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Foreword

Two different projects were carried out during this PhD thesis work, which
was focused on the investigation of structure, function and physical properties of
phospholipid membranes by combining a large number of experimental techniques.

The first project focused on the investigation of out-of-equilibrium membrane
fluctuations caused by protein Bacteriorhodopsin pumping activity.

Within the second project the interaction between strongly confined highly
negatively charged lipid bilayers in the presence of only monovalent counterions
was investigated.

This manuscript consists of five parts. The introduction to the thesis is given
in Part I. Sample description, sample preparation protocols and used experimental
techniques are discussed in Part II. The results obtained within the two projects are
discussed in Part III and Part IV, which can be read independently. Developments
of sample environment and experimental setup that have been carried out within
this thesis are presented in Chapter 2 of Part II.

In Part V the general conclusions of the thesis work is presented.
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Introduction






CHAPTER 1

Membrane-protein systems

1.1 The cell membrane

Biological membranes are omnipresent in living organisms and perform a wide
range of vitally important functions. They cover cell organelles (plasma membrane)
and serve as separator and compartmentalizer, enclosing the subcellular structures
and organelles in eukaryotic cells (intracellular membranes). The plasma membrane
(PM) functions like a semi-permeable barrier, which surrounds biological cells and
separates their internal and external mediums, selectively controlling the flux of ions

and molecules and maintaining cell homeostasis.

A cell membrane is a very complex system composed of several different con-
stituents. Lipids (phospholipids, glycolipids, and sterols), which self assemble into
a lipid bilayer, carbohydrates (glycoproteins and glycolipids) and proteins (lipid
anchored proteins, peripheral and integral (transmembrane) proteins), which can
be attached to the lipid bilayer or inserted into it, are the main constituents of cell
membranes. Despite the high complexity and great variety of components, cell mem-
branes possess a very well-defined organization and structure, which is provided

mainly by the self-assembly properties of the lipid bilayer.

The lipid bilayer constitutes the skeleton of membranes and serves as a viscous
medium and support for all membrane proteins, mediating and promoting protein
activity and a wide range of additional vital processes which are unceasingly running
in the cell [1].

Ditferent models have been proposed in order to describe the structure, com-
position and organization of biomembranes. The fluid mosaic model proposed by

Singer and Nicolson in 1972 stays the most complete and realistic description of the
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natural membrane [2]. This model describes the PM structure as a mosaic of its
main components: lipids, cholesterol, proteins and carbohydrates (Fig. 1.1.1). It was
suggested that the peripheral and integral proteins are distributed asymmetrically
and inhomogeneously across the bilayer and all other constituent molecules (sterols,
proteins, carbohydrates) are floating in a medium composed of lipids. In turn,
phospholipid molecules are asymmetrically distributed between the two leaflets of
the bilayer: charged phosphatidylserines, phosphatidylethanolamines and a small
number of phosphatidylcholines are mainly present in the internal leaflet and large
amounts of phosphatidylcholines, sphingolipids and glycolipids compose the outer
leaflet of the PM [3]. The important elements of the fluid mosaic model are membrane
dynamics and fluidity, reponsible for the lateral diffusive properties of membrane
components, lipid flip-flop, rotational and translational motions, chain motion, lipid
protrusion and membrane shape fluctuations.

The fluid mosaic model implies that a biological membrane is dynamic, fluid

and constantly evolving and that it is permeable for ions and small molecules [3].

Extracellular Fluid

Protein channel
(transport protein) Hydrophilic heads

Globular protein Glycoprotein

0D Ot
0/ ) \“ “HH o”)f) L \W 0 ) ﬂn\ HH‘ Phospholipid bilayer
(it i fﬂ(ﬁ{u&‘nni-ﬁ{u‘, i

) hosphollpld

molecule

Integral protein
(Globular protein) Surface protein

Cholesterol

Glycolipid

Filaments of / Alpha-Helix-protein Hydrophobic tails

Peripherial protein
cytoskeleton (Integral protein)

Cytoplasm

Figure 1.1.1 — Fluid mosaic model of the cell membrane [4].

The fluid mosaic model of PM predicts free lateral diffusion of membrane com-
ponents. However, labelling experiments indicate that sphingolipids, lipid-linked
proteins and cholesterol may segregate into small size (10-200 nm) tightly packed
liquid-ordered microdomains called rafts, which prevent lateral diffusion of some
proteins in the membrane [5]. Rafts are dynamic structures with an ability to assem-
ble and disassemble rapidly. It was shown that these nanodomains are resistant to

solubilization by detergents [6] and therefore they were often called as detergent-
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insoluble glycolipid-enriched complexes or detergent resistant membranes [7]. Rafts

play significant biological roles in membrane signaling and trafficking [8].

The existence of these domains was predicted a long time ago [9] and it was
remaining controversial for a long time. Due to their very small size (<200 nm),
which is below the diffraction limit of a conventional optical microscope, and their
instability, as they may form on time scales which are below the time scale of diffu-
sion processes [3], it was a difficult task for scientists to observe and confirm their
existence. But the development and application of several biochemical and biophys-
ical tools, such as super-resolution optical microscopy techniques (photoactivated
localization microscopy, stimulated emission depletion microscopy and nearfield
scanning optical microscopy) and single-molecule based techniques (such as single-
particle tracking, interferometric scattering microscopy and fluorescence correlation
spectroscopy) help to shed light on this concept, allowing to visualize lipid-protein
clustering and to perform dynamic measurements and to probe the diffusion of
membrane molecules, attributing this property to the membrane heterogeneous or-
ganization [10-12]. However, these domains still lack direct in vivo visualization and
numerous controversies concerning the organization and dynamics of these mem-
brane domains are still remained unsolved. Therefore the further application and
development of hight spacial and resolution techniques is required, which imposes

that the field of lipid raft research will remain of great importance.

The great complexity of biological membranes, their heterogeneous composi-
tion and diverse functionality make them a very difficult, but very interesting system
to investigate. In order to study the specific features and function of a particular
constituent of the biomembrane, the implementation of specific approaches based on
the use of simplified model systems is required and is usually implemented. Such
an approach allows to characterize different constituents of the membranes, their
intrinsic properties and performed functions independently. Structural character-
ization of membrane models and understanding of the relationship between their
structure and function can provide an excellent platform for a better understanding

of more complex natural biosystems.
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1.2 Membrane fluctuations

As discussed above, real biological membranes are very complex systems com-
prising a big variety of active entities: transmembrane and peripheral proteins,
channels and pumps, which unceasingly perform their vital functions. In living
systems, the PM plays a crucial role in the transport of small molecules as it ensures
the entry of nutrients, transfer of ions through the membrane, which are necessary to
trigger activation of the molecular motors in muscle cells, signal propagation along
axons or induction of acidification of some cell compartments, etc. These active pro-
cesses involve specific membrane proteins, which use metabolic energy produced
during ATP hydrolysis or photochemical reactions in the cell. The cytoskeleton
network attached to the membrane has a big impact on the membrane dynamics,
restricting membrane shape undulations and lipid and/or protein diffusion. Activ-
ity of macro-molecules, which periodically adhere to the membrane surface in order
to fulfill their functions, has a huge influence on the membrane behavior as well.
Therefore, a natural membrane is a very active system and it is continuously subject
to the action of external forces, which have a great impact on the membrane shape
fluctuations and physical properties.

Membranes are known to exhibit thermal fluctuations, but the presence of an ac-
tive center, as it was discussed above, brings an active noise source to the system. The
behavior of such a dynamic system does not satisfy the fluctuation-dissipation the-
orem anymore and leads to out-of-equilibrium membrane fluctuations [13]. Active
fluctuations have been widely described theoretically [13-17], with the prediction of
a new fluctuation spectrum in the presence of a non-equilibrium noise source.

The first experiments on Bacteriorhodopsin (BR) as a light-activated proton pump
reconstituted in giant unilamellar vesicles (GUVs) were performed by ]J.-B. Man-
neville and co-workers [16, 18, 19] using micropipette aspiration [16, 19] and refined
video-microscopy analysis [20]. These inspiring experiments on GUVs with recon-
stituted BR have demonstrated the influence of protein pumping activity on the
membrane fluctuation spectrum for the first time. In fact, a larger excess area could
be pulled out by micropipette when the protein was active, demonstrating that the
light-driven BR proton pumping activity induces an amplification of the membrane

shape fluctuations and a strong decrease in the effective bending modulus of the
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membrane. This information was provided only at the micrometer scale and the
membrane fluctuation spectrum was not measured. A complete understanding of
the mechanisms at play in the active membrane fluctuations implies the need for a

fine characterization of the fluctuation spectrum at sub-micronic length scales.

1.3 Protein reconstitution into membrane model sys-

tems

A comprehensive structural and functional study of PM is a non-trivial task, as
all molecular components of the PM are involved in numerous processes running
continuously in living cells. The interplay between the structure and functions of
the PM constituents is a very complex and crucially important phenomenon mainly
determined by the morphology and function of the integral and peripheral proteins
attached or embedded into the membrane.

Membrane proteins perform a wide range of functions: they may be receptors
for signal translocation across the cell, they perform an active or passive transport
of molecules and ions across the membrane, they serve as attachment points for
cytoskeleton and extracellular matrix, they can perform recognition functions and
act as enzymes to catalyze reactions in the cell. In summary they play an essential
role in the physiological functions of the living cells.

In turn, a very specific composition of the lipid bilayer is necessary to maintain
protein and cell activity and vitality. Any slight variation in membrane lipid com-
position can lead to faulty modifications in the performance of the whole biosystem.
As already mentioned, due to the incredible complexity of plasma membranes, to
understand the specific functions and processes running in the cell by studying real
biological samples is almost an impossible task. A simplified system composed only
of a lipid bilayer with a reconstituted transmembrane protein can serve as a good
model to mimic the cell membrane. Therefore the creation of a biologically relevant,
simple and robust model system is the first step towards a better understanding of
complex biological membranes and all their specific functions [21].

Reconstitution of membrane proteins into membrane-mimic systems (lipid bi-

layers) serves as a powerful tool to better understand the functional, structural and
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physical properties of bio-membranes and to determine the specific role of trans-
membrane proteins [22]. Isolation of a specific integral membrane protein from
biological membranes often involves the use of detergent, as detergent molecules
can shield the hydrophobic area of transmembrane proteins from exposure to water,
helping them to preserve their structural and functional integrity. To extract the
specific protein from the PM, the cell has to be fully solubilized by the appropriate
detergent and a target compound has to be extracted by purification from the formed
biomass. At the end of a multi-step process a high purity protein-detergent solution

can be obtained [23].

Numerous protocols involving use of detergent for the protein reconstruction
in artificial membranes are extensively present in literature [21, 22, 24-30]. Such a
large variety of employed approaches can be justified by the specificity of reconsti-
tuted transmembrane proteins, composition of lipid bilayers and type of membrane

systems (vesicles, single, double or multibilayers, tethered systems, etc.).

In order to be reliable, the method for protein reconstitution has to provide a
robust and reproducible outcome, fulfilling different criteria such as homogeneous
insertion and distribution of protein in the membrane, controllable amount of pro-
teins inserted, no denaturation or precipitation and no loss of protein functional
activity during the reconstitution, unidirectional orientation in the membrane, abil-
ity to control and define the ionic strength and ionic composition of the medium and

lipid composition and symmetry/asymmetry of the model membrane.

The choice of an appropriate lipid model system has to be made thoroughly as
well. The protocols available in the literature deal, in most cases, with either small,
large or giant unilamellar lipid vesicles. The choice of the model system depends on
the aim of the study and available experimental techniques used to investigate the

membrane-protein systems.

High-resolution surface-sensitive techniques are used to study the structure
of planar membrane-protein systems and to probe their physical properties. Ex-
periments devoted to the structural and functional investigation of reconstituted
transmembrane proteins can also be performed, utilising the lipid bilayer as a nat-
ural medium for the protein. In this context, development of a reliable protocol

for protein reconstitution into membrane-model systems opens the way for a wide
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range of new experiments, allowing to investigate structure and dynamics of more

complex membrane-model systems.

1.4 Main aim of project I

Main aim of this thesis work is the investigation of the out-of-equilibrium fluc-
tuations of phospholipid membranes induced by active transmembrane proteins. In
this context, Bacteriorhodopsin (BR) and Archaerhodopsin-3 (Arch-3) are used as
light-driven proton pumps, which activity can be triggered by visible light. Model
systems such as solid-supported single and floating phospholipid bilayers are used
to study the structure and physical properties of lipid bilayers and their interactions
with protein molecules. We aim to adapt the detergent-mediated protein incorpora-
tion method [31-33] for protein insertion into planar bilayers using the sugar-based
detergent DDM. We aim to develop a robust protocol for protein reconstitution into
membrame-mimic systems, while preserving the structural integrity and functional
activity of the protein molecules and lipid bilayer. The method is optimized us-
ing available experimental lab techniques such as QCM-D, fluorescence microscopy,
AFM and in-house X-ray reflectometry.

By means of large scale facility surface-sensitive techniques such as neutron
(NR) and synchrotron radiation (SR) reflectometry experiments, we aim to charac-
terize the structure of a pristine single and double lipid bilayer systems at A resolu-
tion and to reveal all induced structural and compositional modifications caused by
protein incorporation, as well as to quantify the amount of protein inserted in the
membrane.

Off-specular SR reflectivity experiments were also performed and they will
allow us to probe the lateral structural features of the solid-supported bilayers with
and without embedded proteins and to directly access the physical properties of the
system such as bending modulus, surface tension and interaction potential between
adjacent membranes. Due to lack of time within this thesis project, the complete
analysis of the synchrotron experiments could not be performed. Despite this fact, a
preliminary analysis of a specular SR reflectivity experiment will be presented and

the collected data during off-specular scattering experiment will be discussed.
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CHAPTER 2

Interaction between charged lipid membranes

2.1 Introduction

Membranes are complex and heterogeneous assemblies, whose structural and
physical properties such as membrane rigidity, structural stability and membrane
undulations substantially depend on the interplay of various interactions which the
system undergoes. Natural lipid bilayers are negatively charged due to the presence
of a significant amount of negatively charged lipid species (such as cardiolipin,
PS, PG lipids) in their composition. Due to the presence of a liquid environment
surrounding lipid bilayers, counterions (and coions) are ubiquitously present in the
solution making the overall system electroneutral. Electrostatic interactions play
one of the dominant roles in determining the membrane behavior and they govern
the cell-cell adhesion, cell fusion, protein binding kinetics, affinity and numerous

other processes occurring in the cell [34].

Supported lipid bilayers offer a unique highly controlled configuration ideally
suitable to study and finely characterize the extremely complex interplay between
membranes and their environment. Lipid bilayers are often chosen as idealized
and simplified models to study two-dimensional soft systems. Bilayer-bilayer inter-
actions, interaction of proteins, peptides or nanoparticles with the membrane and
fundamental physical properties of the system [35] can be investigated using these
simplified model systems. In turn, the system behavior is moderated by coions
and counterions present in the solution, which form an ionic double layer in the
proximity of the membrane surface. Ion distribution is defined by the interplay
between Coulombic forces and ion entropy and it modulates the overall properties

and behavior of the system.
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Electrostatic interaction is the major player in defining and understanding in-
teraction between charged membranes in electrolyte solutions [34]. Therefore, un-
derstanding the behavior of charged systems starts with the understanding of coun-
terion distribution around charged surfaces [36]. The first developed approach to
treat the counterion-mediated interaction between charged systems is the Poisson-
Boltzmann (PB) theory within the mean-field approximation, which predicts the
counterion distribution around charged surfaces. The PB theory correctly pre-
dicts the interaction pressure in case of weakly coupled systems with low surface
charge, low counterion valency and high temperature conditions in the weak cou-
pling regime (WC). However, when multivalent ions are present in the solution and
the surface charge is high, the PB theory reaches its limit and fails to describe the
interaction between charged bodies correctly. At this limit the ion-ion correlation
and ion pair formation start to be essential and should be taken into account, which

goes beyond the mean field approach of the PB theory.

Itis known that highly charged planar surfaces can attract each other in the pres-
ence of multivalent counterions (colloidal particles coagulation or flocculation [37],
polyelectrolite aggregation [38], DNA packing [39]), but from the theoretical point of
view this observation is counterintuitive and challenging to describe. The main ap-
proach used to explain the observed like-charge attraction going beyond PB theory is
the Strong-Coupling (5C) theory. The SC approach takes into account ion-ion correla-
tions and ion binding, which are essential in the SC limit of multivalent counterions,
highly charged surfaces and low temperature. SC theory was pioneered by Rouzina
and Bloomfield [40] and developed further by Netz and Moreira [36, 41-44] and
Samaj and Trizac [45-48]. WC and SC approaches allow to treat the ion-mediated in-
teraction between charged systems at the two opposite limits of weakly and strongly

charged surfaces, depending on ion valency and distance between surfaces.

It was shown that in a strongly confined geometry the molecular structure of
bulk water and water close to interfaces is substantially different, as the presence
of the surface induces water molecules arrangement into a layered structure, which
causes a decrease of the dielectric constant of the interlayer water [49]. Due to
the differences in the correlation which bulk water molecules and interfacial water

molecules composing the hydration shell of ions experience, they possess different
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electrostatic properties, which influence the interaction between two charged sur-
faces and can lead to the conversion of repulsion into attraction at sufficiently low
separations. Therefore the effect of a strong confinement on the system’s behavior

should be considered as well.

2.2 Main aim of project II

Within this thesis project we aim to study the interaction between two nega-
tively charged lipid bilayers composed of DPPS phospholipids in the presence of
monovalent ions only, without added salt (coions). We aim to perform XRR and NR
experiments in order to study the structural arrangement of DPPS double and triple
bilayer systems with A resolution. The interaction between highly charged bilayers
in the strongly confined geometry (interlayer water thickness < 2 nm) is investi-
gated considering the equilibrium distance between like-charged bilayers (water
layer thickness). The modulation of the water layer thickness between silicon sup-
port and bilayer and between two bilayers induced by variation of the concentration
of added salt and temperature is studied as well.

We aim to obtain a realistic theoretical explanation for our experimental observa-
tions of a like-charge attraction phenomenon between highly negatively charged pla-
nar lipid bilayers, by implementing the existing WC and SC theoretical approaches.
We can note that the PB theory in the mean-field approximation predicts only re-
pulsion between charged object, neglecting the ion correlation effect. The surface of
DPPS lipid bilayers possesses a moderate surface charge density (0 ~ 0.77 e”/nm?,
coupling constant (defined below) E ~ 3) meaning that the system description does
not fall into the attractive region of the SC theory. We aim to show an agreement
with the existing SC theory, which naturally predicts a like-charge attraction, taking
into account a decrease of the water dielectric constant (which in turn leads to an
increase of the coupling constant) induced by the rearrangement of water molecules
near the charged surface in the strong confinement. Considering these observations,
a description of the interactions between DPPS double lipid bilayers systems within

the attractive region of the SC limit will be provided [50].



24

CHAP. 2: INTERACTION BETWEEN CHARGED LIPID MEMBRANES




Part 11

Materials and Methods






CHAPTER 1

Samples and sample preparation

1.1 Lipids

A huge variety of membrane proteins (inserted, peripheral or lipid-linked), their
activity and interaction with the surrounding environment and external molecules,
a tremendous diversity of lipid species and carbohydrates, all together make a cell

membrane incredibly complex.

Lipids are the main components of biological membranes. 50% of the membrane
weight is occupied by phospholipids, which are the main type of lipids present in the
cell membrane. Phospholipid molecules are composed of hydrophobic (lipid tails)
and hydrophilic (lipid head) parts, thus lipid molecules possess an amphiphilic
nature (Fig. I1.1.1). Hydrophobic lipid tails consist of two fatty acid chains linked
to carbons 1 and 2 of a glycerol molecule through an ester oxygen. A phosphate
group is linked to carbon 3 of the glycerol via ester bond and this assembly forms the
backbone of a phospholipid molecule. A polar headgroup of chemically different
types is grafted onto the phosphate and varies between lipid species.

Thanks to their amphiphilic nature, lipids in a liquid environment can self-
assemble into a large variety of molecular nano-structures (bilayers, micelles, bi-

celles, nanodiscs, bicontinuous cubic phases, etc.).

Abbreviations composed of four capital letters are often used to indicate phos-
pholipids: the first two letters refer to the lipid chains and the last two letters to
the lipid headgroup. The most common headgroups for phospholipids are: phos-
phatidylcholine (PC), phosphatidylserine (PS), phosphatidylethanolamine (PE), phos-
phatidylglycerol (PG), and phosphatidylinositol (PI). The most abundant head groups

that can be found in biomembranes are the zwitterionic PC and PE. PS, PI, PG head-
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°=3-o Lipid head
Lipid tail

Figure I.1.1 — Schematic representation of the phospholipid structure. Hydrophilic
head and two hydrophobic tails regions are shown.

groups are negatively charged and they essentially contribute to the overall negative
charge of the biomembrane. Phospholipid chain length and number of unsatura-
tions are indicated in the following nomenclature: "n:m headgroup" , where "n"
corresponds to the number of carbons in the chain and "m" to the number of un-
saturated bonds; "headgroup" denotes the two-letter abbreviation of the headgroup
type of the lipid. A list of the phospholipids used within this work together with

their properties are listed in Tab. 1.1.

In Fig. II1.1.2 the chemical structure of the used phospholipid molecules with
two hydrocarbon chains and phosphatidylcholine (PC) or phosphatidylserine (PS)
head groups are shown. The hydrophobic and hydrophilic regions are highlighted
by the dotted line.

As mentioned above, an important aspect of the physical properties of natural
membranes is their fluidity. The way membrane fluidity (and lipid mobility) changes
with temperature is defined by the lipid phase behaviour. The temperature at which
lipids undergo a transition from gel to fluid phase is called the main transition
temperature. The value of this temperature depends on the lipid structure, the
alkane chain length and the number of unsaturations presented in the lipid tails.
The transition temperatures for the used phospholipids are given in Tab. 1.1. The

values of the transition temperatures were taken from the Avanti webpage [52].
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Figure II.1.2 — Chemical structure of phospholipids used in this thesis. The hy-
drophobic and hydrophilic regions are defined by the dotted lines [51].

Table 1.1 — Characteristics of the phospholipid molecules used within this thesis [52].

Name Abbreviations Type T,
1,2-distearoyl-sn-glycero- | DSPC 18:0 PC zwitterionic | 55 °C
3-phosphocholine

1,2-dipalmitoyl-sn- DPPC 16:0 PC zwitterionic | 41 °C
glycero-3-phosphocholine

1,2-dipalmitoyl- d,sDPPC 16:0PC-d75 | zwitterionic | 41 °C

d62-sn-glycero-3-
phosphocholine-1,1,2,2-
d4-N,N,N-trimethyl-d9

1,2-dimyristoyl-sn- DMPC 14:0 PC zwitterionic | 24 °C
glycero-3-phosphocholine

1-palmitoyl-2-oleoyl- POPC 16:0-18:1PC | zwitterionic | -2 °C
glycero-3-phosphocholine

1,2-dipalmitoyl-sn- DPPS 16:0 PS negatively 54°C
glycero-3-phospho-L- charged

serine (sodium salt)

We should note that the phase transitions in solid supported lipid bilayers (SLBs),
vesicles in solution and multibilayers occur at different temperatures. Gerelli [53] has
shown that the temperature range at which lipids undergo transition is broader for
SLBs than for freestanding bilayers in solution. It was shown as well that deuteration
has an effect on the lipids phase behaviour. Bryant et al. [54] have shown that the
gel-fluid phase transition temperature is 4.3+0.1°C lower for phospholipids (DSPC,
DPPC and DMPC) with deuterated chains.
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1.2 Solid supported lipid bilayers (SLBs)

Model lipid bilayer systems serve as a good platform to study the physical
properties and structure of cell membranes, functional activity of membrane com-
ponents and a range of processes, such as membrane-protein interactions, cell fusion
and fission. The most common models for natural cell membranes are lipid vesicles
of different size and lamellarity and supported lipid bilayers (SLBs) either on solid
support, tethered to a surface or cushioned. Each of the membrane model systems
has its advantages and disadvantages, which should to be thoroughly considered
before their use. The appropriate choice of model system is case-dependent and it
is based on the target experiment, available techniques for the investigation and the
tinal aim of the study [55].

SLBs are among the most widely used model systems. A SLBis a self-assembled
lipid bilayer composed of one type or a mixture of lipid species (natural or synthetic)
at a solid/liquid interface. A small hydration layer (3-20 A) separates the SLB from
the substrate.

SLBs can be deposited on solid substrates of different kinds. Chemical compo-
sition, roughness, hydrophilicity and surface charge are important properties which
have to be taken into account when choosing the appropriate support for the ex-
periment. The most widely used substrates are atomically flat and chemically inert
mica, gold, titanium, glass, quartz and silicon oxide surfaces.

Experimental studies have shown that the proximity of the substrate has an
impact on the lipid bilayer properties: restricted lateral mobility of lipids or in-
tegrated proteins [56], membrane fluidity and fluctuations [13], decoupled phase
transitions [53] and an asymmetric lipid distribution in the upper and lower leaflet
of the lipid bilayer [57]. Substrate close proximity can hamper the process of protein
incorporation or can provoke protein denaturation and aggregation [58].

On the other hand, SLBs are stable, with a well-defined structure and chemical
composition, fixed near the substrate bilayers. The closeness to the solid support
provides a planar membrane orientation suitable for investigation with a wide range
of surface sensitive techniques. SLBs can be formed in a liquid environment of vari-
able pH and ionic strength, which is crucially important and very advantageous

for the investigation of membrane protein, nanoparticle, peptide or other macro-
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molecules” interaction with SLBs as they require a specific liquid medium to keep

their structural integrity and functional activity [59].

1.2.1 Model systems

Lipid bilayers composed of one type of synthetic phospholipids can be consid-
ered as the simplest model of biomembrane and can serve as a good biologically
relevant model for a range of tasks. For our research projects focused on protein
reconstitution studies and out-of-equilibrium fluctuations of membrane-protein sys-
tems (Project I) and investigation of the interaction between two highly charged lipid
bilayers (Project II), we have chosen planar membrane model systems such as solid-
supported single and double lipid bilayers composed of zwitterionic and negatively
charged synthetic phospholipids. A sketch of the membrane-mimic model systems

used within this work is shown in Fig. VI.1.2.

poPpoTy
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Figure I1.1.3 — Sketch of the model systems used within this thesis: single and double
lipid bilayers.

1.3 Sample preparation

Lipid bilayers can be formed on solid supports using different techniques in-
cluding the Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) deposition tech-
niques, spin coating, vesicle fusion, the fast solvent-exchange method, deposition

using lipid - surfactant micelles and performing tethering of a lipid bilayer by a
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polymer brush [28]. Many experimental protocols reporting detailed procedures
for lipid bilayer preparation of different lipid composition and on different types of
substrate are available [28, 55, 60-69], however, producing SLBs of a certain lipid
composition remains challenging.

Langmuir-Blodgett/Langmuir-Schaefer (LB/LS) deposition and vesicle fusion
are the most commonly used techniques for SLBs preparation. A detailed description

of these methods will be presented below.

1.3.1 Vesicle fusion

Vesicle fusion is a simple and widely used technique to form symmetric sin-
gle lipid bilayers on solid supports. Protocols for good SLB deposition should be
optimized case by case, taking into account parameters such as lipid phase and
electrostatic balance. Other parameters defining vesicle - substrate interactions also
have a significant effect on the successful SLB formation: chemical composition,
roughness, hydrophylicity of the surface, composition and size of lipid vesicles,
pH, temperature and ionic strength of the solution [28]. To promote the formation
of SLBs, it is important to i) facilitate vesicle-substrate adhesion and ii) stimulate
vesicle rupture via applied stress, if spontaneous rupture does not occur. We have
to note that there is no universal recipe for SLB formation by vesicle fusion. A
successful protocol suitable for a specific type of lipid-substrate combination and
environmental condition has to be developed experimentally [28].

Several scenarios to explain spontaneous transformation of lipid vesicles into
planar lipid bilayers, which occurs upon interaction of lipid vesicles with a solid
support were reported [58]. In Fig. II.1.4 three different pathways for SLB formation
are shown: a) upon adsorption on the solid support vesicles do not fuse or break
immediately, but when a critical vesicle concentration is reached, the vesicles fuse
and transform into a SLB; b) as soon as vesicles reach the substrate they rupture,
forming an SLB; c) vesicles do not fuse or rupture, forming an adhesive vesicle layer.
The outcome of these pathways can be manipulated by tuning the environmental
conditions in order to promote complete SLB formation. It was shown that the
specific kinetics of vesicle fusion or rupture and SLB formation do not have an

influence on the final quality of the bilayer [55].
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Figure I1.1.4 — Possible outcomes of lipid vesicle fusion process at the solid/liquid
interface [58].

1.3.2 Lipid vesicle preparation and fusion protocols

During this thesis single SLBs composed of POPC and DPPC:POPC (1:1 mol:mol)
lipids were studied extensively. Lipid vesicle fusion protocols to form SLB on SiOx
and mica substrates were optimized by QCM-D and AFM experiments. In all the

cases, SLBs were formed starting from a small unilamellar vesicle (SUV) solutions.

SUV preparation

In order to obtain solutions of SUVs composed of POPC lipids or mixtures
of DPPC:POPC (1:1 mol:mol) lipids, the appropriate amount of lipid powder were
solubilized in chloroform. The volatile solvent was evaporated using a nitrogen flow
while the vial containing the solutions was continuously rotated to form a uniform
dry lipid film on its walls. The film was re-hydrated with water (D,0O, H,O or D,0,
H,O PBS buffer, depending on the experiment) to reach a concentration of 0.5 mg/ml
for QCM-D experiments and 1 mg/ml for AFM and NR experiments. To obtain

monodisperse SUVs the lipid suspension was extruded through a polycarbonate



34: CHAP. 1: SAMPLES AND SAMPLE PREPARATION

tilter with 50 nm pore size.

An alternative method consisting in tip sonication (for 15-20 minutes with
repeated pulses (5 s on, 5 s off) at 50% amplitude power) was used as well. This
method does not ensure SUV monodispersity and absence of MUVs. However, due
to the simplicity, ease in use and availability, tip sonication was routinely used to

produce SUVs suitable for the vesicle fusion procedure.

1.3.3 Vesicle fusion for NR experiments

Single SLBs composed of POPC lipids were used as a model system to study
protein reconstitution with NR experiments performed on the MARIA reflectometer.
POPC SLBs were formed on the 5x8 cm? surface of silicon crystal cut and highly
polished along the (111) plane (roughness ~ 5 A). The thoroughly cleaned silicon
block (see section A in the Appendix for the implemented cleaning procedure)
was tightly sealed inside the solid/liquid cell (section 2.7). To produce single lipid
bilayers, 3 ml of 1 mg/ml of POPC SUV solution in MilliQ water was injected into
the solid/liquid cell prefilled with MilliQ. The system was incubated for 20 minutes
in order to induce vesicle adhesion on the silicon surface. The cell was then rinsed
with 3 ml of 500 mM NaCl solution to subject the vesicles to osmotic shock. Due to
the difference in ion concentration in the internal and external medium of vesicles,
there are subjected to an osmotic pressure, which promotes and facilitates vesicles
rupture and fusion in presence of a surface. Afterwards the cell was rinsed with D,O
or H,O PBS buffer to remove all unbound lipids vesicle from the cell. A single POPC
lipid bilayer deposited on the silicon block was obtained. The developed protocol
provides robust and reproducible results giving high quality samples (full coverage)

as confirmed by NR measurements (see section 3.2.3).

1.3.4 Vesicle fusion for AFM experiments

Single SLBs composed of POPC and mixtures of DPPC:POPC (1:1 mol:mol)
lipids were used as a model system to study BR reconstitution by AFM experiments
(IBS, Grenoble, France). POPC and DPPC:POPC single lipid bilayers were formed

on mica sheets of 7 mm diameter by vesicle fusion.
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To prepare SLB composed of POPC lipids, 100 ul of SUV solution was drop-cast
on the wetted mica surface and the sample was left to incubate for 15 minutes at
room temperature, after which the sample was carefully rinsed with 200 ul of 500
mM NaCl solution to promote vesicles rupture and SLB formation. The sample was
further rinsed with PBS buffer and as a final system a single POPC bilayer on mica
was formed.

In order to form single lipid bilayers composed of POPC and DPPC lipids that
form separated gel and fluid domains at room temperature [70], the SUV solution and
the wetted mica surface were both heated up to 60°C. This step was done in order to
perform vesicle fusion at a temperature higher than the main transition temperature
of the used lipids (Tab. 1.1). This condition facilitates the vesicle fusion process by
promoting fast vesicle rupture. Subsequently, 100 ul of the heated DPPC:POPC (1:1
mol:mol) SUV solution was drop-cast on the wetted and heated sample support.
The sample and a wetted wipe were kept together covered and sealed in the petri
dish to prevent sample evaporation and were placed into an oven at 60°C for at least
30 minutes. After removing the sample from the oven, it was carefully rinsed with
200 ul of heated up to 60°C 500 mM NaCl solution and left to incubate for 15 minutes
at 60°C. At the end of the incubation period, the sample was rinsed thoroughly with
heated PBS buffer and left to cool down slowly and stabilize at room temperature.

This procedure led to the formation of DPPC:POPC SLBs on a mica surface.

1.3.5 Vesicle fusion for QCM-D experiments

Planar POPC bilayers were used as a model system to investigate BR reconsti-
tution with QCM-D experiments. POPC SLBs were formed on a silicon crystal chip
(section 2.1) using the following protocol: 1 ml of 0.5 mg/ml POPC vesicle solution
in PBS buffer was injected at a flow rate of 150 ul/min into the solid/liquid chambers
of the QCM-D setup. These cells were filled with PBS buffer and stabilized at 25°C
beforehand. The flow was stopped and the samples were incubated for 15 minutes
to allow the vesicles to fuse on the silicon chips and to form SLBs. The sample cells
were rinsed with MilliQ water (or 500 mM NaCl solution) to subject vesicles to an
osmotic shock and to promote their fusion. In order to remove residuals of lipid

vesicles, the cells were rinsed again with PBS buffer by restarting the flow at 150
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pl/min until stable frequency and dissipation signals were obtained. Stabilization of
frequency and dissipation denotes the completion of the POPC lipid bilayer forma-
tion. A dissipation signal of around 0.2 x 107® and a frequency shift of around -24
Hz indicate a high quality (full coverage) lipid bilayer formation.

Several QCM-D experiments were performed in order to study BR reconstitu-
tion into DMPC and DPPC:POPC (1:1 by mol) lipid bilayer systems. The protocol
for the DMPC lipid bilayer formation by vesicle fusion is identical to the reported
above for the POPC SLB formation. DPPC:POPC lipid bilayer formation and BR
reconstitution was performed at 45°C, therefore the QCM-D solid/liquid chambers,
SUVs solution, PBS buffer and 500 mM NaCl solution were heated up to 45°C be-
forehand. Otherwise, the protocol for POPC:DPPC SLB formation is identical to the

one reported above.

1.3.6 Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) deposi-

tion techniques

Lipid bilayers with a well-defined composition and structure can be formed
on solid supports by LB/LS techniques. A key feature of these techniques, which
makes them extremely advantageous over vesicle fusion, is the possibility to perform
the deposition of multibilayer systems. More than one lipid bilayer (double and
multi bilayers, depending on the nature of the used lipids) can be formed on solid
supports of different types. In fact, the deposition of each layer by LB/LS techniques
is performed independently and therefore the composition of each monolayer of
the bilayer system can be varied and can be chosen separately. This is in contrast
to the vesicle fusion technique, which only allows to form a single bilayer without
control of the lipid bilayer’s compositional arrangement. The LB technique allows
to precisely control the quality of the deposited layer and, in addition, to measure
the physical properties of a monolayer at the liquid-air interface before its transfer
to a solid substrate. Therefore, the LB/LS deposition techniques provide symmetric
or asymmetric lipid bilayers on solid supports with a well-controlled structure and
composition.

In order to prepare lipid bilayer samples deposited on solid supports a Lang-

muir trough of the appropriate size has to be available. The used instrument will
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be described in the next section. As solid supports for LB/LS deposition, highly
polished (roughness ~ 5 A) and thoroughly cleaned silicon and quartz substrates
were used. The minimum size of the blocks, which were used to form lipid bilayers,

was 2.5x2.5x1 cm?3.

1.3.7 Langmuir-Blodgett troughs

To form single, double and triple lipid bilayers samples composed of DSPC,
DPPC and DPPS lipids in order to study BR insertion and membrane-protein system
fluctuations (project I) and interaction between highly charged lipid bilayers (project
IT), the LB/LS deposition techniques were used.

NIMA 611 and NIMA 1212D Langmuir troughs available at the ILL, Grenoble,
France and NIMA 312LL and KSV-NIMA Langmuir troughs available at the ICS,

Strasbourg, France were used to prepare the samples.

A Langmuir trough consists of a Langmuir-Blodgett trough top (reservoir), a
set of barriers, a surface pressure sensor (Wilhelmy plate), a dipping mechanism for

the vertical (LB) deposition and a manual setup for the horizontal (LS) deposition.

The used troughs were equipped with a deep well, which allows to completely
immerse the solid substrate into the liquid subphase and to dip it in and out through
the monolayer at the liquid-air interface in a highly controlled manner. The dipping
mechanism holds the solid substrate and the deposition cycle(s) are controlled via
a computer. Computer-controlled barrier(s) can move at a user-defined speed to
compress the lipid molecules at the water/air interface in order to perform isotherm

measurements and to form lipid monolayers in different lipid phases.

Trough and barrier setup were made from PTFE, which is a very hydrophobic
material. This prevents the lipid molecules” adhesion to the surface of the trough and
barriers. Another advantage that makes PTFE a very suitable material is the possi-
bility to clean the trough top and barriers with volatile solvents such as choloroform
or ethanol in order to remove easily the contamination from the surface.

Thanks to a water circuit in the trough bottom the temperature of the subphase
can be controlled by a thermal bath which allows fast cooling or heating of the

subphase.
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Figure II.1.5 — Langmuir Trough NIMA 611.

1.3.8 Pressure measurements

To measure the surface pressure of the Langmuir lipid monolayers, the Wil-
helmy plate method is implemented. It is a very simple and elegant method to
measure and follow changes in the surface pressure of an air/liquid interface. In
our case the Wilhelmy plate sensor consisted of a thin paper plate with a well de-
fined mass and dimensions (density 80 g/m?, perimeter 20.6 mm) [71]. The plate
is attached to a piezoelectric sensor on one side while the other side is immersed
into the liquid subphase. Changes in the force acting vertically on the plate sensor
are converted into changes in the surface pressure. The measured surface pressure
is defined as the decrease in surface tension when the amphiphilic molecules are

added to the surface:
[M=y,—y (1.1)

where y is the surface tension of subphase with monolayer, y is the surface tension

of pure subphase. Amphiphilic molecules lower the surface tension of water, thus
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Figure II.1.6 — Langmuir Trough NIMA 1212D.

the value of the measured pressure is always positive.

1.3.9 Isotherm measurements

The Wilhelmy plate method allows to monitor changes of surface pressure
induced by the lipid monolayer compression or decompression using movable bar-
rier(s) or adding other surface active molecules to the already formed monolayer at
the interface. The area per molecule in the monolayer can be controlled by reducing
or increasing the available surface area at the interface by moving the barrier(s).
The collected pressure-area curve (Langmuir isotherm) provides information on the
organization of the lipid molecules at the interface at a defined temperature [72, 73].

As an example, the pressure-area isotherm for a DPPC monolayer deposited
on a ultrapure water subphase (MilliQ, resistance > 18 MQ) at room temperature
(T =21 + 1°C) and compressed at 10 cm?/min is shown in Fig. IL.1.7. The isotherm
demonstrates the modifications of the area of the lipid monolayer at the air-water

interface versus the induced pressure in the monolayer. The main phases of the lipid
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monolayer are indicated in the figure.

Compression of the DPPC molecules on the interface generates a phase tran-
sitions of the monolayer through different phases. The lipid monolayer is in a
gaseous phase in the region where the area per lipid molecule is high (more than
60 A2/molecule) (region LG) and the interfacial pressure is low. Then DPPC mono-
layer undersdoes a transition into the liquid-expanded phase (region LE), which is
followed by the coexistence region of liquid-expanded and liquid-condensed phases
(region LE-LC), which ends below 10 mN/m. Upon the further reduction of the
pressure, the monolayer undergoes a transition into the liquid-condensed (region
LC), followed by solid phase (region S) at a surface pressure of around 35 mN/m
[74]. The collapse pressure at which the lipid monolayer starts to be unstable and
lose of materials into the subphase or the formation of multilayer structures start to

occur is around 5 mN/m for DPPC lipids [75].
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Figure I1.1.7 — DPPC monolayer isotherm at room temperature. Lipid phases are
indicated in the figure.

This behaviour of the lipid monolayer was routinely used in the sample prepa-
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ration by LB/LS techniques: lipid bilayer deposition was always performed at a

pressure of 40 nN/m with the lipid monolayer in the solid phase.

1.3.10 Sample preparation by LB/LS techniques

LB/LS deposition techniques were routinely used for the solid-supported single
and double lipid bilayer preparation. Substrates of different type and size (see
Tab. 1.2) were used for sample preparation depending on the target experiment.

The Langmuir-Blodgett trough was thoroughly cleaned and filled with ultra
pure MilliQ water. The cleaned solid substrate with a hydrophilic surface (see sec-
tion A in the Appendix) was immersed into the water sub-phase with the large
face oriented vertically. Phospholipids were dissolved in chloroform or a chloro-
form/methanol/water mixture (65:25:4 CHCIl3:MeOH:H,0) at a concentration of 1
mg/ml. The lipid solution was spread on the liquid/air interface of the trough using
a glass Hamilton syringe. After total evaporation of the solvent (= 30 minutes) the
lipid molecules formed an insoluble monolayer at the air/liquid interface with the
lipid head groups immersed into the sub-phase and the hydrophobic tails facing to-
wards air. The monolayer formed at the air/water interface was further compressed
by moving the computer controlled barrier(s) until the target pressure value was
reached. A compression speed of 15 cm?/min was generally used and the target
pressure was chosen to be fixed at 40 mN/m, at which the lipid monolayer is in the
gel phase.

LB deposition was performed by subsequently moving up and down the sub-
strate at a constant speed of 4 mm/min through the lipid monolayer at the interface,
while simultaneously keeping the surface pressure constant at the target pressure
value. By slowly raising the substrate from the water sub-phase the first monolayer
was deposited on the solid support. The second monolayer was deposited on top of
the first monolayer by lowering down the sample at constant speed (the tails of each
monolayers are facing each other) and a lipid bilayer was formed. The third mono-
layer was deposited on top of the formed bilayer by raising the solid support again
(Fig. I.1.8 ). For the case of fully negatively charged DPPS lipids, the deposition of
the fourth and fifth (up to seventh) subsequent monolayers were performed by LB

deposition technique as well.
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The last monolayer of the bilayers systems was prepared by LS deposition.
Usually the NIMA 1212D or KSV-NIMA troughs were used for the final step of
sample preparation as these troughs were equipped with a deep and wide well at
the trough center, which allows to place the solid/liquid cell inside in order to seal

the sample chamber.
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Figure I1.1.8 — Schematic illustration of Langmuir-Blodgett, Langmuir - Schaefer
(LB/LS) deposition techniques.

Therefore in order to complete the lipid bilayer formation by the LS deposition
step, a part of the solid/liquid cell was placed inside Langmuir trough filled with
MilliQ water. The lipid monolayer was formed and compressed at the interface
following the same procedure as for the LB deposition step. The solid substrate with
the deposited monolayer (or trilayer, or pentalayer) was turned by 90° and fixed to
the manual dipping setup by a vacuum suction pump. The silicon surface had to
be aligned perfectly parallel to the air/liquid interface and moved very slowly and
gently towards the lipid monolayer at the air/liquid interface using the manual dip-
ping mechanism. The bilayer is formed when the silicon block with the deposited
monolayer/trilayer/pentalayer system moves into close contact with the lipid mono-
layer spread on the water surface. The substrate had to be pushed through the
water interface and positioned on the part of the solid/liquid cell placed in water
beforehand. The solid/liquid cell was sealed tightly by placing the second part of

the cell over the solid substrate and screwing the two parts together. This way the
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sample was tightly sandwiched between the cell parts to avoid water leakage.
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Figure I1.1.9 — Schematic illustration of the gas to gel lipid transition.

As mentioned above, the great advantage of the LB technique is the possibility
to instantly estimate the quality of the deposited monolayers. This estimation can
be performed by calculating the transfer ratio (t.r.) defined as the ratio between
the decrease in monolayer area during a LB deposition step and the total surface
area of the substrate onto which the transfer is performed. A t.r. value around 1
indicates full coverage of a substrate and a high quality of the formed monolayer.
By evaluating the t.r. it is possible to discard poorly prepared samples in the early
stage of the experiment. A further discussion on the t.r. estimations can be found in

section C of the Appendix.

Samples prepared by Langmuir-Blodgett and Langmuir - Schaefer depositions

In Tab. 1.2 the samples prepared using LB/LS deposition are listed. The sample
composition, substrate type, amount of lipid solution used for the monolayer for-
mation in the LB and LS transfers and the trough type are specified. All the listed
sample were prepared using the procedure reported above.

We would like to note that:



44

CHAP. 1: SAMPLES AND SAMPLE PREPARATION

1. Fluorescence microscopy experiments were performed at the ICS, Strasbourg,

thus we have used the NIMA Technology 312LL and KSV-NIMA troughs for
the sample preparation by LB/LS techniques.

. For the case of asymmetric lipid bilayer depositions, the lipid monolayer was

removed from the air/water interface, while keeping the solid support with the
deposited monolayer or bilayer hanging in air or immersed in water. A new
lipid solution was spread on the cleaned air/water interface and afterwards the

LB/LS deposition routine was continued.

. The SLB samples for AFM experiments performed at the ILM and at the ILL

were prepared by LB and LS deposition and the formed samples were hosted
in a special solid/liquid cell (section 2.2.4). In order to study the SLB by AFM,
a solid/liquid cell had to be opened, while keeping the bilayer on the silicon
substrate hydrated. To achieve this the cell was turned upside down. The cell
was then slowly unscrewed while holding the two parts of the cell together and
parallel to the ground to avoid water leakage. The cell was placed steadily on
the table and the upper lid of the cell was removed. These manipulations had
to be done very carefully to avoid leakage and keep the water on the silicon
block to ensure the hydration of the deposited bilayer. After this last step the

sample was ready to be examined with AFM.



Table 1.2 — Samples prepared by Langmuir-Blodgett and Langmuir - Schaefer depositions

Experiment Sample Substrate Substrate di- | Lipid solution for LB depo- | Lipid solution for LS depo-
type mention sition sition
AFM gggg iz‘;ll’éebli’l?e’fr Silicon block | 2.5x2.5x1 cm® ;goy’i‘lo}_’%széc 70ul of DSPC
DSPC single bilayer 35 ul of DSPC 70 ul of DSPC + 1% NBD-
Fluorescence Glass slide 700x0.15 mm? PE
microscopy DSPC double bilayer 50 ul of DSPC 70 ul of DSPC + 1% NBD-
PE
DSPC-DPPC double 35 ul of DSPC, 35 ul of | 70 ul of DPPC + 1% NBD-
bilayer DPPC PE
DSPC-DPPC double 70 ul of DSPC, 60 ul of | 60 ul of DPPC
in-house bilayer Silicon block | 2.5x2.5x1 cm?® | DSPC
XRR DSPC single bilayer 70 ul of DSPC 60 ul of DSPC
DSPC double bilayer 70 ul of DSPC 60 ul of DSPC
DSPC-DPPC  double 100ul of DSPC, 70ul of | 100 ul of DPPC
bilayer DPPC
NR DPPS double bilayer | Silicon block | 5x8x1.5 cm? 100ul of DPPS 100 ul of DPPS
DPPS triple bilayer 120ul of DPPS 100 ul of DPPS
DPPC/DPPS- 100ul of DPPS, 90ul of | 110 ul of DPPC
DPPS/DPPC  double DPPC
bilayer
d7sDPPC/DPPS- 100ul of DPPS, 90ul of | 110 ul of d7sDPPC
DPPS/d;sDPPC d;sDPPC
double bilayer
XRR SOLEIL DSPC double bilayer | Silicon block | 5x5x1.5 cm?® 130 ul of DSPC 100 ul of DSPC
XRR ESRF DPPS double bilayer | Silicon block | 5x5x1.5 cm? 100 ul of DPPS 120 ul of DPPS
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1.4 Bacteriorhodopsin (BR) and Archaerhodopsin-3 (Arch-

3) transmembrane proteins

1.4.1 The choice of transmembrane protein

The transmembrane protein Bacteriorhodopsin (BR) was selected for the re-
construction and active fluctuations studies performed within this thesis project for
several reasons: BR is one of the most widely studied membrane proteins with a
crystal structure resolved at 1.3 A resolution [76]; BR is a transmembrane protein
with the size matching the height of DSPC and DPPC lipid bilayers used within
this thesis project, thus, no hydrophobic mismatch can occur; the atomic composi-
tion, protein function and kinetic of protein pumping activity have been extensively
studied and are well known [77-86].

