GID pattern of DPPC in the LC phase. In this phase, the
lipids arrange in a distorted hexagonal lattice with a # b = ¢ (formula symbols as defined
in chapter 3.3, figure 3.5) [301, 305]. The in-plane reflection at ¢, = 0 A" originates
from the lattice planes parallel to a as the hydrocarbon chains are tilted towards their
neighbor molecules along a. The scattering at lattice planes that are parallel to b and ¢
is modulated by the tilt angle resulting in a two-fold degenerate out-of-plane reflection
at ¢, > 0 A1 [306]. In the LE phase, no crystalline order exists and thus, no reflections
are observed with GID.

The intensity distributions of the Bragg rods along ¢ and g, were analyzed to de-
termine lattice parameters and tilt angles. For this purpose, only small regions around
the maxima were considered. In this regions, the intensity was integrated along ¢, to
obtain the scattering distribution as a function of g and vice versa. The dimensions of
the regions can be seen in figure 5.6. The horizontal intensity distributions of the Bragg
rods of DPPC films at different surface pressures in presence and absence of HA2-FP
are shown in figure 5.7 and the vertical profiles in figure 5.8. The data were evaluated
as described in chapter 3.3. The obtained fit functions are included in the illustrations.

After the addition of HA2-FP, the trough area was kept constant. GID and XRR
scans were performed before and 40 minutes after the injection. In agreement with the
results of section 5.5, the surface pressure increased to almost 30 mN/m once the FPs
were injected underneath DPPC films that were compressed to 5, 15 or 25 mN/m. At
an initial compression of 35mN/m, the FPs did not affect the surface pressure. At
5mN/m, DPPC is in the LE phase and no reflections occurred in the corresponding
GID scans. However, as shown in figures 5.7 and 5.8, reflections appeared after the FPs
were injected. At 15 and 25 mN/m, the Bragg reflections shifted to higher g values due
to the addition of HA2-FP, indicating that the unit cell area reduced. Simultaneously,
the tilt angle decreased as the maximum of the out-of-plane reflection moved to lower ¢,
values (see figure 5.8). At an initial film pressure of 35mN/m, the GID patterns barely
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Figure 5.9 shows the area of the unit cell A, the tilt angle 7 and the mean crystallite
size Ly perpendicular to a as a function of the surface pressure. The mean crystallite
size Lo perpendicular to b and ¢ cannot be reliably determined, since a broadening of
the reflection due to a slight asymmetry of the two directions of the 2D crystal cannot be
distinguished from actual size effects. After the peptides were added, A and 7 adopted
the values that would be expected in case of a compression by a reduction of the trough
surface. Only L; tended to be slightly smaller in presence of the peptides. These
observations suggest that HA2-FPs mainly penetrate the LE regions between the LC
domains and affect the LC crystallites only indirectly, as the insertion of HA2-FPs into
the loosely packed regions leads to an increase of the surface pressure. Evidence of
preferential interaction with LE domains was also found for the class I fusion peptide of
the human immunodeficiency virus HIV-1 [43].
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Figure 5.8: Vertical intensity distribution along the Bragg rods of DPPC films before (gray
symbols) and after (colored symbols) the injection of HA2-FP and fits (black lines).

Figure 5.10 shows the obtained reflectivity data and the corresponding electron den-
sity profiles on the interaction of HA2-FP with DPPC monolayers. Also in these mea-
surements, no effects of the peptides on a highly compressed DPPC film at 35mN/m
were observed. At an initial compression of 5, 15, and 25 mN/m, the electron density
of the tailgroups strongly increased, indicating that the HA2-FPs inserted deeply into
the hydrophobic region. At the same time, the maximum electron density of the head-
groups decreased, which can be assigned to a lateral displacement of lipids. Scans at
different positions at the surface showed that the peptides did not spread evenly over
the whole surface. At larger distances to the location where the peptides were injected,
the electron deunsity profiles were more similar to compressed DPPC films in absence of
FPs. However, as the electron density in the headgroups was always smaller or equal
compared to a pure DPPC monolayer at a similar surface pressure, while the electron
density of the tailgroups was always larger or equal, it is evident that the peptides are
mainly located in the hydrophobic region. This insertion mode implies that HA2-FP
tends to induce negative curvature in DPPC membranes [291].
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Figure 5.9: Area per unit cell A, tilt angle 7, and mean crystallite dimension L; before
and after the injection of HA2-FP shown as a function of the surface pressure II. The colors
represent the different starting pressures of 5mN/m (blue), 15 mN/m (green), 25 mN/m (brown),
and 35mN/m (red). At 5mN/m, before the injection of HA2-FP, no crystalline structure was
observed.
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Figure 5.10: XRR data (left) and electron density profiles (right) of DPPC films before (gray)
and after (colored) the addition of HA2-FP and fits (black). Reflectivity curves and electron
density profiles are shifted vertically for better visualization. For better comparability, the
profiles of all surface pressures are additionally displayed overlaid.
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5.7 The interaction of HA2-FP with DPPA Langmuir films

Typical GID patterns of DPPA can be seen in figure 5.11. At high compression of
35mN/m, the tilt angle is zero and the molecules are arranged in a hexagonal lattice.
Therefore, only a three-fold degenerate in-plane reflection is observed. At 15mN/m, a
distorted hexagonal lattice in combination with a tilt towards the nearest neighbor lipid
along a results in a two-fold degenerate out-of-plane and an in-plane reflection similar
to DPPC [178]. However, for DPPA| the reflections strongly overlap. As the in-plane
maximum is more pronounced, it was possible to fit its lateral and vertical intensity
distribution by the usual approach. For the out-of-plane maximum, the procedure had to
be adapted. The overlap of the Bragg rods was included into the models by superposing
the corresponding fit functions with the in-plane profiles, multiplied by an adjustable
scaling factor. The phase transition between tilted and untilted phase was found to
proceed very slowly at 25mN/m, so that both phases were observed at this surface
pressure.

Figure 5.12 and 5.13 summarize the results of the GID and XRR measurements on
HAZ2-FPs that interact with anionic DPPA Langmuir films at surface pressures of 15,
25, and 35mN/m. Additionally, the time course of the surface pressure or the trough
surface area during the experiments is shown in figure 5.13. The investigations on DPPA
monolayers were conducted at constant surface pressure for all peptides with exception
of the 15 and 25 mN /m measurements with HA2-FP. It was found that the propensity of
HAZ2-FPs to insert into monolayers at surface pressures below 30 mN/m is so high that
at the applied concentration, even the maximum available trough area was not sufficient
to keep the surface pressure at the desired values. Therefore, the trough area was kept
constant at those starting surface pressures instead. At both starting pressures, the in-
jection of HA2-FP led to a fast rising of the surface pressure to approximately 26 mN /m.
For a few minutes, the pressure stayed at this level, before a slower increase occurred.
During the observation period of 2-3 hours, the slope decreased, but a saturation value
was not reached. The two different time scales in which the pressure increased suggest
that there are two distinct processes of how HA2-FPs penetrate the lipid layer.

The GID data show that the insertion of HA2-FPs into the DPPA monolayer reduced
the size of the unit cell, induced a transition into an untilted state, and increased the
mean crystallite size. Comparing the lattice parameters of the DPPA films after the
injection of HA2-FP with the reference measurements of DPPA at 35 mN/m reveals that
the shape and size of the crystallites depends mainly on the surface pressure, regardless
if it was caused by reduction of the trough area or addition of the peptides. This is in
agreement with the observations for DPPC in section 5.6. Again, it is assumed that
HAZ2-FP mainly inserts into gap regions between crystalline domains. The injection of
peptides at 35mN/m at constant surface pressure led to a slight increase of the trough
area, indicating that the peptides were able to penetrate even highly compressed DPPA
films. However, the GID measurements showed no effects on the lateral organization of
the LC phase.