The functional activity of BR as a light activated proton pump is perfectly
suitable for the main aim of the project: to study the active membrane fluctuation.
In such a way, BR can serve as a switchable active noise source giving the possibility
to probe thermal and active fluctuations of the membrane-protein system.

BR is a very structurally and functionally stable protein, as it is capable to keep
its structural integrity and activity over a wide range of experimental conditions
(pH, temperature, ionic strength, presence of cations, etc.), which makes it one of
the most stable proteins known [87]. It was shown that upon heating from 20 to
100°C, BR exhibits two thermal phase transitions: a pre-melting transition at ~ 80°C
(reversible upon cooling back to 60°C) and irreversible transition at ~ 97°C that
causes protein denaturation (melting) [87]. The thermal stability of BR is important
for the protein reconstitution into fluid lipid bilayers, which sometimes requires the

sample heating up to 60°C.

1.4.2 Bacteriorhodopsin

Bacteriorhodopsin (BR) is a very well understood ion transport protein that has
become a paradigm for membrane proteins and transporters. It is a relatively small
and highly hydrophobic protein, with a size of 27 kDa, and it is composed of 248
amino residues, 70 % of which are hydrophobic [88, 89]. BR is folded into seven
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alpha helices labeled from A to G that fully span the membrane. A retinal molecule
is covalently bound via a protonated Schiff base to the lysine residue Lys216 of the
protein (Fig. I1.1.10) [81, 90]. BR has a form of a cylinder with the radius 1.8 nm and
height 5.5 nm (Protein Data Bank).

BR functions like a light-driven proton pump: upon absorption of a photon
of green light (A, = 568 nm) by the retinal molecule, BR undergoes conforma-

tional changes and pumps protons out of the cell [84, 88, 91]. In nature BR can be

Cytoplasmic

Extracellular

Figure I1.1.10 — Structure of BR: seven TM helices, retinal and residues involved in
proton relocation are shown [83].

found in the specific light-sensitive region of plasma membranes of the salt-loving
bacterium Halobacterium salinarum, called purple membrane. In the purple mem-
brane, BR molecules organise into two-dimensional protein-lipid crystalline patches
in the form of trimers. In the Fig. I1.1.11 and I.1.12 the AFM topographs of pur-
ple membrane adsorbed to mica and electron density maps are shown respectively,
demonstrating the trimer and crystalline organization of BR molecules in nature.

BR is the only protein which can be found in purple membrane where it is present
in a very high density: 75% of the dry weight of purple membrane is made of BR
molecules, while the remaining 25% is made of specific lipids. It was shown that

in the membrane 30 lipid molecules are bound to a BR trimer: 24 lipids surround
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500 nm

Figure I1.1.12 - Electron density profile of the 2D crystalline purple membrane. The
unit cell dimension is 62 A x 62 A. [93].
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the assembly and six lipid molecules are positioned inside the trimer structure. This
corresponds to 10 specific halobacterial lipids per monomer tightly bound to the BR
molecule. Neutron diffraction data revealed the presence of 7-12 water molecules
bound to BR and it was reported that these water molecules are crucial for a correct
protein pumping activity [77, 80, 81, 94].

As mentioned above, BR functions as a light-driven proton pump. The release
of a proton into the extracellular side and the uptake of a new proton from the
cytoplasmic medium are simultaneously occurring events. This sequence of events

is called Bacteriorhodopsin photocycle. ~ BR undergoes significant conformation

Resting

conformation Intermediate

conformation

16 ms 1.9ms

Late conformation

Figure II.1.13 — Conformational changes of Bacteriorhodopsin during its pumping
activity. Significant movements of F, G, and C alpha helixes during the photocycle
once the retinal is converted from all-trans (green) to 13-cis (magenta) are high-
lighted: resting conformation (green) of BR is superposed with intermediate (black)
and late (red) conformations [78].

changes during the photocycle activity [78, 82, 83]. Intermediate conformational
states of BR during the protein pumping cycle, changes in retinal and residues
conformations, changes of protonation states and hydrogen-bonding of residues

have been studied extensively [78, 95]. In Fig. II1.1.13 spacious movements of the
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Cytoplasmic side

cf _
y Ly521 B..— ﬁq: ] \ “‘
¢ y i Il_ i 3 3

A5p85' f \Retmal

i 5\ -,,i{' B )
4 . _;\# Y 5
{ Arg82® <\ . o
R ¥ 4
LA P A

- L ¥
' Glu2048 & "13'&!194 €
';I‘\ - !

v »
Extracellular side

Figure I1.1.14 — Schematic representation of the proton transfer steps (indicated by
arrows and numbers from 1 to 5) in the BR photocycle. Labels A-G indicate 7 BR
alpha helixes. Step 1 is release of a proton from the Schiff base to Asp85. In step 2
a proton is released to the extracellular medium (via Glu204 or Glu194). In step 3
the Schiff base is reprotonated by Asp96. Step 4 is the reprotonation of Asp96 from
the cytoplasmic medium. Step 5 is the final proton transfer step from Asp85 to the
either Glu204 or Glu194, which are involved in proton release at the extracellular
side [84].

helices when the retinal is converted from all-trans (green) to 13-cis (magenta) upon
the proton translocation are shown. The proton path during the cycle, a ribbon
diagram of BR structure and important residues for the proton translocation across

the protein are shown in Fig. I1.1.13 and 11.1.14.
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1.4.3 Protein BR solution characterization

UV-Vis absorption spectra of BR can be used to define the purity, state (light-
adapted, dark-adapted) and concentration of BR molecules in solution. A typical
absorption spectrum of BR is shown in Fig. I1.1.15. Protein concentration in the

solution can be estimated using the Beer-Lambert law:

A =log,, 170 = lce (1.2)

where A is the absorbance, Ij is incident laser intensity and I is the transmit-
ted intensity, € is the molar absorption coefficient or molar extinction coefficient,
Imol~'cm™; [ is the length of the light path in cm; c is the solution concentration,
moll™'. The typical values for molar extinction coefficients of BR are €554 = 47

mM'em™! and €350 = 81 mM~lem™! [89, 96].
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Figure I1.1.15 — UV-Vis absorption spectra of the samples of the wild type BR and
D85N and D96N mutants normalized by absorbance at 280 nm [79].

BR absorption spectrum exhibits two distinctive peaks: the retinal absorption
peak at 558 nm and a peak at 280 nm caused by absorption of protein amino acids
(mainly by Tryptophan (280 nm), Tyrosine (275 nm) and Phenylalanine (255 nm)).
The position of the retinal absorption peak indicates the light-adapted (568 nm) or
dark-adapted (558 nm) state of the protein [97]. The BR purity can be evaluated by

measuring the absorbance at 280 nm and 568 nm using a UV-vis spectrometer and
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calculating the peak to peak ratio Ajgy/Ases. A value of Ajgy/Ases between ~ 1.4-1.8

is a good indication that the solution contains no denaturated proteins [98].

1.4.4 Protein expression and purification

Expression of BR from the purple membrane provides a very high yield of
BR molecules. The process of protein purification is straightforward and a lot of
protocols for protein extraction and purification are available and usually involve
use of detergent. Solutions of BR in DDM detergent of defined concentration were
obtained thanks to the collaboration with the group of Valentin Gordeliy at the IBS,
Greboble, France.

The protocol used by the group to purify BR was adapted from reference [79] and
consists of several steps. Shortly, purple membranes were extracted from Halobac-
terium salinarum following the protocol of Oesterhelt and Stoeckenius [99]. Purple
membranes were solubilized in DDM as described by Gordeliy et al. [100] and Bor-
shchevskiy et al. [101], except that 50 mM NaH,PO4 pH 6.0, 100 mM NacCl buffer
was used. BR was purified from the membrane suspension by performing a series
of centrifugation steps. BR was collected as a supernatant and concentrated with
the use of a microconcentrator. The concentration of BR was determined by UV-vis
spectroscopy. The obtained protein-detergent solutions of defined concentrations in

50 mM NaH,PO, pH 6.0, 100 mM NaCl buffer were stored at -80 °C.

1.4.5 BRlabelling

In order to perform fluorescence microscopy experiments on solid supported
lipid bilayers and visualise BR, we have labelled BR with Cy3 Mono NHS Ester dye
(G.E. Healthcare) via amine group. The labelling procedure was adapted from [102]

and is summarized below.

1. 200 pl of dimethylformamide (DMEF, Sigma) solvent was mixed with 1 mg of

Cy3-mono NHS ester dye solution to achieve 5mg/ml solution concentration.

2. A solution of 25 mM Na/K phosphate buffer at pH 7.1 and pH 5.5 with 0.1%
w/v DDM detergent was prepared.
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3. 25 ug of Cy3-mono NHS ester in DMF and 500 ug of BR were mixed with 25
mM Na/K phosphate pH 7.1, 0.1% w/v DDM butffer solution to obtain final

volume of in 500 pl.

4. The solution prepared in step 3 was incubated in the dark and at 4 °C for 4

hours.

5. Size-exclusion column was equilibrated with 25 mM Na/K phosphate buffer,
0.1% w/v DDM at pH 5.5 and was used to separate labeled protein from free
dyes.

6. The collected fractions containing proteins were concentrated using Amicon

Ultra-15 Centrifugal Filter device with a 30 kDa molecular weight cutoff.

7. UV-vis absorption spectra were recorded to estimate the protein concentration

in the solution and check solution purity.

1.4.6 Archaerhodopsin-3

Archaerhodopsin-3 (Arch-3) is another type of transmembrane protein, which
was used for the reconstitution studies during this project. Arch-3 is a light-driven
proton pump from Halorubrum sodomense archaebacteria. The protein activity can
be triggered by yellow-green light illumination, similar as to BR. It was shown that
Arch-3 spontaneously recovers from light-dependent inactivation [103]. Arch-3 is
closely related to BR and shares with BR 75% similar sequence homology. Signifi-
cantly, all key residues involved in proton pumping in BR are conserved in Arch-3,
but the full crystal structure of Arch-3 is not yet available (Fig. I1.1.16)) [104]. It was
reported that Arch-3 and BR molecules have showed small differences in kinetics of
the photocycles and in their absorbance maxima [105].

Motivation to study the reconstitution of Arch-3 and its pumping activity was
driven from the recent studies reporting that unlike the more extensively stud-
ied BR from Halobacterium salinarum, Arch-3 readily incorporates into the PM of
both E. coli and mammalian cells [104]. It was shown that Arch-3 can serve as
a high-performance genetically-targetable optical neural silencer and as a voltage-

dependent fluorescence sensor of transmembrane potential [106]. Therefore Arch-3
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Figure 11.1.16 — Sequence of Arch-3 and predicted folding pattern in membrane
based on earlier models of archaerhodopsins and other microbial rhodopsins. Red
highlighted residues are involved in the BR proton transport mechanism [104].

is one of the most widely used tools in optogenetics, which allows to activate or
inhibit neuronal electrical activity using light of specific wavelength [107]. These
protein features make Arch-3 one of the most studied protein nowadays. Within this
thesis project we aimed to investigate Arch-3 reconstitution into the model mem-
brane systems and to resolve the differences between BR and Arch-3 in protein-lipid

bilayer interactions.
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1.5 Detergent - mediated incorporation method

1.5.1 Protein reconstitution into the planar lipid bilayer systems

SLBs are widely used to mimic cell membranes. In fact, lipid bilayer can be
formed on the solid support using different techniques such as vesicle fusion, LB/LS
deposition, solvent exchange, as discussed in section 1.3. The possibility to form lipid
bilayers samples in a wide range of experimental environmental conditions, vary-
ing and controlling the bilayer composition makes lipid bilayers on solid support
potentially great candidates for the studies aimed to investigate the fundamental
physical properties of biological membranes, their structure and composition. SLBs
are excellent model systems to monitor the interaction of proteins, nanoparticles or
macro-molecules with lipid bilayers.

However, planar membrane systems were not used so extensively unlike the
free-standing lipid vesicles for the protein reconstitution studies, as it is assumed
that the proximity of the substrate can hamper or forbid the protein insertion and
drastically alter the protein functional activity. Although these effects can be present
for a certain number of proteins, SLBs can provide a native-like lipid environment
for the wide range of proteins maintaining their structural integrity and functional
activity. In this framework, a lot of different approaches have been reported for
protein incorporation into planar bilayers systems [63, 108, 109]. Most of the proto-
cols were adapted from those already available for the proteoliposomes formation
[21-23, 29, 33, 110-117], while only a few of them were specifically developed for
the preparation of complex planar membrane systems [31, 32, 63].

A commonly used method to incorporate integral proteins into the SLBs system
is detergent-mediated incorporation method. This protocol for the reconstitution
of transmembrane proteins by direct incorporation into supported lipid bilayers
destabilized by detergent had been introduced for the first time by the team of
Rigaud, Levy and Milhiet in Institute Curie, Paris, France [29, 31, 33, 110, 113, 118,
119].

The developed protocol reported by Milhiet [31] was focused on the reconsti-
tution of transmembrane proteins by direct incorporation into a preformed planar

lipid bilayer, destabilized by DOTM or DDM detergents either in gel or fluid phases.
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Unidirectional incorporation of LH2, LH1 and LH1-RC proteins at high density
into the lipid bilayer was confirmed by high-resolution AFM measurements. Lately
Berquand et al. [32] have studied the influence of calcium on the reconstitution
of transmembrane proteins (LH1, LH1-RC) by direct incorporation into supported
lipid bilayers (SLBs) composed of a mixture of DPPC:DOPC lipids. It was shown
that calcium strongly stabilizes the SLBs, decreasing the insertion of low cmc de-
tergents (DDM, DOTM and Fos-Choline-16) and prevent the insertion of proteins.
The amount of the protein inserted can be regained by increasing the detergent

concentration in the solution.

These works inspire and motivate us to adapt and develop the existing protocols
turther, eliminating the drawbacks of the proposed approaches and taking into

account the requirements imposed by the implemented experimental techniques.

Therefore, based on the results published by Milhiet [31], we have optimized the
detergent - mediated reconstitution protocol to incorporate transmembrane proteins
BR and Arch-3 into solid-supported single and floating phospholipid bilayers sys-
tems in the gel or fluid phases. Detergent concentration, protein concentration and
incubation time with the detergent-protein solution were optimized using QCM-D,
AFM, fluorescence microscopy, neutron and X-ray reflectometry techniques in order

to obtain a good quality defect-free membrane-protein system.

The concentration of the detergent solution had to be optimised in order to
ensure that detergent molecules did not have a strong effect on the lipid bilayer
structure as a full coverage and homogeneous lipid bilayer has to remain at the end
of all manipulations. It is essential to have a good quality defect-free sample for NR
and XRR experiments, as the result of the measurements is extremely sensitive to
the average structure of the samples in the lateral direction. It has to be noted that
it is particularly hard to produce high quality (full surface coverage) lipid bilayers
samples of such big dimensions (up to 40 cm?) needed for reflectometry experiments.
The amount of BR in the solution has to be adjusted as well and scaled up/down

according to the sample size required for the target experiment.

It is crucially important as well that the transmembrane protein retains it
structural integrity and functional activity upon the reconstitution step. To keep

transmembrane proteins stable in solution, their hydrophobic area has to be sur-
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rounded/protected by amphiphilic molecules such as lipid or detergent micelles.
The reconstitution protocol that we have developed employed the widely used
sugar-based detergent n-Dodecyl-f-D-maltoside (DDM). DDM was chosen since it
can shelter BR molecule from exposure to water environment and it had already
been used for the protein solubilisation from purple membrane. The main step
consisted in optimizing the appropriate detergent concentration allowing to pre-
serve the structural integrity of the lipid bilayer system and protein molecules while

ensuring incorporation of transmembrane proteins in the lipid bilayer systems.

1.5.2 Detergent-mediated protein incorporation method

The detergent-mediated protein incorporation protocol consisted of several
steps:
1) Single or double lipid bilayer systems were formed on the solid support using

one of the techniques for the SLBs preparation.

2) Transmembrane proteins BR (or Arch-3) was solubilized in detergent solu-
tion at a well defined concentration. The concentration of the detergent solution was
experimentally optimized and it was shown that 0.05 mM DDM solution does not
induce bilayer structural modification (see section 3.2) and therefore this solution
was used for the incorporation procedure. Protein BR concentration ranged from

0.5 to 60 ug/ml and was adjusted depending on the performed experiment.

3) The obtained BR-DDM solution was injected into the closed sample cell and
left to incubate for -~ 10-15 minutes, which allowed detergent molecules to penetrate

and destabilize lipid bilayers sample promoting protein insertion into it (Fig. V1.1.3,

b).
4) As the last step, the sample cell was extensively rinsed with ultrapure water
or buffer in order to remove all unbound proteins and detergent molecules from the

bulk and supposedly from the lipid bilayer (Fig. VI1.1.3, d).

The preincubation step (Fig. VI.1.3, a), when the detergent solution is added
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Figure I1.1.17 — Schematic illustration of the detergent-mediated incorporation
method [32].

to the lipid bilayer system, helps to destabilize the lipid bilayer and facilitates the
protein insertion. This step is especially important when the target bilayer is in gel
phase or when Ca?* ions are present in solution as it is known that Ca®* ions have
a rigidifying effect on a lipid membrane causing its stabilization and decreasing the
insertion ability of protein and detergent molecules [32].

To preserve the structure and integrity of the membrane, this step was omitted
when working with the fluid single and floating lipid bilayer system (in both gel and
fluid phases), as these model systems are very fragile and their structural integrity

can be compromised if a pre-incubation step is performed.
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CHAPTER 2

Experimental techniques

2.1 Quartz crystal microbalance with dissipation mon-
itoring

Quartz crystal microbalance with dissipation monitoring (QCM-D) is ananogram
sensitive technique widely used to study adsorption/desorption processes on solid
surfaces. Thanks to the dissipation measurements, QCM-D enables to monitor the
tiniest changes in mass of the adsorbed material and at the same time to follow the
modification of its viscoelastic properties as a function of time [120].

The QCM-D technique is a sensitive tool to study absorption and interaction of
polymers [121], proteins [120], peptides [122, 123], nanoparticles [124], cells [125] to
a solid-liquid interface or a solid-supported membrane [126]. Vesicle adsorption and
membrane formation on different types of substrates (silicon, titanium oxide, gold,
..) [127, 128] can be also monitored in the liquid environment as well. Information
about the properties of the sample on the sensor surface such as total adsorbed mass,
thickness, density and viscosity can be obtained simultaneously.

The QCM-D sensor is a small thin quartz crystal disk sandwiched between
two metallic electrodes on both sides and it is the main component of the QCM-D
instrument (Fig. I1.2.1). Quartz is a piezoelectric material and this inherent quartz
property is laying at the base of the QCM-D working principle: application of
an electric alternating potential induces a mechanical deformation of the quartz
crystal (and vice versa). The alternating potential causes the crystal to oscillate at
its characteristic resonance frequency f. This generates a mechanical shear wave
that propagates in the perpendicular direction to the quartz surface and penetrates

through the sample deposited on the chip and through the facing media (air or
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liquid). For the sensors used (diameter of D = 14 mm, thickness of /1 = 0.2 mm)
the QCM resonance frequencies are in the order of MHz, therefore the penetration
depth of the generated wave is around 300 nm in a water environment. When
the wavelength of the generated wave is an odd integer of thickness of the quartz
sensor, the resonance condition is satisfied. Thus, the QCM-D instrument works
only at the odd number of overtones [125]. When the thickness of the quartz sensor
changes proportionally to the deposited mass on the sensor surface, shifts in resonant

frequencies are induced and can be followed with time.

(d)

Figure I1.2.1 — (a) QCM-D sensor with Au electrodes; (b) QCM-D sensor with the
applied AC potential; (c) QCM-D sensor when the AC potential is turned off; (d)
decay of oscillation (dissipation). Image is taken from [125].

In the case of rigid films, the amount of mass deposited on the surface can be
determined through the Sauerbrey relation [129]:
Af,

Am = —C—, (2.1)

where n = 1, 3, 5, 7 is the overtone number, Af, is the frequency shift for a
given overtone and C is the Sauerbrey constant, which depends on the material of

the quartz sensor and is defined as:
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:tq'Pq
f 7

where t, = 330 um and p, = 2.648 g/cm? are the thickness and density of the

C

(2.2)

quartz sensor respectively. For the resonance frequency f = 5 MHz, the Sauerbrey
constant is C = 17.7 Hz'-ng-em™ [120].

It is worth noting that the possibility of recording several harmonics for the fre-
quency and dissipation signals increases the sensitivity of the measurement. Prop-
agation of the generated wave into the sample decreases with increasing overtone
number, meaning that high overtone can be more sensitive to the deposited layer
and in some cases also to its internal features. The signal from the first overtone is
usually omitted in the data analysis as it is sensitive to the environment [128].

The thickness d of the adsorbed layer can be estimated as:

_

d , 2.3
P (2.3)

where p is the density of the adsorbed layer.

The relation 2.1 holds for rigidly adsorbed and homogeneously distributed
thin films with a thickness up to 300 nm for a quartz crystal of f = 5 MHz. For
measurements in liquid environment and studies of soft and viscoelastic materials,
which do not rigidly adsorb on the crystal surface, these underlying assumptions
might not be satisfied.

To take into account additional viscoelastic properties of the adsorbed material,
QCM-D provides the possibility to simultaneouly monitor changes in the resonant
frequency (Af) and energy dissipation (AD) in the system. Thus, QCM-D gives
information about two independent properties of the system: Af quantifies the
changes of the adsorbed mass and AD provides the information on viscoelastic
properties of the adsorbed layer [130].

AD is obtained by monitoring the decay of the sensor oscillations amplitude

A(t) once the applied alternating potential to the crystal is turned off :
A(t), = Agnexp /™ sin 27t fut + ). (2.4)

From Eq. 2.4 the overtone frequency f, and characteristic decay time 7, can be
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obtained. In the case of liquid media, the wet adsorbed mass is estimated, as the
value of the frequency f, takes into account all the water stored in the sample.
For each overtone, the dissipation factor, D,,, can be derived as :
1

D, =~ [ (2.5)

It is important to perform all the QCM-D measurements under the same buffer
conditions, as QCM-D measurements are extremely sensitive to properties of the
bulk solution like presence of ions, viscosity and temperature. Any slight change
in the environmental conditions will lead to changes in Af and AD signals. These
changes can be indistinguishable from those originated from the sample itself.

If Eq. 2.1 does not hold, two models (Voigt model and Maxwell model) can
be used to qualitatively analyses the QCM-D data [121]. Within this work, only
qualitative analysis of the collected data were performed and the adsorbed mass

was estimated using the Sauerbrey relation (Eq. 2.1).
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Figure I1.2.2 — Frequency and dissipation QCM-D signals for a soft (green) and rigid
(red) films on the sensor surface. The dissipation is recorded when the applied AC
potential is turned off [131].
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2.1.1 The QCM-D instrument

The QCM-D measurements were performed using a Q-Sense series E4 instru-
ment (Q-Sense, Sweden). This instrument is equipped with 4 solid/liquid sample

chambers, a pump flow control system and a precise temperature control system.
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Figure I1.2.3 - QCM-D Q-Sense series E4 instrument used in this thesis.

2.2 Atomic force microscopy

Atomic force microscopy (AFM) is a well-established technique, which allows
to obtain bi-dimensional surface maps with nm resolution. The surface roughness,
sample thickness, height of sample features and lateral size of domains can be imaged

and quantified by means of AFM experiments [132, 133].

The working principle of AFM is based on the ability to probe interaction forces
between the AFM probe and the surface. AFM allows to perform topography and
force spectroscopy measurements by measuring the sample-tip interaction forces
with high spatial (lateral down to = 5 A and vertical down to ~ 1 A) and force (»
10 pN) resolution [134]. Such high sensitivity is a great advantage, which offers the
possibility to study not only hard condensed matter systems, but also soft matter

and biological materials in a non-destructive manner [135].

A typical AFM instrument consists of a cantilever with a um-size tip at the free

end, a laser, a position sensitive photodiode detector (PSPD), a piezo-scanner and a
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sample stage.

The cantilever and tip assembly is called AFM probe, which is usually made of
silicon or silicon nitride (Si3N4). The tip height can range from 3 - 15 ym and the
radius is below than 10 nm and the length of the cantilever can vary from 100 - 500

pm depending on the desired probe stiffness and type of experiment [136].

To obtain an AFM image the tip is brought in very close to the surface of the
sample. Depending on the chosen operational mode the probe can be in close contact
with the sample (contact) or it can hover over the sample surface (non-contact mode).
AFM surface topography images are created by scanning the probe over the sample

in a raster pattern (line by line motions of the tip in the x-y plane).

AFM instruments consist of a magnetic sample stage allowing to position and fix
the sample. The AFM probe is magnetically mounted on a piezoelectric stage which
allows a very fine probe-to-sample surface approach. In fact, the piezo-scanner can
move in the x, y and z directions with high accuracy providing a precise control of
the probe position over the sample. The position and deflection of the cantilever is
monitored by recording the signal of the reflected laser that is bouncing off onto the
PSPD detector. The PSPD detects any cantilever deflection during the sample scan
and provides feedback (of the values of force, amplitude, frequencies, depending on
the chosen AFM mode) to maintain the accurate response and a constant setpoint.
This feedback loop allows to move the piezo-stage, adjusts the cantilever position
and minimizes the error signal. These accurate movements of z-piezo in the x,
y, z directions yield information on surface topography. The feedback parameter
(setpoint value) is a user-input parameter, which depends on the AFM working
mode: in contact mode the feedback parameter is a cantilever deflection, whereas in
tapping mode the oscillation amplitude of the cantilever is kept constant during the

scans [137].

The resulting error signal, which is the difference between the setpoint and
the actual measured value of force, amplitude or frequency, is minimized by the
feedback control loop. High resolution and a low noise-to-signal ratio allow to

obtain detailed information on the structural features of the sample.

Due to the attractive or repulsive interactions (van der Waals, electrostatic,

capillary, magnetic, etc.) occuring between the tip and the sample, a negative or
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positive bending of the cantilever occurs. The spring-like cantilever deflection is

characterized by Hooke’s Law:

F = —kx, (2.6)

where k is the spring constant, x is the cantilever deflection. The magnitude of
the cantilever deflection depends on the value of the generated force between tip

and sample and the spring constant (stiffness) of the cantilever.

2.2.1 Operational modes

The AFM instrument can be operated in a number of different imaging modes,
providing the possibility to study a wide range of samples ranging from biological
and soft matter specimens to magnetic and ceramics specimens. Lipid bilayers,
proteins, nucleic acids, biological cells, etc. canbe investigated in the natural medium
thanks to the ability of AFM to work in liquid environment. AFM imaging modes are
classified depending on the cantilever behavior. Contact, non-contact and tapping
modes are the most widely used operational modes of AFM. The difference and
main features of the selected operational modes of AFM will be shortly discussed

below.

Contact mode

In contact mode, the tip is in physical contact with the surface and moves above
the surface in a raster pattern. A topography image of the surface can be recorded in
two ways, either by maintaining the force between the tip and the sample constant
using the feedback loop (constant-force mode) or by fixing the position of the probe
at a defined height above the sample and monitoring the cantilever deflection while
dragging the tip over the sample surface (constant-height mode).

The feedback loop has to be regulated according to the size of the surface
features: the z-piezo has to respond relatively fast to changes in sample height
to map all the surface features, but not too fast to avoid noisy oscillations of the
cantilever. The applied force to the sample should be chosen attentively as well, as

too large applied force can cause sample damage, tip pollution and appearance of
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imaging artifacts.

Tapping mode

In tapping mode the cantilever oscillates at, or close to, its resonance frequency
(usually 100-400 kHz) with a defined amplitude (usually 10-200 nm) in the close
proximity to the sample surface. The oscillation amplitude of the cantilever is the
teedback parameter and it is maintained constant during the imaging process.

The movement of the piezoelectric scanner in the z direction, caused by the
changes in the tip-sample separation during imaging, and thus changes in the os-
cilation amplitude, defines the sample topography.

In tapping mode the oscillating probe interacts gently with the sample surface,
only touching the sample at the minimum of its oscillating motion. Thanks to the
short contact time, the probability of the tip damage and pollution is reduced.

Compared to contact mode, the drawback of tapping mode is the lower spatial
resolution due to the intermediate contact with the sample, but the gentle interaction

with the surface makes it the right choice to study soft, elastic and fragile samples.

Non-contact mode

In non-contact mode, the cantilever never touches the surface and hovers above
the sample while oscillating with a low amplitude (< 10 nm) at a frequency slightly
higher than its resonance frequency. Due to the forces acting between the tip and
the sample, the oscillation amplitude or frequency of the cantilever changes. The
feedback loop reacts to these variations keeping the setpoint value constant and a
topography of the sample is generated.

As the oscillating cantilever never touches the surface, no force is exerted on the
sample. This is a great advantage when fragile and soft samples are examined, as
no damage can occur. The drawback of this mode is a very low temporal resolution,

thus the specimen has to be stable in time.

PeakForce Tapping

PeakForce Tapping Mode is a recently developed mode by Bruker, which allows

to record topography and force spectroscopy data with very high resolution in air



2.2 Atomic force microscopy 67

and liquids [138].

PeakForce Tapping operates similarly to tapping mode. The cantilever oscillates
with a frequency well below its resonance frequency and periodically touches the
sample surface, performing a very fast force curve at each pixel in the image [138].
The interaction force at each touch is measured instantaneously and the peak force
of every force curve is used by the feedback loop to control and minimize the applied
force on the sample. This mode of operation allows to work at very low imaging
forces (< 200 pN), which is about 5 times lower than those used in tapping mode (~
1nN). Thanks to the direct and instantaneous force control, the integrity of the AFM
probe and sample is preserved [138].

ScanAsyst is an image optimization technique developed for the PeakForce
Tapping imaging mode [138]. The implemented algorithm continuously monitors
the image quality and adjusts the appropriate parameters during the scan. The
ScanAsyst automatically optimizes peak force setpoint, imaging gains, scan rate,

tip-sample separation to obtain the best quality image.

2.2.2 AFM instrument and measurements

A Multimode 8, Nanoscope V (Bruker) AFM instrument was used to perform
AFM measurements at the IBS, Grenoble, France in order to investigate SLBs with or
without reconstituted BR. The instrument setup is shown in Fig. I1.2.4. The ScanAsyst
image optimization technique, which is integrated in the AFM software, was used
to perform the automatic image optimization. The AFM was operated in Peak Force
Tapping mode with the force set point value of ~ 300 pN at a scan frequency of a
1-2 Hz. An AFM XE-70 Park system (Fig. I1.2.5) was used for AFM experiments at
the IML, Lyon, France and at the ILL, Grenoble, France in order to study the lateral
structure of single and floating bilayer systems. The AFM was operated in contact

mode, applying forces below 1 nN at a scan frequency of 1 Hz.

2.2.3 Cantilever choice

The AFM probe defines the resolution and quality of the obtained topography

images and force measurements. Therefore a proper and deliberate choice has to be
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Figure I1.2.4 — The Multimode 8, Nanoscope V AFM instrument from Bruker [139].

done when choosing the probe for the experiments. The critical parameters to take
into account are the stiffness, geometry and physical dimensions (length, width, and
thickness) of a cantilever, as the force resolution, the thermal noise and the spring
constant of a cantilever are related and have crucial influence on the measured data
quality.

The specifications of the used cantilevers within this thesis project are listed
in Tab. 2.1. For the AFM experiments performed at the IBS, Grenoble, France, a
ScanAsyst-fluid probe from Bruker [140] was chosen, as it has a dull tip, which is
ideal for imaging extremely delicate samples such as lipid bilayers in fluids and it is

suitable for the PeakForce Tapping mode.

A silicon nitride AFM probe called SiNi from BudgetSensors [141] was used for
the AFM imaging at the IML, Lyon, France and at the ILL, Grenoble, France. The



2.2 Atomic force microscopy 69

Figure I1.2.5 — The XE-70 Park AFM instrument. A teflon sample cell is mounted on
the instrument.

SiNi probe has two different cantilevers of different spring constant and dimension
(see Tab. 2.1). The long cantilever of the SiNi tip was used to obtain the AFM images
presented in this thesis. The choice of the probe was based on cantilever stiffness,

dimensions and availability.

Table 2.1 — Cantilevers used for the AFM experiments

Specifications SiNi short SiNi long ScanAsyst-fluid
Shape Triangle Triangle Triangle
Resonance frequency | 30 10 150 + 50

(kHz)

Spring constant (N/m) 0.27 0.06 0.70 £ 0.35
Length (um) 100 £ 10 200+/-10 70+ 5

Width (um) 16 +5 30+5 10+5
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2.24 AFM solid/liquid cell

To investigate planar lipid bilayer systems prepared by LB and LS deposition
techniques, a solid/liquid cell made of PTFE was used (Fig. I1.2.6). The cell consists
of two parts: a lower part including a water reservoir and O-ring and an upper cover
part machined to host a solid substrate. The two parts are tightly sealed together
with four screws. The cell holds a 2.5x2.5x1 cm? silicon crystal block on which the
sample deposition is performed. The cell can be thoroughly cleaned using strong
solvents in the ultrasound sonication bath, thus it can be placed inside a Langmuir

trough for sample transfer.

Figure I1.2.6 — Solid/liquid cell used for AFM experiments on double lipid bilayers
prepared by LB and LS depositions.

Improvements of the cell were done in collaboration with Wayne Clancy, LSS
instrument technician, to solve problems of weak sealing and water leakage from
the cell interior. An O-ring and brass threads were placed into the body of the cell.
The PTFE cover part was modified (by Simon Wood, LSS instrument technician) in

order to allow accommodation of larger liquid volumes in the cell interior.
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2.3 Fluorescence Microscopy

Fluorescence microscopy is a widely used technique in modern cell biology
and medicine to study living cells and tissues, to trace stained proteins, to examine
cancer cells and to reveal organization of the DNA or to examine fluorescence-stained
neurons in brain slices as well as to trace marked synaptic vesicles [142].

Implementation of the fluorescence microscopy technique is not limited to bi-
ology. Membrane model systems such as LUV, GUV and proteoliposomes with
incorporated fluorescently labelled proteins or planar lipid bilayers systems have
been studied with this technique as well, allowing to probe the vesicles-to-sponge
phase transition [143], lipid oxidation [144], protein reconstitution [33], lipid phase
transitions [145], vesicle fusion and fission events [146, 147].

Fluorescence microscopy allows to visualise and obtain images of samples
which possess intrinsic fluorescent properties or which are stained with a fluo-
rophore molecule. This technique offers the possibility to study the localization of
fluorescent areas in the specimen, to quantify the intensity of the emitted light and
to follow the decay of the intensity due to the photobleaching, allowing to probe the

diffusion properties of the molecules.

2.3.1 Fluorescence principle

During fluorescence microscopy experiments, the sample being illuminated
(excited) with light of a defined wavelength will absorb photons of a specific wave-
length. Upon light energy absorption, electrons of the fluorescent molecules are
excited form the ground state to the excited state of higher energy level. Relaxation
of the electrons from the excited state to the lower energy level can occur in several
ways including vibrational relaxation (energy dissipation from the molecule to the
surroundings, nonradiative process), internal conversion (nonradiative transition),
intersystem crossing (can lead to phosphorescence or delayed fluorescence) or fluo-
rescence. The electronic state of the molecule and the mentioned transition between
them can be illustrated using Jablonski diagrams.

In this way, upon electron relaxation from the high energy level to the more

energy favorable ground state, photon emission can occur and this phenomenon is
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called fluorescence. Between absorption and emission processes, some energy can
be lost (due to vibrational relaxation or internal conversion) and the emitted photon
will possess a lower energy than the absorbed one. The emitted light will therefore
have a longer wavelength than that the light used for the sample excitation. This
shift in wavelength of emitted and absorbed light is called the Stokes shift.

Due to the Stokes shift, excitation and emission wavelengths can be separated.
A set of coloured filters are implemented in the microscopes to separate bright exci-
tation light from the emitted fade signal from the sample caused by the fluorescence
phenomenon. This filter absorbs the short-wavelength light and transmits the long-
wavelength fluorescent light, thus a high contrast is established and fluorescent light
is visible as a bright light against a dark background. In practice this set of filters
is implemented in the microscope as a filter cube (discussed below) or automated
filter changer [148]. Thus, the light collected by the microscope camera corresponds
to the light emitted only by the fluorescent molecules. This is a great advantage of
the techniques as even a small amount of the fluorescent dyes or molecules hosted

in the sample can be detected.

2.3.2 Microscope resolution

The resolution of the microscope is limited by the diffraction limit, therefore
only objects at the micron resolution (higher than 1 ym) can be visualized using
optical microscopy. Despite different constituents of the biomembrane cannot be
resolved below the micron scale, the image resolution is high enough to observe and
study the behavior of complex biological cells, large or giant lipid vesicles, as well
as planar lipid bilayers on solid supports at micron scale.

The lateral resolution of a microscope is defined as the minimal distance between
the two points on the sample which can be distinguished by the camera. The maximal
lateral resolution 7, of a microscope is determined by the A wavelength of the light

used for the sample observation and the numerical aperture NA of the microscope

[149]:
A

Vonx = NA" (2.7)

The lateral resolution can be enhanced using light for the illumination with shorter
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wavelength A or increase the NA of the microscope.

The longitudinal resolution of a microscope, its depth of field, is defined as
a distance from the closest object and the farthest object simultaneously located
in focus. The longitudinal resolution of a microscope can be estimated using the

formula:
An n

4= oNa: T MINAY

(2.8)

where NA is the numerical aperture of the objective, M is the magnification of the
objective, A is the wavelength of the light used for illumination, n is the refractive
index of the medium between the coverslip and the objective (n = 1.000 for air, n =
1.33 for water and n = 1.515 for the immersion oil), e is the smallest distance that can
be resolved by a detector located in the image plane of the objective. The value of ¢

is given by the size of pixels of the camera (including binning) [150].

2.3.3 Microscope

To perform fluorescence microscopy experiments, we have used used a Nikon
TE-2000 inverted microscope (Nikon, Japan) equipped with a mercury light source
(Nikon Instruments Inc., Japan) in epifluorescence mode. An oil-immersion objective
LEICA with x100 magnification and with a numerical aperture NA 1.3 was used.
The temperature of the sample was precisely controlled with an heating chamber.

The inverted microscope is equipped with a filter cube, which is composed of
two filters (an excitation filter and a emission filter) and a dichroic mirror at 45°.
The filter cube is used to direct the filtered light of a specific wavelength from the
mercury lamp to the sample and from the sample to the camera. The dichroic mirror
has significantly different reflection and transmission properties at two different
wavelengths. In the epiillumination experiments the dichroic mirror separates the
illumination and emission light, reflecting the short wavelength excitation light
towards the sample and transmitting the long wavelength emitted light from the
sample towards the camera [148]. The blocking filters in the fluorescence cube are
used to select the suitable excitation and emission wavelengths, transmitting only
the required range of wavelengths.

In this work the first cube was used to visualize fluorescently labelled lipid
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Figure II.2.7 — Nikon TE-2000 inverted microscope (Nikon, Japan).
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Figure I1.2.8 — Sketch of epifluorescence microscope. The dichroic mirror, exitation
and emission filters are shown [151].

bilayers and the second cube to observe BR stained with a fluorescent marker. The
lipid solutions were labelled adding 1% (by weight) of NBD-PE fluorescent lipids
(Avanti Polar Lipids) (460 nm absorbance maximum and 535 nm emission maximum)
to the lipid solution in chloroform, used further for the lipid bilayers preparation.

BR was labelled with Cy3 Mono NHS Ester dye (G.E. Healthcare) (an excitation
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maximum at 550 nm and emission maximum at 570 nm) [152]. The protocol of BR

labelling is reported in section 1.4.5.
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Figure I1.2.9 — Excitation (dotted line) and emission (filled line) spectra for NBD-PE
lipids (green) and Cy3 Mono NHS Ester dye (yellow) molecules [152].

Two filter cubes with 482 nm/506 nm/536 nm and 543 nm/562 nm/593 nm fluo-
rescent filters (band pass center for excitation filter/ dichroic mirror/ emission filter)
were used for the lipids” and proteins” observation respectively.

Images were recorded with a digital camera Insight 18000 from Diagnostic
Instrument. All images were recorded using a piece of software developed by André
Schroder (ICS, Strasbourg) and further all images were analysed and processed using
the free software Image]J [153].

The lateral and axial resolution of the microscope can be estimated using the
listed above Eq. 2.7 and 2.8. For the lipid visualization experiments, using the
values listed above and the value e = 146.8 nm per pixel (binning 2) for the used
microscope, the lateral and longitudinal resolution (depth of field) were estimated
to be equal 7, = 185 nm and d = 433 nm, accordingly. For the protein visualization
experiments the lateral and longitudinal resolution were estimated to be equal 7.,
=209 nm and d = 488 nm, respectively. The estimated longitudinal resolution of the
microscope is around 450 nm and the average thickness of lipid bilayer is 5 nm, thus

it is well below the maximal resolution of the used microscope.
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24 Development of sample environment

In order to perform experiments using different experimental techniques, we
have developed several sample environment cells.

As known, lipid bilayers samples are stable only in a water environment. To
avoid bilayer collapse and disruption of its structure, any contact with air or any tur-
bulent water movement around the supported samples have to be avoided. To keep
the sample in water and protected from turbulent flows in the surrounding liquid
environment, tightly sealed solid/liquid cells were used for the sample preparation
and manipulations.

A lot of specific requirements to the cell design are imposed by the sample
preparation techniques and the target experiment: solid/liquid cells have to be resis-
tant to cleaning with strong solvents such as chloroform, acetone and ethanol, and
they have to be compatible with LB/LS and vesicle fusion techniques of lipid bilayer
preparation; substrates of different types and sizes depending on the target exper-
iment should be accommodated in the cell; the possibility to position the sample
cell vertically or horizontally and to vary the interface (solid/liquid or liquid/solid)
should be allowed, the ability to perform contrast variation or solution injection has
to be allowed as well, etc.

The two main sample preparation methods for the lipid bilayer formation used
within this project were vesicle fusion and LB/LS deposition techniques. LB/LS tech-
niques require very clean working environment conditions (clean room like) and the
substrates and solid/liquid cells have to be thoroughly cleaned to avoid any external
impurities, as these parts have to be placed inside the Langmuir troughs in order to
perform bilayer deposition. Any external pollution of water sub-phase and trough
are strictly undesirable, as it can hamper the bilayer transfer and sample formation.
Therefore solid/liquid cells have to be resistant to cleaning in strong solvents such as
chloroform, acetone and ethanol to remove any possible contaminations and impu-
rities. The vesicle fusion technique requires as well the perfectly clean solid/liquid
cells and also the possibility to perform injection of SUVs solution into the cell in
order to form bilayer. Therefore, the used cells have to be equipped with an inlet
and and outlet to perform solution injections, change of the solvent contrasts during

NR experiments or perform proteins reconstitution step.
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Highly polished silicon crystals, quartz blocks or thin glass slides were used
for the QCM-D, NR, synchrotron radiation XRR and in-house XRR measurements,
AFM and fluorescence microscopy experiments.

Two different sample environments are required for the NR and XRR experi-
ments due to the different penetration properties of the beams and measurement
geometry. The neutron beam goes though the silicon block and hits the interface,
whereas X-ray beam has to go though the bulk water to reach the sample surface.
Different size of substrates were used for NR and XRR (synchrotron and in-house) ex-
periments due to the difference in beam intensity. In turn, fluorescence microscopy
experiments require a very compact sample cell, which allows to host very thin
transparent substrates.

In order to perform sample illumination with light to activate reconstituted
proteins, the designed sample cells have to allow the light to reach the sample either
via an integrated transparent window or through a transparent sample substrate.
The setup to hold and direct the light source has to be available as well.

Due to the immense list of specific experimental conditions and particular re-
quirements to the sample size, substrate type, sample positioning at the instrument,
it is not possible to create a multipurpose sample cell taking into the account all
imposed requirements. Therefore, no universal sample cell can be fabricated and a
specific sample environment for each experimental technique must be available.

Heating chambers with the possibility to heat or cool the solid/liquid cell to
perform precise temperature control of the sample and to tune the lipid bilayer

phase should be developed as well.

A solid/liquid cell for NR experiments with in-situ illumination

To perform sample illumination during NR measurements in order to activate
the reconstituted proteins in the membrane we have developed an illumination
setup for the existing solid/liquid cells. To be able to tune the wavelengths of the
light used for the illumination, the possibility to install filters with different cut-
on wavelength was implemented as well. This development was performed in
collaboration with Grant Wallace, an instrument technician at the ILL (Grenoble,

France). The developed setup is compatible with the configuration of the D17
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reflectometer at the ILL.

The developed setup consists of a solid/liquid cell itself, an optical collimator, an
optical fiber which connects optical collimator to the mercury lamp, a sample holder,
as well as a filters holder, which allows to perform manual and fast replacement of
the filters (Fig. 11.2.10).

The solid/liquid sample cell used for the NR experiments is composed of a lower
PEEK part (water reservoir), a solid substrate on which the sample is deposited and
an upper cover part made of aluminium and PTFE. The illumination window was cut
through the second aluminium part of the cell to allow sample illumination though
the solid substrate. Instead of designing a window for the sample illumination
through the PEEK part of the cell, we chose to use a transparent substrate (quartz
or sapphire) to allow in-situ sample illumination. The end-stage collimation of the
optical setup was directly mounted on the sample changer, which allows to place up

to three solid/liquid cells at once on the D17 reflectometer (Fig. 11.2.10 and 1I.2.11).

Figure I1.2.10 — Setup for in-situ sample illumination during NR experiment.

A solid/liquid cell for fluorescence microscopy experiments

In collaboration with technician Patrick Allagayer and scientist André Schroder
at the ICS (Strasbourg, France), we have developed a solid/liquid cell to accom-
modate lipid bilayers samples during fluorescence microscopy experiments. This
solid/liquid cell can be used with the inverted microscopes available at the ICS and
it is compatible with the LB/LS deposition techniques.

The fluorescence microscopy solid/liquid cell is made of PEEK, which allows its
fast and easy cleaning before the sample preparation. A very thin round microscopy

glass slide can be hosted as a solid support for the lipid bilayer samples. The diameter
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Figure I1.2.11 — Sample changer stage and an illumination setup on the D17 reflec-
tometer.

of the appropriate glass substrate is 30 mm and its thickness is around 0.13-0.17 mm.
PEEK module is equipped with connections for the inlet and outlet tubes, which
allow to perform solution injections and cell rinsing either manually or by means of
apump. An O-ring is placed between the PEEK module and glass substrate to ensure
the tight cell sealing in order to avoid sample leakage, as to perform fluorescence
microscopy experiments, the cell should be mounted on the instrument with the

glass substrate down. The developed cell is shown in Fig. 11.2.12.