The XRR measurements showed drastic changes of the vertical layer structure after
the insertion of HA2-FP in all cases. The peptides accumulated underneath the film
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Figure 5.11: Typical GID patterns of DPPA in a tilted (left) and an untilted (right) LC phase.
The colored rectangles illustrate the regions of interest that were considered for the analysis of
the Bragg rods. The red areas were integrated vertically yielding the intensity as a function of
q) and the blue areas were integrated horizontally yielding the intensity as a function of g..

due to electrostatic interactions. Their effect on the headgroup region was relatively
low. The electron density altered by a few percent and it broadened slightly. The
most pronounced effect occurred in the tailgroup area, as its electron density decreased
dramatically. At an initial compression of 25 and 35mN/m, a maximum reduction by
approximately 35 % was observed, at 15mN/m even by 65 %.

The decrease of the electron density in the tail region can be explained by a formation
of HA2-FP clusters that displace the lipid molecules. As it was shown in figure 5.2, the
electron density of the layer that formed above the surface when HA2-FP was injected
underneath a clean water surface was less than 0.1 e~ /A3. Therefore, the different levels
of decrease of the tailgroup electron density can be understood as an average of different
proportions of DPPA domains and HA2-FP clusters in which the peptides align similarly
as at a lipid-free surface. Presumably, the peptides did not spread homogeneously over
the whole monolayer, so that the electron density profile was similar to a compressed
DPPA layer in large distances to the location where the peptides have been injected.
The assumption of an accumulation of the peptides between the LC domains is in good
agreement with the minor influence of the presence of HA2-FP on the lattice parameters
found with GID. Based on these observations, the two different regimes in the increase of
the surface pressure upon the addition of HA2-FP at 15 and 25 mN/m could be explained
by a fast insertion of the peptides into defect regions of the LC structures and a slow
incorporation into transient gaps, which emerge in the course of the cluster formation.

Besides electrostatic contributions, the reason for the different insertion behavior of
HA2-FP in DPPC and DPPA membranes presumably lies in their different ratio of head-
group to tailgroup cross section [307]. While both lipids consist of equally constructed
hydrocarbon chains, their hydrophilic heads strongly differ in size. The headgroup of
DPPC occupies a larger area compared to the area requirement by its hydrophobic seg-
ment. For DPPA, the situation is the opposite and the hydrocarbon chains tend to have
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a slightly higher cross section than the headgroups. Presumably, it is energetically favor-
able for the HA2-FP to mix with lipids that are able to shield its hydrophobic regions in
addition to their own tailgroups from interactions with water. At the air-water interface,
this property is only provided by DPPC and not by DPPA. In membrane systems that
allow the formation of curvature, the hydrophobic space shielded by the headgroups can
be increased by the development of a negative curvature. Although no accumulation of
HAZ2-FP in the hydrophobic region of DPPA films was observed, it is thus likely that the
presence of molecules with small headgroups tends to promote the ability of HA2-FP to
induce negative curvature.

70



5.7. The interaction of HA2-FP with DPPA Langmuir films

a) b) ) d)
D 15 mN/m DPPA DPPA < DPPA 15 mN/m
0 0 25 mN/m 2(35 mN/m « DPPA 25 mN/m
15
1 e Out-of-plane
1 ~ - = In-plane
N
[+ HA2-FP 0 . . Sum
3 ° 2
?: 2 '; ? 11+ HA2-FP ';
) < -1+ HA2-FP < ° =
~ 3 ~ / 9 ~ -2 ~
>
-2 -3 o
-4
. ° -4
-5 = -3
-5
o
6 -4 -6
146 148 15 152 154 156 146 148 15 152 154 156 146 148 15 152 154 156 14 15 16
-1 —1 -1 —1
q [A] q A1) q A1) q A
e
) o 1 8)
DPPA 15 mN/m
0 i 05 DPPA 25 mN/m o5 ff DPPA 35 mN/m
05 + HA2-FP 0 0
El e +HA2-FP 505
& A & 05 <
~ ~ K ~
1.5 -1
15
2 15 . ”
25 2 25
0 02 0.4 06 0 02 0.4 06 08 02 0.4 06 08
@ [A7] ¢ [A] ¢ [A]
h i
) 208 ) 650 J) 16
o DPPA 15 mN/m » » o DPPA 15 mN/m
207 —e + HA2FP .5 ., 14 —e + HA2FP
206 o DPPA 25 mN/m ’l’ N ’ o DPPA 25 mN/m
: ~e + HA2.FP 600 © AN 12 ~e + HA2FP
205 o DPPA 35 mN/m S Ve ped o DPPA 35 mN/m
—e + HA2-FP ¢ . ),“"‘1{ 0 —e + HA2FP
204 o DPPA 35 mN/m sl © AR ‘m o DPPA 35 mN/m
¥ - m-+ HA2-FP <t v L4 [ - m-+ HA2FP
4203 3 o DPPA 15mN/m| = 8 o
202 o | |- +HA2FP N
500 o DPPA 25 mN/m L 6
201 —e + HA2-FP
° o DPPA 35 mN/m 4
20 —e + HA2-FP o
450 o DPPA 35 mN/m 2
199 l-.’:;—‘"ud‘—’-" --s - @-+ HA2-FP
19.8 ol o i mm-mp—mens -
50 100 150 0 50 100 150 0 50 100 150
t [min] t [min] t [min]

Figure 5.12: Intensity distribution of in-plane GID reflections of DPPA films in absence and
presence of HA2-FP (colored) and fits (black) at starting pressures of a) 15mN/m, b) 25 mN/m
and ¢) 35mN/m. d) Out-of-plane reflections. Intensity distribution along the Bragg rods that
occurred at the smallest g value (colored) and fits (black) at starting pressures of ) 15mN/m,
f) 25 mN/m and g) 35mN/m. h) Unit cell area A, i) mean crystallite size Ly and j) tilt angle
7 obtained from the GID data as a function of time ¢. The injection of HA2-FP was conducted

at t = 0.
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Figure 5.13: Surface pressure of DPPA films interacting with HA2-FP as a function of time ¢ at
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a function of time ¢. The peptides were injected at ¢ = 0. XRR scans taken before and after the
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5.8 The interaction of the fusion loops of TBEV and VSV
with DPPA Langmuir films