Figure 11.2.12 — Solid/liquid cell for fluorescence microscopy experiments.
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A solid/liquid cell for in-house X-ray reflectometry and synchrotron experiments

In collaboration with Kalvin Buckley, instrument technician at the ILL (Greno-
ble, France), we have developed solid/liquid sample cells adapted for SR reflectom-
etry experiments and in-house XRR measurements using a lab X-ray source.

The main body of the cell is made of PEEK. Cell windows are fabricated from
PTFE by polishing the material down to a thickness of 3 mm. This idea of windows
fabrication was inspired by from the developments performed in the Emanuel Sch-
neck group at the Max Planck Institute in Potsdam, Germany. The PTFE material
was chosen due to its high hydrophobicity and a very thin film allow a reasonable
transmission of X-ray. The cell was designed to accommodate substrates of size

5x5x1 c¢cm?

. Typically, a cut along (111) plane and highly polished silicon crystal
block was used as sample support. The developed X-ray cells were equipped with a
round quartz window (diameter 3.7 cm). The window was cut through the bottom
part of the PEEK cell, which allows to illuminate the sample through the bulk water.

The cell was equipped with inlet and outlet tubes to allow solution injections

and/or cell rinsing. In total, one solid/liquid cell without and four solid/liquid cells

with quartz illumination windows were fabricated.

Figure 11.2.13 — Solid/liquid cell for X-ray reflectometry experiments at the syn-
chrotron.

To be able to precisely control the temperature of the sample during the mea-
surements, we have developed a heating chamber made of copper and brass 2.4. The
chamber was connected to a water circulation thermal bath allowing the fast and
efficient sample cooling and heating. Unfortunately, the temperature of the sample

(solid substrate) could not be measured directly. After sufficiently long equilibra-
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tion time (~ 15 min), we assumed that temperature of the sample was equal to the
temperature of the heating chamber. The cut-through window was fabricated on
the bottom of the chamber to enable sample illumination. This chamber was also
equipped with the holder for the optical collimator and for the light filters to have

a possibility to tune the wavelength of the illumination light. A smaller version of

Figure I1.2.14 — A heating chamber and illumination set up for the X-Ray reflectom-
etry experiment mounted on the SixS beamline at the SOLEIL synchrotron.

this sample cell was developed for the in-house XRR bench experiments. A smaller
cell was required to reduce the path for photons in the bulk water and was therefore
designed to host a 2.5x2.5x1 em? block (vs 5x5x1 cm? for the "synchrotron” version).
In total three cells were manufactured, two of them are equipped with small quartz
windows (diameter =~ 2 cm) and thus the effect of the in-situ illumination on the
sample can be tested in-house as well. Typically, a silicon crystal cut and highly
polished along (111) plane was used as a solid substrate for this cell. No heating
chamber for this sample cell was developed due to the lack of time within this thesis

project.

Importance of the sample environment developments

The ability to study SLBs samples using different experimental techniques was
often limited by availability of the appropriate sample environment. Easily available

sample environment provides the possibility to perform new lab and large scale
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Figure I1.2.15 — Developed solid/liquid cells suitable for XRR experiments in-house
(smaller cell) and synchrotron (bigger cell) experiments.

structure experiments, which were not possible to carry out before. Developed
solid/liquid cells are now available within the SMSS and LSS groups at the ILL,
Grenoble, France.

The performance of successful and on time developments of the sample en-
vironment were crucial for the success of this work, as no lab and NR and XRR
experiments could be performed without the suitable sample cells. Performed lab
experiments have provided the complementary and necessary information on the
studied systems; they helped to develop and optimise the protocol for the sample
preparation and protein reconstitution and gave new insight on sample behaviour.
Lab experiments were very helpful and valuable for the preparation and success of

large scale facility experiments.
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2.5 Neutron and X-ray reflectometry

Reflectometry, of neutrons (NR) and of X-rays (XRR), is a powerful tool which
allows to determine the structure and the composition of thin films at interfaces with

sub-nanometer resolution, thanks to the short wavelengths of the probe [154].

Specular reflection Off-specular reflection

Figure I1.2.16 — Schematic representation of specular and off-specular reflection from
an ideal interface.

In a reflectometry experiment, a beam of neutrons or X-rays hits the sample
at an incident angle 0;,. Upon the interaction with the surface of interest, different
scattering events might occur: the probe can be scattered (elastically or inelastically)
or it can be transmitted (refracted) or even absorbed. The discussion that will follow
will consider only elastic scattering events resulting in the reflection of the probes in
the plane of incidence and at the same angle as the incident one (specular reflection)
or at a different angles (off-specular reflection). The case of refracted beams is of
importance for the calculation of the total reflectivity from stratified media. Any
other scattering event will be neglected in the discussion.

The momentum transfer vector Q, defined as Q = k¢ — k;, describes the change in the
wavevector of a probe upon the interaction with the surface. In specular reflectom-
etry the scattering wave vector Q will possess only a z-component in the direction
normal to the surface and Q, =~ 2k; (see Fig. I1.2.16) and it is defined in the plane of
incidence (Q, = 0). In the case of off-specular scattering, the resulting Q-vector is not
perpendicular to the sample surface anymore and it has a non null Q, component.
However, it is still defined in the plane of incidence, i.e. the Qy component is al-
ways null. Because of these considerations, from specular reflectometry, the sample
structure in the direction perpendicular to the interface of interest can be obtained
while, from off-specular measurements also lateral structural features of the sample,

such as surface homogeneities, interfacial roughness and fluctuation spectrum, can
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be deduced.

2.5.1 Reflection of neutrons and X-ray photons from interfaces

A range of different features makes neutron and X-rays unique and comple-

mentary probes for surface sensitive studies. Neutrons interact with atomic nuclei
via the strong short-range nuclear forces, while X-rays interact with the electron
cloud of atoms. Neutrons can penetrate deeply into the matter and travel large
distances through many materials without being massively scattered or absorbed,
as they have no charge and their dipole moment is zero [155], therefore they are
optimal probes to study buried interfaces. Cold neutrons have wavelengths on the
order of interatomic distances, thus the structure of samples at molecular resolution
can be resolved, and they are also nondestructive probes, which make them suitable
for the study of soft and biological matter.
X-rays are an electromagnetic radiation with wavelengths ranging from ~0.01 to ~1
nm. They are essential probes for the investigation of sample with atomic resolu-
tion. Since they interact with the electron clouds, X-ray are strongly scattered and
adsorbed by many materials, containing atoms with large atomic number. For this
reason the use of high energy X-rays photons is necessary for the study of buried
interface. The drawback of this necessity is the so-called "radiation damage", i.e.
irreversible changes in the sample induced by the energy brought to the sample by
photons.

Thanks to the difference in the sample-probe interaction between neutrons and
X-rays, neutron and X-ray reflectometry can be used as complementary techniques,
having a different sensitivity for the same atomic species. While neutron beam is
available only at large scale facilities, X-rays produced by laboratory sources can
be used in addition to synchrotron radiation. The main advantage of the use of
synchrotron radiation with respect to the laboratory sources resides in the high
photon flux, small beam size and divergence of beams generated at synchrotron

facilities.
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2.5.2 Reflectivity from an ideal interface: theory

The reflection of neutrons and photons is governed by different physical laws
but the mathematical description of the two cases gives similar results. For this
reason, in this section, only the treatment of neutron reflection will be given. The

description of X-ray reflectivity will be derived in analogy to the neutron case.

In a reflectivity experiment an incident wave of energy E; and wavelength A hits
the sample and a wave of energy E is scattered into a solid angle Q). In the following
section we will describe the reflection events considering only elastic scattering
events, thus we assume that no energy transfer between the scattered particles and
the sample can occur. In order to derive the reflectivity, scattering events will be
described first within the Born approximation. The Born approximation implies
that the perturbation of the incident beam due to the scattering from atoms is small
(weak interaction of the incident beam and sample) and thus the multiple scattering

events can be neglected.

Due to the wave-particle duality neutrons can be described as a wave with
the wavelength A. The Schroedinger equation, which describes the interaction of

neutron’s wave function ¢(r) with the surface of potential V(r) can be written:

hz
[_%W i V(r)] P(r) = Eyp(r) (2.9)

where V(r) is the probe-sample interaction potential, E is the probe energy and m
is the mass of the neutron. The short range interaction is described by the Fermi

pseudopotential V(r), which has a form :

27th?
m

V(r) = =—bs(r), (2.10)

where b is the coherent scattering length. bhas a characteristic value for the each atom
and, depending on the nuclear spin state, it varies for isotopes of the same atomic
species. As it will be described in section 2.9, the spatial resolution achievable in
specular reflectometry does not allow to resolve individual atomic positions. In this

framework, the discrete probe-sample interaction can be extended to the continuum
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as :
27th?

v ==

p5(r) (2.11)

where p is the nuclear Scattering Length Density (SLD) that can be defined as :

X b;

p==7 (2.12)

where b; is the coherent scattering length of the j — th nucleus, N is the number of
nuclei present in the volume V,,. The expression 2.12 is commonly used to calculate
SLD values for molecules and macromolecules since it allows the use of molecular

volume information.

For X-ray reflectivity the quantity analogous to the SLD is the elecron density (ED)

that can be obtained by simply substituting the number of electron Z; to the scattering

length b;, leading to:
L7z
ED = , 2.13
ED is related to the electron scattering length density (eSLD) via the relation :
eSLD =r,- X ED, (2.14)

where 7,- = 2.81-107"> m is a classical radius of an electron.

Contrast variation method

Scattering lengths vary differently for X-rays and neutrons across elements in
the periodic table (see Fig. I11.2.17). The X-rays scattering length increases linearly
with the number of electrons of an atom, while for neutrons it varies "randomly".
Moreover, the coherent scattering length for neutrons can have different values for
isotopes of the same element [156]. Because of these differences, NR and XRR can
be used to obtain complementary information about the sample. In case of neutron
reflectometry, isotopic substitution can be exploited to highlight or hide the signal
originated from certain regions of the sample, while keeping unaltered its structure

[157]. This is a key feature of many neutron scattering techniques and it is known as
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FigureI1.2.17 — Nuclear neutron scattering length as a function of isotope (red points).
The green dotted line RX is the scattering length for X-rays. Picture is a courtesy of
Laboratoire Léon Brillouin [156].

contrast variation. In case of biological samples, one of the most common isotopic
substitution involves the replacement of hydrogen atoms by deuterium ones. In
practice, 'H (or H) and ?H (or D) have a different scattering power (and oppositely
signed scattering lengths): H has a negative scattering length = -0.374 x10™"®> m and
D has a positive scattering length = 0.667 x 107> m.

Thus, by varying the H and D content in the sample we can tune the strength
of neutron-sample interaction. More importantly, by adjusting the H-D ratio in a
given region of the sample, compositions that highlight or nullify the signal from
given regions can be obtained. The same approach can be used to tune the SLD
value of water solutions: by mixing D,O and H,0O, it is possible to adjust the SLD
of the solvent in such a way that it will contrast match either the solid substrate
(silicon/quartz/saphire blocks) or a selected part of the sample. The use of contrast
variation, together with the co-refinement of XRR and NR data, allows to overcome
the problem of the phase loss, typically affecting scattering techniques in reciprocal

space.
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Refractive index n

Reflectometry is a technique, which is sensitive to spatial changes in the scatter-
ing profiles of thin films. Its theoretical description is analogous to that of reflection
of visible light. For this reason, a refractive index, 11, can be defined for both X-rays

and neutrons.

Assuming that a neutron of energy E; is approaching an ideal interface located
between the media 1 and 2 and it is coming from the medium 1. The probe will
experience a potential V; defined according to Eq. 2.11, while the medium 2 is
characterized by a potential V,. By definition the potential experienced by a neutron
in vacuum is 0. If V; = 0 and by considering only elastic events at the interface, the

conservation of energy implies that:
E1 = E2 + V2, (215)

where E; = (Tik;)?/2m is the kinetic energy of the incoming neutron in the incoming
medium 1 and E, = (fik;)?/2m is the kinetic energy of the neutron in the medium 2.

Thus,
(hkl)z _ (hkz)z + 27Thz

2m 2m m p2 (2.16)

hk)?  (hkp)? 2mh?

g; B ﬁg_ m 2 (2.17)
IS =k — 4mp,. (2.18)

Following the definition used for visible light, the reflective index of the medium 2,

can be written as :

k
n? = =, (2.19)
K
4710, paA?
2= l-—"=1-—— 2.20
" k3 T (2.20)
The use of Taylor expansion, since pyA? << 1, leads to :
/\2
n~1-22 (2.21)
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Eq. 2.21 is defined for an incoming beam in vacuum. In general, when the medium

1is a material, Eq. 2.21 can be rewritten as :

ApA?

~1 .
" 27

(2.22)

where Ap = p, — p; is a quantity called contrast. The derivation of refracting index
was done specifically for neutrons. Only the final results (Eq. 2.21 and 2.22) are valid
for both neutrons and X-ray, if the value of electron density multiplied by radius of
electron .- is used instead of SLD value. From Eq. 2.21 it is possible to show that,
if coming from vacuum, the probe can be externally reflected from most surfaces,
since n < 1 for the majority of the cases. If n > 1 a part of the beam can cross the
interface as a refracted beam [158]. Expression 2.21 can be further generalised by

taking into the account absorption; in this case the refractive index n becomes :
~1-6-ip (2.23)

where 6 = (A?Ap) / (21t) and B is the adsorption coefficient. For organic molecules 3

is very small for both X-rays and neutrons and it is therefore often neglected.

Snell’s law and critical angle 0. of external reflection

As stated in the previous section, reflection and refraction events for X-ray
photons and neutrons can be described classically in analogy with the formalism
developed for visible light. Snell’s law for an ideal interface between vacuum (#cium

=1) and a medium with refractive index n can be written as:

€08 (Binc) _

e (8) = (2.24)

where 0y, is the angle of the transmitted (refracted) wave. The condition for the total
external reflection (0, = 0) is satisfied when 0, < 0., where 0., is a critical angle of
the total reflection:

cos(Oy) =n (2.25)
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n is defined by Eq. 2.21 and using the expression :

c0s (0> =1 —sin (B)%, (2.26)
we can derive
. N _ /P
sin (Oy) = O, = ;/\ (2.27)
= Qo= 4771 sin (Oy) = 4+/TtAp. (2.28)

Thus, total external reflection occurs for incident angles satisfying the condition
Oinc < O for a given wavelength A (monochromatic beam). In time-of-flight mea-
surements, when a polychromatic beam characterized by a wavelength spread 61
is used, total reflection can occur when 2% sin (6.;) < 44/mAp. Experimentally, by
performing measurements of the position of 0., (corresponding to a critical wave

vector Q. ), the value of Ap can be calculated [159].

Reflection from a perfectly smooth surface. Fresnel’s Law

Based on Eq. 2.19, the reflectance r and transmittance ¢ (amplitudes of the

reflected and transmitted waves) can be expressed as :

kiz - ktz
Y =

Py (2.29)
and
2kiz
t = otk (2.30)

Reflectivity is defined as R = rr*, and the transmissivity is defined as T = tt".

Q- (@ - Q)Y
f=im= (Q Q- Q?r)”z) .
T:uF:( 2Q )2 (2.32)
Q+(Q* - Q)" |

Thus, Eq. 2.31 and 2.32 are the Fresnel equations for the reflectivity and trans-

mittivity at an ideal interface, where Q is a wave vector and Q., is a wave vector
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below which the total reflection occurs.

Since reflectivity is defined as the modulus of complex quantity, the phase
information of the reflected wave is lost. Thus, an approach has to be developed to
recover this information during the data analysis (see section 2.9).

For the Q > Q. under the kinematic Born approximation (the probe-sample
interaction is weak, multiple scattering events are ignored and incident neutrons

wave is treated as a plane wave), the expression 2.31 can be simplified as :

161
o+’

Rr(Q) ~ (2.33)

and Rp(Q) is the Fresnel reflectivity for the ideal interface. An important implication

for the experiments from expression 2.33 is that Q > Q, the reflectivity decreases as

Q.

Reflection from one layer (two interfaces)

To add further complexity to the system described above, we can consider the
case of a thin layer of the thickness t. This system is characterised by two interfaces,
thus multiple events of reflection and transmission have to be taken into account in
the calculation of the total reflectivity.

The Fresnel’s reflection coefficient can be written as :

Tor + T12€2iklzt

B 1+ 7’011’1282iklzt (234)

where 7; ;.1 is the Fresnel reflection coefficient for the j—th interface. Thus, according

to the definition, reflectivity from a single layer is given by:

7’31 + 1’%2 + 27017120052k12t

R=7r*=

1+ 13,717, + 2117120052kt

(2.35)

This description can extended to the case of a series of layers. The r;;,; and

t:

;j+1 coefficients can be derived from the boundary conditions for the wavefunction

at any interface, being the reflection coefficient r;;,; for an interface between two

adjacent layers

Tor + 1’1262ik1zt

1+ 1’011’1262ik12t (236)

Tije1 =
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For N layers, the number of interfaces is N+1; 2(N+2) is the total number of
r;j+1 and t; ;1 coefficients to be calculated and 2(N+1) the number of equations to be
solved [158]. For such a system, an approximation of the total reflectivity, under the

Born approximation, is given by

1672 2

Q4

R(Q) = (2.37)

0z

o .
f pe) e'%dz

where a central role is played by the changes in SLD (or eSLD) along the vertical
direction with respect to the sample surface. However, this approximation holds
only for Q > Q.

The exact calculation of the reflectivity from a multilayer system can be per-
formed iteratively as described by Parratt [160] or as described by Abéles [161]. The
second method consists in the use of a characteristic matrix M;, which contains the
reflection and the transmission coefficients for each jy, layer:

mo| (kit)  (=i/kj)sin (kjt]-)} -
(—ik;) sin (kjt;) cos (kjt;)

where k; is the wave vector in the jy, layer in the perpendicular direction to the
substrate.

For the sample consisting of N layers the total amplitude of the reflected wave

can be written as a product of N matrices:

al Mn M
M=[M11[M21[M31...[MN1=HM;-=[ : ”} (2.39)

=1 My Mo

and the reflectivity can be defined as :

R

_ | My + Muioknaa)ko — (M1 + Mao)kna r. (2.40)

| (Mg + Migknsr)ko + (Mag + Mao)kn1
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Roughness and inter-diffusion effects

Up to now we have considered ideal (perfectly flat) interfaces. In a real sam-
ple interfaces can be rough or characterized by inter-diffusion (smooth transition
between two neighbor layers). Roughness and inter-diffusion phenomena cannot
be distinguished during the specular reflectivity measurement, as they produce the
same features in the measured reflectivity. These effects are in fact taken into account

by multiplying R(Q) by a gaussian function characterised by a width o :
R(Q) = Rr(Qe 2" (2.41)

In the direct space, Eq. 2.41 implies that changes in level of SLD at one interface

zZ

V)

are described by an error function er f(—+) and not by a step function as in the ideal

case.

p(z;)

Figure I1.2.18 — Schematic representation of roughness and inter-diffusion. The SLD
profile obtained form the fit of the specular reflectivity data is the same for the two
cases.
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2.5.3 Off-specular synchrotron radiation X-ray reflectivity

So far, only the scattering events resulting in a beam reflected in the plane
of incidence and at the same angle as the incident one (specular case) have been
described. Off-specular reflectivity describes scattering events resulting in reflections

in the plane of incidence, but at different angles than the incident one.

In the Born approximation the differential cross section is defined as the scat-
tered intensity E; per unit solid angle € in the direction of the scattered beam k¢

divided by the incident intensity E; in the k; direction per unit surface area r*dQ) and

f dre’@"p (r)

Intensity (), measured at a distance r within an elementary surface area r*d(), is

it can be written in a form:

do _
aQ

2
e : (2.42)

proportional to the differential cross section 9 and it is defined as :
do
I= fQ 40 (E(Q)). (2.43)

The description of specular reflectivity was given within the framework of the Born
approximation (Q > Q). In the Q =~ Q,,, Born approximation is not longer valid,
because multiple scattering events cannot be neglected [162]. Thus, another more
precise approach called Distorted Wave Born Approximation (DWBA) should be
used to describe the system. DWBA is a perturbative approach: reflected and

Systeme réel Ordre 0 Perturbation

z
bicouche

= +
Calcul exact Calcul analytique Approximation de
impossible exact Born

Figure I1.2.19 — Schematic representation of the DWBA approximation [35]

transmitted intensities are calculated exactly for an ideal non-perturbed system.

Variations between the real and ideal systems are treated as a perturbation. Thus, in
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the DWBA approximation, reflectivity can be written as [163] :

o .
1+iQfMeledz
Opsi

2

R(Q) =Rr(Q)

(2.44)
Similarly, the differential cross-section can be decomposed into two parts [164] :

do (E) +(£)
dQ dQ ref dQ pert

E 214in |2 45¢12 (. 2 ' iQr
( dQ)refHelt IET (i - €sc) < dre™6p (r)

2
> ) (2.45)

where (e;, - esc)2 ~ 1 defines the change in polarization between the incident and
scattered wave. Iti”I2 and |#*|* are the transmission coefficients for the interface (t" is
a good approximation of the incident wave scattered by the interface and *“ describes
how the wave propagates to the detector).

The differential cross section (do/dQ). is specular reflectivity from a perfectly

flat (ideal) interface. The perturbed part (do/dQ),.,. describes the contribution to

pert

the measured signal due to the presence of a thin film and interfacial roughness.

Figure 11.2.20 — Illustration of the off-specular scattering due to the roughness of
the substrate, k;, and k. are incident and diffuse wavevectors, g is the wave vector
transfered [35].

In the case of single or double solid-supported lipid bilayers, main samples

described in this work, the scattering cross section can be calculated as a perturbation
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of the electron density of the ideal water silicon interface due to substrate roughness
and presence of membranes (see Fig. 11.2.19). The total electron density can be
decomposed in three terms: 0psup, Opm, and dpwm, (0pm, = O for the case of a single

lipid bilayer). Thus the perturbation term can be written as:

0p (2) = 0psub (z — z5) + O0pm, (Z — z1im — Z1,5t) + 0P, (Z — Zown — Zost) - (2.46)

Thus we can obtain the expression of the perturbation part of the differential cross

section [165-167] :

; | |
(%)pert = AR IEP (e - esc)’ [g(Q) (2n)*5(Qy) + f drye’ @ f (rn/Q)]/ (2.47)

where A is the area of the sample illuminated by the beam (of the order of ym?).
The function g (Q) describes the specular part of the perturbation. Eq. 2.44 returns
directly the total reflectivity and not only to its perturbed part, which allows faster

calculations during the data analysis. The functions f (r, Q) have a form:

f (1‘||, Q) :|5;Dsub (Q)|2 -Q%d? (eQ2<Zs(1‘H)Zs(O)> _ 1)
+|(5le (Q)| - al w2y (eQ (z1,m(x)) 1, th(0)>eQ2<zl +(1)z1,5(0)) _ 1)

+|5pM2 (Q)|2 ~Q(02,,+03.,) (eQ <22th(l’\I)ZZth(0)>eQ2<Zzst(r\|)Zzsf(0)> _ 1)
(6PM1 (Q) 8y, (Q) + 6pyy (Q) 6PM2 (Q)) o 3901 01 037 3)
X (eQ (a1 (1) 22,00} Q21,5 (1) 2250(0)) _ 1)
+ <6PM1 Q) 5Psub Q) + 6PM1 (Q) 6psub (Q)) e -3Q (‘71 oL 03 2) ( Q*(z1,6(1)z:0)) _ 1)

6PM2 (Q) 0p4 (Q) + 0py, (Q) 6psub (Q)) e 3 urh) (6Q2<22'5t(r”)25(0)> B 1) '
(2.48)

+

F is the Fourier transform, which takes as arguments electron density, interface
roughness and height correlation functions <zi () zj (O)>. In Eq. 2.48 i and j denote
the first membrane, the second or the substrate. The details of the calculations can

be found in [35, 165, 166].
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Detector resolution and measured intensity

In contrast to the case of the specular reflectivity, the measured off-specular
intensity is proportional to the resolution of the detector, thus one should take into
account the dimensions of the beam and its divergence. To calculate the inten-
sity measured by detector at the angle O, , the differential cross section has to be

integrated over all incident and scattered angles:

dG do
h iWi f[ dQ ref dQ )spec - (E)off—speCl Res (Q) dQ/ (249)

where h; and w; are width and height of the slits placed after the sample, I/h;w; is an

incident flux. Res (Q) = Res (0, ) is the resolution of the detector as a function of
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Figure I1.2.21 — Experimental setup of the BM32 beamline and definition of parame-
ters used to calculate the resulting intensity [167].



98 CHAP. 2: EXPERIMENTAL TECHNIQUES

the slit width A in the plane of incidence and Ay in the transverse plane. If (O, 1)
lays in the direction to the detector, then Res (0, 1) = 1, if not, Res(Os, ) = 0.
AO and Ay are the dimensions of the slit d (Fig. I1.2.21), which is placed before the

detector in such way that the beam divergence is equal to 60:

AO = hd/Ld + 060
(2.50)

AI]D = wd/Ld.

For off-specular experiments, the slits are widely opened, the resolution of the
measurements does not depend on the Q, : Res (Q”) = Res (Q,).
For the case of the diffuse scattering measurements, when 0. # 0;,, Eq. 2.49

can be rewritten in such a way:

_ lo
Bl hiwik? sin Oy

Lot-spec(Q)) [ (), . Rs@iaeda,. @5

dQ

2.6 Membrane Fluctuations

The main aim of this thesis was to study out-of-equilibrium fluctuations caused
by protein activity in floating phospholipid bilayers by performing X-ray specular
and off-specular scattering experiments. In fact, they can provide direct information
about the membranes fluctuation spectrum in a wide, sub-micron, length scale and
therefore they are optimal techniques to characterize membrane properties, such as
bending rigidity, membrane tension and interaction potential. The combination of
these two techniques can provide a unique opportunity to directly compare experi-
mental data to theoretical predictions and to achieve a better understanding of active

fluctuations mechanism at play.

Free standing lipid bilayers near a substrate passively fluctuate around their mean
equilibrium shape due to Brownian motion and constantly exist in thermodynamic
equilibrium. The only noise source in such passively fluctuating systems is ther-
mal noise, which is uncorrelated in time and space and satisfies the fluctuation-
dissipation theorem [18, 19]. Thermally driven membrane fluctuation behaviour

has been studied extensively theoretically [13-15, 168] and experimentally [16, 18—
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20,169, 170], originating from the pioneering work of Helfrich on the elasticity theory
of lipid bilayers [171]. In this framework, membrane fluctuations can be described
by the Helfrich Hamiltonian, the membrane is modeled using a Monge represen-
tation as a geometrical plane surface, thus all molecular details of the membrane

structure are neglected. The elastic energy of the membrane can be described within

o -

5 f&‘% ‘mﬂ'& =

' ‘;—-"’" t‘\‘\
<

Figure I1.2.22 — Monge representation of the membrane [35].

the classic harmonic approximation [171] and depends on the surface tension and
the bending modulus of fluid membranes and on its interaction potential with the

surrounding environment. Thus, the Helfrich Hamiltonian can be written as:

Hlz(r)] = f dZT[%K(AZ)Z +v(V2)? + U (2)] (2.52)

Applying the equipartition theorem, the thermal fluctuation spectrum can be
written as:
KBT

2y — 2.53
Q™ @) + )@ + 0 (2.53)

where U”(z) is the second derivative of the interaction potential, y is the surface

tension, and « is the bending modulus of a lipid bilayer.

The Fourier transform of Eq. 2.53, the height-height correlation function in
real space, which defines the thermal fluctuation spectrum, can be obtained. The
exact calculation of height-height correlation functions (auto correlation functions

of each membrane and cross correlation functions of membrane/substrate, between
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two bilayers, between first bilayer and substrate, floating bilayer and substrate) for
the case of a double bilayer system can be found in [35, 165, 166].

The parameters y, x and U describe the main contribution to the lipid bilayer
elastic behavior and thus define the membrane fluctuation spectrum at different
length-scales. Different regimes can be defined depending on the values of the dis-

criminant 6 = y* — 4U"« [164]:

e for 6 > 0 and for the wavelength range corresponding to Q < VU”/y, the
membrane fluctuations are dominated by the interaction potential with the

near surface or neighboring membrane.

e At the intermediate length scale Q > (y/x)!/4, the membrane fluctuations are

dominated by the membrane tension.
e For 6 < 0 the membrane fluctuations are stabilized by the bending rigidity «.

The cross-over between these three regimes occurs at sub-micron length scales, thus
it is not accessible through optical microscopy measurements, which can provide
information on the fluctuation spectrum only at the micrometer scale. It was shown
by Daillant et al. [164] that the developed X-ray off-specular surface scattering tech-
nique [166] can allow to study the fluctuations of a floating bilayer near a substrate

[172], as well as membrane-membrane interactions [173-175].
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2.7 Reflectivity Measurements and Instrumentation

During reflectometry experiments, a very well collimated neutron or X-ray
beam of defined wavelength A and intensity I, strikes the surface at an incident
angle 0;,. Upon the interaction with the sample, the beam is reflected at an angle
Os.. The intensity of the reflected beam I is measured as a function of the scattering
angle. Reflectivity is defined as the ratio of the intensity of the reflected beam
over the intensity of the incoming beam. When 0;, = 0Oy, the reflectivity is named
specular, while when 0;, # 0, reflectivity is called off-specular. In particular, specular
reflectivity R(Q;) is measured as a function of wave vector Q,, which is perpendicular

to the sample surface:

Q.= 4771 sin (6;). (2.54)

Being the wavevector defined as reciprocal distance, to obtain information at dif-
ferent length scales, measurements should be performed on the largest Q.-range
possible. This range can be covered by either changing the incident angle of the
beam, while keeping the wavelength constant (monochromatic measurements, typi-
cally for X-rays and synchrotron radiation) or by using a distribution of wavelengths
(Time-of-flight (TOF) measurements, often used on neutron instruments). In TOF
mode, the incident angle can be varied as well, leading to a wider Q.-range covered.
If the neutron flux from the source is low, monochromatic beam can be obtained
by means of a mechanical velocity selector that allows for a larger tolerance on the
definition of the wavelength. By allowing the passage of more than one wave-
length (although the pulse remains very limited in terms of wavelength spread), the

incident flux can be improved, while the resolution is worsened.

In reflection geometry, incident and reflected beams crosses the part of the
sample that is defined as "incident medium". This has to be as much transparent as
possible for the chosen probe. The systems investigated in this thesis were deposited,
in most of the cases, at the silicon/liquid interface. Additionally, quartz and sapphire
substrates were used for NR experiments. In NR experiments the beam strikes
the sample passing through the solid substrate, since the transmittance of several

centimeters of water (either D,O or H,O) is rather low. On the contrary these
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types of substrates have a very high transmission for cold and thermal neutrons.
In the case of measurements performed using synchrotron radiation and in-house
X-ray instruments, the beam was hitting the sample passing through the liquid
environment (Fig. I1.2.23) , which is more transparent for X-rays than the substrates

used.
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Figure 11.2.23 — Schematic representation of X-ray and neutron beam approaching
the sample.

Because of these constraints, samples for NR and XRR were enclosed in solid/liquid
cells developed ad-hoc for different techniques (see section 2.4 for the development
carried out during this PhD project). In addition, standard solid/liquid cells available
at the ILL were routinely used for NR experiments (also for those performed at other
neutron sources). This cell (see Fig. I1.2.24) consisted of two parts: a water reservoir
made of PEEK and a counter plate made of PTFE and aluminum. Highly polished
silicon (or quartz, or sapphire) blocks of size of 5x8x1.5 cm® were sandwiched and
tightly sealed between the two parts of the cell. The water reservoir was equipped
with inlet and outlet connections, which allow to perform solutions injections and/or
solvent exchange. The cell was thermalized by means of water circulation and could

be mounted on the different instruments either in horizontal or vertical geometry.
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Figure I1.2.24 — Solid/liquid cell used for the neutron reflectivity measurements.

2.7.1 Neutron reflectometers used within this project

NR experiments were performed on the FIGARO [176] and D17 [177] reflectome-
ters at the ILL (Grenoble, France) and MARIA reflectometer at the MLZ (Garching,
Germany) [178].

Figaro (Fluid Interfaces Grazing Angles ReflectOmeter) (Fig. I1.2.25) is a neutron
reflectometer with vertical scattering geometry, where reflection up or reflection
down geometries are possible. Reflectivity measurements on Figaro were performed
in TOF mode, using a wavelength spread from 2 to 20 A. Such a polychromatic
beam was defined by a set of choppers, which are synchronized in time. For the
same wavelength spread, two different angular configurations were used (0.8° and

3.2°), allowing to cover the Q.-range from 0.005 to 0.3 A~! (see Eq. 2.54).
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Figure I1.2.25 — Layout of the FIGARO reflectometer at the ILL, Grenoble, France
[179].

D17 (Fig. 11.2.26) is a neutron reflectometer with horizontal scattering geometry.
As for FIGARO, reflectivity measurements on D17 were performed in TOF mode,

using wavelengths range from 2 to 30 A. Two different angular configurations were
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used (0.8°and 3.2°), allowing to cover the Q.-range from 0.005 to 0.3 A" (see Eq. 2.54).

MONO - MODE
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Chopper stopped Sample
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| Unpolarised
menochromator

Polarising
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Area detector

Supermirror or
*He analyser

15t collimation slit RF spin flipper

RF spin flipper
P PP LiéF beam stop

Polarising S-Bender

Double Disc
Chopper 274 collimation slit

Figure I1.2.26 — D17 reflectometer layout at monochromatic and time-of-flight modes
at the ILL, Grenoble, France [179].

For both FIGARO and D17, the incoming neutron beam was configured to have
low divergence (almost parallel beam) by using a pair of slits positioned before the
sample. Slit openings were adjusted for each angular configuration used, in such a
way approximately the 70 % of the sample surface was illuminated by the neutron

beam.

MARIA (Magnetic reflectometer with high incident angle) (Fig. 11.2.27) is a
neutron reflectometer with horizontal scattering geometry. MARIA was used in
monochromatic mode and the wavelength of the incoming beam was defined by
means of a velocity selector and the reflectivity curve was collected point by point,
while varying the incident and detector angles in a 6 — 20 configuration from 0.4° to
4.5°. To optimise the measurements, two wavelengths, namely 5 A and 10 A, were

used. This allowed to cover a Q, range from 0.009 to 0.2 A~

Since the sample angle was changed continuously, the slits opening was ad-
justed for every angle in order to have a beam footprint illuminating a constant

surface of the sample.
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Figure I1.2.27 — MARIA reflectometer layout, MLZ, Garching, Germany [180].

Instrumental resolution

In NR experiments, the resolution is defined by the 1) optical divergence of
the beam, which takes into account detector resolution in 0 and divergence of the
incoming beam; 2) precision of the instrument alignment, which is usually highly
precise and has therefore no effect on resolution; 3) the wavelength spread of the

beam.

For the monochromatic measurements, the resolution is defined by the angular

6(0) and wavelength 6(A) divergences of the beam [154]. Therefore Q-resolution is

(9] - - 3.

For highly monochromatic beams (obtained by using a crystal monochromator), the

defined by the relation:

resolution is dominated by the 6(0) term. For monochromatic beams obtained by

using a velocity selector, the resolution is lower and dominated by the 6(A) term.

For the TOF measurements the resolution is defined by the angular divergence

60 of the beam and the pulse width 6t :

(2]~ 2

where t is the time-of-flight of neutrons. The instruments used during this project
were operated at the following resolution (expressed in 6A/A ): 7% on FIGARO,
3-11%' on D17 and 10% on MARIA.

IThe instrumental resolution on D17, for the configurations used in this project, increases from ~
3% to ~ 11% going from low- to high-Q values.
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2.7.2 Data reduction procedures

In order to convert raw detector images in reflectivity curves, a series of well
established procedures have to be applied. Treatment of the data collected at the
ILL (in TOF mode) was performed using the program COSMOS from the software
LAMP (Large Array Manipulation Program) [181]. The data collected on the MARIA

reflectometer was treated with the in-house-developed software.

TOF data were collected using a bi-dimensional position sensitive detector. The
specular peak was integrated along constant A cuts in order to obtain the total re-
flected intensity L,.s(A, 0), for a given wavelength, in the specular direction. For
each of these cuts, the background (originated from the environment and sample
itself) to be subtracted was calculated by evaluating the average number of counts
from detector pixel close to the specular line. The integrated and background sub-
tracted intensity was then normalised by the intensity of the incident beam mea-
sured through the solid substrate. This allowed not only to define the reflectivity
as R(A, 0) = % but also to take into account the beam attenuation due to the
passage through the sample support and environment. A direct beam measurement
(Ips(A, 0)) was collected for every angular configuration. If the use of an attenuator

was necessary, the direct beam intensity was multiplied by the attenuator factor. As

last step, R(A, 0) was converted to R(Q,) by using the Eq. 2.54.

For monochromatic measurements, the data reduction procedure is the same with
the only difference that a detector image contains information only about a given

Leas(A, 0) and not about the entire spectrum of wavelengths used.

2.7.3 Synchrotron beamlines and the X-ray reflectometer

While X-ray specular reflectometry measurements can be performed by using
laboratory equipments (provided that they are equipped with high-energy X-ray
sources), the use of synchrotron radiation is crucial for off-specular measurements.
In fact, the off-specular scattering signal is very low, especially at high Q, where

only one photon over 10'? incident ones was detected, a high photon flux is needed.
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For this reason, only the sample pre-characterization was performed using the in-
house equipments, while off-specular and most of the specular measurements were

performed at synchrotron facilities.

The SixS beamline

Specular and off-specular synchrotron radiation reflectometry experiments were
performed on the Surfaces interfaces X-ray Scattering (SixS) beamline at the SOLEIL
Synchrotron (Saint-Aubin, France). The layout of the SixS beamline is shown in
Fig. I1.2.28. The sample stage was placed on a goniometer, which allowed to control
precisely the orientation of the sample with respect to the incoming X-ray beam. The
X-ray beam energy was fixed at 18.4 keV (A = 0.467A) by means of a monochromator.

The divergence of the beam was ~ 10 urad.

Ism ;  Short section
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Figure I1.2.28 — Schematic layout of the optical elements of the SixS beamline at the
Synchrotron SOLEIL, Saint-Aubin, France [182].

Beam shape and size of the illumination area were controlled using the set of
slits with the dimensions wxh (see Tab. 2.2, where w, and h, are width and height
of the collimation slit and w,; and h; are those of the detector slit). The slits size
was selected according to the type of the experiment performed (specular or off-
specular). For specular reflectivity experiments slits dimension was chosen taking
into account the facts that slits should be open wide enough to ensure the detection
of good reflected signal, but the slits opening should remain fine to limit the diffuse
scatting contribution in the specular signal. For off-specular experiments, the slits
were opened more then for specular experiments to guarantee the detection of the

weak diffuse signal. As too large slits opening affects the experimental resolution,
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a trade-off had to be found to balance the signal strength and the resolution of the
measurements.

Table 2.2 — The dimension of the slits for source and detector at the SixS beamline at
the Synchrotron SOLEIL, Saint-Aubin, France.

Dimensions Specular Off-specular
h. 200 pm 200 pm

w, 20 mm 20 mm

hg 20 pm 20 ym

Wy 20 mm 20 mm

Specular reflectivity was measured by varying the incident angle 6 from 0° to
3°(Q, = 0 A™! coincides with the direct beam), which allowed to cover the Q,-range
from 0 A" to 1 A~'. The background scattering signal was measured performing an
"offset scan": signal was measured in a region of interest close (but outside) of the
area containing the specular signal.

A great care was taken to avoid sample degradation due to the exposure to
the X-ray beam (radiation damage). After each reflectivity measurement the sample
was moved for 3 mm along the lateral direction and the next measurement was
performed on a new area of the sample. Sample re-alignment was done before
each new measurement. The high flux of the X-ray beam (10'? photons per second)
allows to obtain measurements with a very good statistic and relatively fast. Specular
and off-specular reflectivity curves were collected within one hour, taking into the
account time needed for the sample alignment.

The off-specular signal was measured by fixing the incident angle at the value 6
= 0.6°, which is slightly lower the critical reflection angle for the beam of energy 18.4
keV at the silicon/water interface (0., = 0.06912°) and scanning the detector angle in
the range form 0 to 3.5°, corresponding to a Q, range from 1 x 107 to 3.4 x 1072
The background signal for the off-specular experiments was measured by moving
the silicon substrate away from the X-ray beam scanning the detector angle from 0

to 3.5°.

The CRG-IF (BM-32) beamline

XRR experiments to study the structure of charged lipid bilayers samples were

performed at the CRG-IF (B32) beamline of the European Synchrotron Radiation
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Facility (ESRF, Grenoble, France), which is dedicated to study the surfaces and
interfaces, using a 27 keV x-ray beam (wavelength A = 0.0459 nm). BM32 beamline
was equipped with a goniometer to control precisely the position and the orientation
of the sample with respect to the incident beam. The schematic layout of the beamline
is shown in Fig. I1.2.29. The divergence of the beam was measured case by case, and
was comprised between 10 and 70 urad. The photon flux was 10! photons/s, which

allowed to measure the specular reflectivity curve within an hour.
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Figure 11.2.29 — Schematic layout of BM32 beamline at the ESRF [183].

The size of the illumination area and the beam shape were controlled using a
set of slits for the incident beam. The dimensions of the used slits are reported in
Tab. 2.3, where w, and h, are width and height of the collimation slit and w; and h,
are those of the detector slit. For the specular X-ray reflectivity the slits opening does
not affect the resolution of the measurements. For the off-specular measurements,
the dimension of the slits placed after the sample should be chosen very carefully as
the slits opening defines the resolution of the measurement. A compromise had to
be found to keep the detected scattered intensity (count rate) sufficiently large and

the resolution sufficiently high.

Table 2.3 — The dimension of the slits for source and detector at the CRG-IF beamline
at the ESRF, Grenoble, France.

Dimensions Specular Off-specular
h 200 ym 200 ym
W, 2 mm 20 mm
ha 200 pm 200 ym
Wy 2 mm 20 mm

The specular reflectivity measurements were performed in a 0 - 20 geometry

(Fig. I1.2.29), varying the incident angle 0 in the range from 0 to 3°C, which resulted
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in the Q-range from 0 to 1 A~'. Background scattering was measured by shifting the

detector by 60 = 0.08 and by repeating the 0 - 20 scan.

Figure I1.2.30 — Schematic geometry of a specular X-ray reflectivity measurement
[35].

To measure off-specular scattering, the incident angle of the X-ray beam was
fixed at the values 0 = 0.04°, which is slightly less than the critical angle for a
silicon/H,O interface for a 27 keV X-ray beam (0., = 0.048° for 27 keV) and the off-
specular signal was measured by scanning the detector angle from 0 to 4° (Fig. I1.2.31).
At high Q, the intensity of the diffuse signal is very low and it is mostly dominated
by the background noise due to the large amount of water presented in the cell,
which X-ray beam has to cross before reaching the sample on the surface. Thus,
to extract the weak diffuse intensity coming only from the sample, the background
noise signal has to be separately measured and subtracted from the off-specular
intensity. The background scattering was measured by moving the substrate from

the X-ray beam path scanning the detector from 0 to 4°.

FigureI1.2.31 —a) Schematic geometry of an off-specular reflectometry measurement.
b) Schematic geometry of a background measurement [165].

2.8 In-house X-ray reflectometry

In-house specular X-ray reflectivity measurements were performed on the
Empyrean X-ray bench from PANalytical [184] using an Ag source, which generates
a beam of energy 22.4 keV and wavelength 0.56 A. The instrument was equipped

with a line detector, which has a high efficiency for Ag radiation, and a sample stage,
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which allowed to move the sample in x, y and z directions (but that did not allow
to adjust sample and tilt angles). The X-ray bench available at the ILL is shown

in Fig. I1.2.32. A set of slits for the incident and reflected beam was used to define

Figure I1.2.32 — In-house Empyrean X-ray bench available at the ILL.

the beam size and to reduce the diffuse scattering in the specular direction. The
dimensions of the slits used for the incident and reflected beam optics are reported

in Tab. 2.4

Table 2.4 — Slits configuration for incident and diffracted beam optics on the ILL
X-ray bench.

Source Detector
Anti-scatter slit | 1/32° (0.05 mm) Receiving slit 1/8° (0.19 mm)
Mask 20 x 10 mm Mask -
Soller slit 0.04 Rad Soller slit 0.04 Rad
Divergent slit 1/16° (0.1 mm) Anti-scatter slit 1/8° (0.19 mm)

Specular XRR measurements were performed varying the incident beam from
0° to 4°, which allowed us to cover a Q, range from 0 A~ to 0.8 A~'. Because of
the low photon flux (if compared to synchrotron radiation beamlines) no sample
degradation due to the long exposure to the X-ray beam was detected (up to 7 re-
flectivity curves could be measured on the same sample). One reflectivity curve
could be measured in approximately 1.5 hours for bilayers at a solid/liquid interface

(Fig. 11.2.14).

Because of the use of fixed slits, the beam footprint at the sample surface was

larger than the sample size at low incident angles. This situation goes under the
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name of over-illumination and it causes a decrease in the detected intensity since
part of the incident beam is not hitting the sample. An over-illumination factor B
was calculated by taking into account the slits size and the dimension of the sample
surface.

Indeed, the footprint D of the beam on the sample surface can be estimated as :

d
b= sin (0)

(2.57)

where d is a beam width and 0 is the incident angle. When D is larger than the size
of the sample L, the reflectivity is reduced by the factor B:
SO - for O, > 0,

sin (0oi)

B= (2.58)

1, for 0, < 6.

This correction had to be performed for incident angles defined based on the
relation

d
0 < arcsin (Z). (2.59)

As a result, all reflectivity data points collected for O < arcsin (4) had to be

multiplied by the factor B.

2.9 Data modeling and analysis

2.9.1 NR and XRR

Solid-supported lipid bilayers are self-assembled structures composed by two
leaflets of lipid molecules and deposited on the solid supports of a different kind.
Being formed on substrates, SLBs are planar structures that can be described in
terms of a layered model. Because of their chemical composition, each leaflet can be
divided into a head-group region (hydrophilic) and a tail region (hydrophobic) that
are characterized by different SLD and eSLD values and are therefore distinguishable
during NR and XRR experiments. Being composed by two leaflets, a bilayer can be
modeled by at least 4 individual layers. In addition, a central methyl groups layer

might be necessary to model high-resolution XRR curves. Therefore, single lipid
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bilayer and double lipid bilayer samples on solid supports were modeled according
to N = 5 (if the tails of bilayer leaflets are combined) or N = 6 (if the tails of bilayer
leaflets are separated) and N = 10 (if the tails of bilayers leaflets are combined) or
N = 12 (if the tails of bilayers leaflets are separated) layers as shown in Fig. 11.2.33.
Any oxide layer present on the surface of the substrates and a water layer between
the substrate and the lower bilayer as well as between the two bilayers (for double

bilayer systems) were systematically included in the model.

B Solvent
Head
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_________ Tail,
Tailz
Head
Solvent Solvent
Head Head
Tail, Tail,
Tail{ -—----44-45-45-40 40 4L 4L L 4L L Taily
Taily Taily
Head Head
Soivent AN . Solvent
Siox _____ N I siox
Si Si

Figure I1.2.33 — Schematic representation of the slab model used to fit NR and in-
house XRR data.