Figure 5.14 to 5.17 summarize the results of the GID and XRR measurements on TBEV-
FLs and VSV-FLs interacting with DPPA Langmuir films at surface pressures of 15, 25,
and 35mN/m. The time course of the trough surface area during the experiments is
shown in figures 5.15 and 5.17. Pronounced changes of the trough surface area that
were required to maintain a constant surface pressure after the addition of peptides
were only observed at 15mN/m. Three hours after the injection of VSV-FL, the area
expanded by 4.2%. For TBEV-FL, the slope of the trough area as a function of time
increased slightly and the surface enlarged by 1 % between one and three hours after the
injection. At higher surface pressures, the area was mostly constant. The area increase
at 15mN/m was accompanied by structural changes of the crystalline order for both
FLs. The injection of TBEV-FL reduced the mean crystallite size and increased the size
of the unit cell and the tilt angle. For VSV-FL, the changes of the unit cell and the
crystallite size were small, but the tilt angle increased strongly. Therefore, it is assumed
that the FLs do not exclusively interact with gap regions between LC crystallites.
Pronounced changes of the lattice parameters of a DPPA film at 15mN/m in presence
of TBEV-FL occurred after approximately one hour, coincident with the begin of the
increase of the trough surface. The electron density profiles obtained from the XRR
scans show that the peptides accumulated underneath the headgroups, forming an about
10 A thick layer. This was also observed at 25 and 35mN/m, but the adsorbate layer
formed immediately after the injection, accompanied by a slight increase of the unit
cell area. Presumably, the anchor unit contributes to the adsorption of the peptides
underneath the DPPA film, as it increases the electrostatic attraction. However, it was
found that small peptides with a high amount of positively charged residues, like lysine,
tend to reduce the repulsion between negatively charged lipids in Langmuir films in the
LC phase, causing a condensing effect [308]. Therefore, it is likely that the increase of
the lattice spacing was induced by the actual FL sequence, not by the anchor unit. In
fact, the electron density profiles show that the peptides inserted into the DPPA layer
with a limited penetration depth at all surface pressures, as the electron density of the
hydrophobic region increased close to the headgroups, while it reduced at the end of the
hydrocarbon chains. This reduction was not very pronounced and can be assigned to
the enlargement of the unit cell. The increase close to the headgroups is an indication
for the insertion of the aromatic anchors of TBEV-FL W101 and F108 that is thought to
be limited to a maximum penetration depth into the hydrocarbon layer of 6 A [205]. A
rough estimation of the penetration depths based on the electron density profiles shows
that our results are in good agreement with this value. For this purpose, the reference
profiles and the profiles that showed the most pronounced effect after the addition of
TEBV-FL were shifted, so that their inflection points in the transition area between
tailgroups and air are at z = 0A (like it was done in figure 5.15). Then, the point
of intersection in the hydrophobic region between the profile obtained before and after
the addition of TBEV-FLs was determined and the absolute value of the corresponding
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z position was subtracted from the total thickness of the hydrophobic region of the
reference profile. In case of the 15mN/m measurement, the thickness was corrected by
the changed tilt angle. This procedure yields penetration depths of about 7, 6 and 4A
at 15, 25 and 35 mN/m. Presumably, the insertion of the aromatic residues caused the
increase of the unit cell area due to steric interactions and contributes to the stability
of the pronounced adsorbate layer.

The VSV-FLs accumulated underneath the headgroups, forming an approximately
25 A thick layer at all surface pressures. At 35mN/m, the GID measurements showed
no major changes of the lattice parameters induced by VSV-FLs. This observation is
confirmed by the electron density profiles that show no modulations of the electron
density within the lipid layer. The reduction of the unit cell area and the tilt angle
that occurred at 25 mN/m was most likely due to a slow transition from a tilted into an
untilted phase and cannot be assigned to the interaction with the FLs. However, the
reflectivity data showed a penetration of the peptides into the hydrophobic area. The
effect is similar to the behavior of TBEV-FL, suggesting an insertion of aromatic residues.
The penetration depth is estimated to be 5A. It should be mentioned again that the
investigated peptide only contains the residues Y116 and A117 and not W72 and Y73,
which constitute the bipartite FL of VSV. Further, the sequence contains the aromatic
amino acids W104 and F109 that could also contribute to the observed insertion. At
15mN/m, the electron density profiles show more drastic changes in the hydrophobic
area. To obtain an adequate fit, it was necessary to split the hydrophobic region into two
separated sublayers, an approximately 8 A thick layer with a high electron density close
to the headgroups and a layer with low electron density at the end of the hydrocarbon
chains. The minor changes of the unit cell area and the crystallite size compared to
the drastic reduction of the electron density in the tailgroups suggest that the peptides
did not only penetrate the membrane via aromatic anchors. Possibly, the peptides also
inserted in gap regions between crystallites and displaced the lipids by forming clusters
like it was observed for HA2-FP. This seems likely as, in contrast to TBEV-FL, VSV-FL
was found to form layers at a clean water surface (see section 5.4).
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Figure 5.14: Intensity distribution of in-plane GID reflections of DPPA films in absence and
presence of TBEV-FL (colored) and fits (black) at surface pressures of a) 15mN/m, b) 25 mN/m
and ¢) 35mN/m. d) Out-of-plane reflections. Intensity distribution along the Bragg rods that
occurred at the smallest g value (colored) and fits (black) at surface pressures of e) 15mN/m,
f) 25 mN/m and g) 35mN/m. h) Unit cell area A, i) mean crystallite size L and j) tilt angle 7
obtained from the GID data as a function of time ¢. The injection of TBEV-FL was conducted

at ¢
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Figure 5.15: Percentage adjustment of the trough area to keep DPPA films interacting with
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function of time ¢. The peptides were injected at ¢t = 0. XRR scans taken before and after the
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Figure 5.16: Intensity distribution of in-plane GID reflections of DPPA films in absence and
presence of VSV-FL (colored) and fits (black) at surface pressures of a) 15mN/m, b) 25 mN/m
and ¢) 35mN/m. d) Out-of-plane reflections. Intensity distribution along the Bragg rods that
occurred at the smallest g value (colored) and fits (black) at surface pressures of e) 15mN /m,
f) 25 mN/m and g) 35mN/m. h) Unit cell area A, i) mean crystallite size Ly and j) tilt angle
7 obtained from the GID data as a function of time ¢. The injection of VSV-FL was conducted
at t = 0.
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Figure 5.17: Percentage adjustment of the trough area to keep DPPA films interacting with
VSV-FL at constant surface pressures of a) 15mN/m, b) 25 mN/m and ¢) 35 mN/m as a function
of time ¢. The peptides were injected at ¢t = 0. XRR scans taken before and after the addition
of VSV-FL (colored) and fits (black) at surface pressures of d) 15mN/m, e) 25mN/m and

f) 35mN/m. Corresponding electron density profiles at surface pressures of g) 15mN/m, h)
25mN/m and i) 35mN/m.
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5.9 The interaction of VSV-TMD with DPPA Langmuir
films

Figure 5.18 and 5.19 summarize the results of the GID and XRR experiments on VSV-
TMDs interacting with DPPA Langmuir films at surface pressures of 15 and 35 mN /m.
The time course of the trough surface area during the experiments is shown in figure
5.19. At 15mN/m, the injection of VSV-TMD caused a strong increase of the surface
area. After two and a half hours, an expansion of 8 % was necessary to stabilize the
surface pressure. The opening speed of the barrier was almost constant over the whole
period, indicating that the equilibrium was not reached. The effects on the crystalline
structure observed with GID were low: the size of the unit cell remained constant and
the tilt angle increased only slightly. However, most of the scans revealed a reduced
mean crystallite size after the addition of VSV-TMD, indicating that the insertion of
the peptides decreased the order of the LC phase. The electron density profiles show
that the peptides inserted deeply into the hydrophobic area, as the electron density
increased in the corresponding region. A pronounced adsorption layer underneath the
headgroups like it has been observed for the other peptides, did not occur. However, a
slight increase of the electron density underneath the headgroups in a range of less than
10 A was still observed.

At a surface pressure of 35mN/m, trough area, lateral film structure, tilt angle,
and mean crystallite size did not change after the injection of VSV-TMD. The electron
density profiles show that the high film pressure inhibited the insertion of peptides into
the hydrophobic regime and the observed structure did not change at all. Apparently,
the peptides did not accumulate underneath the anionic lipid monolayer despite their
net charge of +4 at pH 5. Therefore, it is assumed that this also did not happen at
15mN/m. Instead, the slight increase of the electron density underneath the headgroups
at 15mN/m might be caused by hydrophilic segments of the peptides protruding from
the monolayer. This is consistent with the assumption of an «-helical insertion of VSV-
TMD. With a length of about 22.5 A [309], the 15 residues of the TMD of VSV would be
able to traverse the whole hydrophobic region of the monolayer forming a single o-helix.
The dimensions of the hydrophilic anchor unit are sufficient to span the headgroup region
and reach into the subphase.
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Figure 5.18: Intensity distribution of in-plane GID reflections of DPPA films in absence and
presence of VSV-TMD (colored) and fits (black) at surface pressures of a) 15mN/m and b)
35mN/m. ¢) Out-of-plane reflections. Intensity distribution along the Bragg rods that occurred
at the smallest g value (colored) and fits (black) at surface pressures of d) 15mN/m and e)
35mN/m. f) Unit cell area A, g) mean crystallite size Ly and h) tilt angle 7 obtained from the
GID data as a function of time ¢t. The injection of VSV-TMD was conducted at ¢ = 0.
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Figure 5.19: Percentage adjustment of the trough area to keep DPPA films interacting with
VSV-TMD at constant surface pressures of a) 15 mN/m and b) 35mN/m as a function of time t.
The peptides were injected at ¢ = 0. XRR scans taken before and after the addition of VSV-TMD
(colored) and fits (black) at surface pressures of ¢) 15mN/m and d) 35mN/m. Corresponding
electron density profiles at surface pressures of €) 15mN/m and f) 35 mN/m.
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5.10 Conclusion

In this chapter, the interaction of fusogenic peptides with Langmuir monolayers was
investigated. It was found that the insertion mode of HA2-FP strongly depends on
the membrane composition. The peptide was incorporated in the hydrophobic region of
DPPC membranes, while there are indications that it formed clusters in DPPA monolay-
ers. However, in both cases, HA2-FP had a high propensity to penetrate the monolayer
and to increase the surface pressure by displacing the lipid molecules.

In contrast, the effects on the surface pressure of the FLs of TBEV and VSV were
more subtle. In agreement with the assumption that both sequences mainly interact with
membranes via aromatic anchors, a penetration depth of a few Angstréms that reduced
with increasing surface pressure was determined for these peptides [125, 205|. Both FLs
formed a highly defined adsorbate layer underneath the headgroups. Possibly, this effect
is caused by electrostatic interactions of the cationic anchor unit with the anionic DPPA
monolayer. However, it was found that VSV-TMD does not adsorb at the Langmuir
film despite the anchor unit and a positive net charge of +4. Therefore, the tendency of
TBEV-FL and VSV-FL to attach to the membrane surface might be characteristic for
the actual fusogenic sequences and part of their function in the viral membrane fusion
process. While VSV-TMD did not affect the structure of highly compressed DPPA
monolayers, it inserted deeply into the hydrophobic region of DPPA films at 15mN/m,
reducing the mean crystallite size of the LC phase.

While in the first project high pressure techniques were applied to induce and exam-
ine membrane remodeling processes, the high structural resolution of surface-sensitive
methods was exploited in this study to investigate interaction mechanisms of membranes
at ambient pressure. Combining both experimental approaches to study membrane pro-
cesses at high hydrostatic pressures is a difficult task. Obviously, high pressure studies
are not possible at the air-water interface and thus model membrane systems are needed
that are stable on a solid substrate at full hydration. In the next chapter, an XRR study
on the influence of cholesterol on the behavior of solid-supported DMPC multilayers at
high hydrostatic pressure is presented. It was found that cholesterol promotes the sta-
bility of multilayer stacks at full hydration and it was possible to resolve the vertical
electron density profile of lipid membranes at pressures of up to 4 kbar.
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Chapter 6

DMPC /cholesterol membranes at
high hydrostatic pressure

6.1 Objective

In this chapter, the experimental procedure for the investigation of DMPC //cholesterol
membranes at high hydrostatic pressures is described in detail and the obtained results
are presented and discussed. The study aims on the determination of how cholesterol
modulates the pressure-response of phospholipid membranes. A particular focus is the
examination of solid-supported DMPC/cholesterol multilayers in order to explore their
potential as model systems for high pressure studies. To evaluate the influence of the
substrate, the pressure-dependent behavior of multilayers is compared to single bilayers
on a solid support and multi-lamellar vesicles in bulk solution. The results have already
been published in [153].

6.2 Sample preparation

Solid-supported lipid multilayers were produced on a silicon substrate via spin-coating.
For this purpose, silicon wafers were sonicated in 2-propanol (Sigma Aldrich), acetone
(Sigma Aldrich) and chloroform (Sigma Aldrich) for 15min each to remove organic
residues from the surface. Then, they were placed in piranha solution (3 parts sulphuric
acid (95 %, CHEMSOLUTE) and 1 part hydrogen peroxide (35 %, J. T. Baker)) for 30-
45 min. This treatment removes further contaminants and causes the formation of silanol
groups at the silicon surface. Thus, the wafers become highly hydrophilic with contact
angles below 10°. As the silanol groups are not stable at air, the wafers were stored in
ultra pure water (specific electrical resistivity > 18 MQcm) after this procedure.
Cholesterol (Sigma Aldrich) and DMPC (Sigma Aldrich) in the desired ratios were
dissolved in 2-propanol so that the total lipid concentration was 10 wt%. The proportion
of cholesterol in the total lipid mass was between 0 and 23.1 wt%. Mennicke and Salditt
[144] demonstrated that the number of lipid layers of the resulting multilayer stack is
proportional to the concentration of the spin-coating solution. The concentration applied
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here led to a deposition of 10-15 bilayers. For the spin-coating process, the wafers were
taken out of the storage liquid and fixed in the center of a rotatable disc. Due to their
high hydrophilicity, their surfaces remained fully wetted. The water residue was removed
by a gas stream. After this, 60 uL. of the lipid solution were pipetted onto the wafer
surface immediately to avoid that the silanol groups have contact with air. Then, the
wafers were rotated with 4000 rpm for 30s. During this process, the solvent and excess
lipids are removed and only an ordered stack of oriented multilayers remains on the
surface. After the preparation, the samples were stored in a desiccator where they were
stable for several days.

For the experiments, the wafers were mounted in a sample cell and the cell was filled
with aqueous buffer solution. To achieve a constant pH value of 7 also at high pressures,
Bis-Tris (Sigma Aldrich) buffer with a concentration of 25 mmol /L was used [310].

It was found that the bottom layers of the multilayer stacks were highly stable,
while the upper layers partly tended to detach locally, e.g, due to radiation damage.
This provided the opportunity to obtain information on the behavior of single bilayers
on a solid support. The corresponding procedure of data evaluation is discussed in detail
in section 6.5.

For the preparation of multi-lamellar vesicles, DMPC and cholesterol were mixed in
the desired ratios by dissolving them in chloroform. The applied cholesterol contents
again ranged from 0 and 23.1mol%. Subsequently, the solvent was removed again. A
major amount of the chloroform was dried under a gentle stream of nitrogen and the rest
was extracted with a desiccator. Afterwards, the same buffer solution was added as used
for the multilayer measurements. The final water content of all samples was 80 wt%. By
conducting five freeze-thaw cycles, the mixture was homogenized. For this purpose, the
samples were alternately immersed in liquid nitrogen and sonicated at 60 °C.

6.3 Experimental setup

The solid-supported DMPC /cholesterol membranes were investigated with XRR at beam-
line ID31 [159] of ESRF (Grenoble, France) with a photon energy of 70keV (A = 0.177 A)
and at beamline BL9 [157] of DELTA (Dortmund, Germany) with a photon energy of
27keV (A = 0.459 A). Figure 6.1 shows a picture of the setup at ID31. At ID31, the
beamsize was 50 um horizontal x 5 um vertical. Therefore, it was possible to shift the
sample laterally after every scan to prevent radiation damage. The beam dimensions at
BL9 were 1000 um horizontal x 100 um vertical. Here, the lateral sample position was
not changed. The specularly reflected and diffusely scattered intensity were recorded si-
multaneously with the area detectors MAXIPIX [311] (ID31) and PILATUS 100K [312]
(BL9). The sample temperature was 20 °C and pressures of 50 to 5000 bar were applied
with the high hydrostatic pressure XRR cell introduced in chapter 3.4.