In the model the j-th slab was characterised by four parameters: thickness d;,
the SLD or ED p?ry , water fraction ¢* and the surface roughness ¢;,1. The total SLD
(or ED) of the j-th slab was be calculated as :

pi= ¢;“ijry +¢ip’ (2.60)
¢ + 5 =1 (2.61)

where p?ry and gb?ry are the SLD and the dry fraction of the sample in the layer j
and p* and ¢ are the SLD of the solvent and solvent fraction in the layer j. Eq. 2.60
has a fundamental importance for experiments at the solid/liquid interface, because
it allows the co-refinement of data sets collected according to the contrast variation
method. In fact, during NR experiments the data was collected upon the use of

aqueous phases containing different percentage of D,O and H,O. In this way the
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value of the solvent SLD (p®) could be changed continuously between 6.35 and -0.56
(in 107° A2 units). As a result, different reflectivity curves, originated from the same
"dry" structure were consequently measured and simultaneously analysed. During
the co-refinement, a unique set of structural parameters describing simultaneously
all the different reflectivity curves was optimized [185]. The only parameter changing
(in a controlled way) among different data sets was indeed p°. Reference SLD values

used in the analysis are given in section 2.10.

The structural parameters describing each slab in the model were optimised
during the fitting procedure in order to obtain the best fit of the measured reflec-
tivity data. Thus, for a sample modeled by N slabs, the maximum number of free
parameters was 4N + 1. This number can be considerably reduced by constrain-
ing some of the parameters, according to the molecular information available. The
goodness of the fit was evaluated in terms of the minimum of the x? function (see
Eq. 2.62), a quantity which describes the distance between the measured and es-
timated curves during the fitting process. The fitting procedure continued until a

minimum of the x? was reached.

1 Y (R = Rep)?
~PF (0%)?

X (2.62)

where the Ry and Rc are the k-th point of the measured and calculated reflectivity
curves, oy is the k-th standard error of the measured reflectivity, P is the number
of data points and F is the number of free parameters (reduced by the number of

constrains).

Thus, by applying physical and chemical constraints on the system and fitting
simultaneously the reflectivity data sets collected in different isotopic contrasts, we
could obtain the SLD profile of the system, which describes the unique structure of

the sample at the interface [154].

In fact, the result of the analysis of R(Q) data is a SLD or ED profile. In practice,
NR and in-house XRR data were analyzed using the AuroreNR [185] and Motofit
software packages [186], where the specular reflectivity is calculated by the Parratt’s
recursive formalism [160] (AuroreNR) and by Abeles” matrices (Motofit) [187]. A

genetic algorithm for x? minimization was implemented in Motofit, while MINUIT
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algorithm was used in AuroreNR. Motofit software was used to fit the NR and XRR
data, when the number of the layers implemented in the sample modeling exceeds
10 (the maximum number of layers allowed by AuroreNR software), otherwise, Au-
roreNR software was used due to its very fast fitting routine and user-friendly and

intuitive GUI.
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2.9.2 Synchrotron radiation reflectometry

Specular reflectivity data collected at synchrotron beamline were analyses with
a different approach than the one described in the previous section. This was moti-
vated by the necessity of using a model for the combined analysis of specular and
off-specular measurements. In this combined approach, electron densities profiles
were describes in terms of a 1G-hybrid gaussian continuous profile [164, 166] for
which p(z) was modelled by a sum of continuous functions describing the head pjq4,

tail pi and methyl pcy, regions of a bilayer structure.
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Figure 11.2.34 — ED profile of a solid supported double lipid bilayer [35].

In particular, the ED for the head region pj.,s was described by a gaussian

function : 5
Z = Zhea
OPnead (2) = (Phead — Pr,0) EXP (—%) : (2.63)
head
The ED for the methyl group region pcy, was defined as :
(z—zcw)’
opcw; (2) = (pcr; — pry0) €xp | — 22, ) (2.64)
Hs
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while the ED of the chains region p;,; was modeled as :

1 — “hea _dea zZ—-z 3+dea
0Pl (z) = E(Ptail—PHzo) [erf (Z Zhead — T d)—erf ( o d)] (2.65)

& &

In Eq. 2.65 the value of ¢ was chosen as small as possible (¢ = ¢7'™). Finally,
the chain region of each leaflet was connected to the head region and to the methyl
group by sinusoidal functions. In such a way, the lipid bilayer was modelled by a

continuous and smooth functions [35].

The data collected at synchrotron reflectometers were analysed using a home-made
software developed by Charitat and Daillant [35, 164, 166] for the combined analysis
of specular and off-specular synchrotron reflectivity originated from double lipid
bilayer samples. The 1G-hybrid model described above consisted of 27 structural
parameters for the specular part and of 25 structural and 7 elastic parameters for the
combined specular and off-specular data analysis. The elastic parameters described
the bilayer surface tension and bending modulus, as well as the membrane-substrate
and the membrane-membrane interaction potentials.

A simulated annealing algorithm for the x* minimization was implemented in
order to obtain the best fit of the measured data [188]. This algorithm is particularly
suitable for continuous multi-variable functions and it allows to escape the possibility

to be "trapped" in a local minimum of the x*.

210 SLD and eSLD values used in the modeling

To perform fitting of neutron and X-ray reflectometry data, we have estimated
the SLD and ED values of the lipids and proteins molecules used within this project.
A lipid molecule was divided into tail and head regions for NR and head, methyl
and tail regions for XRR as shown in Fig. IV.2.5. Temperature dependence of the
volumes of the head and tail groups (and their atomic compositions) are know
from the extensive studies of the structure of lipid species [189-192] and are listed
in Tab. 2.5 and 2.6. Using the definitions reported in Eq. 2.12 and Eq. 2.13, SLD
and/or ED values for the lipid tail, methyl and head regions were estimated and the

corresponding values are summarized in Tab. 2.5 and 2.6. SLDs values of the silicon
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and quartz substrates and solvent contrasted solutions, which were used within this

work, are reported in Tab. 2.7.
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Figure 11.2.35 — (a) Definition of parameters used for SLD profile in case of NR. For
sake of clarity we used articial values for 0;;, dy,; and dy (0;; = 0.1 nm, d,,; = 2
nm, dy, = 2 nm). (b). Definition of parameters used for SLD profile in case of
XRR (1G-hybrid model). For sake of clarity we used articial values for d,,; and d,»
(0;;=0.1nm,dy,; =2nm, d,, = 2nm)

Table 2.5 — Neutron scattering length density (SLD) of the lipid molecules

Name Structure b, V (A% | SLD
(x107°A2)
DSPC head C10H1304PN 60.054 319 1.88
tails (T =20 °C) | C34Hy -35.836 | 917 -0.39
tails (T =55 °C) | C34Hy -35.836 | 1027.46 | -0.35
DPPC head C10H1303 PN 60.054 319 1.88
tails (T =20 °C) | C3oHe, -32.5 825 -0.39
tails (T =55 °C) | C3oHe -32.5 913 -0.36
POPC head C10H1303PN 60.054 319 1.88
tails (T =20 °C) | C3Hgg -26.88 936 -0.28
DPPS head CgH1;010PNa 81.55 310 2.63
tails (T =20 °C) | C3oHe, -32.5 795 -0.41
tails (T =55 °C) | C30He, -32.5 913 -0.36

In addition to SLD and ED for phospholipid molecules, these quantities were
calculated also for proteins BR and Arch-3. Molecular volume of BR is 33844.7 A3

and a BR is composed of 1260 Carbon atoms, 291 Nitrogen atoms, 309 Oxygen, 9

Sulfur and 1921 Hydrogen atoms. The ED value of BR was estimated to be equal to
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Table 2.6 — Electron density and eSLD of the lipid molecules

Name Structure Zol V(A% | ED eSLD
(10*A) (e /A% | (107°A2)
DSPC | head CioH1sOsPN | 164 319 0.52 14.45
tails (T =20°C) | Cs4Hyp 274 917 0.29 8.4
tails (T = 55°C) | CzyHyg 274 1028 0.27 7.49
DPPC| head CioH1sOsPN | 164 319 0.52 14.45
tails (T = 20°C) | CzyHyg 274 917 0.29 8.4
tails (T = 55°C) | CzyHyg 274 1028 0.27 7.49
DPPS | head Structure 172 310 0.56 15.5
tails (T = 20°C) | Cz4Hyg 242 825 0.29 8.4
tails (T =55°C) | CaHyp 242 913 0.27 7.49
POPC| head CioH1sOsPN | 164 331 0.49 13.92
tails (T = 20°C) | CzHgs 256 924 0.28 7.79
CH; CH; 9 38 0.24 6.65

Table 2.7 — Neutron SLD, ED and eSLD of subphases and used substrates

H,O D,0O SIMW AMW Si SiOx Quartz
SLD -0.56 6.36 2.07 4 2.07 3.41 42
(x1076A2)
ED (e~ /A3) | 0.334 - - - 0.65 0.692 -
eSLD 9.41 - - 4 185 19.5 -
(x106A-2)

0.4157 e/A® and the SLD value of BR is 1.72 x 107® A2, The atomic composition of
Arch-3 is not resolved yet, but it is known that Arch-3 structure and composition is
very similar to BR (see section 1.4.6), therefore the same SLD and ED values were
used for Arch-3.

During NR experiments, BR was immersed in different H,O/D,O mixtures. To
take into account for the exchange of labile hydrogens between protein and solution,
we used the biomolecular SLD calculator [193], where the amino acid sequence of
the protein, taken from the PDB, can be loaded and molecular weight, molecular
volume, scattering length and scattering length density of molecule are estimated.
Assuming that 15% of hydrogens are labile, the SLD of BR was estimated to be equal
to 1.84x 107¢ A2 in pure D,O solution. The obtained value is close to the SLD value
of BR in pure H,O, therefore in the performed analysis of NR data the SLD value of

BR was taken as an average value between the two 1.79x 1076 A2,
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Part 111

Insertion of BR in floating lipid

bilayers: active fluctuations






CHAPTER 1

Introduction

As already mentioned, the main objective of the project is to first reconstitute the
transmembrane protein BR into a floating lipid bilayer system, keeping structural
integrity of the lipid bilayer and functional activity of the protein, and to then trigger
BR activity with light illumination of a specific wavelength in order to study the

induced effect of protein pumping activity on the membrane structure and dynamics.

In order to develop a robust protocol for the protein insertion into floating lipid
bilayers systems, we have performed series of experiments using available surface-
sensitive techniques. We should note that a floating lipid bilayer is a very fragile
and uncommon model system and only few experimental techniques suitable for
this sample type investigation are available. A range of extensively used techniques
to probe single SLBs cannot be employed to study double lipid bilayer systems, thus
it becomes much more challenging. For example, QCM-D experiments cannot be
performed on floating bilayers, as it is not possible to form double bilayer in QCM-D
chamber and to our knowledge, no AFM experiments on the floating bilayer models
formed by LB/LS technique were performed up to now and only few fluorescence

microscopy studies were conducted.

Therefore it was necessary to optimise first the protocol for BR reconstitution
into single lipid bilayer systems using QCM-D (section 2.1), AFM (section 2.2) and
fluorescence microscopy (section 2.3). As a further step, we aimed to optimise the de-
veloped protocol for the case of floating lipid bilayers, performing AFM experiments
on double lipid bilayer samples for the first time (section 2.2.5) and characterizing
the structure of the obtained bilayers with embedded proteins by means of XRR
and NR experiments (sections 3.1 and 3.2, respectively). Finally, we have performed

SR reflectivity experiments to study the influence of BR pumping activity on the



124 CHAP. 1: INTRODUCTION

structure and fluctuation of the floating lipid bilayer by triggering protein activity

by illumination the membrane-protein system with visible light (section 4).



CHAPTER 2

Optimization of the proteins insertion

protocol in supported bilayers

21 QCM-D

Qualitative QCM-D measurements provide a great tool for the quick check
and evaluation of protein interactions with planar systems in terms of changes
in the absorbed mass and viscoelastic properties of the sample. QCM-D allows
to monitor the influence of a wide range of parameters (temperature, pH, ionic
strength, concentration, etc.) on sample formation and system properties. It permits
fast verification of the developed protocol, its quick modification and adaptation. In
general, values of frequency and dissipation shifts indicating formation of a good
quality lipid bilayer are AF ~ - 26 Hz and AD ~ 0.2 x 107° [28]. Thus, by performing
QCM-D experiments we can quickly verify the quality of a formed bilayer and an
effect of BR or detergent molecules on the bilayer properties through changes in the
dissipation and frequency signals.

To monitor SLBs formation via vesicle fusion and protein reconstitution into
fluid SLB, we have performed QCM-D experiments using a Q-Sense series E4 instru-
ment (Q-Sense, Sweden). The instrument description can be found in section 2.1.1.
The main aim of the performed experiments was to optimize the protocol for BR
insertion into a single planar lipid bilayer by adjusting protein and detergent concen-
trations and incubation time of the BR-DDM solution with the lipid bilayer. Protein
interaction with the bare substrate was studied as well. We have tested the influence
of D,O PBS bulffer on the lipid bilayer formation and on protein reconstitution effi-
ciency, which is important for NR experiments, where the method of solvent contrast

variation is routinely used. QCM-D measurements do not provide a detailed infor-
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mation on the bilayer morphology and its internal structure/organization, therefore
QCM-D experiments were performed in combination with other surface-sensitive
techniques, such as NR, XRR and AFM in order to obtain precise quantitative infor-

mation on the sample structure and composition.

2.1.1 Optimization of detergent concentration

To prevent a drastic modification of the lipid bilayer or its full or partial solu-
bilization caused by the interaction with detergent molecules, the concentration of
the detergent solution used for the protein reconstitution should be properly opti-
mized. To do so, we have performed QCM-D experiments to follow the lipid bilayer
formation and to study the modifications (in terms of adsorbed mass) and changes
of the viscoelastic properties of the sample caused by bilayer incubation with deter-
gent solution. The optimization of the concentration of detergent solution helped to
demonstrate that the structure of the fluid single SLB does not change significantly
upon interaction with the selected detergent solution.

To perform this experiment, a POPC lipid bilayer was formed on a silicon chip by
the vesicle fusion technique following the protocol reported in section 1.3.1. Upon the
completed lipid bilayer formation, a solution of 0.05 mM DDM detergent in H,O PBS
buffer was injected into the solid/liquid cell with the POPC bilayer. After 15 minutes
of incubation, the system was rinsed extensively in order to remove all detergent
molecules from the cell. The concentration of 0.05 mM DDM solution was chosen
based on results of previously performed fluorescence microscopy experiments and
from values reported in literature for similar protocols [31, 32]. The main aim was to
keep the detergent concentration as low as possible (lower than the critical micelle
concentration for DDM detergent (crmc(DDM) = 0.17 mM in H,O and cmc(DDM) =
0.12mM in 0.2 M NaCl [194]) such that the lipid bilayer was unperturbed, while BR
remained stable.

QCM-D frequency and dissipation signals collected for this experiment are
shown in Fig. VI.1.4. Different colors in the figure corresponds to the different os-
cilation harmonics (overtone numbers) of the QCM-D chip. The main steps carried
out during this measurement are noted in the figure. Based on the measured fre-

quency shifts, we can conclude that 0.05 mM DDM solution does not induce the
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Figure I11.2.1 - QCM-D data: frequency shifts (blue) and dissipation factors (green
and orange) as a function of time for a POPC phospholipid bilayer formed by vesicles
fusion, followed by 0.05 mM DDM injection. The system remained stable during all
the steps.

lipid bilayer’s removal from the silicon surface, despite strong interaction of the
DDM solution with the POPC bilayer. Upon the performed injection of 0.05 mM
DDM in PBS buffer solution into the cell the viscoelastic properties of a bilayer were
substantially changed causing the lipid bilayer softening as can be seen from the
changes of the dissipation signal (green and orange curves in Fig. VI.1.4). The lipid
bilayer regained its rigidity after removing the detergent molecules by rinsing the
cell with buffer and no material loss from the substrate was detected. The fact that
after sample rinsing with detergent-free buffer, the lipid bilayer rigidity increased
back to the initial values, can serve as an indication that detergent molecules were
removed not only from the bulk but from the lipid bilayer as well. We can conclude
that 0.05 mM DDM solution does not induce lipid bilayer solubilization and drastic
changes of the bilayer properties, therefore we have chosen this concentration of 0.05

mM DDM for the future reconstitution experiments.

As a reminder, we were also able to show using UV-vis spectrophotometry that
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BR keeps its structural integrity in the 0.05 mM DDM solution (see section 1.4.3).

2.1.2 BR interaction with the lipid bilayer

Another set of QCM-D experiments were performed in order to study protein
BR interaction with POPC lipid bilayers. Lipid bilayer formation by vesicle fusion
(see section 1.3.1 for the sample preparation protocol) was monitored following the
QCM-D frequency and dissipation signals. To study lipid bilayer modifications
induced by proteins and detergent molecules, a 10 ug/ml BR in 0.05 mM DDM H,O
PBS buffer solution was injected into the cell. After 10 minutes of incubation, the
system was rinsed with PBS buffer to remove all unbound proteins and detergent

molecules. Collected frequency and dissipation shifts as a function of time are shown

in Fig. 111.2.2.
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Figure II1.2.2 - QCM-D data: frequency shifts (blue) and dissipation factors (green
and orange) as a function of time for a POPC phospholipid bilayer formed by vesicle
tusion, followed by BR reconstitution. A 10 ug/ml BR solution was used for the
insertion step. The system remained stable during all steps.

Following the changes of the frequency signal (blue curve in Fig. II1.2.2) which

were caused by the bilayer formation and further by BR inclusion, we can conclude
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that the protein reconstitution resulted in a change of the frequency signal from -24
to -11 Hz, which indicates the loss of material from the sensor surface. We have to
note that in order to incorporate one BR molecule into a lipid bilayer, some lipid
molecules should be removed from the surface. To estimate the amount of lipids
which corresponds to one protein molecule (by volume), using simple geometrical
considerations, we can assume that the volume of one BR molecule is equal to
approximately 80 nm?® (assuming that BR has a cylindiral shape with the diameter
4.5 nm and height 5 nm) and the volume of one POPC lipid molecule is equal to
1.255 nm?® [195]. The ratio between these two values can be calculated to give the

number R, of lipid molecules displaced by one BR molecule :

_ V(BR) _ 80 _
" V(POPC) 1.255

64. 2.1)

Thus, the total volume of 64 POPC lipids corresponds to the volume of one BR
molecule. And if we divide the weight of BR by the total weight of displaced lipid

molecules we obtain :

wBR)  _ 26500 _ ., 22)

Ry = = =
64 + w(POPC) 760 - 64

where w(BR) = 26.5 kDa is the weight of one BR molecule and w(POPC) = 760 g/mol
is the weight of one POPC lipid.

This means that the weight of one BR molecule is approximately equal to half of
the weight of 64 POPC lipids. Therefore, by determining the loss of material from the
sensor surface after the BR reconstitution step, we cannot distinguish between the
following conclusions: 1) partial removal of the lipid bilayer from the surface and no
protein incorporation; 2) incorporation of BR into the bilayer and 3) a combination

of the two.

By following the dissipation curve (green and orange curves in Fig. 111.2.2),
which gives us information about the viscoelastic properties of the sample on the
surface, we can conclude that the final system is more rigid than the pristine POPC
bilayer as no spreading of the dissipation signal is observed. The obtained final
value of the dissipation AD ~ 0.4 x 107° is consistent with a full coverage rigid

sample adsorbed on the chip. Thus, by taking into account the outcome from the
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dissipation signal, we suggest that BR incorporation into the POPC bilayer occurs.

2.1.3 Effect of the incubation time on protein reconstitution effi-

ciency

To optimize BR reconstitution in order to maximise the amount of protein
inserted without losing integrity of the bilayer, we have investigated the influence
of the duration of the incubation period of BR-DDM solutions with the lipid bilayer.
A solution of 10 ug/ml BR in 0.05 mM DDM H,O PBS buffer was used for the
reconstitution step and incubation times of 0, 10, 15, 20, 40 and 60 minutes were
tested. In Fig. I11.2.3 a QCM-D experiment on BR reconstitution into a POPC bilayer,
with 0 incubation time with the DDM-BR solution is shown. Thus, immediately after
protein-detergent solution injection, the cell was rinsed with buffer and no waiting
time was allowed. Following the dissipation and frequency signals, we can conclude
that upon BR-DDM solution injection, immediate interaction of BR with the POPC
bilayer was observed. Subsequent cell rinsing with buffer induced material loss
from the substrate, as observed also for the experiment reported in Fig. II1.2.2 when

10 minutes of incubation time was allowed.

The outcome of all the experiments with different incubation periods were
identical. In all cases, after BR-DDM solution injection, signals (frequency and dissi-
pation) stabilization was observed and no changes appeared during the incubation
period. An immediate and strong interaction of the DDM and BR molecules with
the lipid bilayer was observed as well. The frequency and dissipation signal modifi-
cations occurred again upon cell rinsing with detergent-free buffer as was observed
in Fig. I11.2.2, denoting material loss from the surface and increased rigidity of the
sample at the same time. As it was discussed above, taking into account both AF
and AD shifts, the result is consistent with BR reconstitution into the POPC lipid
bilayer. Based on the performed QCM-D experiments, we can conclude that the
interaction of BR-DDM solution and BR reconstitution into a lipid bilayer are imme-
diate processes and the duration of incubation period should not play an important
role. Therefore, for the following experiments 10-15 minutes of incubation time were

chosen to allow system stabilization.
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Figure I11.2.3 — QCM-D data: frequency shifts (blue) and dissipation factors (green
and orange) as a function of time for a POPC phospholipid bilayer formed by vesicle
tusion, followed by BR reconstitution. A 10 pg/ml BR solution was used for the
insertion step. No incubation time was allowed and after BR injection the cell was
rinsed immediately. The system remained stable during all the steps.

2.1.4 Effect of H,O and D,0O buffer substitution

We have performed QCM-D experiments to test the influence of D,O PBS buffer
on lipid bilayer formation and protein reconstitution efficiency. We aimed to obtain
confirmation that there is no variation in the outcome of BR insertion due to D,O
- H,O substitution. This effect is very important for NR experiments, where the
solvent contrast variation method (see section 2.5.2) is routinely used and is essential.

We have performed QCM-D experiments identical to those reported above
(POPC bilayer formation followed by BR reconstitution and POPC bilayer formation
followed by DDM solution injection), replacing H,O PBS buffer with D,O PBS buffer.

The collected frequency and dissipation signals as a function of time for the
experiment devoted to the investigation of influence of the DDM solution on the
lipid bilayer are shown in Fig. II1.2.4. As for the case of hydrogenated buffer, a
strong and instant interaction of the detergent molecules with the lipid bilayer was

observed. The viscoelastic properties of the lipid bilayer (green and orange curves)
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Figure I11.2.4 — QCM-D data: frequency shifts (blue) and dissipation factors (green
and orange) as a function of time for a POPC phospholipid bilayer formed by
vesicles fusion, followed by 0.05 mM DMM solution injection. D,O PBS buffer was
used instead of H,O PBS buffer. The system remained stable during all steps.

were changed upon DDM solution injection and incubation, indicating bilayer soft-
ening. The bilayer regained its rigidity upon cell rinsing and almost no material loss
(A(AF) = 2 Hz) was detected upon sample rinsing (as for the case of H,O buffer).
There are no noticeable differences in the qualitative result compared to the case
of H,O buffer. A similar outcome was obtained from an experiment on BR inser-
tion into a POPC bilayer in D,O PBS buffer solution as when H,O PBS buffer was
used. Therefore, we can conclude that there is no influence of D,O-H,O PBS buffer

substitution on the lipid bilayer formation and on protein reconstitution efficiency.

2.1.5 Influence of lipid bilayer composition

In order to investigate the influence of the lipid bilayer composition on the pro-
tein insertion, we have performed QCM-D experiments on bilayer systems of differ-
ent lipid composition. Single lipid bilayers composed of a mixture of POPC:DPPC
(1:1 by mol) at 45°C (both lipids are in the fluid phase) and DMPC lipids at 25°C
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(gel-fluid phase coexistence, T,, = 24°C) were studied in order to monitor BR recon-
stitution into the bilayer. A solution of 10 pg/ml BR in 0.056 mM DDM H,0O PBS
buffer was used for the detergent-mediated incorporation method. The influence
of the incubation period duration on the protein reconstitution outcome was stud-
ied by varying the incubation time (10, 20, 40 and 90 minutes) of detergent-protein
solutions with lipid bilayers of different composition.

In Fig. II1.2.5 a QCM-D experiment on a DMPC lipid bilayer is shown. The
lipid bilayer was formed by vesicle fusion technique (see section 1.3.1 for the sample
preparation details) and BR reconstitution was performed by injecting a solution of
10 pg/ml BR in 0.05 mM DDM H,O PBS buffer into the cell with the formed bilayer.
A very long incubation period of 1.5 hours was allowed in order to follow the sample
behavior. The cell was subsequently extensively rinsed with buffer to remove BR
and DDM molecules. As for the experiment on BR reconstitution into a POPC lipid
bilayer with 10 minutes incubation period (Fig. II1.2.2), instantaneous interaction
of BR with the DMPC lipid bilayer, frequency and dissipation signal stabilization
during the incubation period, material loss and increase of bilayer rigidity upon
removal of the BR-DDM solution from the cell were observed.

The outcome of the reconstitution experiment into the DMPC lipid bilayer with
long incubation time is identical to the experiments on the POPC bilayer reported
above. Similar results were obtained for the POPC:DPPC (1:1 by mol) lipid bilayer
samples as well. Therefore, based on the reported observations, we can conclude that
lipid bilayer composition did not play the main role for the BR insertion, as no distinct
discrepancies in the sample behavior were noticed. No influence of incubation
period duration was observed in agreement with results from the experiments on

POPC bilayer samples.

2.1.6 BR adsorption on the bare substrate

To study the interaction of BR with the bare silicon substrate, we have monitored
BR adsorption on the surface by injecting a 10 pg/ml BR in 0.05 mM DDM H,O PBS
buffer solution into the QCM-D chamber pre-filled with H,O PBS buffer. The system
was left to incubate for 10 minutes and rinsed with H,O PBS buffer afterwards. The

performed measurements are shown in Fig. II1.2.6. Frequency shift of AF ~ - 20 Hz
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Figure I11.2.5 - QCM-D data: frequency shifts (blue) and dissipation factors (green
and orange) as a function of time for a DMPC phospholipid bilayer formed by
vesicle fusion, followed by BR reconstitution. A 10 pg/ml BR solution was used for
the insertion step. The system remained stable during all the steps.

and dissipation shift of AD ~ 1.5 x 10~° were observed upon BR injection and rinsing,
which shows that a protein layer was formed on the bare surface. Comparing the
obtained values to the values obtained for POPC lipid bilayers with and without BR
we notice that the formed layer of BR (10 ug/ml) has induced similar dissipation and
frequency shifts as the pristine POPC bilayer and the POPC bilayer with inserted
proteins. The protein layer appears to be a softer system than the pure lipid bilayer,
which is not surprising and can be probably explained by the large amount of water

bound to the formed BR layer.

In addition, QCM-D experiment allowed to confirm the strong interaction of
BR with the silicon substrate and protein adsorption to the bare surface (Fig. 111.2.6),
leading to a robust protein layer. The influence of D,O PBS buffer on the protein ad-
sorption efficiency was monitored as well. No effect of D,O-H,O buffer substitution

was noticed.
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Figure II1.2.6 — QCM-D data: frequency shifts (blue) and dissipation factors (green
and orange) as a function of time for BR adsorption (10 ug/ml) on the bare substrate.

2.1.7 Arch-3 interaction with the lipid bilayer

The motivation to study Arch-3 reconstitution into fluid lipid bilayers was
driven by the fact that Arch-3 is closely related to BR in terms of its structure and
function (section 1.4.6), but as it was reported in [104], unlike BR, Arch-3 can be
reconstituted easily into membranes of mammalian and bacterial cells. Therefore,
we aimed to develop an easy and robust protocol for Arch-3 reconstitution and to
investigate the differences in the protein-bilayer interactions for the two proteins.
To start with, we have carried out QCM-D experiments in order to monitor the
interaction of transmembrane protein Arch-3 with the membrane model system. The
experimental scheme of the QCM-D measurements was identical to the one reported
above for the case of BR reconstitution. As a model system a POPC lipid bilayer
formed by vesicle fusion (sample preparation protocol reported in section 1.3.1) was
chosen. In order to perform Arch-3 reconstitution, a solution of Arch-3 in 0.05 mM
DDM H,O PBS buffer was introduced into the cell, incubated for 10 minutes and
rinsed with the H,O PBS buffer.
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Figure I11.2.7 — QCM-D data: frequency shifts (blue) and dissipation factors (green
and orange) as a function of time for a POPC phospholipid bilayer formed by vesicle
fusion and followed by Arch-3 reconstitution. A 1 ug/ml of Arch-3 solution was
used for the protein reconstitution. The system remained stable during all steps.

To maximise the amount of Arch-3 inserted without severe lipid bilayer modifi-
cations, different protein concentrations were tested for the reconstitution step. The
results of the performed QCM-D experiments for the cases when 1 ug/ml and 10
ug/ml Arch-3 solutions were used (Fig. II1.2.7 and II1.2.8) are presented below.

Following the modifications of frequency and dissipation signals upon protein
reconstitution, a very small shift in frequency (from -24 to -22 Hz, when a 10 ug/ml
Arch-3 solution was used and from -25 to -24 Hz when 1 ug/ml Arch-3 solution was
used (Fig. II1.2.7 and II1.2.8)) can be noticed, denoting that a very small modification
of the weight of the lipid bilayer adsorbed on the QCM-D chip was induced by Arch-
3-DDM molecules. This observation is in contrast to what was observed for the BR
case, where BR-DDM solutions of the same concentration have triggered a more
drastic effect, causing more noticeable frequency shifts (Fig. II1.2.2). Large changes
of the dissipation signal upon Arch-3-DDM solution injection and incubation periods
are also observed.

As for the case of BR reconstitution, it is hard to confirm Arch-3 insertion
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Figure I11.2.8 — QCM-D data: frequency shifts (blue) and dissipation factors (green
and orange) as a function of time for a POPC phospholipid bilayer formed by vesicle
tusion, followed by Arch-3 reconstitution. A 10 ug/ml of Arch-3 solution was used
for the protein reconstitution. The system remained stable during all steps.

into the lipid bilayer based only on the observed changes of the frequency and
dissipation shifts, which indicate mass removal and increase of sample rigidity

upon the completion of the protein reconstitution procedure.

Arch-3 protein possesses very similar structural and functional features to BR
as discussed in section 1.4.6. Therefore, the calculations done in section 2.1.2 in order
to interpret QCM-D experiments on BR reconstitution should be valid for Arch-3 as
well. We have estimated that the weight of one protein molecule corresponds to half
of the weight of all lipid molecules that have to be removed from the surface in order
to place one protein molecule. No conclusion can be made as the occurred frequency
shift upon protein reconstitution (which demonstrates material loss from the surface)
can be an indication of either lipid bilayer solubilization or protein reconstitution
and it is not possible to distinguish definitely between these two cases based only
on the frequency signal measurements. But as for the case of BR, the viscoelastic

properties of the sample before and after Arch-3 insertion are different (dissipation
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curves (green and orange) in Fig. I11.2.7 and 111.2.8) and the final system upon Arch-3
insertion appears to be more rigid. Taking into account both outputs from AF and
AD signals, the obtained measurements can serve as an indirect evidence of Arch-3
reconstitution into the planar lipid bilayer.

We would like to highlight the noticeable difference in the way Arch-3 and
BR interact with the POPC lipid bilayer. Upon injection of Arch-3 solution no
modification of the frequency shift appears and only the dissipation signal starts to
spread, which is in contrast to the BR case (compare Fig. I11.2.2 and Fig. I11.2.8), where
large and immediate changes in both frequency and dissipation signals appear after
BR solution injection. This is a very interesting observation, as BR and Arch-3 are
very similar transmembrane proteins which share 75 % similar sequence homology
and posses similar structure and identical functions, but as QCM-D shows these two
proteins have a very different affinity to POPC lipid bilayers.

We have tested solutions at different concentrations (1, 5, 10, 20 ug/ml) of
Arch-3 in order to study the differences in the protein-bilayer interaction through
the discrepancies in the measured QCM-D signals. Injection of varying Arch-3
concentration did not have a strong effect on the final outcome of the experiments
and almost no differences in the measured signals were spotted when either solutions
of low or high concentration were used. This effect for the cases of 1 and 10 pg/ml

Arch-3 solutions is clearly demonstrated in Fig.I11.2.7 and 111.2.8.

2.1.8 Arch-3 adsorption on the bare surface

As we did not observe the strong Arch-3 interaction with lipid bilayers samples,
we have studied the interaction/adsorption of Arch-3 on a bare silicon crystal by
monitoring the changes in QCM-D signals after Arch-3-DDM solution injection in
the QCM-D chamber. After 15 minutes of incubation period, to allow proteins to
be adsorbed to the surface, the cell was rinsed with H,O PBS buffer. A wide range
of Arch-3 protein concentrations (1, 2.5, 5, 7.5, 10, 20, 50 and 100 ug/ml) in 0.05 mM
DDM H,0O PBS buffer was tested. QCM-D experiments on 10 and 50 ug/ml Arch-3
solution in 0.05 mM DDM H,O PBS buffer are shown in Fig. II1.2.9 and II1.2.10.
The performed experiments resulted in Arch-3 adsorption on the bare support and

formation of the protein layer on the substrate.
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Figure I11.2.9 — QCM-D data: frequency shifts (blue) and dissipation factors (green
and orange) as a function of time for Arch-3 (10 pg/ml) adsorption on the bare

substrate.

Table 2.1 — Summary of the experiments investigating Arch-3 adsorption on the bare
substrate. The amount of proteins absorbed to the surface from the initially injected

solution is estimated.

C, Vinj; tincun, AF, AD, 6m, Myyj, HE | Mexp, UG % of
ug/ml | ml min Hz x10° ng/cm? Mygs
100 1 15 -47 14 831.9 105 0.6 0.6
100 3.3 15 -50 1.5 885 330 0.6 0.2
50 1 15 -56 1.4 991.2 52.5 0.7 14
50 3.3 15 -58 1.6 1026.6 | 165 0.7 0.5
20 1 15 -45 4 796.5 21 0.6 2.8
10 1 15 -27 2.5 477.9 10.5 0.35 3.4
7.5 1 15 -24 24 424.8 7.875 0.3 4.0
5 1 15 -8 1.2 141.6 5.25 0.1 4.0
2.5 1 15 -8 1.4 141.6 2.625 0.1 4.0
1 1 15 -7 1 123.9 1.05 0.09 8.9

We have observed that by increasing the concentration of injected protein so-

lution, the amount of material adsorbed on the bare surface gradually increases

(Tab. 2.1). We have also estimated the percentage of protein adsorbed on the surface

of the total amount injected into the cell. By knowing the weight of the proteins in
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Figure I11.2.10 - QCM-D data: frequency shifts (blue) and dissipation factors (green

and orange) as a function of time for Arch-3 (50 pg/ml) adsorption on the bare
substrate.

the initial solution (m;,;) and estimating the weight of the adsorbed protein layer
(6m) though the Sauerbrey relation [129], we have calculated the amount of proteins
which adsorbs to the surface (m,,,) . It is a very rough estimation, but we can con-
clude that only 8% by weight of the 1 ug/ml protein solution and 0.1 % by weight
of the 100 ug/ml protein solution were adsorbed to the surface. The obtained results
from these experiments are summarised in Tab. 2.1. Thanks to these experiments we
were able to confirm that Arch-3 protein strongly interacts with the bare substrate,

forming a firmly adsorbed protein layer.
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2.1.9 Conclusions

Based on the experiments focused on BR reconstitution into POPC lipid bilayers
and taking into account both frequency and dissipation QCM-D shifts, we have
obtained an evidence of BR insertion into planar lipid bilayer systems. Different
lipid bilayer compositions were probed for the reconstitution studies and similar
outcomes were obtained for all performed experiments. We were able to show
that BR-DMM solution interacts strongly and instantly with the lipid bilayer and
the incubation time of BR-DDM solution with the lipid bilayer does not play the
main role in the reconstitution experiments. We have demonstrated that 0.05 mM
DDM solution does not cause lipid bilayer solubilization and material loss from the
substrate, but DDM solution induces lipid bilayer softening. It was shown as well
that sample rinsing with buffer promotes the removal of DDM molecules from both
lipid bilayer and from the bulk solvent, based on the fact that the lipid bilayer regains
its rigidity after the rinsing step.

We have shown that Arch-3 protein has a different affinity to planar POPC
lipid bilayers and no strong protein-lipid bilayer interaction was observed (based
on the frequency signal shifts). As for the case of BR, Arch-3-DDM solution causes
changes of the viscoelastic properties of the sample, promoting bilayer softening.
However, the lipid bilayer regained its rigidity after sample rinsing. From the
observed material loss from the QCM-D chip, the increased rigidity of the final
system and the strong protein interaction with the bare support, suggest that Arch-3
reconstitution was achieved.

Finally, we were able to confirm that both Arch-3 and BR proteins strongly
interact with the bare support and form a robustly absorbed protein layer. QCM-D
measurements do not provide information on the sample structure and composition,
therefore other complementary techniques should be used to confirm the obtained
evidences of BR and Arch-3 reconstitution into lipid bilayers and to resolve the

structure and composition of membrane-protein systems.
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22 AFM

To investigate the lateral structure and morphology of planar lipid bilayers and
to follow the structural changes caused by membrane-protein-detergent interactions
and by protein reconstitution, we have performed AFM experiments on single sup-
ported bilayers at the Institut de Biologie Structurale (IBS), Grenoble, France in col-
laboration with Jean-Marie Teulon and Jean-Luc Pellequer and on single and double
lipid bilayer systems at the Institut Lumiére Matiere, Lyon, France in collaboration

with Jean-Paul Rieu.

2.2.1 BRincorporation into POPC single bilayers

AFM experiments on single POPC lipid bilayers were performed at the IBS using
a Multimode 8, Nanoscope V AFM instrument from Bruker in the PeakForce Tapping
mode using scanasyst-fluid AFM tips. A description of the experimental procedure
can be found in section 2.2. As a model system, mica-supported phospholipid
bilayers composed of POPC lipids were chosen. POPC bilayers were prepared by

vesicle fusion following the protocol described in section 1.3.1.
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FigureIll.2.11 - (a) AFM topography images of a POPC single bilayer on mica. Image
size: 4 um; (b) Height profile corresponding to the marked region in Fig. I11.2.11(a).

In Fig. I11.2.11(a) the recorded AFM topography image of a POPC lipid bilayer
on a mica surface is shown. Homogeneous POPC bilayers with high coverage and

small amount of defects were usually formed. In Fig. II1.2.11(b) the height profile



2.2 AFM 143

corresponding to the marked region in Fig. II1.2.11(a) is shown. The size of defects
in the POPC bilayer (i ~ 3.3 nm) is consistent with the height of POPC bilayer.
AFM experiments were performed at room temperature, thus the POPC bilayer
was in the fluid phase (T}, = - 2°C). The lateral structure of the POPC bilayer appears
to be homogeneous at um-scale, therefore it was difficult to distinguish between the
lipid bilayer sample and the bare support and thus to confirm the presence of the
POPC bilayer on the surface. As the system was very soft and viscous, it was hard
to perform AFM imaging avoiding artefacts caused by tip pollution and induced
sample damage. Existence of small defects in the sample was helpful to prove the
bilayer formation, different ways of tip-bilayer and tip-bare mica interactions have

served as an indication of the presence of a bilayer sample on mica.

13 nm

MW e ) N O O

o

Figure I11.2.12 - AFM topography images of a POPC single bilayer with incorporated
BR. Image size: 4 um.

To perform protein incorporation, 10 ul of 10 pg/ml BR in 0.05 mM DDM PBS
buffer solution were pipetted onto lipid bilayer. The system was left for 15 minutes

of incubation and then was rinsed with PBS buffer. In Fig. I11.2.12 the POPC bilayer
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Figure II.2.13 — (a) Height profile corresponding to the marked region 1 in
Fig. 111.2.12; (b) Height profile corresponding to the marked region 2 in Fig. I11.2.12.

system after BR incorporation is shown. In Fig. II1.2.13 height profiles corresponding
to the marked regions in Fig. II1.2.11 are shown. As we can see, it is not possible
to clearly distinguish the regions of the sample which correspond to the pure lipid
bilayer. The height of bright round spots in the image is * 6 nm and the lateral
size is ~ 30 nm, which can be consistent with the dimension of BR trimer. We can
assume that a dense protein layer was formed after BR solution injection, probably
due to the highly concentrated BR-DDM solution. This measurement demonstrated
that the protein concentration had to be adjusted properly as BR strongly interacts
with the POPC lipid bilayer. Any topographic images of a smaller size than 2 ym
were not obtained, because the final system was very soft and viscous, so it was not
possible to perform sample imaging without major artifacts.

Since it was not trivial to work with pure POPC lipid bilayers, we have decided
to use domain forming lipid bilayers from a mixture of POPC and DPPC lipids,

which are more easily visible with AFM.

2.2.2 BRincorporation into POPC:DPPC single bilayers

Single solid-supported bilayers composed of a mixture of DPPC:POPC lipids
(1:1 mol:mol) were formed by vesicle fusion as described in section 1.3.1. The
obtained AFM topography images are shown in Fig.VI.1.7(a) and II1.2.15(a). In
Fig.II1.2.15(b) the height profile corresponding to the marked region in Fig. I11.2.15(a)
is shown. The sample imaging was performed at room temperature, thus the do-

mains formed by the gel-phase DPPC lipids are clearly distinguishable from the
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fluid phase POPC domains, which makes the interpretation of the outcome of the
vesicle fusion and protein incorporation processes much easier.

We have performed protein incorporation by injecting 10 ul of 1 ug/ml BR in
0.05 mM PBS buffer solution with a micro-pipette and leaving the sample at room
temperature for 15 minutes of incubation period. The sample was rinsed with PBS
buffer and imaged afterwards.

In Fig. VI.1.7(b), I11.2.16(a) and VI1.1.8(a) the obtained topographic images of a
bilayer system after protein reconstitution are shown. In Fig. II1.2.16(b) the height
profile corresponding to the marked region in Fig. II1.2.16(a) is shown. In Fig. II1.2.16
a zoom on selected area of the lipid bilayer sample with inserted BR is displayed. In
the presented figures bright dots of circular shape can be easily distinguished in both
regions of the lipid bilayer and on bare mica. These dots are more clear visible in
Fig. VI.1.8(a), where a patch of the gel phase DPPC lipid bilayer with incorporated
BR is shown. In Fig. VI.1.8(b) height profiles drawn though the bright dots, as
marked in Fig. VI.1.8(a), are shown. As we can notice, these dots have a particular
round shape and a lateral size of 35 nm, which may be consistent with the size and

shape of BR trimer.

(b)

Figure II1.2.14 — AFM topography images of (a) a DPPC:POPC single bilayer on mica.
Image size: 7 um; (b) a DPPC:POPC single bilayer with incorporated BR. Image size:
5 um.

In Fig. II1.2.18 and Fig. I11.2.19 topographic images and corresponding height
profiles of another DPPC:POPC lipid bilayer sample after BR reconstitution are

shown. Protein incorporation was performed following the same procedure as for
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Figure I11.2.15 — (a) AFM topography images of a DPPC:POPC single bilayer on
mica. Image size: 2 um; (b) Height profile corresponding to the marked region in
Fig. I11.2.15(a).

Figure II1.2.16 — (a) AFM topography images of a DPPC:POPC single bilayer with
incorporated BR on mica. Image size: 1.7 um; (b) Height profile corresponding to
the marked region in Fig. I11.2.16(a).

the previous sample, with an increased concentration of BR (2.5 ug/ml). At the end
of the process, a large loss of POPC lipids from the surface was observed, although
the domains of DPPC lipid bilayer with and without incorporated BR remained
adsorbed on the surface (Fig. I11.2.18). In Fig. II1.2.19(a) the topographic image of
selected sample area of bare mica surface with absorbed BR molecules is shown. The
drawn over supposedly BR molecules height profiles are shown in Fig. II11.2.19(b).

These height profiles allowed us to estimate the size (diameter ~ 20 — 25 nm) and
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Figure 1I1.2.17 — (a) AFM topography images of a DPPC:POPC single bilayer with
incorporated BR on mica. Image size: 0.8 um; (b) Height profiles corresponding to
the marked regions in Fig. VI1.1.8(a).
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Figure I11.2.18 — (a) AFM topography images of a DPPC:POPC single bilayer with
incorporated BR. Image size: 1.7um; (b) Height profile corresponding to the marked
regions in Fig. I11.2.18(a).

height (= 3 — 3.5 nm) of BR molecules on the bare mica and the obtained result may
be consistent with the dimension of BR trimer. These measurements have confirmed
the previously obtained with AFM result that protein concentration plays one of
the decisive roles in the outcome of the reconstitution process. Evidence of the
difference in BR interaction with gel and fluid lipid bilayer systems was obtained as
well, suggesting that the gel-phase lipid bilayer is a more robust system suitable for

the detergent mediated protein reconstitution.

Thanks to the performed AFM experiments we were able to demonstrate that

BR does not aggregate in the proximity to the substrate and strongly interacts with
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Figure II1.2.19 — (a) AFM topography images of a DPPC:POPC single bilayer with
incorporated BR. Image size: 1.5um; (b) Height profiles corresponding to the marked
regions in Fig. I11.2.19(a).

the bare mica and lipid bilayer. Also, we have shown that BR incorporates into
gel and fluid phase planar lipid bilayer systems in its functional form of a trimer.
These results are very promising for the protein activation and membrane fluctuation
studies. AFM measurements have demonstrated that protein concentration plays
an important role in the reconstitution procedure and lipid bilayer phase plays a
significant role in the bilayer-protein interaction. Therefore, in order to succeed in
the BR reconstitution into lipid bilayers, these parameters have to be carefully chosen

and thoroughly adjusted.

2.2.3 AFM experiments on DSPC single bilayers

AFM experiments on single supported DSPC lipid bilayers were performed in
Lyon and Grenoble in collaboration with Jean-Paul Rieu (Institut Lumiére Matiére,
Lyon, France).

DSPC lipid bilayer samples were formed by LB/LS deposition on silicon blocks
of 2.5x2.5 cm? surface as described in section 1.3.6. AFM experiments at the ILM and
at the ILL were performed on a XE-70 Park instrument in contact mode using long
SiNi tips. The instrument set-up, tip specification and imaging mode are described
in section 2.2.

Recorded topographic images of a single solid supported DSPC lipid bilayer
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are presented in Fig. II1.2.20 and Fig. II1.2.21(a), the corresponding height profiles
of the marked regions in Fig. II1.2.21(a) are shown in Fig. Il1.2.21(b). We have to
note that an old not-repolished silicon block was used for this sample preparation,
therefore um-size scratches are visible on the obtained topographic images. The
lateral structure of the single DSPC lipid bilayer appears to be very homogeneous
and almost no defects and holes are present in the bilayer structure, unlike the case
of the mixed POPC:DPPC lipid bilayer discussed above. The system appears to be
very robust to the imaging with the sharp tip.

A "strength" test on the single DSPC bilayer was performed by applying a high
force (20 times higher than imaging force) with the AFM tip in order to induce
lipid bilayer modification or sample removal from the substrate. No visible bilayer
modification or sample damage caused by this test were possible to detect. We can
note that no gel-phase lipid bilayer alteration due to the imaging with sharp AFM tip
was ever detected, which is different to the case of fluid-phase POPC lipid bilayers.

The height profiles of the defects present in the bilayer (Fig. II1.2.21) indicate
that the sample thickness is & 6 nm, which is consistent with the height of a single

DSPC lipid bilayer.

We have tried to perform BR insertion into the DSPC bilayer sample and to
follow the structural changes of the bilayer caused by BR insertion with AFM. BR
reconstitution was performed injecting solutions of 1-5 ug/ml of BR in 0.05 mM
DDM PBS buffer by micropipette onto the sample, incubating for 15 minutes and
thoroughly rinsing the system with PBS buffer using micropipettes. After these
manipulations, in some cases we were not able to collect any AFM images of the
final sample, as it was not possible to approach the sample surface with the AFM
tip and to start sample imaging. It can be explained by the presence of remaining
detergent molecules in the bulk, which stick to the AFM tip and disturb or even
prohibit the imaging process. Additional sample rinsing led to sample disruption.
Therefore, further optimization of the sample environment in order to develop an
appropriate setup allowing gentle protein-detergent solution injection and thorough
sample rinsing will be very helpful for the development of a reproducible and easy

sample preparation routine.