The multi-lamellar vesicles were studied at beamline BL9 [156] of DELTA with a
photon energy of 10keV (A = 1.240 A) via SAXS. The diffraction patterns were captured
with a MAR345 image plate detector covering a ¢ range of 0.03 to 0.6 A™l. For the
calibration of the setup, silver behenate [287] was used. The sample temperature was

84



6.4. Multi-lamellar DMPC//cholesterol vesicles

-
Sample cell Figure 6.1: The high
e ‘ : hydrostatic pressure
S XRR setup at ID31.

The beam path is shown
in yellow.

20°C and pressures of 50 to 3500 bar were applied with the high hydrostatic pressure
SAXS cell introduced in chapter 3.4.

6.4 Multi-lamellar DMPC/cholesterol vesicles

Figure 6.2 shows a SAXS pattern of multi-lamellar DMPC vesicles at 50 bar that was
recorded at BL9. The intensity of the primary beam was blocked with a lead beam stop.
Before further processing of the data, the area around the beam stop was masked. Then
the intensity was azimuthally integrated and considered as a function of the momentum
transfer ¢. For the determination of the spacing d = 27/qpragg of the multi-lamellar
structures, the positions of the first order Bragg reflections gprage were determined. For
this purpose, a linear background was subtracted in a region around the maxima and
Pearson type VII distributions [313]| were fitted to the data. The corresponding fits
can be seen in figure 6.3. Figure 6.4 summarizes the resulting values of the lamellar
spacing as a function of pressure for all considered cholesterol concentrations. Based on
this data, the phase behavior of the membranes can be determined by comparison with
literature values [133-135, 170].

For pure DMPC vesicles, two reflexes were observed indicating a coexistence of two

0.05 0.1 0.15 0.2 0.25 0.3

q [A]

Figure 6.2: SAXS intensity of multi-lamellar DMPC vesicles at 50 bar shown as a raw 2D
detector image (left), after masking the beam stop (center) and as a function of g after azimuthal
integration (right).

85



Chapter 6. DMPC/cholesterol membranes at high hydrostatic pressure

0 wt% cholesterol 4.8 wt% cholesterol 9.1 wt% cholesterol o 50 bar

o 250 bar
o 500 bar
o 750 bar
o 1000 bar
o 1250 bar
o 1500 bar
o 1750 bar
o 2000 bar
o 2250 bar
o 2500 bar
o 2750 bar
o 3000 bar
o 3250 bar
o 3500 bar

14 wt% cholesterol 18.4 wt% cholesterol 23.1 wt% cholesterol

0.07 0.08 0.09 0.1 011 0.12 0.08 0.09 01 0.11 012 0.08 009 0.1 011 0.12

q [A7] q [A7] q [A7]

Figure 6.3: SAXS data (colored points) and fits (black lines) of first order Bragg reflections of
multi-lamellar DMPC vesicles that incorporate different amounts of cholesterol upon pressur-
ization.

phases. With a spacing of 66 A and 58 A, these can be identified as Pg/ and L/ phase.
The Ppr reflection was much more pronounced at 50 bar, but its maximum intensity
decreased and its width increased at pressurization. This indicates a reduction of the
coherence length of the Pps phase vertical to the bilayer surfaces. At the same time,
the Lg: reflex shifted towards the Pgs reflex, so that both strongly overlapped and were
barely distinguishable above approximately 1.5kbar.

The Lg: phase disappeared already with the addition of low cholesterol concentra-
tions. However, at 4.8 wt% and 9.1 wt% cholesterol, the Pps reflections exhibited an
asymmetry that can be described by the assumption of a second reflection on the right
flank of the maxima. This might be caused by a slight separation of a cholesterol-poor
phase, which was also observed for DPPC vesicles containing 10 mol% cholesterol [314].
As the intensity of this feature was very weak, it is difficult to determine the spacing
accurately. However, the corresponding phase seemed to be almost unresponsive to pres-
sure and had a spacing of 66-68 A. This behavior is similar to that observed for pure
DMPC vesicles in the Pg: phase, which supports the assumption that the origin of the
additional reflections lies in cholesterol-poor domains. The lattice constant of the dom-
inant phase increased strongly at pressurization, especially at a cholesterol content of
4.8 wt%. Beyond 2kbar, this behavior was reversed and a compression occurred. Dur-
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Figure 6.4: Pressure-dependence of the spacing d for different cholesterol concentrations. If
two reflections occurred, d; denotes the more intense and ds the less intense reflection. The
gray lines mark the linear regions that were considered for determining the compressibilities.
Reprinted with permission from [153]. Copyright (©) 2019 Elsevier B.V.

ing this compression, the weak reflection disappeared. At a cholesterol concentration
of 9.1 wt%, the behavior was similar, but the gradients of the spacing as a function of
pressure were smaller and the reversal of slope occurred later at approximately 2.25 kbar.
Like in case of pure DMPC vesicles, pressurization caused a broadening of the reflections
and a decrease of the maximum intensity at both concentrations.

This changed with a further increase of the cholesterol concentration to 14.0 wt% and
more. At 14.0 wt%, the sign of the compressibility was abruptly reversed at 0.75kbar.
Above this pressure, the shape of the reflections hardly changed. For higher concentra-
tions, this stability was evident over the entire pressure range. This behavior indicates
that the vesicles entered the liquid ordered L, phase [139, 170].

6.5 Solid-supported DMPC /cholesterol multilayers

Figure 6.5 shows selected reflectivity curves of solid-supported DMPC multilayers con-
taining different amounts of cholesterol. The curves exhibit three main features: pro-
nounced Bragg reflections at positions that are directly related to the multilayer spacing,
short oscillations with a period length < 0.01 A that is related to the thickness of the
whole multilayer, and long oscillations with a period length > 0.1 A" that is related to
the thickness of the bottom layer. A suppression of the higher-order Bragg reflections
and the occurrence of wide oscillations at high ¢ values can be a result of inhomogeneities
in the surface coverage and a reduced vertical long-range order of the multilayer [315,
316|. However, repetitive measurements at the same spot on the sample showed that a
decline of the Bragg reflections and an increase of the long oscillations can also happen
with time. This is most likely due to detachment of bilayers induced by radiation damage
[317, 318]. In X-ray experiments, the sample can be damaged by the beam as a result
of the formation of free radicals in the water phase or local heating of the sample.

The intensity of the presented reflectivity curves covers approximately 8 orders of
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Figure 6.5: XRR data of solid-supported DMPC multilayers containing different amounts of
cholesterol upon pressurization. The reflectivity curves are shifted vertically for better visual-
ization. In the 18 wt% cholesterol subfigure, fits are shown in black.

magnitude in the scanned angular range. The incoming intensity was adjusted g¢-
dependent with attenuators. Therefore, the radiation exposure per measuring point
increases at high ¢q. At the same time, the footprint of the beam at the sample sur-
face becomes smaller increasing the radiation density even more. This implies that
there is a spatially uneven radiation exposure of the sample. In conclusion, multilayer
measurements that show distinct long oscillations often cannot be analyzed under the
assumption of stationarity and homogeneity. If this is the case, they can no longer be
modeled with the fitting procedure described in chapter 3.2. However, calculations of
the spacing or the bilayer thickness based on reflex positions and oscillation distances
are still possible. The experiments showed that in addition to radiation damage also a
pressure-induced detachment of bilayers occurs, especially at low cholesterol content. At
a high cholesterol concentration of 18.4 wt%, the stability of the multilayers was sufficient
to extract vertical electron density profiles by reconstructing the reflectivity curves with
simulations in a pressure range from 50 bar to 4 kbar. In the following, the behavior of
the solid-supported membranes at all cholesterol concentrations is first compared on the
basis of Bragg reflection positions and oscillation periods and then the obtained electron
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Figure 6.6: First order Bragg reflections of reflectivity curves (colored points) and fits (colored
lines) of solid-supported DMPC multilayers that incorporate different amounts of cholesterol
upon pressurization.

density profiles are discussed.

For the calculation of the multilayer spacing, Gaussian distributions were fitted to
the first order Bragg reflections. Figure 6.6 shows the corresponding regions of the re-
flectivity curves with the Gaussian fits. It can be seen that coexistence of phases was not
observed in multilayers in contrast to multi-lamellar vesicles. However, the comparison
of vesicle and multilayer spacing at 50 bar in figure 6.7 demonstrates that both systems
still behaved very similarly. When coexisting phases occurred in vesicles, only the spac-
ing that corresponds to the more intense reflection was considered here. The spacing
increased by approximately 4 A when low amounts of cholesterol were incorporated. Fur-
ther addition of cholesterol decreased the spacing again slightly below the value of pure
DMPC. The good agreement of vesicle and multilayer data indicates that the deposition
of 10-15 bilayers is sufficient to largely suppress the influence of the substrate.

Figure 6.8 shows the pressure-dependence of the spacing of multilayers (filled mar-
kers) for all concentrations. It can be seen that multilayers containing low amounts
of cholesterol (blue symbols) were highly pressure-responsive and expanded strongly at
pressurization compared to pure DMPC (black symbols). Apparently, the expansion
reduced the stability of the multilayers and led to a detachment of bilayers from the
sample surface. A partial detachment of multilayers decreased the intensity of the Bragg
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reflections and is evident in figure 6.6. If a multilayer was damaged so much that no
reflexes were observed, this can be seen from missing data points at high pressures in
figure 6.8. In this case, typically only the bottom layer remained on the surface.

In contrast, the incorporation of high cholesterol concentrations (red symbols) im-
proved the stability of the multilayer stack. The membranes became less pressure-
responsive and the pressure-induced vertical expansion diminished. As the reflectivity
curves in figure 6.5 prove, no indications of a pressure-induced detachment of layers was
observed at 18.4wt% and the multilayer maintained stability and homogeneity up to
4kbar. Therefore, it was possible to reconstruct the reflectivity curves in simulations,
yielding detailed vertical electron density profiles. The multilayer was modeled under the
assumption that the structure of all bilayers is identically (see chapter 3.2). The quality
of the fits confirms that this approach is adequate. In figure 6.9, the electron density
profiles of the obtained bilayer structure is shown for all pressures. It can be seen that
the electron density increased in all sublayers at pressurization. However, this effect was
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most pronounced in the hydrophobic area. Moreover, the profiles show that the slight
expansion of the multilayer with increasing pressures is due to an enlargement of the
water-filled region between adjacent bilayers. This is illustrated by the black arrows in
figure 6.9. The shift of the maxima B of the headgroup region towards the center of
the bilayer indicates that the lipid layer itself is slightly compressed. The minima A in
the water layer, however, move outwards so that an effective vertical expansion of the
multilayer results.

The XRR measurements on multilayer samples where a detachment of bilayers oc-
curred show that the bottom layer in direct contact to the substrate was highly stable
and remained attached to the solid support. This is evident from the fact that in all cases
still long oscillations are observed in the reflectivity curve, which indicate the presence
of a v« 50 A thick layer on the surface (see figure 6.5). For these samples, the thickness
of the remaining single solid-supported bilayers was determined as d = 87 /¢4 from the
position of the fourth oscillation maximum ¢4, which was obtained by fitting a Gaussian
distribution.

While vesicles and multilayers shared many characteristics, single bilayers behaved
very differently upon pressurization (figure 6.8, open markers). Pure DMPC bilayers
with direct contact to the solid support exhibited a slight vertical compression upon
pressurization (black symbols). The incorporation of cholesterol made the membranes
almost unresponsive to pressure and the bilayer thickness barely changed over the whole
pressure range at all concentrations. These observations indicate that pressure-induced
changes of the membrane structure are mostly suppressed in substrate-bound bilayers.
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Chapter 6. DMPC/cholesterol membranes at high hydrostatic pressure

The reason why the bilayer thickness is always 15-20 A smaller than the spacing of the
multilayers is that the multilayer spacing comprises the thickness of a lipid bilayer and
the thickness of the water layer between two bilayers. In addition, direct binding to a
substrate compresses phospholipid bilayers by a few Angstréms [319].

To conduct a quantitative comparison of the pressure-response of all three types of
model membranes that were considered in this study, their linear compressibility

K= L Ad (6.1)
do Ap

was determined. For this purpose, a linear model was fitted to the spacing or bilayer
thickness d as a function of pressure p. The linear regions that were taken into account
are indicated in figures 6.4 and 6.8. The solid-supported membranes showed a linear
pressure-dependence in the whole pressure range in which they were stable. In the cor-
responding pressures ranges, multi-lamellar vesicles with the same cholesterol content
also exhibited a linear behavior. However, the linearity did not extend over the entire
measured pressure range. Therefore, only the linear increase in the low-pressure regime
was taken into account for vesicle with low cholesterol content. Due to the phase tran-
sition that occurred in the low pressure regime at 14 wt% cholesterol, this concentration
is not considered here. The resulting compressibilities of multi-lamellar vesicles, solid-
supported multilayers, and solid-supported bilayers are presented in figure 6.10. The
compressibility of unbound DMPC bilayers in vesicles assumed large negative values
at low concentrations and approached zero when more cholesterol was added. In con-
trast, the compressibility of bilayers in direct contact to the substrate was almost zero
independent of their cholesterol content. However, the cholesterol-dependence of the
compressibility of solid-supported multilayers was similar to that of vesicles. It can be
concluded that the influence of the substrate on the pressure-response of lipid bilayers
is widely suppressed in a stack of 10-15 bilayers.

6.6 Conclusion

In this chapter, the pressure-dependent behavior of different types of DMPC model
membranes containing varying amounts of cholesterol was examined. Multi-lamellar
vesicles with low cholesterol contents exhibited a strong expansion of the spacing upon
pressurization accompanied by a reduction of the long-range order perpendicular to the
surface of the lamellae. At 14 wt% cholesterol, a phase transition from the Pg/ into
the L, was observed at 0.75kbar. The structure of vesicles in the liquid ordered phase
barely changed with increasing pressure as the position and width of the observed Bragg
reflections were highly constant throughout the entire pressure range.

It was found that the behavior of solid-supported multilayers resemble that of multi-
lamellar vesicles. However, the strong pressure-response upon the incorporation of low
amounts of cholesterol reduced their stability. The similarity regarding spacing and
compressibility between solid-supported multilayers and unbound bilayers in vesicles
demonstrates that the deposition of 10-15 bilayers is sufficient to effectively reduce the
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6.6. Conclusion

influence of the substrate. In contrast, the investigation of single bilayers revealed how
strongly the solid support affects membranes in close proximity. Their pressure-response
was small and almost independent of the cholesterol content due to the strong substrate-
lipid interaction that confines the vertical flexibility [147, 320].