In other cases, when using less concentrated protein solution for the BR recon-
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stitution procedure we were not able to detect BR insertion into the single DSPC lipid
bilayer. The overall lateral bilayer structure was not modified in the ym-scale after
interaction with protein-detergent solution. The obtained result can be consistent
with either no BR insertion or BR was reconstituted into the lipid bilayer in a small
quantity, but due to the very large imaged area and low resolution of the used AFM,
we were not able to detect BR insertion.

Further optimization of the sample environment, instrument setup and BR
reconstitution protocol is needed in order to succeed in BR reconstitution into a

gel-phase lipid bilayer and AFM imaging of the single supported lipid bilayer with
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Figure II1.2.20 — AFM topography images of a DSPC single bilayer on silicon. (a)
Image size: 15 um. (b) Image size: 6 ym.

inserted BR.
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2.24 AFM experiment on DSPC trilayer system

We have performed AFM experiments at the ILM (Lyon, France) on lipid trilayer
systems in air. A XE-70 Park instrument (section 2.2) in contact mode with a long
SiNi tip were used for imaging.

The trilayer sample was composed of three monolayers of DSPC phospholipids
and it was deposited on a silicon block of 2.5x2.5 cm? surface by LB technique as
reported in section 1.3.6.

In Fig. I11.2.22 and 1I1.2.23 obtained AFM topography images of a DSPC tri-
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Figure II1.2.21 - (a)AFM topography images of a DSPC single bilayer on silicon
substrate. Image size: 2.5 um. (b) Height profile corresponding to the marked
region in Fig. I11.2.21(a).
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layer system in air are shown. The trilayer appears to be homogeneous with small
holes/defects of a depth of 6 nm as can be seen in the height profile in Fig. II1.2.22(b).
The measured thickness is consistent with the height of the DSPC bilayer. This
observation can be explained by the fact that deposition of the first monolayer by
LB technique often results in full and homogeneous coverage of the substrate with
a DSPC monolayer without any defects. Therefore the measured thickness in the
profile in Fig. I11.2.22 corresponds to the height between the tails of the first and the
third DSPC monolayers.

We have performed trial experiments on DSPC trilayer systems in the attempt
to follow the lipid reorganization and lipid bilayer formation from the third DSPC
monolayer upon sample hydration. After DSPC trilayer imaging with AFM, several
drops of MilliQ water were added by micro-pipette on top of the DSPC trilayer
to perform sample hydration and induce lipid reorganization. The outcome of
the manipulations was immediately followed by AFM measurements. As a result
of these manipulations the third lipid monolayer was completely removed and
formation of patches of a double lipid bilayer system upon water addition was not
observed. The supported single DSPC bilayer stayed intact and we were able to

image this sample in water with AFM.

The loss of the third DSPC monolayer can be explained by the weak interaction




152 CHAP. 2: OPTIMIZATION OF THE PROTEINS INSERTION PROTOCOL IN SUPPORTED BILAYERS

between monolayer and bilayer and by the strong water flow which occurs upon
water injection. Optimization of the sample hydration method could result in a
positive outcome of the experiment - double lipid bilayer formation - avoiding the
LS deposition step and proving the possibility to perform AFM imaging in air first,
which is more straightforward approach.

Even though this test was not the main goal of our research, this experiment is
very interesting and can serve as a good approach to understand lipid self-assembly

properties and could provide a new easily formed lipid bilayer model system.
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Figure I11.2.22 — (a) AFM topography images of a DSPC trilayer. Image size: 20 ym.
(b) Height profile of the noted region in Fig. I11.2.22(a).
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Figure I11.2.23 — AFM topography images of a DSPC trilayer. (a) Image size: 30 ym;
(b) Image size: 9 ym.
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2.2.5 AFM experiments on DSPC double bilayers

AFM experiments on the double lipid bilayer system were performed in Lyon
and Grenoble in collaboration with Jean-Paul Rieu (ILM, Lyon, France). The double
lipid bilayer sample was composed of DSPC lipids and it was formed by LB/LS
deposition on a silicon block of 2.5x2.5 cm? surface. The detailed sample preparation
procedure is discussed in section 1.3.6. AFM experiments at the ILM and at the ILL
were performed on a XE-70 Park instrument in contact mode using long SiNi tip.
The instruments set-up, tip specification and imaging mode are described in the
section 2.2.

As a result of the performed AFM experiments, for the first time AFM topog-
raphy images of solid supported double lipid bilayer system prepared by LB/LS
deposition were collected. The obtained AFM topograpic images and the height
profiles corresponding to the marked regions in the topographic images are shown

in Fig. 111.2.24, 111.2.25, 111.2.26 and VI.1.9.
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Figure II1.2.24 — AFM topography images of a DSPC double bilayer on silicon sub-
strate. Image size: 20 um.

The height profile lines in the topographic images were drawn through the
defective regions in the double bilayer sample. The depth of the bilayer defects can
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Figure I11.2.25 — (a) AFM topography images of a DSPC double bilayer on silicon
substrate. Image size: 10 um. (b) Height profile corresponding to the marked region
in Fig.I11.2.25(a).
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Figure II1.2.26 — (a) AFM topography images of a DSPC double bilayer on silicon

substrate. Image size: 6 um. (b) Height profiles corresponding to the marked regions
in Fig. I11.2.26(a).

=1

be related to the thickness of the sample on the surface. As canbe seen in Fig. I11.2.25,
I1I.2.26 and VI.1.9 holes of 6 nm and 15 nm are observed in the structure of the bilayer
sample. The thicknesses of the single and double DSPC bilayer systems are ~ 6 nm
and ~ 14 nm respectively, which corresponds to the measured thicknesses of the
presented defects. The obtained two-step height profiles (Fig. 1I11.2.25 and VI.1.9)
of sizes ~ 6-8 nm and 15 nm are consistent with the heights of single (* 6 nm) and
double (~ 15 nm) lipid bilayer systems. These observations indicate the presence of

a double lipid bilayer sample on the silicon substrate.

To obtain another evidence that the studied system is a double lipid bilayer,
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Figure I11.2.27 — (a) AFM topography images of a DSPC double bilayer on silicon
substrate. Image size: 6 um. (b) Height profiles corresponding to the marked regions
in Fig. VI.1.9(a).

we have performed "strength" tests. Applying a high force (10 time higher than the
imaging force) we have tried to destroy the sample, removing the second floating
lipid bilayer with the AFM tip. In Fig. I11.2.28 the AFM topographic image of the
region of a ruined floating bilayer and the corresponding height profiles of the

marked regions are shown.
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Figure II1.2.28 — (a) AFM topography images of a DSPC double bilayer deposited on
silicon substrate. The ruined region of the floating lipid bilayer is shown. Image size:
6 um. (b) Height profiles corresponding to the marked regions in Fig. II1.2.28(a).

As can be seen, applying high force resulted in the destruction and removal
of the second floating lipid bilayer. The surface of the first solid supported DSPC
bilayer appears to be homogeneous and no structural defects or inhomogeneities

were possible to detect. It can be explained either by the low resolution of the used
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AFM or by the high quality (full coverage) and homogeneous deposition of the first
supported DSPC lipid bilayer. The later is often the case, thanks to the chosen sample
preparation technique.

We can note that for some double lipid bilayer samples, it was very hard to
confirm the presence of the second floating bilayer as no defects in the system
structure with thicknesses corresponding to a double lipid bilayer were possible to
detect. As an example in Fig. II1.2.29 AFM topography images of a DSPC double
lipid bilayer system prepared following the same deposition protocol as the previous
sample are shown. The depth of all defects presented in this sample is * 6 nm, which
corresponds to the thickness of a single lipid bilayer. Therefore, based on the height

profile measurements it is not possible to confirm that the studied sample is a double

lipid bilayer.
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Figure II1.2.29 — AFM topography images of (a) a DSPC double bilayer on silicon
substrate. The destroyed region of the floating lipid bilayer due to the imaging is
visible. The tip moves over the surface from left to right during the image acquisition.
Image size: 15 um. (b) A DSPC double bilayer on silicon substrate. The destroyed
region of the floating lipid bilayer due to the imaging is visible. The tip moves over
the surface from right to left during the image acquisition.

The fact that during sample imaging we were able to detect the modification of
the lipid bilayer and partial bilayer removal from the surface induced by the AFM
tip (Fig. II1.2.29) can serve as an indirect evidence of the presence of DSPC double
lipid bilayer. In the case of the single supported DSPC bilayers (see section 2.2.3), we
were never able to observe DSPC bilayer modification due to the interaction with

the AFM tip, as the single solid supported gel-phase lipid bilayer is a very robust
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system. We can note as well the big difference in the topographic images of the single
DSPC and double DSPC bilayers (Fig. I11.2.20 and 111.2.29), which were obtained in
the same experimental conditions: as can be seen a single lipid bilayer possesses
less structural defects than a floating lipid bilayer system and it appears to be more
robust and homogeneous.

Taking into account all the discussed arguments and the performed compar-
isons between single and double lipid bilayers samples, we can conclude that these
measurements can serve as a confirmation of the presence of a double lipid bilayer
in the discussed case. Double lipid bilayer samples appear to be very fragile and,
as it was shown above, application of a very low force with the AFM tip has pro-
moted sample degradation. Therefore the applied force during the image acquisition
should be chosen carefully when soft and delicate samples are investigated.

The next step that we aim to achieve is to confirm BR reconstitution into DSPC
double lipid bilayers by applying the detergent mediated incorporation approach.
Due to lack of time, high complexity of sample preparation for AFM experiments and
fragility of the double lipid bilayer system, we did not succeed in the demonstration
of BR incorporation into the double lipid bilayer system so far. These experiments

are ongoing.

2.2.6 Conclusions

Thanks to the performed AFM experiments we were able to demonstrate that
BR strongly interacts with the lipid bilayer and bare support. BR insertion into gel
and fluid phase lipid bilayers was observed. It was shown that the lipid bilayer
phase plays an important role in the outcome of the reconstitution procedure, as
the BR-DDM solution injection had caused removal of a large portion of the fluid
lipid bilayer domains. We have shown that BR does not aggregate in proximity
to the substrate and BR organizes into trimers upon reconstitution into the lipid
bilayer and upon adsorption onto the bare mica surface. AFM topography images
of a double lipid bilayer system were obtained. As a future perspective we aim to
confirm BR reconstitution into floating lipid bilayers with AFM experiments. This

work is ongoing.
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2.3 Fluorescence microscopy

Fluorescence microscopy experiments were performed to study the interac-
tion of the protein BR with single and double lipid bilayers and to investigate the
lateral structural modifications of the membrane caused by detergent and protein
molecules. Fluorescence microscopy is a lab experimental technique, which is easily
accessible (in comparison to NR and XRR experiments), therefore by means of this
technique we aimed to develop a robust protocol of BR reconstitution into lipid bilay-
ers, adjusting detergent and protein concentration, as well as incubation/interaction
time of detergent-protein solutions with the lipid bilayer systems. We have also per-
formed experiments on both gel and fluid phase bilayers to investigate the influence
of the lipid phase on the efficiency of the protein insertion.

Fluorescence microscopy experiments were performed at the ICS, Strasbourg in
collaboration with André Schroder using a Nikon TE-2000 (Nikon, Japan) inverted
microscope equipped with a mercury light source (Nikon Instruments Inc., Japan) in
epifluorescence mode. The instrument description can be found in section 2.3. This
microscope is equipped with several microscopy cubes (sets of microscopy filters)
which allow to select the wavelength of the emitted light and distinguish the signal
of different fluorescent molecules which possess well-separated emission peacks.

We have used two different fluorescent markers to label both lipid bilayer and
protein molecules. The fluorescent markers were chosen in such a way that two
different microscopy cubes could be used to visualise separately either lipid bilayer
or protein molecules (see section 2.3.3). For lipid bilayer labelling 1% (by weight)
of NBD-PE lipids were added to the solution of lipids in chloroform. BR molecules
were labelled with Cy3 dye following the procedure reported in section 1.4.5.

Lipid bilayer samples were deposited on a very thin microscopy slide (thickness
~ 0.13-0.17 mm) using LB/LS deposition techniques as discussed in section 1.3.6.
The great advantage of the LB/LS techniques is the possibility of asymmetric lipid
bilayer preparation, as the deposition of each monolayer is performed separately
and therefore the composition of each monolayer of the bilayer system can be varied
independently.

Thus, forming samples by LB/LS deposition, only the last monolayer of the

bilayer system, which is the most distant from the substrate and formed by LS
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technique, was labelled fluorescently with NBD-PE lipids. These manipulations
were done in order to obtain certainty that the visualised sample was a bilayer (either
single or double), as these systems are very fragile and can be easily ruined during
the last LS preparation step or during sample transportation. A new solid/liquid
cell which was designed and developed within this thesis project (see description in
chapter 2.4) and which is compatible with the LB/LS deposition techniques and the
inverted fluorescence microscope, was used to host the sample.

Using the fluorescence microscopy technique, membrane surface morphology
can be imaged with um resolution, therefore the detailed structure of both lipids and
proteins molecules cannot be resolved.

Due to limited depth-of-field of the available microscope protein incorporation
into the lipid membrane could not be confirmed, as it was not possible to distinguish
between protein adhesion to the lipid bilayer and its partial or full incorporation.
Using this technique, immobile proteins which are attached/incorporated into the

lipid bilayer can be discerned from the proteins floating in the bulk.

2.3.1 Incorporation of BRinto asolid supported single lipid bilayer

Fluorescence microscopy experiments were carried out to study the lateral mor-
phology of pristine lipid bilayers systems at micron scale. We aimed to visualise
the bilayer before and after protein incorporation in order to reveal the effect of
detergent and protein molecules on the lateral structural features of the sample and
to obtain evidence of BR reconstitution into the bilayer.

We will present the performed experiments on single planar supported bilayer
systems composed of DPPC lipids. DPPC lipid bilayers were formed by LB/LS
techniques as described in section 1.3.6. In Fig. II1.2.30(a), a fluorescence image of a
pristine DPPC lipid bilayer is shown. Dark spots in the image indicate the presence
of defects in the lipid bilater structure. BR incorporation was performed injecting
a solution of 1 ug/ml BR in 0.05 mM DDM PBS buffer into the cell, incubating for
15 minutes and rinsing the system with PBS buffer. All manipulations with the
sample were performed at room temperature, so the lipid bilayer was in gel phase.
The images in Fig. I11.2.31(a) and VI.1.5(a) were obtained using a microscopy cube

consisting of a set of filters that transmit the emitted light from NBD-PE fluorescent



160 CHAP. 2: OPTIMIZATION OF THE PROTEINS INSERTION PROTOCOL IN SUPPORTED BILAYERS

lipids, but block the signal from the protein dye (cube for lipid visualization) and
the image in Fig. I11.2.31(b) and VI.1.5(b) were taken using another microscopy cube
equipped with a set of filters that transmit only the emitted light from the Cy3
dye of the BR molecule, but block the signal from the NBD-PE lipids (cube for BR
visualization). We can note that before protein incorporation there was no signal
detected when using the cube for the BR visualization as can be seen in Fig. I11.2.30(b)
(blank experiment), thus all the fluorescence signal detected after BR reconstitution

originated only from the protein marker.

(a) (b)

Figure II1.2.30 — Fluorescence microscopy image of a DPPC single bilayer at room
temperature: (a) lipids visualised, (b) proteins visualised (blank experiment).

(b)

Figure II1.2.31 — Fluorescence microscopy images of a DPPC single bilayer after BR
reconstitution at room temperature: (a) lipids visualised, (b) proteins visualised. A
1 ug/ml BR in 0.05 mM DDM PBS buffer solution was used for the BR reconstitution.
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(b)

Figure II1.2.32 — Fluorescence microscopy images of a DPPC single bilayer after BR
reconstitution at room temperature: (a) lipids visualised, (b) proteins visualised. A
1 pug/ml BR in 0.05 mM DDM PBS buffer solution was used for the BR reconstitution.

We have performed fluorescence microscopy experiments varying the concen-
tration of BR by using 3 pg/ml, 5 ug/ml and 10 ug/ml BR solutions in 0.05 mM DDM
PBS buffer. After the BR reconstitution step using these solutions, we were not
able to detect any fluorescence signal from the lipid bilayer, thus the samples were

solubilized and removed from the substrate.

2.3.2 Incorporation of BR into double lipid bilayer

Fluorescence microscopy experiments on DSPC-DPPC double bilayer systems
were performed (section 1.3.6 for the details of sample preparation) to probe the
lateral structure of the pristine floating bilayer at the micro-scale and to follow
structural changes induced by BR reconstitution into the lipid bilayer.

In Fig. I11.2.33(a) and Fig. I11.2.34 the fluorescence microscopy images of a pris-
tine DSPC-DPPC double lipid bilayer are shown. Dark areas with the bright boarder
in figures indicate the presence of defects in the lipid bilayer structure. BR reconsti-
tution was performed at room temperature (DSPC and DPPC lipid bilayers were in
gel phase) applying the detergent incorporation method: a 1 pg/ml BR in 0.05 mM
DDM PBS buffer solution was injected into the cell, incubated for 10 minutes and
then rinsed out with PBS buffer. In Fig. VI.1.6 the DSPC-DPPC double lipid bilayer
system after BR incorporation is shown. As for the case of single lipid bilayers, the

image in Fig. VI.1.6(a) was taken using the cube for the lipid bilayer visualisation
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and the image in Fig. V1.1.6(b) was taken using the cube for the BR detection. For
this sample the "blank" experiment was performed as well and no signal was de-
tected form the sample before BR reconstitution, when using the set of filters for BR

imaging (Fig. 111.2.33(b)).

(a) (b)

Figure II1.2.33 — Fluorescence microscopy images of a DSPC-DPPC double bilayer
at room temperature: (a) lipids are visualised, (b) proteins are visualised (blank
experiment).

(b)

Figure I11.2.34 — Fluorescence microscopy images of a DSPC-DPPC double bilayer at
room temperature when lipids are visualised. The dark area in the Fig. II1.2.34(b) is
an area with bleached fluorescent lipid.

To test membrane stability and to increase the amount of BR inserted, we per-
formed a second injection of the same BR-DMM solution into the cell. After 10
minutes of incubation followed by rinsing with detergent-free buffer, we were able

to detect (using the cube for protein visualization) an increase of fluorescence signal
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(b)

Figure II1.2.35 — Fluorescence microscopy images of a DSPC-DPPC double bilayer
after BR reconstitution at room temperature: (a) lipids are visualised, (b) proteins
are visualised. A 1 ug/ml BR in 0.05 mM DDM PBS buffer solution was used for the
BR reconstitution.

emitted by the fluorescent dye of the BR molecule (Fig. I11.2.36). This effect can be
explained by the larger amount of proteins reconstituted into the membrane system
after the repeated reconstitution step. As we can see the system remained stable and

no bilayer loss or destruction occurred upon both injection steps.

®)

Figure I11.2.36 — Fluorescence microscopy images of a DSPC-DPPC double bilayer
after BR reconstitution (second injection) at room temperature: (a) lipids are visu-
alised, (b) proteins are visualised. A 1 ug/ml BRin 0.05 mM DDM PBS buffer solution
was used for the BR reconstitution (second injection).

Due to the experimental configuration it was not possible to image the same
spot of the sample before and after BR reconstitution: the imaged area is ~ 107

mm?, which is substantially smaller than the whole area of the sample (~ 700 mm?),



164: CHAP. 2: OPTIMIZATION OF THE PROTEINS INSERTION PROTOCOL IN SUPPORTED BILAYERS

therefore it is not possible to track the position of the studied area. Despite this fact
we can note that the overall structure of the sample at micron scale remained mostly
unchanged. We have noticed the growth and enlargement of the existing defective
regions in the floating lipid bilayer upon each reconstitution step. But no definite
conclusion can be made as we were not able to precisely follow the modification of

the same spot on the sample.

It is reasonable to assume that BR insertion into planar bilayer systems can be
facilitated by performing the insertion into a fluid phase lipid bilayer. In order to
test the influence of lipid bilayer phase on the efficiency of protein incorporation,
we have carried out experiments testing BR insertion into the following lipid bilayer
systems: DPPC single bilayer and DSPC-DPPC double bilayer measured both at
48°C, so that the solid supported DSPC bilayer was kept in the gel phase and the
DPPC bilayer was brought to the fluid phase in both samples.

Injection of the BR solution at very low concentrations (0.5 and 1 pg/ml) caused
solubilization of the floating bilayer and sample destruction, as we were not able to
detect any signal from the sample after the incorporation step. Based on the results
of several experiments, we can conclude that the fluid lipid bilayer systems appear to
be unstable and too fragile for protein reconstitution using the detergent-mediated

incorporation approach.

The influence of the substrate on the membrane stability should be taken into
account as well. It is known that the substrate’s chemical structure and roughness
have a great impact on the bilayer properties and sample stability [56, 58, 196]. Lipid
bilayer samples for the microscopy experiments were formed on microscopy glass
slides, which have a surface roughness of ~ 2.5 nm. This is substantially larger
than the roughness of the silicon substrates (roughness ~ 0.3-0.7 nm) typically used
for NR and XRR experiments. This difference in nature and structure of the solid
supports can explain the increased sample fragility and unsuccessful outcome of BR

incorporation into the fluid floating bilayer.

We have run experiments varying the incubation time (10, 15, 20 minutes) of
a 1 pg/ml BR in 0.05 mM DDM solutions with single and double lipid bilayers in
the gel phase. 10 minutes incubation time were enough to detect BR in the lipid

bilayer, but due to the low microscope resolution it was not possible to distinguish



2.3 Fluorescence microscopy 165

any difference in the signal upon 10, 15 or 20 minutes of incubation, therefore we
were not able to judge whether a larger amount of BR was inserted upon longer

incubation periods.

2.3.3 Lipid diffusion in supported lipid bilayers

In order to follow lipid and protein diffusion in the bilayer we have performed
bleaching experiments of both lipid and protein molecules in single and double lipid

bilayer systems with and without incorporated BR.

To induce bleaching of fluorescent molecules, the aperture diaphragm was
closed, leaving a small area of the sample under illumination. The intensity of the
light was increased in order to kill the fluorescent dyes in the exposed area. The
sample was left under illumination for approximately 30 seconds, afterwards the
light intensity was decreased and the aperture diaphragm was opened to perform
sample imaging and to follow the recovery of the fluorescence signal due to the
lipid or protein molecules diffusion between bleached and not-bleached areas. It
should be noted that during imaging the fluorescence signal from the whole sample
is gradually eliminated as well, thus light of small intensity should be used for the

sample visualisation.

Following the procedure reported above we have performed lipid bleaching
experiments on three samples: a gel-phase single bilayer composed of DPPC lipids at
room temperature (Fig. I11.2.37) (1); a DSPC-DPPC double bilayer system measured
at room temperature (Fig. I11.2.34 and 111.2.38(a)) (2) and at 48°C (Fig. I11.2.38(b)) (3),
which means that the floating DPPC bilayer was either in gel or fluid phase.

The obtained fluorescence images are shown in Fig. I11.2.37, 111.2.38 and II1.2.39.
The dark region in the middle of the bilayer sample is the region where the fluorescent
lipids are bleached. We have tried to roughly estimate the diffusion coefficient of
lipid molecules, by recording the time needed for the signal to recover in the bleached

region. The diffusion coefficient can be estimated using the following formula [197]

D=>— (2.3)
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(a) (b)

Figure II1.2.37 — Fluorescence microscopy images of a DPPC single bilayer at room
temperature. In Fig. I11.2.37(b) the area with bleached fluorescent lipids are shown.

(a) (b)

Figure I11.2.38 — Fluorescence microscopy images of a DSPC-DPPC double bilayer
(a) at room temperature and (b) at 48°C.

where D is the diffusion coefficient, x is the root mean square displacement during
the time .

By knowing the size of the bleached area and the time needed for the fluores-
cence signal recovery 7, we have found that the diffusion coefficients for the single
supported gel-phase DPPC lipid bilayer is ~ 0.7 um?/s, for the gel-phase floating
lipid bilayer is ~ 0.5 - 1.2 um?/s and for the fluid-phase floating lipid bilayer it is ~ 5
pm?/s.

As expected, bleaching and fluorescence recovery was much faster when the
lipid bilayer was in the fluid phase, which can be explained by the faster molecular

diffusion (larger diffusion coefficient) at high temperature. A slightly smaller value
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(b)
Figure I11.2.39 — Bleaching experiments on a DSPC-DPPC double bilayer (a) at room
temperature and (b) at 48°C.

(@) (b)
Figure III.2.40 — Fluorescence microscopy images of a DPPC single bilayer after BR
reconstitution at room temperature. Proteins are visualised. A 1 pg/ml BR in 0.05

mM DDM PBS buffer solution was used for the BR reconstitution. In Fig. II11.2.40 the
region with the bleached BR molecules is shown.

of the diffusion coefficient was estimated for the single solid supported gel-phase
lipid bilayer than for the floating one, which can be explained by the reduced lipid
mobility due to the proximity of the substrate. The obtained values of the diffusion
coefficients are consistent with the values reported in literature [197-199]. We have
to note that the performed estimation is a very rough approach, as the illumination
area is very large and it was not measured precisely. The time needed for recording
the signal recovery and fluorescent intensity were not controlled precisely as well. To

obtain a more accurate estimation of the diffusion coefficient D, FRAPP experiments
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can be performed on the planar bilayer systems [197, 200, 201].

BR diffusion in supported lipid bilayers.

To probe BR diffusion we have carried out protein bleaching experiments in
the single and double lipid bilayer systems at room temperature. In Fig. I11.2.40 the
fluorescence microscopy images of a single DPPC bilayer with incorporated BR are
shown. The images were obtained using the set of filters for BR visualization. A very
long exposure time was needed (around 7 minutes) to kill the fluorescence marker
of the protein. Such a long bleaching time can be related to the high stability of the
Cy3 dye. We did not follow the recovery of the signal in this case as it was very long,
supposedly due to the very low mobility of the BR close to the substrate. We have
tried to perform protein bleaching experiments in the floating lipid bilayer system
with inserted BR. Unfortunately we were not able to detect any signal reduction
after 10 minutes of exposure to the high intensity light. This fact can be explained

again by the high stability of protein marker.

2.3.4 Conclusions

Thanks to the performed fluorescence microscopy experiments, we were able
to obtain an evidence of BR reconstitution into single and double gel-phase lipid
bilayer samples. We have shown that the fluid-phase lipid bilayer is a very fragile
model system for the protein reconstitution studies using the detergent-mediated
approach. The diffusion coefficients of lipids and proteins molecules in the gel-phase
lipid bilayer systems were estimated based on the performed bleaching experiments.

Unfortunately, by using fluorescence microscopy techniques we could not dis-
tinguish between protein reconstitution, protein partial incorporation or protein
adhesion to the lipid bilayer due to the low resolution of the technique. Information
about sample structure is known only to the micron scale, therefore we can not obtain
a qualitative estimation of the bilayer modification induced by the interaction with
protein and detergent molecules and thus cannot quantify the amount of protein
inserted. Therefore, NR and XRR experiments should be performed to obtain the

information on sample structure and composition at A-scale.



CHAPTER 3

Protein insertion in floating bilayers

3.1 In-house X-Ray reflectometry

Thanks to the performed AFM and fluorescence microscopy experiments we
have obtained evidence that the protocol for BR reconstitution based on detergent-
mediated incorporation into single and double lipid bilayer systems works more
efficiently when the lipid bilayer is in the gel phase. Numerous attempts to insert
BR into fluid lipid bilayers often resulted in the lipid bilayer full or partial removal.

To further develop a robust protocol for the protein reconstitution into planar
membranes and to confirm protein insertion into the model bilayer systems, we
have performed X-Ray reflectometry experiments using a X-ray bench instrument
(see section 2.8 for the instrument description) available at the ILL. Our experi-
ments contributed to the test of the newly acquired sample environment. To be able
to carry out these experiments, we have designed and fabricated solid/liquid cells
which fulfill all the requirements imposed by the in-house XRR instrument configu-
ration and sample preparation protocol. A description of this sample environment
can be found in section 2.4. Due to the lack of time within this PhD project, no
thermalization chamber for the sample temperature control was developed, thus all

XRR experiments were carried out at room temperature.

3.1.1 BR reconstitution into a DSPC single bilayer

We have performed in-house XRR experiments on a DSPC single lipid bilayer
sample in order to confirm BR reconstitution into gel-phase bilayers. A single
DSPC bilayer was formed by LB/LS techniques, following the protocol reported in

section 1.3.6. XRR measurements were performed on the pristine DSPC bilayer
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and the bilayer after BR insertion. Reflectivity curves, fits and corresponding SLD
profiles of the system before and after BR insertion are shown in Fig. II1.3.1. The
structural parameters obtained from the fit of the reflectivity curve for the pristine
DSPC bilayer (Tab. B.12) indicate a good quality (good coverage) sample and are
in agreement with the values known from literature [35, 202]. BR reconstitution
was performed by injecting solution of 2.5 ug/ml BR in 0.05 mM DDM PBS buffer,
incubating for 10 minutes and rinsing the system with buffer afterwards. A very
small shift of the reflectivity curves upon protein reconstitution was observed, which

leads to the conclusion that no detectable BR incorporation takes place.
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Figure II1.3.1 — (a) XRR curves of a DSPC single bilayer at room temperature before
and after BR reconstitution. (b) SLD profiles corresponding to the fits.

3.1.2 BR reconstitution into a DSPC-DPPC double bilayer

As an example of the performed experiments, we would like to present XRR
measurements performed on a DSPC-DPPC double bilayer system. The lipid bilay-
ers were deposited on the 2.5x2.5 cm? silicon block by LB/LS techniques, following
the procedure described in section 1.3.6. The prepared sample was tightly sealed in
the specially developed solid/liquid cell. Reflectivities from the pristine double bi-
layer system and double bilayer after protein reconstitution were measured in order
to resolve the sample structure and to distinguish the structural changes caused by
protein or detergent molecules. BR insertion was performed applying the detergent-

mediated incorporation technique by injecting a solution of 2.5 pig/ml BR in 0.05 mM
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DDM PBS buffer, incubating for 15 minutes and rinsing the system with PBS buffer.
The obtained reflectivity curves, fits and corresponding SLD profiles are shown in
Fig. VI.1.10. Reflectivity curves were fitted using the Aurore software and the lipid
bilayer sample was modeled using a slab model as described in section 2.9.

The obtained structural parameters for the pristine sample and sample after BR
insertion are summarized in Tab. B.11.The values reported in Tab. B.11 are consistent
with the parameters obtained from synchrotron XRR experiments performed on
similar lipid bilayers samples [172]. For the sample measured after BR reconstitution
we have observed an increase of the ED values of the tail and head regions of the
second floating bilayer. This variation of ED is consistent with BR insertion into the
floating gel-phase lipid bilayer. Other modifications of the floating bilayer such as:
1) increase of the thickness of the water layer between two bilayers (from 1.3 nm to
1.7n m); 2) increase of the thickness of the floating DPPC bilayer (5.1 nm to 5.3 nm)
and 3) increase of the bilayer roughness (from 0.2 to = 0.1 nm) can be explained by
BR insertion as well. The observed structural modifications of the first supported
DSPC bilayer cannot be related to protein reconstitution into the solid supported
bilayer.

In-house XRR measurements clearly indicate the possibility of BR insertion into
gel-phase DPPC floating bilayer. The obtained result is reproducible, as applying
the developed protocol repeatedly in order to incorporate BR in DSPC-DPPC or
DSPC-DSPC double lipid bilayer systems led to the same positive outcome for these
experiments. We can note that no loss of the floating lipid bilayer was observed
upon BR-DDM solution injection, when the floating bilayer was in the gel phase.
Thus, gel-phase lipid bilayer appears to be a strong and suitable sample for the
detergent-mediated protein incorporation technique and thanks to the performed

XRR experiments we were able to confirm BR insertion into the floating bilayers.

3.1.3 Arch-3 reconstitution into a DSPC double bilayer

We have performed in-house XRR experiments in order to study Arch-3 re-
constitution into a double lipid bilayer system composed of DSPC lipids. X-ray
reflectivities were measured for the pristine DSPC double bilayer and the sample

after Arch-3 insertion. The SLD profile of the pristine DSPC double bilayer system
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Figure II1.3.2 — (a) XRR curves of a DSPC-DPPC double bilayer at room temperature
before and after BR reconstitution. (b) SLD profiles corresponding to the fits.

(Fig. II1.3.3) indicates a good quality (full coverage) double lipid bilayer sample.
Arch-3 reconstitution into the bilayer was performed by injecting a 3 ug/ml Arch-3
in 0.05 mM DDM PBS buffer solution into the cell, incubating for 10 minutes and
rinsing the system with buffer. A very small change of the reflectivity curve was
detected after the reconstitution step. The performed procedure was repeated again
re-injecting a Arch-3-DMM solution at the same concentration and incubating the
system for 20 minutes. A further small modification of the reflectivity curve was
detected after the second incubation step as can be seen in Fig. II1.3.3. The structural
parameters obtained from the fits of the DSPC double lipid bilayer samples before
and after Arch-3 insertion are summarized in Tab. B.13. From the structural param-
eters obtained from the best fits of the data, it was not possible to confirm Arch-3
protein incorporation into the gel-phase DSPC floating lipid bilayer. The positive
and important result that we can retrieve from this experiment is that no strong and
harmful structural modifications of the double lipid bilayer were observed upon

interaction with detergent solution.

3.1.4 Conclusions

XRR in-house experiments serve as an excellent tool to investigate the structure
of planar lipid bilayer systems and to reveal structural and compositional changes

caused by protein incorporation or detergent molecules. The information obtained
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Figure I11.3.3 — (a) XRR curves of a DSPC double bilayer at room temperature before
and after Arch-3 reconstitution. (b) SLD profiles corresponding to the fits.

from the XRR experiments can provide a great help in order to develop a robust
protocol for the sample preparation as XRR measurements are relatively easy and
fast (less than one hour is needed to collect one reflectivity curve of a bilayer sample
at solid/liquid interface) and the appropriate sample environment for samples at the
solid/liquid interface is now available.

Thanks to the performed experiments we were able to demonstrate BR incor-
poration into gel-phase floating lipid bilayer and a robust and reproducible protein
reconstitution protocol was developed. We have also shown that Arch-3 does not
interact strongly with the lipid bilayer sample in the gel phase and no protein inser-
tion was possible to detect. As a future prospective, we plan to perform in-house
XRR "control" experiment studying the influence of 0.05 mM DDM solution on the

lipid bilayer structure.
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3.2 Neutron reflectometry

To resolve the lipid bilayers structure at the molecular scale and to reveal all
the induced changes in the bilayer structure and composition caused by protein and
detergent insertion, we have performed NR experiments on planar solid-supported

bilayers on the MARIA (MLZ, Germany) and D17 (ILL, France) reflectometers.

3.2.1 BR-substrate interaction

We have performed NR experiments studying the interaction/adsorption of BR
with/to the bare silicon substrate. This experiment was carried out in the following
way: 30 pg/ml BRin 0.05mM DDM in PBS H,O buffer was injected into the closed and
pre-filled with PBS H,O buffer solid/liquid cell. The system was left for 15 minutes
of incubation and was then extensively rinsed with PBS D,O buffer. Reflectivity of
a sample was collected in D,O PBS bulffer. In Fig. II1.3.4 the measured reflectivity

curves and obtained SLD profile of the system are shown.
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Figure II1.3.4 — (a) Reflectivity curves of a BR protein layer on the bare silicon support.
(b) SLD profiles corresponding to the fits. The final system is consistent with two
layers of BR on the silicon substrate.

In order to check the stability of the sample and to follow the modification of the
system induced by solvent exchange, we have rinsed extensively the system with
D,0O PBS buffer and measured reflectivity from this system again. No changes of
the reflectivity signal were detected upon additional rinsing with D,O PBS buftfer, as

the two collected reflectivity curves overlap. As a next step, we have measured the
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reflectivity from the protein layer in two other solvent contrasts (H,O and SMW) and
then in D, O contrast for a third time. As we can see in Fig. II1.3.4, no modification of
the reflectivity curves in D,O contrast was observed upon repeated sample rinsing.

We have performed simultaneous fitting of the reflectivity curves in D,O, SMW
and H,O contrasts to reveal the structure and composition of the protein layer on
the solid support. Based on the obtained SLD profiles and structural parameters
(Tab. B.5), we can conclude that the final system is consistent with two layers of
BR adsorbed to the silicon support: the first layer has a thickness of 3.6 nm and is
composed of 88% by volume of BR, the second layer has a thickness of 3.2 nm and
is composed of 69% by volume of BR. The water content in the second protein layer
is higher (18% by volume for the first adsorbed layer compared to 31% by volume
for the second one).

From the performed NR experiment, we can conclude that BR strongly inter-
acts with the bare silicon support forming a strongly adhesive protein layer. BR
does not seem to aggregate or unfold in the proximity of the bare substrate and
keeps its structure, as it can be seen from the obtained structural and compositional

parameters.

3.2.2 Influence of DDM on the lipid bilayer structure

For a correct interpretation of the collected measurements it is very important
to resolve the contribution imposed by detergent molecules separately. To study the
effect of 0.05mM DDM detergent solution on the structure of the double lipid bilayer
system, we have performed NR experiments similar to those reported above.

Reflectivities were measured from the pristine DSPC-DPPC double lipid bilayer
system at 48°C in three solvent contrasts. A 0.05 mM DDM solution was then
injected into the cell and the system was left to incubate for 15 minutes, after which
it was rinsed with buffer to remove all the detergent molecules from the bulk and
supposedly from the lipid bilayer. Reflectivities from the final system were measured
in three solvent contrasts (H,O, SMW, D,0) and simultaneous fitting of the collected
reflectivity curves was performed. Reflectivity curves, fits and corresponding SLD
profiles of the system before and after interaction with the detergent solution are

shown in Fig. II1.3.5. We can observe very small changes of the reflectivity curves
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caused by interaction with the detergent solution. From the parameters obtained
from the fits, we can notice a small increase of water content in the tail region
of the floating lipid bilayer (from 7% to 17%) while the SLD values of the tail or
head regions of both bilayers were not modified upon the incubation with detergent
solution. The structure and composition of the solid-supported DSPC lipid bilayer

was not modified within the errors (Tab. B.7).
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Figure II1.3.5 — (a) Reflectivity curves for a DSPC-DPPC double lipid bilayer mea-
sured at 48°C before (closed symbols) and after (open symbols) injection of 0.05 mM
DDM detergent solution. (b) SLD profiles corresponding to the fits.

3.2.3 BR incorporation into single solid-supported lipid bilayers.

The experiment at the MARIA reflectometer was carried out on single solid-
supported POPC lipid bilayer systems. Samples were prepared on a 5x8 cm? silicon
crystal surface by vesicle fusion technique as described in section 1.3.6 and were
tightly sealed in the solid/liquid cell (section 2.7).

To reveal changes in the bilayer structure and composition induced by BR
insertion, reflectivity curves of the sample were measured before and after BR re-
constitution. Reflectivity from the pristine POPC bilayer system was measured in
3 different solvent contrasts (D,O, SMW and H,0). Protein BR reconstitution was
performed applying the detergent-mediated incorporation method by introducing
a solution of 10ug/ml BR in 0.05 mM DDM H,O PBS buffer into the solid/liquid cell
with the POPC bilayer. The system was left for 15 minutes and then rinsed with H,O

PBS buffer. The obtained system after all performed manipulations was measured
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in 4 different solvent contrasts (D,O, 4AMW, SMW and H,0). Measured reflectivity

curves and obtained fits for this sample are shown in Fig. II1.3.6(a).

Data analysis and simultaneous fitting of the reflectivity curves in 3 contrasts
for the pristine POPC bilayer and 4 contrasts for the sample after BR insertion were
performed following the procedure reported in section 2.9. Obtained SLD profiles of
the system before and after BR insertion are plotted in Fig. II1.3.6(b). By comparing
the SLD profiles, we can deduce that the overall structure of the final system is
consistent with a single lipid bilayer system, however the SLD value of the tail
region is significantly increased. From the changes of the SLD values of the tail
regions (=0.35 - 10°A~2 for the pure POPC bilayer, 0.13 - 10°® A2 for the POPC
bilayer with incorporated BR) we were able to quantify the amount of BR inserted
into the bilayer and we can conclude that, upon BR insertion, the final system is
consistent with BR incorporation and is composed of 22% (by dry volume) of BR
molecules and 78% (by dry volume) of POPC lipids. An increase of the water content
in the tail regions upon BR reconstitution was also observed (from 8% to 39%). The
overall structure of the bilayer with BR is consistent with the structure known for
pure POPC bilayers and it was not drastically changed upon BR reconstitution. The

structural parameters obtained from the fits are summarized in Tab. B.1.
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Figure I11.3.6 — (a) Reflectivity curves of a POPC single bilayer at room temperature
before (closed symbols) and after (open symbols) BR reconstitution. (b) SLD profiles
corresponding to the fits.
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3.2.4 Incoherent summation

To exclude the possibility of BR domain formation on the solid support, we
have applied another approach of data analysis for this sample. In the analysis of
NR experiments the structure and composition of lipid bilayer samples is averaged
in the xy plane (parallel to the sample surface) within each slab. Therefore, the
two different cases of BR domain formation and homogeneous reconstitution in the
bilayer can provide similar SLD profiles.

If lipids and BR form separated domains and if the size of these domains is
larger than the coherent length of the beam (~ 300 nm), the measured reflectivity
will be composed of the reflectivity signal from the pure POPC bilayer (Rpopc) and
reflectivity from the pure BR layer (Rgr). Therefore, the total reflectivity signal can
be calculated as an incoherent sum of two reflectivities Rpopc and Rgr with only one

titting parameter @, which is the fraction of BR in the sample :

Real = aRgr + (1 — a)Rpopc (3.1)

where R, is the total calculated (Eq. 3.1) reflectivity signal from the POPC
lipid bilayer with reconstituted BR, Rgr is simulated reflectivity signal from the pure

protein layer, Rpopc is reflectivity measured from the pure POPC lipid bilayer.
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Figure II1.3.7 — Measured reflectivity curve of a POPC single bilayer with BR (Rexp)
and simulated reflectivity curve (R.,) obtained for different BR fractions («) in (a)
H,O contrast and (b) D,O contrasts.

In order to obtain all reflectivity curves (measured Re,, and Rpopc and simulated
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Rgr) with identical Q-range, which is needed for the simulations, we have simulated
the reflectivity curves Rey, and Rpopc in different contrasts, taking the parameters
obtained from the fits of the measured reflectivities from the pure POPC lipid bilayer
(Rporc) and POPC lipid bilayer upon BR reconstitution (Reyp) (Sample in Fig. I11.3.6).
Rgr was simulated assuming that BR has a size of ~ 5 nm and an average SLD value
of ~2-107¢ AL,

We have performed simulations varying the fraction of BR molecules in the
sample (parameter a) for all four solvent contrasts (D,O, 4MW, SMW and H,O)
in order to fit the measured reflectivity curves R.,, to the calculated R.;. As can
be seen in Fig. II1.3.7, it was not possible to obtain the appropriate parameter « in
order to match the measured reflectivity curves. Thus, based on this simple, but
reasonable approach, we can conclude that the assumption of the separate domain
formation of BR and POPC lipid bilayer of size larger that the coherence length can
be disregarded.

3.2.5 Influence of BR concentration on the protein reconstitution

To highlight the importance of the protein concentration in the reconstitution
process, reflectivity from the pristine POPC lipid bilayer was measured in two
solvent contrasts (D,O and H,O). Protein reconstitution was performed by injecting
a solution of 30 pg/ml BR in 0.05 mM DDM H,O PBS buffer, incubating the system
for 15 minutes and rinsing afterwards with H,O PBS buffer. Upon BR insertion the
tinal system was measured in three solvent contrasts (D,O, SMW and H,O). The
collected reflectivity curves and SLD profiles are shown in Fig. II1.3.8. Structural
parameters obtained from the fits are summarized in Tab. B.2. From the obtained
structural parameters of the systems we can judge the modifications in the lipid
bilayer structure. The SLD values of the tail regions increase from —0.35-107¢ A=2 to
1.34 and 1.1-107% A2 (for the two leaflets of the lipid bilayer) upon BR incorporation
in the POPC bilayer.

The SLD values of the tail region increase drastically upon BR reconstitution
and an additional diffuse (79% of H,O) layer of material with thickness 3 nm and
SLD equal to 2 - 10°® A2 was also necessary to model the data. The parameters

describing the adsorbed layer on top of the bilayer are consistent with the SLD and
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Figure II1.3.8 — (a) Reflectivity curves of a POPC single bilayer at room temperature
before (closed symbols) and after (open symbols) BR reconstitution. (b) SLD profiles
corresponding to the fits. The final system is consistent with BR incorporation in the
POPC bilayer and adsorption of BR on top of the bilayer surface.

size of BR molecules. Therefore, we can conclude that injection of 30 pg/ml BR
solution results in protein incorporation in the POPC bilayer and adsorption of BR
molecules on top of it. It was not possible to remove the absorbed protein layer by
extensively rinsing the system with buffer, thus the final system resulted to be stable

and solvent exchange method does not change the sample structure.

To demonstrate the harmful effect of a too high protein concentration, another
set of data is presented. In Fig. II1.3.9, reflectivity curves in several solvent contrasts
from a POPC lipid bilayer before and after BR insertion are shown. BR incorporation
was performed by injecting a 50 ug/ml BR in 0.05 mM DDM H,O PBS buffer solution,
incubating the system for 10 minutes and rinsing with H,O PBS bulffer.

Before this injection, another two subsequent injections of 2.5 and 5 ug/ml
BR in 0.05 mM DDM H,O PBS buffer solution were performed, followed by 10
minutes incubation and rinsing, but no modification of the reflectivity curve was
observed. In order to reconstitute BR into the lipid bilayer the third injection with
an increased amount of BR was carried out. This manipulation resulted in the POPC
bilayer destruction and sample removal from the substrate, as we can see from the
obtained structural parameters (Tab. B.3) or SLD profiles (Fig. II1.3.9(b)). After BR
incorporation only 20% (by volume) of the surface was covered with material with

an average SLD = 1.9 -10° A2 and thickness of 5.5 nm, which is consistent with
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Figure II1.3.9 — (a) Reflectivity curves of a POPC single bilayer at room temperature
before (closed symbols) and after (open symbols) BR reconstitution. (b) SLD profiles
corresponding to the fits. POPC bilayer removal was caused by protein injection.

patches of BR molecules and lipid bilayer on the substrate.

It is therefore important to optimize the concentration of the protein - detergent
solution used for the detergent-mediated incorporation method, as the protein in-
teracts strongly with the lipid bilayer and injection of a too concentrated solution
can lead to a strong modification of the sample such as a bilayer destruction or a

formation of a protein layer on the sample surface, which is highly undesirable.

3.2.6 Arch-3 - substrate interaction

We have performed NR experiments to investigate the interaction of Arch-3
with the bare silicon support.

A cleaned silicon block was sealed in solid/liquid cell filled with D,O PBS
buffer. The reflectivity from the bare silicon substrate was measured in D,O PBS
buffer contrast. A 10 ug/ml Arch-3 in 0.05mM DDM PBS buffer solution was injected
into the cell and left for 15 minutes of incubation period to let proteins absorb on the
solid support. Reflectivity from the obtained sample (without a rinsing step) was
measured in D,O contrast. After the performed measurement the system was rinsed
with D,O PBS buffer in order to remove detergent and protein molecules from the
bulk and to follow the changes of the sample caused by rinsing step. Reflectivity
from the obtained sample was measured in D,O contrast. As we can see no changes

in the reflectivity signal were detected upon the protein injection step (Fig. I11.3.10)
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and thus no protein adsorption had occurred (Tab. B.10).
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Figure II1.3.10 - (a) Reflectivity curves for the Arch-3 adsorption on the bare support.
(b) SLD profiles corresponding to the fits.