The presented study shows that cholesterol can improve the stability of solid-sup-
ported multilayers and can reduce their tendency to detach even under pressurization
stress. This opens the way to the application of solid-supported multilayers for a variety
of experiments that are based on surface-sensitive methods and require stable model
membranes under full hydration, e.g, on the interaction of membranes with proteins at
high pressure conditions.
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Chapter 7

Conclusion and outlook

In this thesis, X-ray scattering methods were used to investigate how fusogenic peptides,
cellular solutes and cholesterol affect the structure of lipid membranes. In a pressure-
jump study on monoolein model membranes, the influence of different osmolytes, molec-
ular crowding and fusogenic peptides of viral envelope proteins on the equilibration of
cubic lipid structures was examined. Moreover, the adsorption and insertion behavior
of the fusogenic peptides was investigated at phospholipid Langmuir monolayers. In a
further study, the effect of cholesterol on the pressure-response of DMPC membranes
was explored and the behavior of solid-supported model systems at high hydrostatic
pressures was compared to vesicles.

In the first project, the effects of additives on pressure-induced remodeling processes
of monoolein structures in excess water were examined with SAXS. After a pressure-jump
across the lamellar-to-cubic phase boundary, the cubic phase formed with an increased
lattice constant and released excess water until equilibrium was reached within a few
hours. Urea strongly decelerated the reduction of the lattice constant, so that it took,
three times longer until a threshold of 110 % of the equilibrium value was reached. Thus,
the affinity of urea to interact with the surface of lipid structures, which promotes states
with large headgroup areas |30, 71|, does not only shift the equilibrium curvature of lipid
structures, but also reduces the speed of dynamic processes that involve an increase
of negative curvature. In presence of TMAO and sucrose, 110% of the equilibrium
lattice constants were in most cases reached after less than half an hour. The strong
interactions of these molecules with water cause a displacement from lipid structures
[26]. The fast release of excess water from the monoolein phase can be explained by the
resulting osmotic pressure between the interior of the cubic structure and the surrounding
water. Although cellular membrane processes typically do not involve the formation of
channel systems like they are found in bicontinuous cubic phases, the approaching of
two membranes prior to a fusion process still forms a confined water layer where it
is unfavorable for molecules like TMAQO and sucrose to reside. The results presented
in this thesis show that TMAO and sucrose can accelerate the dehydration of such
confined spaces, which is essential for a fusion event. For urea and TMAO in a 2:1 ratio,
a compensation of the effects of both molecules on the equilibration process was found.
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Chapter 7. Conclusion and outlook

Similar to TMAO and sucrose, PEG reduced the lattice constant of cubic monoolein
structures and accelerated the dynamics after a pressure-jump. Both effects increased
with the size of the polymers, although it is known that the osmotic pressure exerted by
PEG decreases with the molecular weight at constant mass concentration [266]. As the
radius of the water channels of monoolein structures is in the same order of magnitude
as the radii of gyration of the examined PEGs, this can be explained by an increasing
concentration gradient between hydration and excess water. The larger the polymers
are, the more unfavorable is the confinement by the channel system. For PEG with
a radius of gyration that is larger than the radius of the monoolein water channels
(M > 4000 g/mol), a transition into the Ia3d phase was induced. As a further increase
of the polymer size did not lead to a further compression of the lipid structures, it is
assumed that PEG was fully displaced from the cubic structure in the whole Ia3d regime.

The interaction of membranes with viral peptide sequences was examined with two
different approaches. The results of the first and second project provide a consistent view
on the interaction of fusogenic peptides with lipid membranes, and existing assumptions
concerning interaction modes and penetration depths were experimentally confirmed in
this thesis. In the second project, the effect of fusogenic peptides on the structure of
phospholipid monolayers was investigated with XRR and GID. It was found that HA2-
FP has a high affinity for the hydrophobic air-water interface and it accumulated at
the surface in presence and absence of lipids until a surface pressure of approximately
30mN/m was reached. HA2-FP was able to penetrate even highly compressed DPPA
films at 35mN/m. For DPPC, an insertion of peptides into the lipid layer was only
found below 30mN/m. In DPPA films, HA2-FP accumulated at the polar-apolar in-
terface while it was found in the hydrophobic region of DPPC monolayers. The deep
insertion into DPPC membranes can be explained by the ability of the large headgroups
to wrap around incorporated peptides, which promotes a mixing of lipids and peptides.
The experimental results suggest that the small headgroups of DPPA rather cause the
formation of HA2-FP clusters. However, both insertion modes indicate that HA2-FP is
able to induce negative curvature in lipid membranes.

An interaction with the FLs of TBEV and VSV was only observed with DPPA and
not with DPPC films. They attached underneath the headgroups forming defined layers.
TBEV-FL showed also slight effects on the hydrophobic region indicating a maximum
insertion depth of approximately 7A at 15 mN/m that decreased to approximately 4A
at 35mN/m. At 25mN/m, VSV-FL showed a similar behavior with an insertion depth
of approximately 5A. At 35 mN/m, a pronounced accumulation layer underneath the
surface was still observed, but the hydrophobic region was not affected at all. In contrast,
VSV-FL had a strong effect on the whole layer profile at 15mN/m. Presumably, the
peptides filled void spaces of the monolayer and displaced crystalline lipid structures.
The observed behavior of TBEV-FL and VSV-FL confirms the assumption that the
peptides interact mainly with the surface of membranes and only penetrate them via
aromatic anchors [125, 205]. The TMD of VSV did not attach to DPPA monolayers
despite the electrostatic attraction. At 15mN/m, it inserted deep into the hydrophobic
region, while it was not able to penetrate the monolayer at 35 mN/m.

In good agreement with the results of the Langmuir monolayer study, the peptides
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showed different effects on the behavior of monoolein upon pressure-jumps. Similar to
urea, the preferred interaction of TBEV-FL and VSV-FL with the surface of membranes
caused an increase of the equilibrium lattice constant of the Pn3m phase and a decel-
eration of the release of excess water after a pressure-jump. HA2-FP, VSV-TMD and
L16 strongly accelerated the equilibration process. In contrast to TMAQ, sucrose and
PEG, the three peptides did not dehydrate the cubic phase at equilibrium, so that the
effect of the peptides cannot be explained by depletion. Instead, it is assumed that the
sequences modulate the structure and dynamics of monoolein by penetrating the lipid
layers. For HA2-FP and VSV-TMD, the assumption is supported by the results of the
second project. The ability of the peptides to insert into phospholipid monolayers at
the air-water interface, however, reduced at high surface pressures. This is in agreement
with the observation that the peptides are displaced from monoolein structures in the L,
phase at 1000 bar. Presumably, the acceleration of the reduction of the lattice parameter
after a pressure-jump is primarily due to an increase of the area of the Pn3m surface
that is induced by a reinsertion of the peptides.

Pressure-jumps in the opposite direction from 50 bar to 1500 bar revealed that the
presence of TBEV-FL induces a fast transition into the L. phase. This confirms that the
peptide promotes structures with large headgroup areas and thus low negative curvature
due to a preferential interaction with the surface of membranes. Surprisingly, HA2-FP
induced a fast formation of a highly swollen Pn3m phase with a lattice constant of
approximately 150 A that was stable for at least 16 hours. For a deeper understanding
of this observation, pressure-jumps from the cubic into the lamellar regime in presence
of VSV-TMD and L16 will be performed in future experiments. The results will reveal
if the observed stability of the swollen Pn3m phase at 1500 bar is induced by the unique
structural properties of HA2-FP, which is thought to induce negative Gaussian curvature
in membranes [51, 198], or if comparable effects can also be induced by other hydrophobic
peptides. Moreover, further additives like urea and TMAO should be included into the
study. Exploring how the interaction of urea with monoolein headgroups affects the
behavior of metastable Pn3m structures in contrast to TBEV-FL might help to asses the
role of the aromatic anchors of TBEV-FL for causing the fast cubic-to-lamellar transition.
Experiments with TMAO or PEG would shed light on the influence of depletion on the
cubic-to-lamellar transition.

In the third project, it was explored how cholesterol modulates the pressure-response
of DMPC membranes. It was found that the spacing of multi-lamellar DMPC structures
that contain low amounts of cholesterol expands strongly upon pressurization. Above
a cholesterol content of 14 wt%, DMPC membranes entered the L, phase and their
structure barely changed when hydrostatic pressures were applied. Spacing and com-
pressibility of solid-supported multilayers were very similar to multi-lamellar vesicles,
indicating that the preparation of 10-15 bilayers is sufficient to suppress the influence of
the substrate. Single bilayers in direct contact to the substrate showed a very different
behavior, as their compressibility was almost zero at all cholesterol concentrations.

It was shown that the addition of cholesterol can improve the stability of DMPC
multilayers, as their tendency to detach from the substrate reduced in the liquid ordered
phase. In the corresponding concentration regime, it was possible to obtain detailed
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electron density profiles of the vertical structure of the bilayers with XRR. On the
basis of these results, new approaches can be designed to study, e.g., the interaction of
lipid membranes with proteins or deep-sea osmolytes at high pressure conditions taking
advantage of the potential of surface-sensitive methods.
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Appendix A

Supplementary information

A.1 SAXS data and fits of the pressure-jump experiments

In this section, integrated SAXS patterns and the obtained fits of the pressure-jump
study discussed in chapter 4 are presented. Figures A.1 to A.10 show data of monoolein
samples with a water content of 80 and 90 wt% in absence of additives and monolein

samples containing urea, TMAQO, PEG 400, PEG 1500, PEG 4000, PEG 35000, HA2-FP
and TBEV-FL.
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Figure A.l:
and fits (black lines) of monoolein samples
with a water content of 80 wt% at 50 bar be-
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Figure A.2: SAXS data (colored points)
and fits (black lines) of monoolein samples
with a water content of 90 wt% at 50 bar be-
fore pressurization (top), at 1000 bar imme-
diately before and at 50 bar immediately and
at different times after the pressure-jump. At
50 bar the cubic Pn3m phase occurred and at
1000 bar the lamellar L. phase. When do-
mains with different Pn3m lattice constants
were observed, the separate contributions are
illustrated in teal and pink.
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Figure A.3: SAXS data (colored points) and
fits (black lines) of monoolein samples contain-
ing 1M urea at 50 bar before pressurization
(top), at 1000 bar immediately before and at
50 bar immediately and at different times after
the pressure-jump. At 50 bar the cubic Pn3m
phase occurred and at 1000 bar the lamellar
L. phase.
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Figure A.4: SAXS data (colored points) and
fits (black lines) of monoolein samples contain-
ing 1M TMAO at 50 bar before pressurization
(top), at 1000 bar immediately before and at
50 bar immediately and at different times after
the pressure-jump. At 50 bar the cubic Pn3m
phase occurred and at 1000 bar the lamellar
L. phase.
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Figure A.5: SAXS data (colored points) and
fits (black lines) of monoolein samples contain-
ing 150g/L PEG 400 at 50bar before pres-
surization (top), at 1000 bar immediately be-
fore and at 50 bar immediately and at different
times after the pressure-jump. At 50 bar the
cubic Pn3m phase occurred and at 1000 bar
the lamellar L, phase.
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Figure A.6: SAXS data (colored points) and
fits (black lines) of monoolein samples contain-
ing 150g/L PEG 1500 at 50 bar before pres-
surization (top), at 1000 bar immediately be-
fore and at 50 bar immediately and at different
times after the pressure-jump. At 50 bar the
cubic Pn3m phase occurred and at 1000 bar
the lamellar L, phase. Immediately after the
pressure-jump both phases coexisted. The
separate contributions are illustrated in teal
(Pn3m) and pink (L).
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Figure A.7: SAXS data (colored points) and
fits (black lines) of monoolein samples contain-
ing 150g/L PEG 4000 at 50 bar before pres-
surization (top), at 2000 bar immediately be-
fore and at 50 bar immediately and at differ-
ent times after the pressure-jump. At 50 bar
the cubic Ta3d phase occurred and at 2000 bar
the lamellar L. and L, phase. Immediately
after the pressure-jump Ia3d and L. phase co-
existed. The separate contributions are illus-
trated in teal (Ia3d) and pink (L).
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Figure A.8: SAXS data (colored points) and
fits (black lines) of monoolein samples con-
taining 150g/L PEG 35000 at 50 bar before
pressurization (top), at 1500 bar immediately
before and at 50 bar immediately and at differ-
ent times after the pressure-jump. At 50 bar
the cubic Ia3d phase occurred and at 1500 bar
the lamellar L, phase. Immediately after the
pressure-jump both phases coexisted. The
separate contributions are illustrated in teal
(Ta3d) and pink (Le).
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Figure A.9: SAXS data (colored points) and
fits (black lines) of monoolein samples contain-
ing 2wt% HA2-FP at 50 bar before pressuriza-
tion (top), at 1000 bar immediately before and
at 50bar immediately and at different times
after the pressure-jump. At 50bar the cubic
Pn3m phase occurred and at 1000 bar the la-
mellar L. phase. Before pressurization Pn3m
and Im3m phase coexisted. The separate con-
tributions are illustrated in teal (Pn3m) and
pink (Im3m).
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Figure A.10: SAXS data (colored points)
and fits (black lines) of monoolein samples
containing 2wt% TBEV-FL at 50 bar before
pressurization (top), at 1000 bar immediately
before and at 50 bar immediately and at differ-
ent times after the pressure-jump. At 50 bar
the cubic Pn3m and Im3m phases occurred.
The separate contributions are illustrated in
teal (Pn3m) and pink (Im3m). At 1000 bar
the lamellar L. phase was observed.



A.2. The interaction of TBEV-FL, VSV-FL and VSV-TMD with DPPC Langmuir films

A.2 The interaction of TBEV-FL, VSV-FL and VSV-TMD
with DPPC Langmuir films

The injection of TBEV-FL, VSV-FL and VSV-TMD into the subphase barely affected
the structure of DPPC Langmuir films at constant surface area. The surface pressure
remained unchanged in all cases. Figure A.11 to A.16 show the results of XRR and GID
scans conducted 40 minutes after the injection. The lattice constants typically changed
by less than 0.1 %. Modifications of the electron density profiles were only observed at
5mN/m. However, these are possibly due to the instability of low-compressed DPPC
films and cannot be clearly assigned to an interaction with the peptides. In conclusion,
these data do not provide evidence of a distinct influence of the peptides on the structure
of DPPC monolayers at the corresponding time scale.
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Figure A.11: GID reflections of DPPC films before (gray symbols) and after
(colored symbols) the injection of TBEV-FL as a function of ¢ and fits (black).
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Figure A.12: XRR data (left) and electron density profiles (right) of DPPC films before (gray)
and after (colored) the addition of TBEV-FL and fits (black). Reflectivity curves and electron
density profiles are shifted vertically for better visualization.
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Figure A.13: GID reflections of DPPC films before (gray symbols) and after
(colored symbols) the injection of VSV-FL as a function of ¢ and fits (black).
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Figure A.14: XRR data (left) and electron density profiles (right) of DPPC films before (gray)
and after (colored) the addition of VSV-FL and fits (black). Reflectivity curves and electron
density profiles are shifted vertically for better visualization.
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Figure A.15: GID reflections of DPPC films before (gray symbols) and after
(colored symbols) the injection of VSV-TMD as a function of ¢ and fits (black).
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Figure A.16: XRR data (left) and electron density profiles (right) of DPPC films before (gray)
and after (colored) the addition of VSV-TMD and fits (black). Reflectivity curves and electron
density profiles are shifted vertically for better visualization.
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