A re-injection of an increased concentration of Arch-3 (25ug/ml Arch-3 solution
in 0.05mM DDM PBS buffer) into the same solid/liquid cell was performed. A very
long incubation time of 1 hour 30 minutes was waited before the system was rinsed
with buffer. Reflectivity from the sample upon rinsing with buffer was measured
in D,O contrast. Obtained reflectivity curves and corresponding SLD profiles are
shown in Fig. I11.3.10. As we can see again no modification of the reflectivity curves
was observed, indicating that no detectable protein adsorption on the bare silicon
block had occurred. In conclusion, the transmembrane protein Arch-3 does not

interact with a bare silicon support.

3.2.7 Arch-3 incorporation into single solid-supported lipid bilay-

ers

We have performed NR experiments on the MARIA reflectometer to investigate
the reconstitution of the transmembrane protein Arch-3 into POPC bilayers and to
reveal all the structural and compositional changes in the bilayer caused by Arch-3
inclusion.

A POPC lipid bilayer was deposited by vesicle fusion technique (see section 1.3.1
for details on sample preparation) and the reflectivity from the pristine POPC bilayer

was measured in D,O and H,O PBS buffer solvent contrasts. Arch-3 reconstitution

40
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was performed by injecting a solution of 30 ug/ml of Arch-3 in 0.05mM DDM in
PBS Hbuffer, followed by 15 minutes of incubation. Reflectivity from the system
after the reconstitution step was measured in three solvent contrasts (H,O, SMW
and D,O). No modifications of the reflectivity curves caused by the protein-DMM
solution injection was observed, thus, no protein Arch-3 incorporation was detected.
To increase chances of Arch-3 insertion into POPC lipid bilayer, we have performed
a second injection of 30 ug/ml Arch-3 in 0.05mM DDM in PBS Hbuffer solution, in-
creasing the incubation time up to 30 minutes. After system incubation and rinsing
with buffer, reflectivity from the final system was measured in three solvent con-
trasts again. The obtained measurements and resulted SLD profiles of the system
are shown in Fig. II1.3.11. No modification of the POPC lipid bilayer upon the sec-
ond insertion step of protein-detergent solution with increased incubation time was
observed, thus no Arch-3 protein reconstitution in the POPC bilayer was achieved

(Tab. B.8).
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Figure I11.3.11 — (a) Reflectivity curves of a POPC single bilayer at room temperature
before (closed symbols) and after (open symbols) second Arch-3 reconstitution. (b)
SLD profiles corresponding to the fits. No Arch-3 incorporation was observed.

Based on the obtained measurements, we can highlight other important con-
clusions on the influence of detergent molecules on the lipid bilayer structure. No
modification of the reflectivity signal from the POPC bilayer system upon bilayer
incubation with 0.05 mM DDM detergent solution with proteins was observed. This
is a very important result, as no bilayer solubilization and modification of the bilayer

structure is induced by 0.05 mM DDM detergent solution. Therefore, any possible
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modification of the measured reflectivity signal from POPC lipid bilayer is caused

by the interaction of protein molecules with the lipid bilayer.

Another couple of experiments were performed in the attempt to reconstitute
Arch-3 into POPC lipid bilayers. The reflectivity from the pristine POPC lipid
bilayer was measured in two contrasts (D,O and H,0O). The reflectivity from the
system after each Arch-3 reconstitution step was measured in three contrasts (D,O,
SMW and H,O PBS buffer) in order to reveal the changes in the bilayer structure.
After three subsequent injection of 10 ug/ml (15 minutes incubation), 25 ug/ml (15
minutes incubation) and 10 pg/ml (10 minutes incubation) Arch-3 in 0.05 mM DDM
in PBS buffer solutions in one sample and 5 ug/ml (7 minutes incubation), 25 ug/ml
(15 minutes incubation) and 10 ug/ml (10 minutes incubation) Arch-3 in 0.05 mM
DDM PBS buffer solutions into a second sample, no modifications of the reflectivity
curves were detected for both samples upon each insertion step, thus no Arch-3
reconstitution was observed for single POPC lipid bilayer samples upon multiple

reconstitution steps.

To increase the chances of Arch-3 insertion, we have performed similar experi-
ments after drastically increasing the Arch-3 concentration in the solution. Reflectiv-
ity was measured from the pristine POPC bilayer and upon the each reconstitution
steps, which were performed injecting subsequently 10 pg/ml (15 minutes incuba-
tion) and 20 pg/ml (20 minutes incubation) Arch-3 in 0.05 mM DDM PBS buffer
solutions. After performed manipulations, no protein insertion was detected. The
third try of Arch-3 reconstitution was performed by introducing a solution of 60
ug/ml Arch-3 in 0.05 mM DDM PBS buffer, incubating the system for 15 minutes and
rinsing the cell with buffer afterwards. Measured reflectivity curves from the system
before and after the 3rd insertion step are shown in Fig. II1.3.12. As we can see the
modification of the reflectivity curves were detected. An increase of the SLD value
of the tail region from —0.35 - 107 A2 to 0.2 - 107® A2 after Arch-3 reconstitution
was observed. We have estimated that the final system is composed of 75% (by dry
volume) of POPC lipid bilayer and 25% (by dry volume) of Arch-3 proteins. An
increase of the water content in the tail and head regions upon Arch-3 injection was
observed, which can be related to the partial lipid bilayer solubilization caused by

protein-detergent mixture.
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All the obtained structural parameters for this sample before and after Arch-3

insertion are summarized in Tab. B.9.
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Figure I11.3.12 — (a) Reflectivity curves of a POPC single bilayer at room temperature
before (closed symbols) and after (open symbols) third Arch-3 reconstitution.(b) SLD
profiles corresponding to the fits.

We can conclude that that transmembrane protein Arch-3 does not interact
strongly with fluid POPC lipid bilayers and very high protein concentration is
needed in order to observe POPC bilayer modifications, which can be related to

the Arch-3 reconstitution in to the bilayer system.

3.2.8 BR incorporation into DSPC-DPPC double bilayers

One of the main aims of this PhD work was to study protein reconstitution into
floating phospholipid bilayers and to investigate thermal and active (non-thermal)
fluctuations of the membrane-protein system induced by protein pumping activity.

In accordance with the main goal of the work we have performed NR experi-
ments on double lipid bilayer systems on the D17 reflectometer at the ILL in order to
characterize the double lipid bilayer structure at A scale and to reveal all the induced
structural and compositional changes caused by BR insertion.

Double lipid bilayer samples were prepared on 5x8 cm? surface of the silicon
blocks by LB/LS deposition techniques as described in details in section 1.3.6. The
sample was then tightly sealed in the solid/liquid cell for NR experiments.

We have performed NR experiments on DSPC-DPPC double lipid bilayer sys-
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tems, where the first solid-supported bilayer was composed of DSPC lipids and the
second floating lipid bilayer was made of DPPC lipids. The double lipid bilayer
system was measured at 48°C, which allows to bring the floating DPPC lipid bilayer
into the fluid phase (T,, = 41°C) and at the same time to keep the solid-supported
DSPC lipid bilayer in the gel phase (T,, = 55°C). This was done in order to facilitate
BR insertion into the floating lipid bilayer, which resides in the biologically more rel-
evant fluid-phase, and prohibit BR insertion into the first solid-supported gel-phase
bilayer.

Several NR experiments were performed with the aim to reconstitute BR into the
fluid-phase floating lipid bilayer by means of the detergent-mediated incorporation

method.

As an example of the performed experiments, reflectivity measured from the
pristine DSPC-DPPC double lipid bilayer at 48°C are shown in Fig. II1.3.13. The
protein reconstitution step was performed by injecting a solution of 0.5 ug/ml BR in
0.05 mM DDM PBS buffer into the cell, incubating for 15 minutes and rinsing with
buffer afterwards. Reflectivity from the final system was measured in three solvent
contrasts (H,O, SMW, D,0). Reflectivity curves, fits and corresponding SLD profiles

of the system before and after BR insertion are shown in Fig. I11.3.13.

The resulting SLD profiles obtained from data fitting confirmed a good quality
pristine double bilayer system (Tab. B.6). After BR incorporation, no change of the
tirst supported bilayer was detected. The SLD of the tail regions of the floating lipid
bilayer increased from —0.35 - 10 A2 to —0.19 - 10°® A2 and 0.33 - 107¢ A2 for
the two leaflets respectively, which can be related to non-uniform BR insertion or
asymmetry of the BR SLD profile. We have estimated that the final floating bilayer
system is consistent with 93% of DPPC lipid bilayer and 7% of proteins in the lower
bilayer leaflet with the final SLD = —0.19 - 10°° A2 and 68% of DPPC lipid bilayer
and 32% of proteins in the upper bilayer leaflet with the final SLD = 0.33 - 10 A2,
A diffuse layer (90% of H,O) with a thickness of ~ 5 nm and SLD of 1.8 - 10°® A2
was formed on top of the floating bilayer, consistent with the size and SLD of BR
molecules. We can conclude that BR incorporation resulted in the inhomogeneous
incorporation of BR into the fluid floating lipid bilayer and formation of a diffuse

layer of BR on top of it.
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Figure II1.3.13 — (a) Reflectivity curves for the double DSPC-DPPC lipid bilayer mea-
sured at 48°C before (closed symbols) and after (open symbols) BR reconstitution.
(b) SLD profiles corresponding to the fits.

We would like to note that injection of BR-DDM solution into double lipid bi-
layer systems often resulted in the loss and solubilization of the floating bilayer. This
observation is in total agreement with the results obtained from the performed AFM,
XRR and fluorescence microscopy experiments, where it was also demonstrated that
fluid lipid bilayers are very fragile and unstable model systems for BR reconstitution
studies.

Unfortunately due to the long closure of the ILL during my PhD thesis, we
did not have the opportunity to perform more NR experiments. We should note
that this kind of experiments - NR experiments on double lipid bilayer systems
at the solid/liquid interface - are best performed at the ILL on the D17 or Figaro
reflectometers, because of the characteristics of these instruments with the dedicated
sample environment for illumination studies (developed in the framework of this

thesis) and availability of the appropriate equipment for sample preparation.

3.2.9 Effect of sodium azide on the membrane structure

It is known that oxidation processes in cell membranes can greatly influence
lipid-protein interactions and association, but also vastly alter protein function itself.
It was reported [203] that hydrogen-bonded networks are essential to facilitate fast
proton transfer across BR and properties of these networks are modulated by the

presence of weakly acidic anions like azide , cyanate and formate. Azide and other
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weakly acidic anions act as catalysts for the formation of hydrogen-bonded networks
in proton pathways of proteins, increasing their pumping activity. According to the
reference [20], activity of BR incorporated into GUVs leads to an enhancement of the
active fluctuations of the membrane. It was pointed out that to observe this effect 1
mM sodium azide (NaN3) must be present in the solution of proteoliposomes. In the
absence of the sodium azide no enhancement of the membrane fluctuation spectrum
was observed [170]. This study is in full agreement with reference [203], which claims
that sodium azide enhances proton transfer in BR. Therefore, presence of NaNj is
very important for the BR activity and for the enhancement of the fluctuation of
phospholipid bilayers.

In order to facilitate and increase the BR pumping activity, when the protein is
reconstituted into the planar lipid bilayer systems, we have introduced a solution of
1 mM NaNj; in PBS buffer into single and double lipid bilayer samples. Reflectivities
were measured in several contrasts from the pristine lipid bilayer samples, from
bilayers upon BR insertion and from the same samples after addition of 1 mM NaNj,
thus the induced changes in the sample structure caused by the protein-detergent

solution or sodium azide molecules could be extracted independently.

As a result of these experiments, we have noticed large modifications of the
reflectivity curves for both the single and double phospholipid bilayers with recon-
stituted BR caused by the presence of sodium azide in the system. This effect can
not be explained by the increased protein pumping activity, because BR is a light
driven proton pump and its activity can only be triggered by illumination with light
of specific wavelengths. A reversible effect of sodium azide addition on the reflectiv-
ity curves for a solid supported DPPC bilayer with incorporated BR was observed.
Changing the solution from PBS buffer to PBS buffer + NaNj; back and forth was

altering the reflectivity curves reversibly in the same manner.

We are not presenting this data, as the samples were not of the best quality after
the BR insertion step and it was very challenging to fit them in order to extract struc-
tural information from the measurements. Qualitative information on the structural
changes of the lipid bilayers obtained from these NR measurements provided a

strong evidence of the influence of sodium azide on the lipid bilayer structure.

A similar modification of the reflectivity curves upon sodium azide addition
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was observed for a pure solid supported bilayer made of fully deuterated d;sDPPC
lipids (Fig.II1.3.14). This sample was investigated during a test NR experiment, when
we had time to measure only one contrast for this sample. First, reflectivity from
the pure d;s DPPC solid supported lipid bilayer was measured in H,O, afterwards 1
mM NaNj solution was added to the sample and reflectivity was measured again.
The system was rinsed with H,O and the final system was measured again in H,O
contrast. The obtained reflectivity curves and resulting SLD profiles are shown in
Fig. I11.3.14. The effect of azide on the structure of the pure lipid bilayer system is
clearly visible (Fig. I11.3.14).
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Figure I11.3.14 — (a) Reflectivity curves for the d;s DPPC bilayer in H20 contrast; in
H2O contrast with ImM NaN3 and after rinsing with H20O again. A clear change of
the structure of the bilayer is observed due to the presence of NaN3. (b) SLD profiles
obtained from the fits.

Based on the obtained structural parameters from the performed fits, we can
conclude that presence of sodium azide in the system caused the decrease of the
thickness of the tail region of the bilayer (from 3.8 nm to 3.1 nm) and an increase
of the thicknesses of the head group regions (from = 0.8 nm to 0.9 nm) of both
leaflets of the bilayer. Structural parameters extracted from the fits for the pristine
d7s DPPC bilayer, d;s DPPC bilayer with azide and d7sDPPC bilayer upon rinsing with
H,O can be found in Tab. B.4 in the Appendix. To obtain more precise structural
information, this experiment should be performed measuring the sample in several
solvent contrasts. We can note that the influence of NaN3 on the structure of the

phospholipid bilayer is not understood yet and to our knowledge no structural
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studies are available.
Further experiments devoted to the investigation of the effect of sodium azide on
the structure of pure phospholipid bilayers and bilayers with incorporated proteins

are foreseen in the near future.

3.2.10 Conclusions

Thanks to the performed NR experiments we were able to confirm BR reconstitu-
tion into single solid-supported fluid lipid bilayers and we were able to quantify the
amount of protein inserted, revealing structural and compositional sample changes
caused by the protein. We have shown that the transmembrane protein Arch-3 does
not interact strongly with single lipid bilayers and in order to reconstitute Arch-3
into a planar single bilayer highly concentrated protein solution should be used.
This observation is in disagreement with literature where it is reported that Arch-3
more readily incorporates into lipid membranes than its close relative BR [104].

We have shown that BR strongly interacts with the solid support forming a
robustly adsorbed protein layer on the bare substrate. BR does not aggregate in the
proximity of the substrate and keeps it structural form. Arch-3, on the contrary,
does not adsorb to bare silicon blocks and no interaction with the silicon surface was
observed.

By means of NR experiments we have shown that the fluid floating lipid bilayer
is a very fragile model system and it is not appropriate for protein reconstitution
mediated by detergent. This observation also demonstrates that the lipid bilayer
phase plays an important role in the outcome of the reconstitution procedure.

No structural and compositional modifications of the fluid single lipid bilayer
and only minor structural modifications of the fluid floating lipid bilayer upon
interaction with 0.05 mM detergent solution were observed. This is a very important
observation as it is crucial to obtain confirmation that detergent solution does not
induce harmful effects on the lipid bilayer structure and does not cause lipid bilayer
solubilization. Thanks to this result, the effect of detergent and protein molecules on
the sample structure can be resolved separately.

We have also studied the effect of NaNj; on the structure of single and double

lipid bilayer samples with and without inserted proteins. Due to lack of time within
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this thesis project, consistent studies on the influence of sodium azide molecules
on the membrane structure were not performed, thus no strong conclusions based
on the observed effect can be made. This effect will be further investigated during

scheduled beam-time at the ILL.
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CHAPTER 4

BR activation with light

4.1 Neutron reflectometry experiments

We have performed NR experiments using the newly developed set-up for
in-situ sample illumination in order to activate BR embedded into a floating lipid
bilayer. The experimental program was the following : 1) measurement of reflectivity
from the pristine double bilayer system; 2) in-situ BR reconstitution into the floating
lipid bilayer and measurement of reflectivity from the system in three different
solvent contrasts; 3) shining of light at the appropriate ("activational”) wavelength on
the sample (adsorption maximum of BR ~ 568 nm) and measurement of reflectivity
signal in several contrasts while illuminating the sample; 4) shining of light at a
wavelength out of the activational wavelength range to perform a "blank experiment"
and collect reflectivity signal while illuminating the sample. The last step is needed
to demonstrate that there is no effect of illumination with light at a wavelength out

of the "activational" range on the bilayer structure.

Unfortunately during the NR experiment devoted to the investigation of the
effect of BR pumping activity on the bilayer structure, we had many problems
with sample preparation. We were not able to form good quality (high coverage)
double lipid bilayers systems on silicon and quartz blocks. As it was learnt later,
a new protocol for the substrate polishing had been implemented by the polishing
company on the substrates used during the experiment. This new implementation
had a drastic effect on the chemical structure of the surface of the crystals, which had

a harmful impact on the substrate-bilayer interaction.

Another beam time devoted to this project is scheduled at the end of Septem-

ber 2019, which coincides with the thesis submission deadline and therefore the



194 CHAP. 4: BR ACTIVATION WITH LIGHT

performed measurements and data analysis will not be included in the thesis.

4.2 Synchrotron radiation measurements

4.2.1 General discussion

The most challenging step of this work was the investigation by means of
synchrotron radiation (SR) specular and off-specular reflectometry of the struc-
tural changes, thermal (equilibrium) and active (non-equilibrium) fluctuations of
the membrane-protein system caused by transmembrane protein activity.

For such purpose we have performed combined specular and off-specular SR
reflectometry experiments at the SOLEIL synchrotron (France) on the SixS beamline
(see section 2.7.3). Specular reflectometry experiments were performed to study
structural changes of the double lipid bilayer caused by BR incorporation and ac-
tivation. The lateral features and out-of-equilibrium fluctuations induced by the
protein activation were probed by off-specular measurements. Newly developed
sample environment and setup for in-situ sample illumination during reflectometry
measurements (see section 2.4) were used during this experiment. BR pumping ac-
tivity was triggered by sample illumination with visible light. A long-pass filter with
a 530 £ 5 nm cut-on wavelength [204] was used to select appropriate activational
wavelength.

DSPC double bilayers were formed on the 5x8 ecm? surface of silicon crystal
by LB/LS deposition techniques following the procedure described in section 1.3.6.
The Langmuir trough NIMA 1212D (section 1.3.7) was brought from the ILL and re-
installed in the chemistry lab of the SOLEIL synchrotron for the period of experiment.

First, specular reflectivity was measured from the pristine DSPC double lipid
bilayer sample (black curve in Fig. II1.4.1 and I11.4.2). In order to reconstitute BR into
the floating lipid bilayer 1 pg/ml of BR in 0.05mM DDM PBS buffer solution was
injected into the cell. The BR-DDM solution was left for 10 minutes incubation period
and then the system was thoroughly rinsed with PBS buffer to remove all the proteins
and detergent molecules from the bulk. Specular and off-specular reflectivities were
measured from the obtained system (red curve in Fig. I11.4.3 and I11.4.4, open red

symbols in Fig. VI.1.13). In Fig. 1l1.4.4, the SLD profiles obtained from the fit of
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the specular reflectivity curves are shown. To trigger BR activity the sample was
illuminated with visible light and specular and off-specular reflectivity curves were
collected during sample illumination (orange curve in Fig. II1.4.3 and 1I1.4.4, closed
red symbols in Fig. VI.1.13). Large changes of the specular and off-specular signal

were observed.
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Figure III.4.1 — Specular SR reflectometry measurements for a DSPC double bilayer
at 25°C before and after BR protein incorporation.

A blank experiment on a pure DSPC double lipid bilayer system was performed
in order to test the effect of light on its structure and dynamics. Measurements were
performed with and without illumination with light of a wavelength suitable for BR
activation. No changes in the reflectivity curves, and therefore no structural bilayer
modifications, were observed. Based on this result, we make the assumption that all
modifications of the sample containing the protein upon illumination were induced
by protein conformational changes and its pumping activity.

We have performed again specular and off-specular reflectometry measure-
ments (blue curve in Fig. 111.4.3 and 111.4.4, open blue symbols in Fig. VI1.1.13) to
check the reversibility of the effects of illumination on the sample. To do so, an
exposure to light was stopped and the sample was measured again after a resting

period of approximately 1-2 hours, which allows BR to go back to the dark-adapted
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Figure 111.4.2 — SLD profile obtained from the fit of the specular SR reflectometry
measurements for a DSPC double bilayer at 25°C before and after BR protein incor-
poration.

state. As can be seen from the specular reflectivity curve (blue curve in Fig. 111.4.3
and II1.4.4), the effect on the lipid bilayer structure is reversible. In the case of off-
specular measurements, reversibility was observed only for the active state when
light was switched on (see closed red and blue symbols in Fig. VI.1.13), but when
the light was switched off after the first illumination the system did not go back to
the initial state (see open red and blue symbols in Fig. VI.1.13). This may be due to
an irreversible reorganization of the lipid and protein molecules within the bilayer
caused by the protein pumping activity.

We have repeated measurements of the specular and off-specular signal during
the sample exposure to light at an "activational" wavelength. Full reversibility in
the specular and off-specular signals was observed, as can be seen in Fig. 111.4.3
and I11.4.4 from the green curves and blue curve (closed symbols) in Fig. V1.1.13,
which completely coincide with the orange and red curves collected during the first

illumination.

A slab model and the AURORA fitting software were used for the reflectometry

data analysis. The slab model is not the best suitable model to analyse high spatial
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Figure I11.4.3 — Specular SR reflectometry measurements for a DSPC double bilayer

at 25°C after BR protein incorporation with and

without illumination.
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Figure 111.4.4 — SLD profile obtained from the fit of the specular SR reflectometry
measurements for a DSPC double bilayer at 25°C after BR protein incorporation

with and without illumination.
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resolution measurements as from the synchrotron reflectometry. Modeling based
on the 1G-hybrid model is more appropriate in this case as it allows to describe
better the methyl groups of the lipid chains. Results based on the analysis using slab
model should be considered as preliminary. In order to obtain the full structural
description of the system, we aim to perform combined simultaneous fitting of
specular and off-specular reflectivity data. This simultaneous fitting procedure based
on the 1G-hybrid model is implemented into a home-made program developped by
Charitat and Daillant [166] and dedicated to the analysis of the specular and off-
specular reflectometry measurements from double lipid bilayer samples. The fitting

procedure is very time-demanding and therefore data are still being analysed.

No effect of 0.05 mM DDM detergent solution on the lipid bilayer structure was

observed.
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Figure I1I1.4.5 — Off-specular SR reflectometry measurements for a DSPC double

bilayer at 25°C with incorporated BR, with and without illumination. The dashed
and dotted lines are performed fits in order to estimate the intensity at low Q,.
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4.2.2 Preliminary analysis of specular experiments

The structural parameters of the system before and after BR reconstitution and
with and without illumination are summarized in Tab. B.14. Upon BR reconstitution
we have observed an increase of the SLD value of the tail region of the floating lipid
bilayer (SLDg1, SLDgs, and SLDgyp; in Tab. B.14) and an increase of the floating
lipid bilayer thickness (from 5.4 + 0.3 to 6.1 + 0.3 nm), the thickness of the water layer
between the two bilayers was almost unchanged (d,, = 1.5+ 0.2 vs dy,p = 1.3 £ 0.2
nm). The roughness of the floating lipid bilayer increased from 0.2 + 0.1 to 0.8 £ 0.2
nm upon BR insertion.

BR activity caused the increase of the thickness of the water layer between the
two bilayers (from 1.3 + 0.2 to 1.8 + 0.2 nm) and a huge increase of the lipid bilayer
roughness from ooprspec = 0.8 £ 0.2 nm to donspec = 1.5 + 0.2 nm. This observation
is in qualitative agreement with a magnification of the fluctuation of the membrane-
protein system caused by the protein pumping activity. The lipid bilayer thickness
also largely increase, when the sample was under illumination (from 6.2 + 0.5 to
7.2 + 0.5 nm).

The analysis of the measurements of the reversible effect of the protein pumping
activity on the lipid bilayer structure (i.e. measurements after switching off the light)
indicated a reduction of bilayer thickness and a value of the roughness back to the
initial state. The second BR activation with light caused again an increase of bilayer
roughness and thickness (see Tab. B.14 for the details) with values similar to those
obtained during the first illumination. All these results are preliminary and have to

be confirmed by a more systematic analysis.

4.2.3 Preliminary analysis of off-specular experiments

Analysis of off-specular experiments requires first a careful refinement of the
background subtraction. In addition, the height-height correlation functions in real
space have to be implemented in the calculation of scattered intensity [166]. Both are
complex tasks, that we were not able to achieve within this thesis project due to lack
of time. Nevertheless, a discussion of the preliminary analysis will be presented in

the following paragraph.
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We have observed a significant increase of the scattered intensity under illumi-
nation at small Q,. This is a direct indication of an overall increase in the average
roughness of the sample (see Fig. VI.1.13). The ratio of the scattered intensities be-
tween illuminated and non-illuminated sample at Q, — 0 gives a rough estimation

of the sample roughness increase :

2
UON,off—spec

2
OFF,off-spec

=41+0.8. (4.1)
o

At large Q,, without illumination, we observe well structured oscillations that

are characteristic for a double bilayer system. Under illumination, these oscillations
are less pronounced, which is in agreement with an increase of sample roughness.
The collected intensity at large Q, is very sensitive to background subtraction, which

needs to be improved before any quantitative analysis.

4.2.4 Discussion

By solving the Stokes equation to describe membrane motion together with the
Darcy equation for the permeation of water trough the membrane, J.-B. Manneville
et al.[16] have calculated the height-height correlation function of a membrane sys-
tem in reciprocal space. By integrating over all modes, they have predicted that
the active fluctuations of a bilayer can be described by an effective temperature
Te. Specular and off-specular reflectivity measurements allow us to estimate this

effective temperature independently :

(Teff _ _ONoffrspee _ 41408, 4.3)

) 2
T off-spec UOFF,off—spec

H

eff

OON ’
) = (—p) =35+25, (4.2)
spec OOFF,SpeC

02

Both results are in a very good agreement. These values are of the same order
of magnitude as the value obtained by micropipette aspiration experiments (1.7 <

Toie/T < 2.7) [16, 19].
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4.2.5 Conclusion

By means of specular and off-specular SR reflectometry experiments we were
able to confirm BR incorporation into the gel-phase floating lipid bilayer and the
preservation of the protein activity. We have demonstrated a reversible effect of
BR pumping activity triggered with visible light of appropriate wavelength on the
bilayer structure and dynamics. First preliminary analysis of both specular and
off-specular experiments are very promising. Based on the specular data analy-
sis, an increase of the bilayer roughness upon sample illumination was observed.
This observation agrees well with the preliminary analysis of off-specular XRR mea-
surements. The estimated effective temperatures for the sample with and without
illumination are in a very good qualitative agreement with the values known from
literature. Ongoing work to analyze simultaneously the SR specular and off-specular
scattering experiments will provide a direct access to the fluctuation spectrum of the
pure lipid bilayer and the lipid bilayer with inserted BR when the protein is active or
not in a wide range of Q, below the micron scale. This combined analysis will allow
us to characterize membrane properties such as bending rigidity, membrane tension
and interaction potential between membranes (see section 2.6). It will provide a
unique opportunity to compare directly experimental data to theoretical results and

to achieve a better understanding of active fluctuation mechanisms at play.
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CHAPTER 5

Summary and future work

Several different sample environment adapted to the various techniques used
forbilayer preparation and characterization were developed within this thesis project.
A solid/liquid cell for fluorescence microscopy experiments compatible with the
LB/LS deposition techniques and inverted fluorescence microscope were developed
at the ICS, Strasbourg, France in collaboration with Patrick Allgayer and André
Schroder. Solid/liquid cells with the possibility of in-situ sample illumination dur-
ing synchrotron and in-house reflectometry measurements were developed at the
ILL (Grenoble, France) in collaboration with Kalvin Buckley. Heating/cooling cham-
ber and setup for sample illumination compatible with the solid/liquid cells for
synchrotron experiments were developed as well. The setup for NR measurements
allowing in-situ sample exposure to light and update of the existing solid/liquid
cells to include windows for sample illumination were performed at the ILL in col-
laboration with Grant Wallace. The performed developments were crucial for the
success of this thesis project. These new sample environments and setups are easily
available at the ILL within the LSS and SMSS groups. These developments serve
for the benefits of all interested users, providing the possibilities to perform a large

variety of new lab and large scale structure experiments.

Surface-sensitive techniques such as QCM-D, AFM, fluorescence microscopy,
neutron reflectometry and X-ray reflectometry (in-house and synchrotron measure-
ments), have allowed the development of a robust and reproducible protocol for
BR reconstitution into membrane-model systems. Successful BR reconstitution into
fluid and gel solid-supported single and floating lipid bilayer systems has induced
changes of the bilayer structure, which were characterised down to the A scale.

Influence of incubation time, protein concentration and lipid bilayer phase on the



204 CHAP. 5: SUMMARY AND FUTURE WORK

protein insertion efficiency were studied as well. It was shown that incubation time
of the protein-detergent solution with the planar lipid bilayer does not play a major
role in the outcome of the reconstitution process and that the BR-DDM solution

instantly interacts with the lipid bilayer and BR insertion is an immediate process.

The study of the influence of protein concentration on the protein reconstitu-
tion process showed that depending on the type of membrane-protein system the

concentration of the protein-detergent solution should be adjusted accordingly.

We have demonstrated that gel-phase lipid bilayers are more robust than fluid
lipid systems for BR reconstitution. The gel phase floating lipid bilayer appears to
be very stable upon multiple reconstitution steps. The concentration of the protein
solution should be kept low (1 ug/ml of BR in 0.05 mM DDM solution) to prevent
destruction of the floating bilayer. A 0.05 mM DDM solution does not cause struc-
tural and composition modifications of single and double lipid bilayers in gel and
fluid phases, except for a small increase (10%) of water content in the fluid floating
lipid bilayer observed upon the interaction with this solution. Another important
observation that we have obtained is that BR keeps its structural integrity in 0.05
mM DDM solution. We have also observed that BR organizes into trimer structure

upon insertion into the lipid bilayer or adsorption to the bare support.

Despite reports in literature of Arch-3 incorporation into lipid bilayers, no in-
corporation of Arch-3 into the fluid-phase single and gel-phase floating lipid bilayer
was possible to achieve in this work by using the same experimental conditions as
for the successful BR reconstitution. QCM-D measurements confirmed the adsorp-
tion of Arch-3 to the bare silicon surface. In contrast, we did not observe Arch-3
adsorption or protein interaction to the bare substrate with NR experiments. We
have found that in order to reconstitute Arch-3 into single fluid lipid bilayers a very
concentrated protein solution (60 pg/ml of Arch-3 in 0.05 mM DDM PBS bulffer) is

needed.

Thanks to specular and off-specular synchrotron radiation experiments we have
demonstrated BR reconstitution into gel-phase floating lipid bilayers. We have
shown the reversible effect of light illumination on the protein pumping activity
through the reversible changes in the specular and off-specular reflectivity curves.

By turning on and off (alternately) light with appropriate wavelength for activation,
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we were able to tune the activity of the protein reconstituted into a gel-phase floating
lipid bilayer.

The observed increase of the floating lipid bilayer roughness and thickness upon
sample illumination is consistent with the increased lipid bilayer fluctuations caused
by the protein conformational changes and its pumping activity. The obtained result
from specular SR reflectometry measurements agrees well with the preliminary
analysis of the off-specular experiments performed on the same sample, which
have shown an increase of the bilayer roughness upon the sample illumination
as well. The values of an effective temperature, which is used to characterize the
active membrane fluctuations, were obtained from the specular and off-specular
measurements independently. The estimated values agree well with the results

known form literature.

A further combined analysis of the specular and off-specular SR reflectometry
experiments will allow to characterize the membrane active and non-active (thermal)
fluctuation spectrum and to evaluate physical properties of the system such as
bending modulus, surface tension and interaction potential between membranes

and their surroundings.

Using a 1 mM sodium azide solution in order to increase protein pumping
activity, we have noticed that sodium azide causes modifications in the structure
of the membrane-protein systems. The effect of NaN3 on the structure of pure
solid-supported lipid bilayers was observed as well, resulting in shrinking of the
tail region of the lipid bilayer and extension of the lipid heads. Complete structural
studies on the effect of sodium azide on the bilayer structure were not performed

and no explanation is available yet.

As another perspective of this work, we aim to perform AFM experiments on
double lipid bilayer systems to demonstrate BR insertion by means of AFM topogra-
phy imaging. Preliminary measurements were successfully performed but, because
of the complexity of the sample preparation and environment, improvement are
still necessary to obtain quantitative description of these systems. All the necessary
improvements are being developed but will be completed after the end of this thesis
project.

NR reflectometry experiment to monitor BR reconstitution into the floating lipid
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bilayer will be performed as well. We aim to obtain good quality gel phase floating
membranes with incorporated BR. Composition of the final system can be resolved
at molecular level, providing detailed qualitative information on the amount of
BR inserted and modifications of the lipid bilayer. This kind of information is
not accessible with any other technique. NR experiments in order to study the
influence of protein activity triggered with light on the lipid bilayer structure will be
performed as well. The specially developed sample environment and setup for the

in-situ sample illumination during NR measurements will be used for this purpose.
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Interaction between charged bilayers






CHAPTER 1

Interaction between flat charged surfaces:

state of the art

1.1 Theoretical approaches

Understanding electrostatic interactions between charged confined surfaces in
the aqueous electrolytes solutions is important in many fundamental and applied
research areas. For example, in industrial applications these interactions are crucial
to control properties of colloidal suspensions [205, 206]. In biology, many specific
functions of cell membranes strongly depend on electrostatic interactions, such as
interactions with biomolecules, membrane adhesion and cell-cell interactions [34].
Electrostatic interactions between charged surfaces have been widely investigated
both theoretically and experimentally. In the existing theoretical description a model
of two infinitely large planar walls with uniform surface charge density o, and pos-
itively charged counterions of charge ge at a given temperature T are often imple-
mented. Within this approach, planar lipid bilayers serve as an excellent model for
the experimental and theoretical studies.

Within this thesis project we aim to study the interaction between highly neg-
atively charged lipid bilayers composed of DPPS lipids. To position the considered
problem within existing theoretical descriptions and experimental investigations,
in the following section an overview of the approaches implemented to study the
interaction between planar charged surfaces in electrolyte solutions will be present.
First, the physical model for the planar lipid bilayers systems and the definitions of
all relevant length scales will be given in section 1.1. Further, a short introduction
to the theoretical description of WC and SC theories for the one-plate and two-plate

case are developed and their limits will be discussed in section 1.1. In section 1.2 the
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multiple experimental evidences of charge-like attractions between bilayers systems
and the effect of a strong confinement on the water structural and dielectric proper-
ties will be considered. Structural and physical properties of the DPPS lipid bilayers

will be discussed within this section as well.

1.1.1 Hamiltonian and relevant length scales

First, it is important to introduce the different characteristic length scales by
considering the simpler case of infinitely large planar charged surfaces (charge den-
sity o) with counterions only of charge ge (g is the counter ion valency) at a given
temperature T. The neutralizing positively charged counterions exactly balance the
negative surface charge. Thus, the overall system is electroneutral. The case of no
salt is added to the system is considered. Such a model of a planar geometry is a
physically relevant model for the description of charged planar membranes [207].
In the discussion a model, where particles interact only via Coulombic interaction,
no dielectric jump at the charged boundaries is present and the medium is modeled
with dielectric constant ¢, will be considered.

The Hamiltonian of this system of N counterions at the charged plate can be

expressed as a sum of two terms :

N-1 2
_ Yy 9ty y
H = kBT L L |1‘i—1‘j| +27'(q€]305 ' Zi |, (11)
=1 j>i

1

where the first term of Eq.1.1 describes the direct interaction between counterions in
solution and the second term of Eq.1.1 takes into account the interactions between
counterions and surface charges.

The Bjerrum length {3 is defined as the distance at which two elementary

charges interact with thermal energy kzT, leading to :

tg = */ (4nepksT). (1.2)

In water at room temperature the Bjerrum length {3 is 0.7 nm [208].

The Gouy-Chapman length {gc is defined as the distance from the wall at
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which the thermal energy of a counterion kT equals the counterion-wall interaction
energy, leading to :

fGC = 1/ (27’(6](7553) . (13)

The Gouy-Chapman length characterizes the thickness of the diffusive counterions

layer close to the surface and it depends on surface charge density o, (in e”/nm™2).

To take into account screening effects, which start to play an important role in
the electrostatic interactions, when coions (salt solution of a molar concentration c)
are added to the solution, another relevant length Debye-Hiickel length ¢p must
be introduced. The Debye-Hiickel length {p is a length scale over which mobile
charge carriers (coions, counterions) screen out an electric field in solution. The

electric potential of the system exponentially decreases each Debye length :

o = \/(ekaT) / (cN,g%¢?) = 0.3/ Ve nm. (1.4)

The Netz-Moreira electrostatic coupling constant E is defined as the dimen-
sionless ratio between Gouy-Chapman length {gc and Bjerrum length (g and it
quantifies the competition between the counterion-counterion, counterion-wall in-
teractions and thermal agitation kgT. Thus E describes the strength of the electrostatic

interaction in the system [208]:

£ 2
g=21 _ongito.. (1.5)
fele

According to this definition, Z can be tuned by changing surface charge density o,

counterions valency g or temperature T.

We can re-scale all discussed lengths in units of the Gouy-Chapman length
according to 7 = r/{cc, which lead to the Hamiltonian H, which only depends on

the coupling constant = :

N-1 =
H = kBT[ZZ rij?lerZi"Z]’ (1.6)

=1 j>i

where z; is the distance of the counterion 7 from the wall.

Depending on the values of {3 and {gc and thus on the ratio E, the different
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physical regimes where either attractive or repulsive interaction dominates between

ions, ions and a charged wall, can be discussed.

For a small coupling parameter & < 1 (low valency counterions, weakly
charged surfaces, high temperature), referred as a weak-coupling (WC) regime,
the counterion-wall system possesses a relatively large Gouy-Chapman length {c.
The Hamiltonian of the system (Eq. 1.6) is dominated by interactions between coun-
terions and surface charges. In this WC regime the counterion layer behaves like a
three-dimensional gas and the correlations between counterions can be neglected.
For low coupling constant values, i.e. E < 1, the counterion distribution can be
evaluated by the Poisson-Boltzmann (PB) theory in the mean-field approximation

[34].

—

For a large coupling parameter = > 1 (high valency counterions, highly
charged surfaces, low temperature), referred as the strong-coupling regime (SC)
[36], the Gouy-Chapman length {cc is relatively small, indicating that counterions
are strongly attracted toward the charged wall and form a highly correlated quasi
two dimensional layer at the surface. The Hamiltonian of the system (Eq. 1.6) is dom-
inated by interactions between counterions and therefore counterion-counterion cor-
relations can not be neglected. In the limit of = > 1 the WC approach breaks down
and thus the PB theory is not valid anymore [207, 209]. Strong-coupling (SC) the-
ory and extensive numerical simulations were developed to describe electrostatic
interactions in the regime of & > 1 [36, 40, 42, 43, 48, 207, 210]. It was shown
that identically charged plates can attract each other at small separations and at

sufficiently large coupling parameters = > 20.

As introduced above, WC and SC theories are theoretical descriptions of elec-
trostatic interactions between charged objects, which provide the ion distribution
function near the charged wall, depending on the regime considered. The SC and
WC approaches for the description of electrostatic interactions in the one-plate and
two plates geometry, when two walls are equally negatively charged, will be shortly
discussed below. The geometry of two equally charged plates is relevant for the
description of the interaction between two charged membranes. A description of
the WC and SC electrostatic interactions between asymmetrically charged planar

surfaces can be found in reference [208].
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1.1.2 Interaction between flat surfaces: PB theory

Mean-field PB theory and corrections to it (loop expansion in the limit of small
coupling parameter = < 1) were extensively developed and applied to obtain
the counterion density distribution near a charged wall and between two equally
charged walls by Andelman [34] and Boroudjerdi [211] and by Netz and Moreira
[36, 41-43, 207]. The PB approach gives an accurate description of the charge dis-
tribution of monovalent ions near the surfaces of small potentials in physiological
conditions.

The interaction between two flat charged surfaces as a solution of the PB theory
in the weak coupling limit can be described within four different regimes: the linear
Debye-Hiickel regime, the ideal gas regime, the Gouy-Chapman regime and the
intermediate regime, depending on the values of the plate-plate separation d, Gouy-
Chapman length {;c and Debye-Hiickel screening length ¢p.

The diagram in Fig. IV.1.1 is plotted in terms of two dimensionless ratios: {gc/d

and ¢p/d and defines the limits of validity of these four regimes in the WC limit [34].
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Figure IV.1.1 — Schematic representation of various limits of the Poisson-Boltzmann
equation for two flat charged surfaces [34].

In the ideal-gas region ({gc/d > 1 and ({p/d)* > {cc/d) the surface charge
density and the concentration of the counterions between the two walls are small

and the ion density distribution is almost constant between the two walls. Therefore
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the main contribution to the electrostatic interaction between two counterions and
counterions and the charged wall comes from the counterions’” entropy. As an
example, the electrostatic interaction between two zwitterionic lipid membranes
composed of DSPC lipids without added salt can be well described within the ideal
gas limit of PB theory, as the Debye-Huckel length {p ~ 200 nm is large and the
surface charge is very low (o5 ~ 0.001 e"/nm?), which defines a weak electrostatic
repulsion between membranes.

The Debye-Hiickel region extends from small to large separation d between two
plates and from low to high screening length ¢ , thus two Debye-Hiickel regions
can be defined: the large-spacing ({p < {gc and ¢{p/d < 1) and small-spacing
((fp/d))* < €oc/d and €p/d < 1) regions. The surface charge of the walls is small
in both cases. The electrostatic interaction between two membranes composed of
zwitterionic lipids can be describe within the ideal gas region of PB theory, as it was
discussed before. It was shown by Hemmerle [35] that addition of NaCl salt to the
system allows to access the Debye-Hiickel regime, where the electrostatic interaction
is screened ({p ~ 0.3 nm) (Fig. IV.1.1). Therefore, by adding salt to the system, this
way tuning the electrostatic interaction between membranes, the different regions
of the solutions of PB equation can be probed.

In the Gouy-Chapman region ({cc/d < 1 and {p/d > 1) the surface charge
density is large and and the counterions concentration is very low, thus the elec-
trostatic interaction is very strong and not screened. These conditions bring the

Gouy-Chapman regime close to the limit of validity of PB theory.

1.1.3 Interaction between flat surfaces: SC theory

Asitwas discussed above the PB theory predicts that the electrostatic interaction
between similarly charged surfaces is always repulsive. In order to explain the
phenomenon of like-charge attraction, we have to go beyond the scope of PB theory
and take the correlations between ions into account, which are neglected within the
PB description and which are important in the description of the interaction between
macroscopic similarly charged objects [207].

SC theory was fully developed by Netz and co-workers [36, 4143, 207] for the

cases of one charged plane and two equally charged planes when only counterions



1.1 Theoretical approaches 215

are present in the solution. This SC theory naturally predicts electrostatic attraction
between similarly charged plates and confirms that identically charged plates can
attract each other in the presence of monovalent counterions and when the surface
charge density is extremely high [36]. Moreira has shown that by applying the SC
theory to describe data from Monte Carlo simulation, a good agreement between

theory and simulation can be achieved [41-43, 207].

It was shown that the SC theory is valid for the case of multivalent counterions,
high surface-charge density and low temperatures, therefore it is easily experimen-
tally accessible. The validity of the strong-coupling theory depends not only on the
value of the coupling constant, but also on the distance between the charged plates.
It was shown by Moreira and Netz [43] that even for systems with small coupling
parameters there is a range of inter-plate distances below which SC theory is valid.
In general the SC approach should be valid as long as the distance d from the wall is
smaller than the average lateral distance between counterions a,. The limits of the
validity of SC theory in dependance of the values of d, 2, and E will be discussed

below for the one plate and two plates cases.

To get an intuitive insight into the attraction phenomena between two like-
charged plates, we can consider the case of the interaction between one counterion
sandwiched between two like-charged plates and we can demonstrate the existence

of attraction between charged plates for this one-particle case.

Denoting the distance between the plates as d, the area of each plate as A, the dis-
tances between counterion and the plates as x and d — x, we can calculate the electro-
static interaction between the ion and the plates, assuming the distance between the
plates d is much smaller than VA: U, = 2nkgTlpqosx and Uy = 2ntkgTsq0,(d — x), re-
spectively. The sum of the two interaction potentials is Uy, = Uy +U, = 2mtkgTpqo,d.
This result demonstrates that no force is acting on the counterion and that the coun-

terion mediates an effective attraction between the two plates.

The interaction between the two charged plates for d < VA is given by Uy, =
—2ntkgTAlgqo?d. The system is electroneutral and the total energy in the system is
U = Uy + Upp = Uy + Uy + Uy = 21kgTALgo2d, taking into account that g = 2Ac,.
The electrostatic pressure (per unit area A) can be estimated as P, = —6(U/A)/dd =

—27tkgTlgo? < 0, showing that the two plates attract each other [36, 42].



216 CHAP. 1: INTERACTION BETWEEN FLAT CHARGED SURFACES: STATE OF THE ART

The entropic pressure due to counterion confinement between two plates can
be expressed as P, = kgT/Ad = 2kgTo,/qd. The total pressure Py,; = P,, + P, is given
by:

Pt = 2nkaBTo-§(2£GTC -1). (1.7)

The equilibrium plate separation can be found when the total pressure is zero

(Pyot = 0), leading to d,, = 1/mtlpqos.

Thus, considering the interaction between charged plates for the one-particle
case, we have shown that the attraction between similarly charged plates arises from
the electroneutrality condition of the whole system and that this attraction between
charged plates and counterion is stronger than the entropic repulsion at not too small

distances between the plates.

It was shown [36, 42] that the results obtained above for the equilibrium distance
between the plates d,, and the interaction potential in the limit of SC agree well with
the precise description and results of the SC theory, the main results of which will

be shortly discussed below.

SC theory. The case of one flat surface

It was shown by Netz [36] that for the one charged wall case, when the coupling
parameter = > 1 and the lateral distance between ions is larger than their separation
from the wall (proportional to {¢c), the counterions layer is flat and two-dimensional.
The structure of the counterion layer near the wall is dominated by mutual repulsion

between ions and ion crystallization near the wall takes place .

When the coupling parameter & < 1, the lateral ion separation is smaller than
the layer height {5c, thus the counterion layer is a three-dimensional liquid-like
structure and the repulsion between ions is rather unimportant, therefore the PB

approach (E < 1) is valid.

When Z > 1 ion condensation starts to occur and ion correlations start to play
animportant role. The SC theory, which takes into account the correlated ion-density

fluctuations, describes the system at this limit (Fig. IV.1.2).
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FigureIV.1.2 - Schematic representation of the counterion distribution near a charged
wall depending on the value of the coupling parameter = [36].

SC theory. The case of two flat surfaces

Netz [36] has derived PB and SC theories and the explicit results of the density
distributions of counterions as a function of the distance from the plate for the cases
of a single charged plate and two charged plates in the presence of counterions
only. Depending on the values of the coupling constant &, the distance between
the plate d and the Gouy-Chapman length {¢, several possible scenarios for the ion
distribution and resulting electrostatic interaction between two charged plates can
be discussed. All possible cases are schematically represented in Fig. IV.1.3:

When the distance between the plates d is smaller than the lateral distance
between ions a,, d < a, or d> < &, SC theory correctly predicts the counterion
density profile and the inter-plate pressure (Fig. IV.1.3(a)).

When the distance between the plates d is larger than the lateral distance be-
tweenionsa,, d > a,, the SC theory for two plates does not systematically describe
the interaction between two charged plates.

If the Gouy-Chapman length {cc is the smallest length, (Fig. IV.1.3(b)), the two
counterion layers decouple and are quasi-two-dimensional ({gc < 4, and E > 1).
The density profiles of each layer are well described separately by the SC theory for
a single charged plate.

If the Gouy-Chapman length is intermediate length, a2, < {gc < d or E < 1<

d (Fig. IV.1.3(c)), two plates attract two separate layers of counterions. The lateral
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Figure IV.1.3 — Schematic representation of the counterions distribution between two
charged walls depending on the values of the coupling constant =, Gouy-Chapman
length {c, inter-plate distance d and lateral distance between counterions a, [36].

distance between ions a, is smaller than the Gouy-Chapman length {;c. The PB

approach is valid and correctly describes density profiles and inter-plate pressures.

If the Gouy-Chapman length {cc is the largest length scale, 2, < d < {gc or
E<d <1 (Fig. IV.1.3(c)), the space between the two plates is filled with a gas
of counterions and thus confined three-dimensional gas is formed. Both SC and
PB theories predicts the same leading term of the density distribution, but the next

correction are different.

Thus, we can conclude that the SC solution becomes more accurate at short
distances between the plates (or close to the plate), while the PB approach becomes
valid when the distance between the plates is large (or far away from the wall). At
intermediate-distances neither the PB nor the SC theory is able to describe accurately

the overall system.
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Wigner-crystal formulation of the strong-coupling theory (WSC)

An analytical approach for the description of the electrostatic interaction be-
tween similarly and highly charged planar interfaces in the presence of counterions
only was developed further by Samaj and Trizac [45-48, 210, 212]. This approach
to the electrostatic double layer problem is based on the fact that in the asymp-
totic limit & — oo the counterions collapse on the charged surface, creating a 2D
hexagonal Wigner crystal. To properly describe the system an expansion of the
counterion density profile around the ground state formed by the two-dimensional
Wigner crystal in the low temperature limit (in the limit & — oo) was performed.
An excellent agreement for the leading term and next correction terms with Monte
Carlo simulations for the cases of strong and intermediate couplings was achieved.
Samaj has shown that the original strong couple theory developed by Moreira and
Netz [36, 41, 43] is in a good agreement for the leading term, but the first correction

within the virial expansion does not describe the MC data correctly.
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Figure IV.1.4 — Left: Structure of counterions on two parallel charged plates. Right:
Phase diagram of the attraction/repulsion between two identically charged plated
[46].

Samaj [45] has estimated the pressure between two plates separated by the
distance 4 in the regions where the like-charge attraction phenomenon takes place.
The attractive (P < 0) and repulsive (P > 0) regions can be defined, depending on
the dimensionless distance between the surfaces d = d/fgc and the coupling constant
E. A phase diagram of the attraction/repulsion regimes between two identically

charged plates is shown in Fig. IV.1.4. It should be noted that the upper branch in
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Fig. IV.1.4 of the attraction/repulsion boundary is such that d/ VE is of the order of
unity and hence lies at the limit of validity of the expansion. The filled squares are
MC results from Moreira and Netz [36, 41, 43] with Z > 20. The solid curve shows
the points, where the pressure is zero. The dash-dotted line is for the corresponding
virial SC prediction by Moreira and Netz [36, 41-43, 207]. The continuous line is the
SC theory developed by Samaj [45—48, 210, 212]. The straight dashed line represents

the values of d,,,;, where 6P/5d = 0 and the maximum attraction is taking place.

1.2 Experimental approaches

1.2.1 Structure of charged membranes

In order to study the interaction between charged planar membranes, double
lipid bilayers composed of negatively charged DPPS phospholipids were chosen as
a model system. Within this thesis project we aim to resolve the structure of DPPS
double lipid bilayers in pure water and to follow the structural modifications of the
system caused by temperature changes and addition of salt. The structure of the

charged system to its non-charged counterparts will be compared as well.
0] ? H o
/\/\/\/\/\/\/\)Lo/\s\/\ﬂrp“‘oﬁ . DPPS

o]
/\/\/\/\/\/\/\)I\ /"x
0T OO~ DPPC

Figure IV.1.5 — Chemical structure of DPPS and DPPC phospholipids used in this
work.

The structure of DPPS phospolipids is shown in Fig. IV.1.5. The head group
of DPPS holds a carboxylate group which bears one negative charge at natural

H. The monovalent Na* counterions, which are present in solution, balance the
p p
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negative charge of the head group and make the overall system electroneutral. The
chain region of DPPS lipids is identical to the chain region of the zwitterionic DPPC
lipids. As it was shown experimentally [213-218] and by means of MD simulations
[44, 219-221], the negative charge of lipid molecules has a great influence on the
lipid bilayer structure and its physical properties. In order to resolve the difference
it is important to investigate and compare the structure and physical properties of

charged and zwitterionic systems.

Table 1.1 — Area per lipid molecule for the different lipid type from X-ray diffraction
and NMR spectroscopy studies [213] and molecular dynamic simulations [220].

Name |DOPS |DOPC |DMPS |DMPC |DPPS | DPPC
fluid fluid gel gel gel gel
A A 653 |725 408  [481 |54 | 62

It was shown by Petrache et al. [213] that the area per headgroup of phos-
phatidylserine (PS) lipid is considerably smaller in both the gel and the fluid phase
than the one of phosphatidylcholine (PC) lipids, but PS bilayers are thicker. It was
found that DOPS lipids in the fluid state have an area per headgroup of 65.3 A2,
compare to DOPC lipids with 72.5 A2, which is quite a counter-intuitive result con-
sidering the existence of the increased electrostatic repulsion between the negatively
charged PS headgroups. For DMPS and DMPC lipids in the gel phase it has been
observed that the headgroup area of DMPS lipids in the gel phase is equal to 40.8
A? and for DMPC 48.1 A2, This observation was explained by the ion condensation
effect, Na* counterions interaction with the head groups and formation of exten-
sive hydrogen bonding between neighboring lipids, which is as well consistent with
the literature [219, 220]. By means of molecular dynamic simulations Pandit [220]
has obtained an area per lipid molecule equal to 54 A2 for DPPS lipid bilayers and
62 A? for DPPC lipid bilayers with Na* counterions only. The obtained values are

summarised in the Tab. 1.1.

Despite the electrostatic repulsion it was observed that the area per lipid
molecule for charged lipids is 10% lower than that of zwitterionic ones. This fact
clearly demonstrates that electrostatic repulsion does not play an important role in

the interaction between lipid head groups.
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1.2.2 Electron density profiles of charged bilayers

The available studies on the structure of charged lipid bilayer systems give

contradicting findings concerning the ED values of charged lipids.
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Figure IV.1.6 — Electron density profiles versus normal to the bilayer z for a: (A) Gel
phase DMPS bilayer at 20°C (black) and DMPC bilayer at 10°C (gray). (B) Fluid
phase DOPS bilayer (solid) and DOPC bilayer (dashed) at 30°C [213].

In the X-ray diffraction studies conducted by Petrache et al. [213] the electron
density profiles for DMPC (gel phase) and DOPC (fluid phase) lipid bilayers were
compared to DMPC and DOPS ones. The obtained ED profiles for these systems
are shown in Fig. IV.1.6, where we can clearly see that the ED values of the PS head
groups are approximately 12% larger then the ED of PC head groups. The obtained
ED values are in contradiction to the values reported by Jing et al. [222], where they
have observed that the DPPS lipids have a lower headgroups ED (~ 17%) than DPPC,
as shown in Fig. IV.1.7. The reported results clearly indicate that complementary

studies on the structure of highly controlled model systems composed of charged
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Figure IV.1.7 — Electron density profiles derived from the X-ray reflectivity spectra of
the mixed multilayers composed of varied fraction of DPPS and DPPC lipids [222].

PS lipids are necessary in order to resolve the existing contradictions.

1.2.3 Effect of charges on the bending rigidity of the membrane

Experiments carried out on charged membranes have demonstrated the pro-
nounced effect of charge on the bilayer’s physical properties, membranes fluctua-
tions and interactions, indicating that charged systems are more rigid than zwit-
terionic lipid bilayers. It was shown that charged DOPS multilayers have smaller
interbilayer fluctuations than multibilayers composed of zwitterionic DOPC lipids
at the same interbilayer separation d. This demonstrates that the compressibility
and/or the bending modulus of the charged bilayers are larger indicating that DOPS
multilamellar systems have a more rigid structure than DOPC ones.

The elastic compressibility modulus of a stack of charged membranes composed
of SDS-octanol bilayers with monovalent Na® counterions was measured with a
surface force apparatus by Herrmann et al. [50]. It was shown that electrostatics
alone (beyond PB theory) can fully describe the obtained data for the interaction
betweeen charged surfaces at distances larger than a few nanometers (above 2-3
nm), where steric repulsion is negligible and the nonelectrostatic contribution plays
a minor role. The compressibility values obtained from the SFA of 16.6 + 2.8 kPa
perfectly match the prediction of pure electrostatic interactions in the WC limit (17.7
kPa, E ~ 3).

Delorme et al. [223] have performed AFM studies on catanionic membranes in
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order to directly follow the electrostatic effects on the bending rigidity of charged
membranes. It was shown that without added salt, the bending rigidity of the
catanionic membrane was very high (450 + 38 kgT). When salt was introduced to the
solution, a decrease of the bending rigidity was observed and it reached a plateau
value of 230 kgT. The decrease of bending rigidity with increasing salt concentration
was detected and the observed phenomenon was explained by a salt-screening effect
of the electrostatic contribution to the bending rigidity.

The high rigidity of charged membranes causes a decrease in thermal mem-
brane fluctuations, which makes it difficult to study and independently measure the
bending rigidity and compressibility modulus of the charged multubilayer systems
by means of X-ray diffraction. Therefore, other experimental approaches should be

involved in order to resolve both contributions to the membrane shape fluctuations.

1.2.4 Interactions between highly charged membranes

Alarge variety of experiments were performed in order to define the electrostatic
contribution to the membrane bending rigidity, membrane fluctuations and swelling.

Demé et al. [224] have performed small-angle X-ray and neutron scattering and
freeze-fracture electron microscopy experiments to study charged DOPS phospho-
lipid membranes in the absence of salt over a wide range of osmotic pressures, which
allows to probe the interbilayer d spacing between 1 and 70 nm. Depending on the
applied pressure, different structures of the system were observed. At high pressure
(high volume fraction of lipid vesicles) a lamellar phase with linear swelling was
found. Lowering the osmotic pressure in the system has induced the onset of the
formation of the lamellar oyster shell state characterized by giant uncorrelated col-
lective fluctuations. Atlower pressure these fluctuations become strongly correlated
(Fig. IV.1.8). Further dilution of the system destabilizes membrane and dispersion
of stable single or multilamellar vesicles formed spontaneously. It was shown that
maximum lamellar periodicity of 70 nm can be reached at low osmotic pressure.

By means of X-ray diffraction Petrache et al. [213] have studied the electrostatic
interaction between charged membranes composed of DOPS lipids by measuring
the interlamellar spacing d as a function of applied osmotic pressure Pysn. The

obtained pressure-d-spacing curves for zwitterionic DOPC and negatively charged
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Figure IV.1.8 — Intermediate oyster shell state structure of the membrane occurring
before destabilization and vesicle formation. Membrane fluctuations are highly
correlated and large [224].

DOPS lipids are shown in Fig. IV.1.9. It was demonstrated that charged DOPS
multilayers can swell indefinitely upon system hydration which is contrary to the
case of zwitterionic DOPC lipids, where the interlamellar spacing reaches a constant
value and does not change upon further pressure increase [213]. It was shown that for
DOPS multilayers d-spacings of up to 10 nm at 1 atm were observable. The modeled
interaction between adjacent DOPS bilayers appears to be in the good agreement
with the PB theory in the Gouy-Chapman regime (high surface charge). It was shown
that the electrostatic large range interactions completely dominate the fluctuation
pressure in the case of charged bilayers and the calculated osmotic pressure in this

case properly describes the measured data as can be seen in Fig. IV.1.9.

Komorowski et al. [225] have studied by means of small-angle X-ray scattering
the structure and adhesion behavior of vesicles composed of pure DOPS and a
mixture of DOPC:DOPS (1:1) lipids with the addition of CaCl** and MgCI** ions
of varied concentrations. It was shown that CaCl** or MgCl** divalent ions have
induced a strong adhesion state in DOPC:DOPS vesicles, demonstrating the like-
charge attraction caused by ion condensation and ion correlations. The water layer
thickness between two adhered vesicles was found to be equal to d,, = 1.5 — 1.7 nm.

It was shown as well that the bilayer thickness increases upon ion addition. The
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Figure IV.1.9 — The interlamellar repeat spacings versus osmotic pressures for zwit-
terionic DOPC and negatively charged DOPS lipids in the fluid phase. Dotted line -

estimated contribution from thermal agitations; solid line - calculated contribution
from the electrostatic interaction [213].

obtained value of water spacing between membranes quantitatively agrees with
the predictions of the SC theory of Netz and Moreira (2 =~ 20), which interprets
the observed induced attractive interaction between membranes by modeling the
interaction potential as a superposition of hydration repulsion and electrostatic forces

in the SC regime.

Sonneville-Aubrun et al. [226] have studied hexadecane-in-water biliquid foams
stabilized with sodium dodecyl sulfate (SDS). They have shown that the obtained oil-
in-water emulsions can be compressed to produce biliquid foams, which undergo a
transition between two states of the common black film (CBF) and the Newton black
film (NBF) under the compression. The CBF is characterised by a water thickness
between oil droplets of above 2.5 nm and exists at low pressure (1-50 atm). The NBF
is characterised by a water thickness of around 1.3 nm and exists at high pressure
(20-200 atm). They have shown that the transition between the repulsive state (CBF)
and an attractive state (NBF) of the films is induced solely by the application of an
osmotic pressure, which causes a modification of the electrostatic interactions in the

limit of high charge densities and very short separations.
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The CBF state was accurately described by mean-field PB theory, which repro-
duces the measured pressure and suggests that counterions are excluded from the
vicinity of the polar/apolar interface. However, PB theory failed to describe the
attraction which occurs upon CBF to NBF transition. It was shown [49] that at short
separations the dielectric constant of water in the films is lower than that of the bulk
water due to the layered organization of water molecules close to the surface in the
confined geometry and differences in the correlations that water molecules possess
in the ion hydration shells and in bulk water. This finding will be discussed in more
detailed below. Thus, assuming a lower value of the dielectric constant of water (€ ~
65), the pressure between two membranes in the NBF state calculated using Monte
Carlo simulation allows to estimate the thickness between membranes of around 0.8
nm, which is in good agreement with the measured value. Therefore, for sufficiently
high charge densities, the entropic component of the pressure decreases and the
attractive ion-ion correlation becomes more important, which turns the repulsive

interaction into attractive.

The dielectric constant € of interfacial water has been predicted to be smaller
than that of bulk water (e ~ 80) because the rotational freedom of water dipoles is
expected to decrease near surfaces [49]. Using the scanning dielectric microscopy
method of AFM, Fumagalli et al. [49] have performed capacitance measurements of
dielectric constant of water confined between two atomically flat walls separated by
various distances down to 1 nm (Fig.IV.1.10). The measurements have shown the ex-
istence of a 2-3 molecules thick interfacial layer with vanishingly small out-of-plane
polarization € =~ 2 caused by the surface-induced alignment of the water molecular
dipoles. The extensive measurements varying the thickness of the confined water
layer from 1 to 300 nm were performed. The bulk behavior of water (¢ ~ 80) was
observed only for water layers as thick as ~ 100 nm, which shows that confinement
could affect the dielectric properties of even relatively thick water layers. Extremely
low values of € ~ 15.5, 4.4, and 2.3 were obtained for thicknesses of the confined
water of approximately 10 nm, 3.8 nm, and 1.4 nm, respectively. At separations
lower then 2 nm (only a few layers of water could fit inside the channels), € has
approached a limiting value of 2.1 + 0.2, which is very close to the limit of water at

optical frequencies €, =~ 1.8. The observed € remains anomalously small (< 20) over
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Figure IV.1.10 — Dielectric constant of water under strong confinement. Symbols
denote experimental values of €, for water inside channels with different thickness
h. Red curves: calculated €, (h) for the model sketched in the inset: a near-surface
layer with €; = 2.1 and thickness /; is present and the rest of the channel contains the
ordinary bulk water. Solid curve: besot fit giving h; = 7.4 A. The dotted, dashed, and
dashed-dotted curves are for h; =3 A, 6 A and 9 A, respectively. Horizontal black
lines: Dielectric constants of bulk water (solid) and material of the channel (hBN)
(dashed). The dielectric constant of water at optical frequencies is shown by the
dotted black line. The inset represent the capacitance model with different e values
for the bulk and interfacial water [49].

a wide range of water layer thicknesses up to 20 nm (Fig. IV.1.10). These low values
of the measured dielectric constant in a confined geometry were explained by the
fact that water exhibits a distinct layered structure near all surfaces, independently

of their hydrophilicity.



CHAPTER 2

Highly charged bilayers in a strongly-confined

geometry

Investigation of the interaction between highly charged membrane is interesting
and challenging from fundamental point of view as the behavior of the system
cannot be described within the mean-field approach of the PB theory, which predicts
only repulsion between equally charged walls. Another theoretical description -
the SC theory - was developed by Netz and Moreira, Samaj and Trizac. It was
showed that a like-charge attraction phenomenon naturally arises within the SC
theory at sufficiently large coupling constants. It was shown that at small plates
separations the water molecules’ structure, ion correlation, ion binding phenomenon
and ion condensation on the plane surface start to play a dominant role, defining

the interaction between charged plates.

As previously discussed a lot of experimental works was performed in order to
understand the interaction between charged planar surfaces probing the WC and SC
regimes. Interaction between zwitterionic lipid bilayers [175] and between charged
membranes composed of SDS-octanol bilayers [50], when only Na* counterions were
present in the system could be well described within the WC regime as the surface

charge is low and the Bjerrum length is large.

Most of the experimental investigations of the interaction between charged
plates in the SC regime were performed in the presence of divalent counterions in
the solution in order to increase the coupling constant & and screen the electrostatic
repulsion. In such conditions, the observed attraction between like-charged plates
was in good qualitative agreement with the SC limit. The interaction between mica

surfaces [227], lamellar systems [224, 228] with the divalent counterions present
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in the solution, between two charged vesicles [225] with CaCl, or MgCl, divalent
counterions (E ~ 20, d, = 1.5 - 1.7 nm ) were well described by SC theory of Moreira
and Netz.

In this thesis we present strong evidence of the like-charge attraction between
highly negatively charged planar lipid bilayers composed of DPPS lipids with only
counterions are present in solution (no salt added). The DPPS double bilayer system
possesses a highly control structure and composition (thanks to the chosen sample
preparation technique (see section 1.3.6)) and it represents an excellent model to
study the interaction between like-charged plates in the strong confinement.

We aim to investigate the interaction between highly negatively charged lipid
bilayers in the presence of monovalent ions combining both neutron reflectivity (NR)
and X-ray reflectivity (XRR) experiments in order to characterize with a high reso-
lution (~ 0.1 nm) the structure of DPPS double bilayer systems and to compare our
experimentally obtained results with existing theoretical descriptions of WC and SC
limits. We have investigated the electrostatic interactions between highly charged
double bilayers by measuring the equilibrium distance between like-charged bi-
layers and by exploring the poorly understood limit of strong confinement, where
continuous theories reach their limits, as it was highlighted numerically [44] and
evidenced by pioneering works on black films [226].

In the next section 2.2, we will present the performed NR and XRR experiments
on double lipid bilayer systems composed of negatively charged lipids, zwitterionic
lipids and a mixture of the two. We have to note that some of the NR and XRR exper-
iments on the DPPS double bilayer were performed before this thesis by Malaquin
and Hemmerle, while the analysis of the measured data was accomplished within
this thesis work. The influence of monovalent ions and temperature on the bilayer
structure and on water layer thicknesses between lipid bilayers and between bilayer
and planar support will be discussed in sections 2.3.1 and 2.3.2. In section 1.6 the

interaction between charged membranes will be considered within the SC theory.
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2.1 Sample preparation: double and triple bilayers

Lipid bilayer systems were deposited on ultra-flat and highly polished silicon
substrates by means of LB/LS deposition techniques following the well-developed
protocol for planar lipid bilayer preparation (see section 1.3.6 for the details) [164,
172,175].

Figure IV.2.1 — Schematic illustration of the double (a) and triple (b) lipid bilayer
systems investigated within this project.

By means of LB/LS deposition we have formed symmetric and asymmetric dou-
ble and triple bilayer systems composed of zwitterionic DPPC and DSPC phospho-
lipids and negatively charged DPPS lipids. The following samples were investigated
by NR and XRR experiments during this project:

1. Highly charged double bilayers composed of DPPS lipids (denoted as DPPS,-
DPPS;).

2. Neutral double bilayers composed of DSPC lipids (denoted as DSPC,-DSPC,).

3. Asymmetric double bilayers composed of DPPC and DPPS lipids (denoted as
DPPC/DPPS-DPPS/DPPC).

4. Asymmetric double bilayers composed of fully deuterated d;sDPPC lipids and
hydrogenated DPPS lipids (denoted as d;s DPPC/DPPS-DPPS/d;sDPPC).
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5. Triple bilayers systems composed of DPPS lipids (denoted as DPPS,-DPPS,-
DPPS;).

Within this project the influence of temperature on the structure of fully charged
DPPS double bilayers and on the water thickness between bilayer and support
d,1 as well as on the inter-bilayer water thickness d,,, was investigated. A wide
temperature range was tested (from 25°C to 60°C), allowing to probe the lipid bilayer
structure in gel and fluid phases. The modifications in d,,1, d,» and the bilayer
structure as a function of the Debye screening length, which was tuned by addition
of NaCl in a concentration range from 0.01-0.3M, were also monitored by means of

NR and XRR experiments.

2.2 Samples characterization

2.2.1 Neutron and X-Ray Reflectometry experiments

In order to characterize with a high resolution (x 0.1 nm) the structure of highly
charged lipid bilayers samples, we have performed NR and XRR experiments. NR
measurements were carried out on the D17 reflectometer [157] at the Institut Laue-
Langevin (ILL, Grenoble, France) (see section 2.7.1 for details). XRR measurements
were performed at the CRG-IF beamline of the European Synchrotron Radiation Fa-
cility (ESRF) using a 27 keV X-ray beam (wavelength A = 0.0459 nm) (see section 2.7.3
for the details). As the example of the performed measurements, X-ray and neutrons
reflectivity curves and the best fits obtained upon data analysis for a highly charged
DPPS double lipid bilayer are shown in Fig. IV.2.2(a). Both samples were prepared
following the same protocol and were further measured under the same experimen-
tal conditions. The corresponding SLD and ED profiles are plotted in Fig. IV.2.2(b).
The structural parameters separately obtained from the fits of NR and XRR data
are in good quantitative agreement, highlighting the great complementarity of both
techniques.

The NR curves together with the best fit of the data and corresponding SLD
profiles for an asymmetric double bilayer system composed of DPPC and DPPS
lipids (DPPC/DPPS-DPPS/DPPC) are shown in Fig. IV.2.2. These measurements and
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FigureIV.2.2 - (a) NR and XRR for a DPPS double bilayer at T =45 °Cand at T =40 °C
(in the gel phase), respectively. Dashed and solid lines are the best fits corresponding
to the SLD profiles shown in Fig. IV.2.2(b).
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Figure IV.2.3 — (a) Neutron reflectivity (NR) for a DPPC/DPPS-DPPS/DPPC double
bilayer at T = 25°C (in the gel phase). Dashed and solid lines are the best fits
corresponding to the SLD profiles shown in Fig. IV.2.3 (b). NR data was measured
in 3 different contrasts: (o) D,O; (0)SIMW and (©) H,O.

performed analysis have demonstrated the good quality (full coverage) of both the
supported and the floating bilayers and no lipid mixing between the two leaflets of

both bilayers was detected for this sample. This observation was confirmed with
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an additional experiment on a sample possessing similar structure (d;s DPPC/DPPS-
DPPS/d;sDPPC), where fully deuterated d;s DPPC lipids were used instead of fully
hydrogenated ones. The measured reflectivity curves and corresponding SLD pro-

tiles for this sample are shown in Fig. IV.2.3, the structural parameters are summa-

rized in Tab. D.4 and D.5 in the Appendix.
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Figure IV.2.4 — (a) NR for a DPPS triple lipid bilayer at T = 25°C (in the gel phase).
Dashed and solid lines are the best fits corresponding to the SLD profiles shown in
Fig.IV.2.4(b). NR data was measured in 3 different contrasts: (o) D,O; (o) SIMW and
() HO.

In order to demonstrate the possibility to form mutli-bilayers with negatively
charged lipids and to resolve their structure, we have performed NR experiment on
DPPS,-DPPS,-DPPS; triple lipid bilayer system in pure water with no added salt
(only counterions are present in the solution). The reflectivity curves measured in
three solvent contrasts (H,O, SMW, D,0O) and the SLD profiles obtained from the
performed fits are presented in Fig. IV.2.4. Each DPPS bilayer of the triple bilayer
system appears to be of a very high quality (full coverage), as the water content
in the tails regions was 0, 0 and 10% for the first, second and third lipid bilayer,
respectively (see Tab. D.3 for the obtained structural parameters).

The extracted structural parameters from NR and XRR experiments cannot
be compared directly, as different models were implemented for the lipid bilayer

modeling. We have re-defined the parameters in the way reported below in order to
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compare the information obtained from the two techniques.

2.2.2 Data analysis

In order to perform analysis and fits of collected NR data, planar lipid bilayer
systems were modeled using a slab (box) model (see section 2.9 for details), which
imposes that the thicknesses of the water layers between the substrate and the first
bilayer (d,,1) and between the two bilayers (d,,2) or the thicknesses of the head or tail
group regions correspond to the thicknesses of the corresponding slabs in the model
(Fig. IV.2.5(a)). XRR data was fitted using a hybrid Gaussian continuous profile for
the bilayer system (see section 2.9.2 for details), therefore in this case the thickness
of the interbilayer water layer was defined as a peak-to-peak distance between the
peaks of the Gaussian functions representing the headgroups of the adjacent bilayers.
The thicknesses of the head-groups (d),; and dj,,) in this model were defined as the
full width at half maximum of the Gaussian peak (Fig. IV.2.5(b)).

Due to the discrepancies in the definitions of the structural parameters, the
values of d,,; and d,,» obtained from NR and XRR experiments cannot be directly
compared. In order to be able to do that, we have re-defined the values of d,
and d,,» from the hybrid Gaussian continuous profile by subtracting (o1;,) /2 from
dyy and (o, + 0o3) /2 from d,, 5, where o4y, 02, and o3, are the roughnesses of the
corresponding head groups (see Fig. IV.2.5(b)). After these corrections the values
dy1 and d,» extracted from NR and the re-defined values from XRR experiments can
be directly compared. As an example, the interlayer water thicknesses d,,, before
and after correction is shown in Fig. IV.2.6. After these performed corrections, as
excellent agreement between the results from NR and XRR was achieved, which
demonstrates again the great complementarity between the two techniques. Within
this work symmetric lipid bilayers (DPPS), asymmetric lipid bilayers (DPPC/DPPS-
DPPS/DPPC), zwitterionic (non-charged) lipid bilayers (DSPC,-DSPC;) and triple
lipid bilayer systems composed of DPPS lipids were studied by means of NR and
XRR reflectometry. A comparison betweend,,; and d,,, for all the presented charged,
non-charged or mixed systems was performed and the obtained results will be
discussed in the next sections. We would like to start our discussion presenting the

results obtained studying the influence of salt and temperature on d,,; and d,,,.
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Figure IV.2.5 — (a) Definition of the parameters used for the SLD profiles for NR data.
(b) Definition of the parameters used for the SLD profiles for XRR data (1G-hybrid
model). For the sake of clarity we used artificial values for 0;;, d,; and d,» (0;; = 0.1
nm, dy,; =2 nm, d,» =2 nm)

2.3 Discussion

2.3.1 First water layer d,,;

We have investigated the variation of d,,; and d,,, as a function of the tempera-
ture (Fig. IV.2.7 and IV.2.8) and as a function of the Debye length, which was tuned
by changing the NaCl concentration (0.01-0.3M) (Fig. VI.1.16(a) and (b)) for DSPC,-
DSPC, double lipid bilayer, data from [175, 229] (in Fig. V1.1.16 m, O0), DSPC,-DSPC,
double lipid bilayer in presence of NaCl (0.5 M), data from [175] (in Fig. VI.1.16
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Figure IV.2.6 — (a)d,, vs T obtained from NR (open symbols) and XRR (closed
symbols) before (a) and after corrections (b) for different sample systems : DSPC,-
DSPC, double bilayer with (e) and without salt (m, O); DPPS,-DPPS, double bilayer
(XRR, m, A, ¢, ¢ and NR, 4, ¢); DPPS,-DPPS,-DPPS, triple bilayer (O); DSPC/DPPS-
DPPS/DSPC double asymmetric bilayer (7).

m), DPPC/DPPS-DPPS/DPPC double bilayer (in Fig. VI.1.16 77) and DPPS,-DPPS,-
DPPS; triple bilayer (in Fig. VI.1.16 O).

As expected, the first water layer thickness d,,; between the silicon oxide and
the bilayer is significantly larger when the first bilayer is charged (d,; * 1 + 0.1 nm
tor DPPS,-DPPS; and d,,; = 1.32+0.2 nm for DPPS,-DPPS,-DPPS, triple lipid bilayer
systems) than when it is zwitterionic (d,,; = 0.6 £ 0.1 nm for DSPC,-DSPC;). This

water layer thickness d,,; is mainly controlled by the weak electrostatic repulsive
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Figure IV.2.7 — d,,; derived from NR (open symbols) and XRR (closed symbols)
measurements: DSPC,-DSPC, double bilayer with () and without salt (m, 0); DPPS,-
DPPS, double bilayer (XRR, m, A, o, ¢ and NR, A, ¢); DPPS,-DPPS,-DPPS, triple
bilayer (O); DSPC/DPPS-DPPS/DSPC asymmetric double bilayer (*). Dotted lines
correspond to the gel to fluid transition temperature for DSPC () and DPPS ()
bilayers. Horizontal dotted lines (- --) and (- - -) correspond to the average values of
dy1 for zwitterionic and charged lipids.
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Figure IV.2.8 — d,,, derived from NR (open symbols) and XRR (closed symbols)
measurements: DSPC,-DSPC, double bilayer with () and without salt (m, 0); DPPS,-
DPPS, double bilayer (XRR, W, A, o, ¢ and NR, A, ¢); DPPS,-DPPS,-DPPS, triple
bilayer (O); DSPC/DPPS-DPPS/DSPC asymmetric double bilayer (*). Dashed black
line (---) corresponds to dy,aw = 1.9 nm obtained by minimizing Eq.1.7 and solid
red line (—) corresponds to dy,sc = 0.7 nm obtained by minimizing Eq.1.9. Dotted
lines correspond to the gel to fluid transition temperature for DSPC () and DPPS
() bilayers.
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interactions between the first monolayer and the substrate. It has to be noted that
because of the experimental conditions and the surface treatment prior to the depo-
sition (see section A), the surface of the silicon block is covered with a silicon oxide
layer, which is negatively charged. Therefore, we can attribute these effects to the re-
pulsive electrostatic interaction between the weakly negatively charged silicon oxide
surface and the highly negatively charged DPPS monolayer. This observation is con-
tirmed by the results obtained on the asymmetric sample DPPC/DPPS-DPPS/DPPC
(and d7sDPPC/DPPS-DPPS/d;sDPPC) (Fig. IV.2.7(a)) for which the first water layer
thickness is d,,1 = 0.6 = 0.1 nm in agreement with the case of the symmetric zwitte-
rionic sample DSPC,-DSPC,.

We did not observe any significant variation of d,; with temperature even
when charged DPPS lipid bilayers went through the gel to fluid phase transition.
This demonstrates the negligible effect of entropic contributions in the interaction
potential between charged surfaces. The measured d,,; values are in quantitative
agreement with PB theory in the WC limit [34, 208].

Finally, we have observed that d,,; was decreasing with increasing salt con-
centration and reaching a value close to the zwitterionic case (d,,; = 0.5 nm for a
DSPC lipid bilayer (blue dashed line in Fig. IV.2.7(a)). This observation is in a good
agreement with an osmotic pressure effect [230], which will be discussed below.

We can note that it is difficult to compare our obtained results for d,,; with the
existing theory, as this situation is complex from a theoretical point of view. The
considered case of a water layer between silicon oxide surface and lipid bilayer (d,1)
is an asymmetric case with a different surface charge on each side: the highly charged
lipid bilayer on one and the slightly charge silicon oxide surface, charge of which
is not possible to control, on the other. Our obtained results are in good agreement

with the results reported by Anderson [231].

Osmotic pressure effect

Within this work we have investigated the effect of salt on the double bilayer sys-
tem by exposing it to NaCl salt solutions of different concentration (0.01-0.3M). 0.3 M
NaCl solution corresponds to a Debye length of {5 = 0.8 nm, which is substantially

larger than the observed water spacings d,; and d,,,. Therefore no screening effect



24:0 CHAP. 2: HIGHLY CHARGED BILAYERS IN A STRONGLY-CONFINED GEOMETRY

can be observed. Due to the strongly confined geometry as previously described by
Hishida [230], the coions are expelled from the interbilayer spacing, resulting in an
osmotic pressure effect Posmo. As dy,1 > dy 2, the interaction potential between the
two bilayers is stiffer than the interaction potential between the supported bilayer
and the substrate and this osmotic pressure will have a greater effect on d,,; spacing.

The osmotic pressure can be described as:

Posmo = cksT, (2.1)

where c is the coion concentration, which can directly related to the Debye
length by ¢ = e, kgT/(26*(%).

The total potential for the first bilayer may thus be written as :

ul,salt (Z) = ul,no salt (Z) + P osmoZ, (22)

where Uy n, sait (2) is the interaction potential without salt.
To avoid describing this potential in detail and to keep only the effects of osmotic

pressure, we can make a quadratic approximation of the potential :

1
ul,salt (Z) = Euﬁnosalt [Z - dw,l (Posmo = O)]2 + Posmozr (23)

where dyy 1 (Posmo = 0) is the equilibrium position without added salt.
By minimizing the potential in Eq. 2.3 we obtain an approximate expression for

the water layer thickness in the presence of salt :

P kgT 1
dwy =dwa (P=0)— =dy1(P=0)— ————. 24
,1 ,1 ( ) u,, ,1 ( ) 87—[1_,[1/,110 Salt fé ( )

The expression 2.4 was used to fit the data presented in Fig. VI.1.16 with only

one fitting parameter U7 We found U

~ 11 _4 . . .
Lnosalt* Lnosalt = 10" J.m™, which is in good

qualitative agreement with the values reported by Hemmerle [175].

2.3.2 Interbilayer water layer d,,

Now we would like to discuss the case of the influence of salt and temperature on

the interbilayer water thickness d,,». In the case of charged DPPS,-DPPS,; lipid bilayer
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samples (red symbols in Fig. IV.2.8(b)), we have observed that d,,, = 0.5 — 0.7 nm is
significantly smaller than for the case of zwitterionic DSPC,-DSPC,; bilayer samples,
where d,,, = 1.8 — 2.5 nm (blue and black symbols). The decrease of d,, in the
tully charged systems clearly indicates that there is an attractive interaction between
two highly like-charged membranes, which is a very counterintuitive observation.
We have also noticed an enhanced stability of the system, which was confirmed
by the successful deposition of more than three DPPS monolayers (up to 8 DPPS
monolayers were transferred on the silicon support (see Fig. VII.C.2)) by means of
the Langmuir-Blodgett technique onto highly polished (roughness ~ 0.5 nm) silicon
substrates. This achievement highlights once again the strong attractive interactions
between the like-charged leaflets of the adjacent DPPS bilayers and the high stability

of the overall system.

We can note that in the case of zwitterionic lipids such as phosphocholines,
where a small electrostatic repulsion between the opposing headgroups of lipid
leaflets [175] exists, it is not possible to perform more than three successive LB de-
positions in water, as an attempt to deposit a fourth monolayer by LB technique
usually leads to the partial removal of the third one or zero deposition (no fourth
monolayer adsorption) (see Fig. VII.C.1). Therefore, the Langmuir-Schaefer depo-
sition technique is usually used to form the fourth monolayer of double bilayer
systems composed of zwitterionic phosphiolipids. A detailed discussion of sample
quality evaluation via the transfer ratio estimation is given in section C of the Ap-
pendix. Interestingly, the interbilayer water thickness (d,,» = 0.6 £ 0.2 nm) as shown
in Fig. IV.2.8(b) and VI.1.16(b) appears to be constant for all measured charged sam-
ples, which demonstrates that the silicon substrate has only a minor influence on the

deposition after the first monolayer.

The major role of electrostatic interactions is confirmed by complementary ex-
periments on asymmetric DSPC/DPPS-DPPS/DSPC double bilayer systems (7 in
Fig. IV.2.8(b)). For this sample we have obtained d,, =~ 0.5 £ 0.1 nm, which is
in agreement with the values obtained for symmetric DPPS,-DPPS, double lipid
bilayer. For the case of DPPS,-DPPS,-DPPS, triple bilayer system, the measured
values of the water thicknesses between first and second bilayer (d,, =~ 0.32 + 0.2

nm) and the second and third bilayers (d,,3 = 0.31 + 0.2 nm) are in agreement with
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Figure IV.2.9 - (a) dy1 and (b) dy,» vs 1/€2 (same notations as in Fig. IV.2.7 and IV.2.7).
(a) Blue dotted line (--) corresponds to d;,; = 0.5 nm (average value for DSPC) and
(---) to osmotic pressure effect; (b) Red solid line (—) corresponds to the prediction
of SC theory d,, sc = 0.7 nm.

the values of fully negatively charged DPPS,-DPPS, double bilayers (d,,» =~ 0.5-0.7
nm) as shown in Fig. IV.2.8(b).

We did not observe a variation of 4,,, with temperature for DPPS,-DPPS, double
lipid bilayer samples, unlike for the zwitterionic lipid bilayers (see Fig. IV.2.8(b)),
indicating again that entropic contributions in the interactions between charged
membranes are negligible. Finally, the increase of NaCl concentration in the solution

also has a negligible effect on the value of d,,, as clearly shown in Fig. VI1.1.16(b).
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2.3.3 Interaction between charged membranes

In order to compare our experimental results with theoretical models in different
regimes of WC or SC, we have to take different contributions to the interaction poten-
tial between the bilayers into account, as it was described for the case of DSPC double
bilayers in [175]. Interaction between two lipid bilayer is governed by the super-
position of attractive van der Waals interactions, repulsion hydration, electrostatic

interactions and entropic repulsion due to the membranes thermal fluctuations.

First, the short range hydration repulsion can be described by a potential :
Unya = PpApexp (=dw/An) (2.5)

where P, = 4 - 10° Pa is the hydration pressure and A, = 0.1 — 0.2 nm is the decay
length.

The attractive van der Waals contribution to the total interaction potential is

modeled as :
H

127 (dy + 20hend)

quW = (26)

where H = 5.3 - 102! Jm? is the Hamaker constant and dp.q = 0.5 nm is the head

group thickness [175].

Asitwas described by Hemmerle [175] the lipid bilayers posseses a small surface
charge 0 ~ 0.001 e~/nm? due to the amphoteric character of the phosphatidylcholine
group, which leads to a weak electrostatic repulsion between membranes. This
repulsion can be described within the ideal gas limit of the mean-field Poisson-
Boltzmann theory. Thus, the electrostatic interaction between plates within PB

approach has the form [34]:
Upg (z) = —2kgTqo;logz. (2.7)

For gel phase lipid bilayers, neglecting entropic contribution, when only the hydra-
tion repulsion, van der Waals interactions and electrostatic interaction (desctibed
within PB theory) contributes to the total interaction potential, this potential can be

modeled as:

U (z) = Uyaw (2) + Unya (2) + Upp (2). (2.8)
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This leads to an equilibrium value for the water thickness d;,vaw =~ 1.9 nm (black
dashed line in Fig. IV.2.8(b)). This estimated value is in good agreement with those
measured values for a DSPC,-DSPC, system in the presence of salt or in the gel
phase. As demonstrated in the work of Hemmerle [175], the small increase of d,,,
for the case of zwitterionic lipids in absence of salt and close to the gel-fluid transition
(shown in Fig. IV.2.8(b)) is well described by the model which takes into account the

entropic contribution in the framework of PB theory.
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Figure IV.2.10 — Phase diagram showing attraction and repulsion regimes. The
rescaled water thickness d = d/b as a function of the coupling constant = (figure
adapted from [210] is shown. The dashed-dotted line is the prediction obtained
within the original Virial Strong Coupling theory from [36] and black squares are the
Monte Carlo simulation data from [42]. The solid line corresponds to the prediction
of the Wigner Strong Coupling theory from [210]. Our experiments are represented
by the red area using €,, = 80¢; (E ~ 2.5 — 4,d ~ 2 — 4) and by the blue area, when
renormalization induced by water structuring (10 <€, <30 & 20 < E < 300,5 <
d < 30) has been taken into account [235].

For DPPS double and triple bilayers the entropic contribution is clearly negligi-
ble, as we did not observe a significant variation of d,,, with temperature. To model
the interaction between charged membranes, the electrostatic interaction between
charged surfaces has to be taken into account. The area per molecule of DPPS lipids

can be estimated to be 0.55 nm? [232]. At pH 5-6, taking into account the respective
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pKa of the phosphate, ammonium, and carboxylate groups [233], we obtain a charge
density of o; ~ 0.8 — 1.5 ¢7/nm?. Taking the water dielectric constant €,, ~ 80¢, at
T = 20°C we have obtained values for the coupling constant of Z ~ 2.5 — 4, which
is outside the attractive region described by the SC theory [36, 210] (see red area
in Fig. VI.1.17). In this limit, using realistic values of P;, A, and H, it is not pos-
sible to access equilibrium values of d,, smaller than 1.5 nm. In such a strongly
confined geometry, the rotational degrees of freedom of water dipoles are expected
to be frozen near surfaces, inducing a strong decrease of the dielectric permittivity.
Fumagalli [49] has experimentally demonstrated the presence of an interfacial two
to three molecules thick layer with €,, ~ 2¢, close to the limit for water at optical
frequencies (e,, ~ 1.8€p). Since E is scaling with ~ 1/€?, this leads to a strong increase

of the coupling constant.

In a configuration which is close to our experiments, Schlaich et al. [44] have
recently demonstrated that attractive behavior can occur between two surfaces even
at a moderate surface charge density (s ~ 0.77 ¢e-/nm?, E ~ 3) by performing water-
explicit simulations of decanol bilayers with variable surface charge density. This
effect was explained within a modified PB theory taking into account the counterion
correlations and the surface charge induced reorientation of hydration water. It
is known that the surface induced water structure in a strong confinement causes
a change of the dielectric constant € [49, 226] as well as the hydration repulsion,
which significantly increases the coupling parameter. For moderate surface charge
density o, ~ 0.77 ¢”/nm?, Schlaich ef al. [44] have shown that the obtained numerical
results are in good agreement with an effective coupling constant Z.¢s ~ 20 which
corresponds to a decrease of €, down to 30. Taking into the account the observed
decrease of the relative dielectric constant induced by water organization due to
the strong confinement, for the upper limit of charge density (~ 1.5 ¢"/nm?), we can
extrapolate an effective dielectric constant on the order of 10. Taking into account the
effective dielectric constant, we can estimate the coupling constant to 20 < E. < 300
and 5 < d < 30 for our case, which clearly falls into the attractive regime described
by the SC theory (see blue area in Fig. VI.1.17). Therefore it is appropriate to use the

analytical expression for the electrostatic pressure in the SC regime [36, 207]:
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2
PSC = 27’({]3(7? (% - 1)kBT (29)

The decrease of €, also induces a decrease of the Hamaker constant [234] and
van der Waals interactions are negligible compare to the SC term. Therefore, the
interaction potential between two planar bilayers in the SC regime can be expressed

as:

U (2) = Uy (2) — 2riksTlslied? (2 log(é) - é) (2.10)

By minimizing this potential U (z), we have obtained an equilibrium value of d,, sc =
0.7 nm, which is in very good agreement with our experimental data as shown in

Fig. IV.2.8(b) and Fig. VI.1.16(b).
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Conclusions and Perspectives

With a combination of NR and XRR experiments, the structure of highly charged
lipid bilayers, composed of DPPS lipids in the presence of monovalent counterions
only, without added salt (coions). Electrostatic interactions between highly charged
double bilayers (planar geometry, negligible fluctuations, strong confinement) were
investigated by measuring the equilibrium distance between the two like-charged
bilayers. A theoretical interpretation of the measured data within WC and SC
theories was performed, taking into account the decrease of water dielectric constant

induced by the strongly confined geometry.

We have shown that the water layer between charged bilayers is significantly
thinner than that between bilayers consisting of zwitterionic lipids, demonstrating
the existence of a counter-intuitive electrostatic attractive interaction between two
negatively charged bilayers. This like-charge attraction phenomenon cannot be
explained within the classical Poisson-Boltzmann theory of electrostatics. As only
monovalent ions were present in the solution, the coupling constant is & ~ 5, which
is too low to fall in the attractive regime (Fig. VI.1.17) predicted by the SC theory.
Recent water-explicit numerical simulations [44] have shown that ion correlation
effects can tremendously influence the interaction between charged surfaces even at
moderate surface charge densities and in the presence of monovalent counterions
only. It was demonstrated that the relative dielectric constant of water in planar
strong confinement could decrease drastically, which in turn causes the increase
of the coupling constant value E. Taking this finding into account, the attraction
between two negatively charged DPPS bilayers clearly falls in the attractive regime
described by the SC theory and thus our experimental results are in strong agreement

with predictions from numerical simulations [44]. These findings are important to
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gain a deeper understanding of electrostatic interactions in strong confinement,
where continuous models are not applicable anymore and the discrete nature of ions
must be taken into account explicitly. Future work will involve the study of the
effect of ions on the bilayers structure and interactions by introducing different salts
(monovalent, divalent) to the system. In order to expand the theoretical description
of the electrostatic interactions between highly negatively charged membranes the
comparison with the numerical simulations performed on similar systems will be

carried out.
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Conclusions and Perspectives
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Two different projects were carried out during this PhD thesis work involving
double lipid bilayer systems as useful platforms for biological and physical stud-
ies. The structure, function and physical properties of phospholipid systems were

investigated by combining a large number of experimental techniques.

The first project focused on the investigation of out-of-equilibrium membrane
fluctuations caused by protein activity. A robust protocol for detergent-mediated BR
protein reconstitution in the gel and fluid phase single and floating lipid bilayers sys-
tems on the planar substrates was developed. The protein insertion was confirmed
and quantified by combined laboratory (QCM-D, AFM, fluorescence microscopy, in-
house XRR), NR and SR reflectometry experiments. The protein pumping activity
was triggered by sample illumination with visible light and the reversible effect of
illumination (light on/light off) on the structure and fluctuations of the membrane-
protein system was demonstrated by means of specular and off-specular SR re-
flectometry experiments. The preliminary analysis of the specular and off-specular
reflectometry measurements is consistent with the magnification of membrane shape

fluctuations induced by BR activity.

As a perspective, we aim to perform the analysis of NR and specular SR re-
flectivity measurements by implementing the SLD and ED profiles of BR modeled
using the existing protein structure form the Protein Data Bank. The combined anal-
ysis of specular and off-specular SR reflectivity measurements will be performed
as well, improving the background subtraction and including the protein as an ac-
tive center in the calculations of membrane height-height correlation functions. NR
experiments allowing to resolve the structural changes of membrane-protein sys-
tem caused by BR activation will be performed as well. We aim to expand further
the developed approach in order to investigate other transmembrane proteins and

membrane-mimic systems.

Within the second project the interaction between highly negatively charged
lipid bilayers, with monovalent couterions and in a strongly confined geometry
was investigated. The structure of DPPS double bilayers was fully characterized
by means of neutron and SR reflectometry experiments focusing on the equilibrium
distance between like-charged bilayers. The influence of added salt and temperature

on the lipid bilayer structure and interlayer water thicknesses was monitored as
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well. The existence of an attractive interaction between highly charged bilayers was
demonstrated, in good agreement with the theoretical description of like-charge
attraction within the SC limit, taking into account the decrease of water dielectric
constant induced by the strong confinement.

As a perspective, we aim to perform combined analysis of the specular and
off-specular SR reflectometry measurements in order to quantify the physical prop-
erties of the charged DPPS lipid bilayer (bending modulus, surface tension, inter-
action potential) and to characterize and compare thermal fluctuation spectrum of
charged and zwitterionic membranes. We aim to expand the theoretical description
of the electrostatic interactions between highly negatively charged membranes by

performing the comparison with the numerical simulations of similar systems.
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CHAPTER 1

Résumé de la theése

1.1 Introduction

Ce travail de thése est consacré a deux projets indépendants. Le projet principal
porte sur 1’étude des fluctuations hors équilibre des membranes de phospholipides,
fluctuations induites par la bactériorhodopsine (BR), une protéine transmembranaire
active. Le succes potentiel de ce projet était fortement conditionné a la possibilité
d’insérer une protéine membranaire dans la membrane lipidique supportée. Nous
avons donc travaillé en parallele sur un second projet, qui traite de I'étude des
interactions entre des bicouches lipidiques fortement chargées. Ces deux projets

sont présentés ci-dessous.

1.2 Membranes actives hors d’équilibre: incorporation
de bactériorhodopsine dans une bicouche lipidique

flottante

1.2.1 Introduction

Les protéines transmembranaires jouent un role central dans un grand nombre
de processus biologiques et assurent des fonctions essentielles des membranes cel-
lulaires. Les bicouches lipidiques, qui constituent la base de ces membranes, sont
connues pour présenter des fluctuations thermiques a 1’équilibre thermodynamique.
La présence de protéines membranaires fonctionnelles apporte une source de bruit
active au systéme. Le comportement d"un tel systeme dynamique ne satisfait plus le

théoréme de fluctuation-dissipation et conduit a des fluctuations de membrane hors
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d’équilibre [13]. Ces fluctuations actives ont été largement décrites théoriquement
[13-17], avec la prédiction d'un nouveau spectre de fluctuation en présence d"une
source de bruit hors équilibre.

Les premieres études expérimentales des fluctuations actives de la membrane
de vésicules unilamellaires géantes (GUV) en présence de bactériorhodopsine (BR)
activée par la lumiére ont été réalisées par J.-B. Manneville et collaborateurs [16, 18,
19] gréace aux techniques de micromanipulation a 1’aide de micropipette [16, 19] et
par une analyse fine de vidéo réalisée en microscopie [20]. Ces expériences sur les
GUVs ont démontré pour la premiere fois l'influence de l'activité de la BR sur le
spectre de fluctuation de la membrane, en mesurant 1’excés de surface et le module
de courbure de la membrane a des échelles micrométriques. Une compréhension
complete des mécanismes en jeu dans les fluctuations de la membrane active suppose
de caractériser finement le spectre de fluctuation a des échelles de longueur sub-

microniques.

1.2.2 Objectif principal du projet I

L’objectif principal de ce travail de these est I'étude des fluctuations hors équili-
bre des membranes phospholipidiques induites par les protéines transmembranaires
actives. Dans ce contexte, nous avons travaillé avec la bactériorhodopsine (BR) et
I’archaérhodopsine-3 (Arch-3) qui sont des pompes a protons dont l'activité peut
étre déclenchée par la lumiere visible. Des systémes modeles tels que les simples
et doubles bicouches de phospholipides supportées sur un substrat solide sont util-
isés pour étudier la structure et les propriétés physiques des bicouches lipidiques et
leurs interactions avec les protéines. Notre premier objectif est d’adapter la méth-
ode d’incorporation de protéines a base de détergent [31-33] pour l'insertion de ces
protéines dans des bicouches planes a 1’aide de détergent a base de sucre (DDM).
Nous souhaitons développer un protocole robuste permettant la reconstitution des
protéines dans des systémes mimant les membranes, tout en préservant 1'intégrité
structurelle et I’activité fonctionnelle des protéines et de la bicouche lipidique.

Dans un premier temps, la méthode est optimisée en utilisant des techniques de
laboratoire comme la Microbalance a Cristal de Quartz avec mesure de la Dissipation

(QCM-D), la microscopie a fluorescence, la Microscopie a Force Atomique (AFM) et
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la réflectivité de rayons X avec une source de laboratoire. Dans un second temps,
a l'aide d’expériences de réflectivité de neutrons (NR) ou de rayons X grace aux
rayonnements synchrotron (SR), nous avons caractérisé la structure d'un systeme
de bicouche lipidique simple et double, avec une résolution de 1’ordre de 0.1 nm,
pour mettre en évidence les modifications de structure et de composition induites
par l'incorporation de protéines, ainsi que pour quantifier la quantité de protéines

insérées dans la membrane.

Neutron beam

X-ray beam

Figure VI.1.1-Illustration schématique d"une double bicouche supportée et structure
ternaire de la bactériorhodopsine

Des expériences de réflectivité hors spéculaire de rayons X ont finalement été
réalisées. Elles nous permettent de sonder la structure latérales des bicouches sup-
portées avec ou sans protéines, et d’accéder directement aux propriétés physiques
du systeme telles que le module de courbure, la tension de surface et l'interaction
potentiel entre les membranes. En raison du manque de temps lors ce projet de
these, 'analyse complete des expériences de synchrotron n’a pas pu étre effectuée.
Malgré cela, une analyse préliminaire est présentée et les données collectées lors

d’une expérience de diffusion hors spéculaire sont discutées.

1.2.3 Systémes modeles et préparation des échantillons

Les bicouches lipidiques composées d"un type de phospholipides synthétiques

peuvent étre considérées comme le modele le plus simple de membrane biomimé-
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tique. Pour nos projets de recherche, nous avons travaillé avec des modéles de mem-
brane quasi-plane composés d"une bicouche (bicouche simple) ou de deux bicouches
(double bicouche) supportées sur un substrat solide (voir Fig. VI.1.2). Nous avons
travaillé avec des phospholipides synthétiques présentant des propriétés physico-

chimiques différentes: lipides zwitterioniques (DSPC, DPPC, POPC, DMPC) et lipi-

popo0re
sssssss

poponee
G

Figure VI.1.2 — Croquis des systemes lipidiques modeles utilisés dans cette these:
simple bicouche supportée a gauche et double bicouche supportée a droite. Dans
le cas de la double bicouche, la membrane la plus éloignée du substrat est appelée
bicouche flottante.

des chargés négativement (DPPS).

Les bicouches lipidiques supportées sont préparées en utilisant différentes tech-
niques de déposition. La méthode de fusion de vésicules permet de réaliser des
bicouches lipidiques simples avec différents lipides. La technique de Langmuir-
Blodgett (LB) et Langmuir-Schaefer (LS) permet d’obtenir des bicouches lipidiques
simples et doubles.

Les protéines transmembranaires Bacteriorhodopsin(BR) et Archaerhodopsin-
3 (Arch-3) ont été choisies pour les travaux réalisés dans le cadre de ce projet de
these. La BR est une protéine transmembranaire relativement petite (27 kDa) et
tres hydrophobe. Elle est composée de 248 résidus, dont 70% sont hydrophobes
[88, 89]. La BR fonctionne comme une pompe a protons activé par la lumiere:
lors de l'absorption d’un photon de lumiere verte (A, ~ 568 nm), la BR subit
des changements de conformation et transfert des protons hors de la cellule [91?
]. Dans la nature, la BR peut étre trouvée dans des plaques cristallines 2D de la

bactérie Halobacterium salinarum, appelée membrane pourpre ou elle s’organise en
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trimeéres. Arch-3 est aussi une pompe a protons activé par la lumiére, provenant
des archéobactéries Halorubrum sodomense. Elle est trés proche de la BR dans son
organisation structurelle et sa fonctionnalité, mais la structure cristalline complete
d’Arch-3 n’est pas encore connue. Des études récentes [104] ont montré que con-
trairement a la BR, Arch-3 s’insere facilement dans les membranes d’E. Coli et de
cellules de mammiferes. Ces études ont été notre motivation principale pour étudier

la reconstitution d’Arch-3 et son activité de en paralléle a celle de la BR.

La méthode d’incorporation basée sur les détergents a été adaptée de [31, 32]
pour effectuer la reconstitution de la BR et de Arch-3 dans les bicouches phospho-
lipides a l'interface solide-liquide, en utilisant des détergents a base de sucre tels que
le DDM.

Le protocole d’incorporation de protéines a base de détergent consiste en

plusieurs étapes:

1. Les bicouches simples ou doubles sont déposés sur le support solide par fusion
de vésicules ou par les techniques de Langmuir-Blodgett (LB) et Langmuir-

Schaefer (LS).

2. Les protéines transmembranaires BR (ou Arch-3) sont solubilisées dans une
solution détergente a une concentration bien définie. Nous avons optimisé la
concentration de la solution détergente et montré qu'une solution de DDM 0.05
mM n’induit pas de modification de la structure de la bicouche. Nous avons

fait varier la concentration de protéine entre 0.5 et 60 ug/ml.

3. La solution obtenue est injectée dans la cellule d’échantillon fermée et laissée
a incuber pendant -~ 10-15 minutes, ce qui permet aux molécules de détergent
de déstabiliser I’échantillon de bicouches lipidiques, favorisant 1'insertion de

protéines (Fig. VI.1.3b).

4. Lors de la derniere étape, I’échantillon est abondamment rincé avec de 1'eau

ultrapure ou un tampon afin d’éliminer toutes les protéines non liées et les
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molécules détergentes en exces (Fig. VI.1.3,d).
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Figure VI.1.3 — Illustration schématique de la méthode d’incorporation a base de
détergent [32].

1.3 Résultats

Nous avons tout d’abord travaillé sur I’adaptation et l'optimisation du pro-
tocole d’incorporation des protéines dans les systemes biomimétiques en utilisant
des techniques expérimentales disponibles au laboratoire (QCM-D, microscopie a
fluorescence, AFM, XRR interne). Dans une deuxieme étape, des expériences de
réflectivité de neutrons et de rayons X (NR et XRR) nous ont permis d’étudier les
modifications de la structure des bicouches lipidiques induite par 1'incorporation et
'activation de la BR. Les expériences de NR permettent de confirmer qu’il est pos-

sible d'incorporer la protéine dans la bicouche et d’estimer la quantité de protéines
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insérées dans la membrane. Finalement, 1'activité des protéines insérées est dé-
clenchée par l'illumination de I’échantillon et I'effet de 1’activité des protéines sur la
structure et le spectre de fluctuation du systeme actif étudié au moyen d’expériences

de diffusion spéculaires et hors spéculaires de rayons X.

1.3.1 Optimisation du protocole de reconstitution des protéines en

bicouches supportées.

Des expériences de microscopie de fluorescence et de Microbalance a quartz
avec mesure de la dissipation (QCM-D) nous ont permis d’étudier la structure
des bicouches apres leur déstabilisation par un détergent a base de sucre DDM,
et d’optimiser différents parametres: le volume de solution, la concentration en

détergent et en protéines, le temps d’incubation.

1.3.2 Expériences de QCM-D

A partir des expériences de QCM-D axées sur la reconstitution de la BR dans les
bicouches lipidiques simple, et en tenant compte a la fois des décalages de fréquence
et de la mesure de dissipation, nous avons obtenu une preuve indirecte de I'insertion
de la BR dans les bicouches supportées. Différentes compositions lipidiques ont
été étudiées et des résultats similaires ont été obtenus pour toutes les expériences
effectuées. Nous avons pu montrer que la solution de BR-DMM interagit fortement
et quasi-instantanément avec la bicouche lipidique et que le temps d’incubation de
la solution de BR-DDM avec la bicouche lipidique ne joue pas de role important
dans les expériences de reconstitution. Nous avons démontré qu'une solution de
DDM 0.05 mM ne provoque pas de solubilisation des bicouches lipidiques et de
perte de matiere, mais qu’elle induit un ramollissement des bicouches lipidiques. Il
a également été démontré que le ringage des échantillons avec du tampon favorise
I’élimination des molécules de DDM a la fois de la bicouche lipidique et du solvant,
la bicouche lipidique retrouvant sa rigidité initiale apres I'étape de rincage, comme
on peut le voir sur la Fig. VI.1.4.

Nous avons montré que la protéine Arch-3 a une affinité différente pour les
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Figure VI.1.4 — Résultats de QCM-D: décalages de fréquence (bleu) et facteurs de dis-
sipation (vert et orange) en fonction du temps pour une bicouche phospholipidique
de POPC formée par fusion de vésicules. Une injection de DDM 0.05 mM est réalisée
at ~ 40 mn. Le systéme est resté stable pendant toutes les étapes.

bicouches lipidiques de POPC et aucune interaction forte protéine-bicouche n’a été
observée (sur la base des changements de signal de fréquence). Enfin, nous avons
pu confirmer que les protéines Arch-3 et BR interagissent fortement avec le substrat

nu et forment une couche protéique fortement absorbée.

1.3.3 Expériences de microscopie a fluorescence

Nous avons réalisées des expériences de microscopie a fluorescence en collabo-
ration avec André Schroder (ICS, Strasbourg) pour étudier 'interaction de la BR avec
des bicouches lipidiques simples et doubles et pour étudier les modifications struc-
turales latérales de la membrane induites par les molécules de détergent et de pro-
téines. Pour pouvoir réaliser de telles expériences, nous avons développé, en collab-
oration avec Patrick Allagayer (ICS, Strasbourg), une nouvelle cellule solide/liquide
adaptée au microscope et a la technique de préparation des échantillons LB/LS.

Nous avons utilisés deux marqueurs fluorescents différents pour différentier
la bicouche lipidique et les protéines. Pour le marquage de la bicouche lipidique,
1% (en masse) de lipides NBD-PE ont été ajoutés a la solution de lipides dans le
chloroforme. Nous avons aussi réalisé le marquage de la BR avec un fluorophore

Cy3 en suivant la procédure décrite dans [102]. Les marqueurs fluorescents ont
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été choisis de maniére a ce que deux cubes de microscopie différents puissent étre
utilisés pour visualiser séparément soit la bicouche lipidique, soit les protéines.
Grace aux expériences réalisées, nous avons pu visualiser a température am-
biante la présence de BR au voisinage de simple bicouche de DPPC et de double
bicouche de DSPC/DPPC déposées sur des lames de verre par les techniques LB/LS.
Sur les Fig. VI.1.5 et Fig. VI.1.6, nous montrons les images de microscopie a
fluorescence d'une bicouche lipidique simple (DPPC) et d’une bicouche lipidique
double (DSPC-DPPC) apres incorporation de la BR. Pour les deux expériences, la
reconstitution de la BR a été effectuée a température ambiante (les lipides DSPC et
DPPC étaient en phase gel) en appliquant la méthode d’incorporation de détergent
(une solutionde BRa 1 pg/ml dans 0.05 mM de DDM PBS a été injectée dans la cellule,
incubée pendant 10-15 minutes puis rincée avec du tampon PBS). Les systémes avant

et apres les étapes de reconstitution du BR sont présentés.

Figure VI.1.5 — Images de microscopie a fluorescence d'une monocouche de DPPC
apreés reconstitution de la BR a température ambiante: (a) visualisation des lipi-
des fluorescents, (b) visualisation des protéines fluorescentes. Une solution de BR
1pg/ml dans une solution tampon de PBS et de DDM (0.05 mM) a été utilisé pour la
reconstitution de la BR.

Les images de la Fig. VI.1.5a et VI.1.6a ont été obtenues en utilisant un cube
de microscopie composé d’un ensemble de filtres qui transmettent la lumiere émise
par les lipides fluorescents NBD-PE et bloquer le signal du colorant protéique (cube
pour la visualisation des lipides) et 1'image de la Fig. VI.1.5b et VL.1.6b ont été
prises en utilisant un autre cube de microscopie équipé d'un ensemble de filtres qui
transmettent uniquement la lumiére émise par le colorant Cy3 de la molécule BR et

bloquent le signal des lipides NBD-PE (cube pour la visualisation de la BR). Nous
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Figure VI.1.6 — Images de microscopie a fluorescence d'une double bicouche de
DSPC-DPPC apres reconstitution de la BR a température ambiante: (a) visualisation
des lipides fluorescent, (b) visualisation des protéines fluorescentes. Une solution
de BR 1ug/ml dans une solution tampon de PBS et de DDM (0.05 mM) a été utilisé
pour la reconstitution de la BR.

pouvons noter qu’avant I'incorporation des protéines, aucun signal n’a été détecté
lors de l"utilisation du cube pour la visualisation BR (blanc expérimental), donc tout
le signal de fluorescence détecté apres la reconstitution BR provient uniquement de
la protéine marquée. Ainsi, grace aux expériences de microscopie de fluorescence
réalisées, nous avons pu obtenir une indication de reconstitution de la BR dans des
simples et doubles bicouches lipidiques en phase gel.

Il est raisonnable de supposer que l'insertion de la BR dans des bicouches
supportées peut étre facilitée en effectuant l'insertion en phase fluide. Afin de
tester I'influence de la phase lipidique sur 'efficacité de l'insertion des protéines,
nous avons réalisé des expériences avec les systemes lipidiques suivants: DPPC
simple bicouche en phase fluide et double bicouche de DSPC-DPPC 4 48°C (premiere
bicouche supportée de DSPC en phase gel et bicouche flottante de DPPC en phase
fluide). L’injection de la solution de BR a de trés faibles concentrations (0.5 et
1 ug/ml) a provoqué la déstabilisation des bicouches de DPPC et la destruction
des échantillons. Nous n’avons pu détecter aucun signal apres 1'étape d’insertion.
Sur la base de ces résultats, nous pouvons conclure que les systemes de bicouches
lipidiques fluides semblent étre instables et trop fragiles pour la reconstitution des
protéines en utilisant 'approche d’insertion médiée par un détergent.

Des expériences de blanchiment des lipides et des protéines ont également

été réalisées. Grace a ces expériences, nous avons pu estimer approximativement
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les coefficients de diffusion des molécules lipidiques dans les systémes bicouches
lipidiques en phase gel et en phase fluide. Nous avons constaté que les coefficients
de diffusion des lipides sont d’environ 0.7 yum?/s pour la simple bicouche de DPPC
en phase gel, environ 0.5-1,2 um?/s pour la bicouche lipidique flottante en phase gel
et d’environ 5 um?/s pour la bicouche lipidique flottante en phase fluide. Les valeurs

estimées sont cohérentes avec les valeurs rapportées dans la littérature [197-199].

1.3.4 Expériences de Microscopie a Force Atomique

Pour étudier la structure latérale et la morphologie des bicouches lipidiques
planes et suivre les changements de structure causés par les interactions membrane-
protéine-détergent et par la reconstitution des protéines, nous avons effectué des
expériences d’AFM sur de simples bicouches supportées a I'Institut de Biologie
Structurale (IBS, Grenoble, France) en collaboration avec Jean-Marie Teulon et Jean-
Luc Pellequer et sur des bicouches lipidiques simples et doubles a I'Institut Lumiere
Matiere (Lyon, France) en collaboration avec Jean-Paul Rieu.

Nous avons étudié la reconstitution de la BR en simple bicouche composée
de POPC et d’un mélange de POPC et de DPPC (1:1 mol:mol). A titre d’exemple,
les images de topographie AFM obtenues avec la bicouche lipidique POPC:DPPC
avant et apres la reconstitution de la BR sont présentées sur la Fig. VI.1.7. L'image
del’échantillon a été réalisée a température ambiante, et les domaines formés par les
lipides DPPC en phase gel se distinguent clairement des domaines POPC en phase
fluide. Nous avons effectué I'incorporation de protéines en injectant 10 ul d’une
solution tampon de BR(PBS, BR 1 ug/ml, DDM 0.05 mM) avec une micropipette et
en laissant ’échantillon a température ambiante pendant 15 minutes. L’échantillon
a été ensuite rincé avec du tampon PBS puis observé par AFM (Fig. VI.1.7b). Sur
la Fig. VI.1.8a, une partie de la bicouche de DPPC en phase gel avec BR incorporé
est représentée. Sur la Fig. VI.1.8b, des profils de hauteur correspondant aux lignes
indiquées sur la Fig. VI.1.8a, sont représentés. Comme nous pouvons le constater,
ces points ont une forme de disque avec un diametre de 35 nm, ce qui est compatible
avec la taille et 1a forme du trimeére de BR. D’autres expériences AFM similaires nous
ont fourni des preuves de I'adsorption de BR sur la surface nue et nous ont permis

d’estimer la taille (diametre ~ 20 — 25 nm) et la hauteur (=~ 3 — 3,5 nm) des molécules
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BR sur le mica. Les résultats obtenus sont cohérent avec les dimensions connues du

trimere de BR.

Figure VI.1.7 —Images de topographie AFM: (a) une bicouche simple de DPPC:POPC
sur mica (taille de 'image 7um); (b) une bicouche simple de DPPC:POPC en présence
de BR (taille de I'image 5um).
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Figure VI.1.8 - (a) Images de topographie AFM d’une bicouche simple de
DPPC:POPC sur mica en présence de BR (taille de I'image 0.8um); (b) Profils de
hauteur correspondant aux régions marquées sur la Fig. VI.1.8(a).

Dans le cadre de cette thése, nous avons également étudié par AFM une double
bicouche lipidique de DSPC en phase de gel (voir Fig. VI.1.9a). Sur la Fig. VI.1.9b, les
profils de hauteur correspondant aux régions présentant des défauts marquées sur
la Fig. VI.1.9a sont représentés. La profondeur des défauts nous indique 1'épaisseur
de I’échantillon. Les profils de hauteur montrent clairement deux épaisseurs (~ 6-8
nm et 15 nm) qui sont cohérentes avec les hauteurs d"une simple bicouche (* 6 nm) et
d’une double bicouche (~ 15 nm). Pour obtenir une autre preuve de la présence de la
double bicouche lipidique, des tests d” «indentation» ont été effectués en appliquant

une force élevée (10 fois supérieure a la force utilisée en imagerie). Nous avons pu
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retirer la deuxiéme bicouche lipidique flottante ce qui n’est pas possible dans le cas

des simples bicouches de DSPC.
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Figure VI.1.9 - (a) Images de topographie AFM d’'une double bicouche de DSPC sur
substrat de silicium (taille de I'image 6um). (b) Profils de hauteur correspondant
aux régions marquées sur la Fig. VI1.1.9(a).
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Nous avons pu observer pour la premiere fois a notre connaissance une bicouche
flottante par AFM. Cela ouvre des perspectives intéressantes, en particulier nous
envisageons d’étudier 1'insertion de la BR dans les bicouches lipidiques flottantes.
En raison du manque de temps, de la grande complexité de la préparation des
échantillons pour les expériences d’AFM et de la fragilité du systeme bicouche
lipidique double, nous n’avons pas réussi jusqu’a présent a démontrer par AFM
I'incorporation de BR dans le systeme double bicouche.

Grace aux expériences d’AFM réalisées, nous avons pu démontrer que la BR
interagit fortement avec la bicouche lipidique et le support nu. L'insertion de la BR
dans une bicouche supportée, en phase gel et en phase fluide a été observée. Il a été
démontré que la concentration en protéines et 1’état de la bicouche lipidique (phase
fluide ou phase gel) jouent un rdle important dans le résultat de la procédure de
reconstitution, car l'injection de solution de BR et de DDM provoque I’élimination
d’une grande partie des domaines de bicouche fluide. Nous avons montré que la
BR ne s’agrége pas a proximité du substrat et qu’elle s’organise en trimeres lors de
la reconstitution dans la bicouche lipidique et lors de 1’adsorption sur la surface nue
du mica.

Les techniques de QCM-D ou de microscopie a fluorescence ne nous permettent
pas de distinguer clairement entre la reconstitution des protéines dans la bicouche,

leur incorporation partielle ou 1’adhésion des protéines a surface de la bicouche li-
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pidique. De plus, les expériences de microscopie de fluorescence ne nous donnent
que des informations sur la structure de I’échantillon a 1’échelle du micron. Les
expériences réalisées ne fournissent pas d’informations sur la structure et la com-
position de I’échantillon, d"autres techniques complémentaires doivent étre utilisées
pour confirmer les indications obtenues de reconstitution de la BR et Arch-3 en
bicouches lipidiques et pour résoudre la structure et la composition des systemes

membrane-protéine a 1’échelle de 0.1 nm.

1.3.5 Insertion de protéines dans des bicouches flottantes
Expériences de réflectivité des rayons X en laboratoire

La réflectivité de rayons X (XRR) est un excellent outil pour étudier la structure
des bicouches lipidiques supportées et pour révéler les changements de structure et
de composition induits par l'incorporation de protéines ou de molécules de déter-
gent. Les informations obtenues a partir ces expériences peuvent étre d’'une grande
aide pour développer un protocole robuste pour la préparation des échantillons car
les mesures XRR sont relativement faciles et rapides (moins d"une heure est néces-
saire pour collecter une courbe de réflectivité d’une bicouche supportée). Nous
avons effectué des expériences de réflectivité a I'aide d"une source de rayons X de
laboratoire disponible a I'ILL. Pour pouvoir réaliser ces expériences, en collabora-
tion avec Kalvin Buckley (technicien d’instruments a I'ILL), nous avons congu et
tabriqué des cellules solides/liquides, qui répondent a toutes les exigences imposées
par la configuration interne de I'instrument XRR et le protocole de préparation des
échantillons.

A titre d’exemple des expériences réalisées, nous présentons les mesures XRR
effectuées sur un systéeme de double bicouche DSPC-DPPC avant et apres reconsti-
tution des protéines afin de résoudre la structure de 1’échantillon et de distinguer les
changements structurels provoqués par les protéines ou les molécules de détergent.
L’'insertion de BR a été réalisée en appliquant la technique d’incorporation a base
de détergent en injectant une solution de 2,5 pg/ml de la BR dans du tampon PBS
DDM 0.05 mM, en incubant pendant 15 minutes et en ringant le systéme avec du

tampon PBS. Les courbes de réflectivité obtenues, les ajustements et les profils SLD
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correspondants sont présentés sur la Fig. VI.1.10.
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Figure VI.1.10 — (a) Courbes de XRR pour une double bicouche de DSPC-DPPC a
température ambiante avant et apres reconstitution de la BR. (b) Profils SLD corre-
spondant aux meilleurs ajustements.

Les parametres structuraux obtenus sans BR sont cohérents avec les parametres
obtenus a partir des expériences de synchrotron XRR effectuées sur des échantillons
de bicouches lipidiques similaires [172]. Pour 1’échantillon apres l'insertion de la BR,
nous observons une augmentation des valeurs de densité électronique (ED) dans les
régions des queues et de la téte de la deuxieme bicouche et une augmentation de la
rugosité de la bicouche, ce qui est compatible avec la reconstitution de la BR dans la
bicouche lipidique flottante.

Nous avons effectué des expériences XRR similaires afin d’étudier la reconsti-
tution d’Arch-3 dans une double bicouche de DSPC. Contrairement aux expériences
sur la reconstitution de la BR, nous n’avons pas pu observer 'incorporation d’Arch-3
dans la bicouche lipidique flottante, méme apres plusieurs étapes d’incorporation
consécutives ou en injectant une solution plus concentrée de Arch-3-DDM (3 pg/ml
d’Arch-3).

Grace aux expériences réalisées, nous avons pu démontrer l'incorporation de
la BR dans la bicouche lipidique flottante en phase gel. Ces résultats suggérent
que la bicouche en phase gel semble étre un échantillon approprié pour la méthode
d’incorporation de protéines médiée par un détergent. Nous avons également mon-
tré que I’Arch-3 n’interagit pas fortement avec la bicouche dans la phase gel etiln’a

pas été possible de mettre en évidence l'insertion de cette protéine.
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NR Experiments

La réflectivité de neutrons est trés complémentaire de la réflectivité des rayons
X. Les expériences réalisés a I'Institut Laue-Langevin ont confirmé la reconstitution
de la BR en bicouches lipidiques fluides supportés et nous avons pu quantifier la
quantité de protéine insérée et les changements de structure induits par la protéine
sur les échantillons. Nous avons montré que la protéine transmembranaire Arch-3
n’interagit pas fortement avec les bicouches lipidiques simples et qu’il faut utiliser
une solution fortement concentrée pour former une couche de Arch-3 sur un substrat
solide. Cette observation est en désaccord avec la littérature ot il est rapporté que

Arch-3 s’insére plus facilement dans les membranes lipidiques que la BR [104].

1.3.6 Activation de la BR insérée dans une bicouche flottante
Neutron reflectometry experiments

Nous avons effectué des expériences NR en utilisant la nouvelle cellule dévelop-
pée pour l'illumination de I’échantillon in situ afin d’activer la BR intégrée dans une
bicouche flottante. Le programme expérimental était le suivant: 1) mesure de la
réflectivité sur la double couche; 2) reconstitution in situ de la BR dans la bicouche
flottante et mesure de la réflectivité du systeme dans trois contrastes différents; 3)
illumination de I’échantillon a la longueur d’onde appropriée ("d’activation"”, maxi-
mum d’adsorption de BR ~ 568 nm) et mesure du signal de réflectivité en plusieurs
contrastes sous éclairement; 4) illumination de 1’échantillon a une longueur d’onde
hors de la plage de longueurs d’onde d’activation("blanc expérimental") et mesure
du signal de réflectivité sous illumination. La derniere étape est nécessaire pour
démontrer qu’iln’y a aucun effet de I'illumination avec de la lumiére a une longueur
d’onde hors de la plage "d’activation” sur la structure de la bicouche.

Malheureusement, lors de l'expérience de NR consacrée a 'étude de 1'effet
de l'activité de pompage du BR sur la structure bicouche, nous avons rencontré
de nombreux problemes avec la préparation des échantillons. Nous n’avons pas
pu former de systémes de double bicouches de bonne qualité (taux de couverture
élevée) sur des blocs de silicium et de quartz. Comme nous ’avons appris plus tard,

un nouveau protocole pour le polissage des substrats avait été mis en ceuvre par
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la société de polissage sur les substrats utilisés lors de I'expérience. Cette nouvelle
méthode a eu un effet drastique sur la structure chimique de la surface des cristaux

et un impact catastrophique sur la déposition des bicouches.

1.4 Mesures par rayonnement synchrotron

L'étape la plus difficile de ce travail a été I’étude par rayonnement synchrotron
(SR) de la réflectométrie spéculaire et hors spéculaire des changements structurels,
des fluctuations thermiques (équilibre) et actives (hors équilibre) du systeme membrane-
protéine induits par 'activité des protéines.

Pour cela, nous avons effectué des expériences combinées de réflectivité spécu-
laire et hors-spéculaire sur synchrotron (ligne SixS, SOLEIL, France) sur des échan-
tillons bicouches DSPC. Une nouvelle cellule expérimentale permettant d’éclairer in
situ les échantillons pendant les mesures de réflectivité a été développée pour cette
expérience.

Des mesures de réflectivité spéculaire et hors-spéculaire ont été effectuées sur
une double bicouche de DSPC avant et apres insertion de la BR, puis avec et sans
illumination (voir Fig. VI.1.11, VI.1.12 et VL1.1.13). Afin de reconstituer la BR dans la
bicouche lipidique flottante, 1 ug/ml de BR dans une solution tampon de PBS-DDM
(0.05 mM) a été injecté dans la cellule, laissé pendant 10 minutes d’incubation puis
rincé abondamment avec du tampon PBS pour éliminer tous les protéines en exces
et les molécules détergentes de la cellule. L’activité de pompage de la BR a été
déclenchée par l'illumination de I’échantillon avec de la lumiere visible. Un filtre
passe-haut avec une longueur d’onde de coupure de 530 + 5 nm a été utilisé pour
sélectionner la longueur d’onde d’activation appropriée.

Sur la base des expériences de réflectivité spéculaire, nous avons observé 1'effet
réversible de l'illumination de 1’échantillon sur la structure de la bicouche lipidique
(voir Fig. VI.1.12). Dans le cas de mesures hors-spéculaire, la réversibilité n’a été
observée que pour l'état actif lorsque la lumiére était allumée (voir symboles rouges
etbleus fermés sur la Fig. VI.1.13). Cela peut étre di a une réorganisation irréversible
des molécules de lipides et de protéines au sein de la bicouche provoquée par

l'activité de pompage des protéines.
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Figure VI.1.11 - (a) Courbes de réflectivité spéculaire de rayons X (synchrotron

SOLEIL) pour une double bicouche de DSPC a 25°C avant et apres l'incorporation
de la BR. (b) Profils SLD correspondant aux meileurs ajustements.
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Figure VI.1.12 — (a) Courbes de réflectivité spéculaire de rayons X (synchrotron
SOLEIL) pour une double bicouche de DSPC a 25 °C avant et apreés l'incorporation
de la BR, avec et sans illumination. (b) Profils SLD correspondant aux meileurs
ajustements.

Une expérience de controle sur une double bicouche de DSPC a été réalisée afin
de tester 1'effet de la lumiere sur sa structure et sa dynamique. Les mesures ont été
effectuées avec et sans éclairage avec une lumiere d une longueur d’onde appropriée
pour l'activation de la BR. Aucun changement dans les courbes de réflectivité, et
donc aucune modification de la structure de la bicouche, n’a été observé. Sur la base
de ce résultat, nous pouvons conclure que toutes les modifications de 1’échantillon
contenant la protéine lors de I'illumination ont été induites par des changements de
conformation de la protéine et son activité de pompage. On peut également noter

qu’aucun effet d"une solution détergente de DDM (0.05 mM) sur la structure de la
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bicouche lipidique n’a été observé.
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Figure VI.1.13 — Courbes de réflectivité hors-spéculaire de rayons X (synchrotron
SOLEIL) pour une double bicouche de DSPC a 25°C apres l'incorporation de la BR,
avec et sans éclairage. Les lignes pointillées et tiretés sont les ajustements réalisés
afin d’estimer l'intensité a faible Q,.

Sur la base de I’analyse préliminaire des expériences de réflectivité spéculaire,
nous pouvons discuter des modifications structurelles du systeme induites par la
reconstitution et 1’éclairage du BR. Lors de la reconstitution du BR, nous avons
observé une augmentation de la valeur SLD de la région de la queue de la bicouche
lipidique flottante (de ~ 8.82+ 0.05 nm a = 10.5+ 0.05 nm) et une augmentation
de I’épaisseur de la bicouche lipidique flottante (de 5,4 £ 0.3 a 6,1 + 0.3 nm). La
rugosité de la bicouche lipidique flottante est passée de 0.2 +£ 0.1 4 0.8 + 0.2 nm lors
de I'insertion de la BR.

L’activité de la BR a provoqué 'augmentation de "épaisseur de la couche d’eau
entre les deux bicouches (de 1,3 £ 0.2 a 1,8 + 0.2 nm) et une énorme augmentation
de la rugosité des deux couches lipidiques de ooppspec = 0.8 = 0.2 nm a donspec =
1,5+ 0.2 nm.

Cette observation est en accord qualitatif avec une augmentation des fluctu-
ations du systeme membrane-protéine induite par 'activité de pompage des pro-
téines. L'épaisseur de la bicouche lipidique a également significativement augmen-

tée, lorsque 1’échantillon était sous éclairement (de 6,2 + 0.5a 7,2 + 0.5 nm).
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L’analyse des mesures de 1'effet réversible de 1’activité de pompage des pro-
téines sur la structure de la bicouche flottante (c’est-a-dire les mesures apreés extinc-
tion, allumage et extinction de la lumiére) montre des changements réversibles de

I'épaisseur et de la rugosité bicouche.

Sur la base de I’analyse des expériences de réflectivité hors-spéculaire, nous
avons observé une augmentation significative de l'intensité diffusée sous illumi-
nation a petit Q,. C’est une indication directe d’'une augmentation globale de la
rugosité moyenne de 1’échantillon (voir Fig. VI.1.13), qui peut attribuée a une aug-
mentation des fluctuations de la membrane. Le rapport des intensités diffusées entre
I"échantillon illuminé et 1’échantillon non éclairé & Q, — 0 donne une estimation ap-

proximative de I'augmentation de la rugosité de 1’échantillon :

2
UON,off—spec

2
OFF,off-spec

=4.1+08. (1.1)
()

A grand Q,, sans illumination, nous observons des oscillations bien structurées
qui sont caractéristiques d"un systeme de double bicouche. Sous illumination, ces
oscillations sont moins prononcées, ce qui est encore une fois en accord avec une
augmentation de la rugosité de 1’échantillon. L'intensité collectée a grand Q, est tres
sensible a la soustraction du bruit de fond, qui doit encore étre améliorée avant toute

analyse quantitative.

J.-B. Manneville et al. [16] ont calculé la fonction de corrélation hauteur-hauteur
d’un systeme membranaire dans I’espace réciproque et ont prédit que les fluctuations

actives d’une bicouche peuvent étre décrites par une température effective T.

Les mesures de réflectivité spéculaire et hors-spéculaire nous permettent d’estimer

cette température effective de maniere indépendante :

2
o
(Teff) _ (M) =35+25, (1.2)
T spec O OFF,spec
2
Te o ,off—spec
( ff) = RO _ 41408, (1.3)
T off—spec OOFF,Off—speC

Les deux résultats sont en trés bon accord. Ces valeurs sont aussi du méme ordre

de grandeur que la valeur obtenue par les expériences d’aspiration sur micropipette
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(1.7 < Toir/ T < 2.7) [16, 19].

Conclusions

Grace a des expériences de réflectivité spéculaires (netrons et rayons X) et hors-
spéculaires (rayons X), nous avons pu confirmer l'insertion de la BR dans des bi-
couches lipidiques flottantes en phase gel et la préservation de 'activité protéique.
Nous avons démontré un effet réversible de l'activité de pompage de la BR dé-
clenchée par la lumiere visible sur la structure et la dynamique bicouche. Sur la
base de l'analyse des données spéculaires, une augmentation de la rugosité de la
bicouche lors de 1’éclairage de 1’échantillon a été observée. Cette observation est en
bon accord qualitatif avec 1’analyse préliminaire des mesures de réflectivité hors-
spéculaires. Les températures effectives estimées pour 1’échantillon avec et sans
éclairement sont en tres bon accord qualitatif avec les valeurs connues de la littéra-
ture. Les travaux en cours pour analyser simultanément les expériences de diffusion
spéculaire et hors spéculaire devraient permettre d’accéder au spectre de fluctua-
tion de la bicouche lipidique pure et de la bicouche lipidique avec la BR lorsque la
protéine est active ou non dans une large gamme de vecteur d’onde, en dessous de
’échelle du micron. Cette analyse combinée nous permettra de caractériser les pro-
priétés de la membrane telles que la rigidité de courbure, la tension de la membrane
et le potentiel d’interaction entre les membranes. Il fournira une occasion unique
de comparer directement les données expérimentales aux résultats théoriques et de

mieux comprendre les mécanismes de fluctuation actifs en jeu.
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1.5 Interactionsenbicoucheslipidiques fortement chargées

1.5.1 Objectif principal du projet II

Dans ce second projet, nous étudions les interaction entre deux bicouches li-
pidiques composées de phospholipides chargés négativement (DPPS), en présence
d’ions monovalents. Nous avons réalisé des expériences de XRR et de NR afin
d’étudier la structure des double et triple bicouche de DPPS avec une résolution
de 'ordre de I’A. L'interaction entre des bicouches fortement chargées en géométrie
fortement confinée (épaisseur d’eau intercouche < 2 nm) est étudiée en mesurant
la distance d’équilibre entre des bicouches chargées similaires (épaisseur de couche
d’eau) en fonction de la température, ou en présence de sel dans la solution. Nous
étudions également les variations de 'épaisseur de la couche d’eau entre le substrat

de silicium et la premiere bicouche.

Nous visons a obtenir une explication théorique réaliste de nos observations ex-
périmentales d’'un phénomene d’attraction de charge similaire entre des bicouches
lipidiques planaires fortement chargées négativement, en mettant en ceuvre les ap-
proches théoriques WC et SC existantes. Nous pouvons noter que la théorie PB dans
I'approximation du champ moyen ne prédit que la répulsion entre les objets chargés,
ennégligeantl'effet de corrélationionique. La surface des bicouches lipidiques DPPS
possede une densité de charge de surface modérée (0 ~ 0.77 ¢”/nm?, constante de
couplage (définie ci-dessous) E ~ 3) ce qui signifie que la description du systeme
ne tombe pas dans la région attrayante de la théorie SC. Nous visons a montrer
un accord avec la théorie SC existante, qui prédit naturellement une attraction de
charge similaire, en tenant compte d'une diminution de la constante diélectrique
de l'eau (qui a son tour conduit a une augmentation de la constante de couplage)
induite par le réarrangement de I’eau molécules prés de la surface chargée dans le
fort confinement. Compte tenu de ces observations, une description des interactions
entre les systemes de bicouches double lipides DPPS dans la région attractive de la

limite SC sera fournie [50].
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Figure VI.1.14 —Illustration schématique d"une double bicouche de DPPS hautement
chargée et de contre-ions NaCl monovalents.

1.5.2 Résultats expérimentaux

Nous présentons ici les résultats obtenus par réflectivité de neutrons et de
rayons X pour différents systemes de double bicouches chargées (DPPS) et non
chargées (DSPC). Nous obtenons un tres bon accord quantitatif entre les profils SLD
et ED, qui nous permettent de mesurer avec un résolution de 1’ordre de 0.1 nm les
épaisseurs d’eau entre le substrat et la premiere bicouche (d,,1) et entre les deux
bicouches (dy,2).

Nous avons étudié la variation de d,,; et d,» en fonction de la température
(Fig. VL.1.15) et en fonction de la longueur de Debye en modifiant la concentration

ensel (NaCl0.01-0.3 M) (Fig. VI.1.16) pour différents systémes de doubles bicouches:

e doublesbicouches zwitterioniques DSPC,-DSPC, sans ou avec sel ajouté (NaCl,

0.5 M);

e doubles bicouches fortement chargées DPPS,-DPPS, ou avec sel ajouté (NaCl,

0.01-0.5 M);
e double bicouche assymétrique DPPC/DPPS-DPPS/DPPC;

e triple bicouche DPPS,-DPPS,-DPPS,.
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Figure VI.1.15 — (a) Valeurs de d,; et (b) d,» obtenues a partir des résultats de NR
(symboles ouverts) et de XRR (symboles fermés): DSPC,-DSPC, bicouche flotante
avec (e) et sans sel ajouté (M, f); DPPS,-DPPS, bicouche flottante (XRR, W, A, o, ¢)
et (NR, 4, ¢); DPPS,-DPPS,-DPPS, multi-bicouches (O); DSPC/DPPS-DPPS/DSPC
bicouche flotante asymétrique (*). (a) La ligne en pointillée bleue () correspond
a d,1 = 0.5 nm pour le DSPC; (b) La ligne tiretée noire (---) correspond a dq,aw =
1.9 nm et la ligne continue rouge (—) correspond a dy,,sc = 0.7 nm. Les lignes
pointillées verticales correspondent aux températures de transition gel to fluid pour
les bicouches de DSPC (bleu) et de DPPS (rouge) [235].
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Figure VI.1.16 — (a) Valeurs de d,,; et (b) d,,» vs 1/ ff) avec les mémes notations que
sur la Fig. VL.1.15. (a) La ligne pointillée bleue () correspond a d,; = 0.5 nm
pour le cas du DSPC et la ligne tiretée rouge (- - -) a I’effet de la pression osmotique;
(b) La ligne continue rouge (—) correspond a la théorie de couplage fort dy, sc = 0.7
nm [235]
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Comme attendu la premiere épaisseur de couche d’eau d,,; entre I'oxyde de sili-
cium et la premiére bicouche est significativement plus grande lorsque la premiere
bicouche est chargée (d,,; ~ 1 + 0.1 nm pour DPPS,-DPPS, que lorsqu’elle est zwit-
terionique (d,1 ~ 0.6 + 0.1 nm pour DSPC,-DSPC,), montrant que cette épaisseur
est essentiellement controlée par les faibles interactions électrostatiques répulsives
entre la bicouche et le substrat. Ceci est confirmé par les résultats sur 1’échantillon
asymétrique DSPC/DPPS-DPPS/DSPC (voir Fig. VI.1.15(a)). Nous n’observons pas
de variation significative de d,,; avec la température, que ce soit en phase gel ou
en phase fluide. Cela démontre que les fluctuations de forme de la bicouche sont
négligeable et qu’il n’y a pas de contributions entropiques au potentiel d'interaction
membrane-substrat. Les valeurs d,,; sont en accord qualitatif avec les modéles
théoriques dans la limite de couplage faible [34, 208]. Finalement, d,,; diminue avec
la concentration en sel, revenant a une valeur proche du cas zwitterionique (d,,; ~ 0.5
nm pour le DSPC ligne pointillée bleue sur la Fig.V1.1.16(a)), en bon accord avec un

effet de pression osmotique tel que décrit dans [230].

Nous discutons maintenant le cas plus intéressant de 1’épaisseur d’eau inter-
couches d,,» (voir Fig. VI.1.15(b)). Encore une fois, les valeurs extraites de NR et
XR sont en bon accord. Dans le cas de lipides chargés DPPS,-DPPS, (symboles
rouges sur la Fig.V1.1.15(b)), nous observons que d,, =~ 0.5 — 0.7 nm est significa-
tivement plus petit que dans le cas des lipides zwitterioniques DSPC,-DSPC, ou
dwr = 1,8 — 2,5 nm (symboles bleus et noirs). Contrairement au cas des lipides
zwittérioniques, nous n’observons pas de variation de d,,, avec la température, ce
qui indique a nouveau que les contributions entropiques sont négligeables. Nos
résultats montrent clairement qu’il existe une interaction attractive entre les deux
membranes fortement chargées. Une conséquente importante de cette attraction
est qu’il est possible de déposer plus de 3 monocouches de DPPS au moyen des
techniques de Langmuir-Blodgett. Dans le cas de molécules zwitterioniques telles
que la phosphocholine, ot il existe une petite répulsion électrostatique entre les
tetes des feuillets lipidiques [175], il n’est pas possible de faire plus de trois dépots
successifs homogenes dans de 1’eau. Dans le cas de couches de DPPS fortement
chargées, nous avons réussi a déposer jusqu’a 8 monocouches avec la technique de

Langmuir-Blodgett, mettant en évidence les fortes interactions attractives entre les
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feuillets chargés. Nous avons par exemple étudié une triple bicouche de DPPS, pour
laquelle nous mesurons une épaisseur d’eau inter-couches constante (d,,, = 0.5+0.1
nm), démontrant que le substrat n’a qu'une influence mineure sur le dépo6t apres la
premiere monocouche. Le role des interactions électrostatiques est confirmé par des
expériences complémentaires sur des doubles bicouches asymétriques (DSPC/DPPS-
DPPS/DSPC (*) sur la Fig.V1.1.15(b), pour laquelle nous obtenons d,,, ~ 0.5 + 0.1
nm a nouveau en accord avec le cas DPPS,-DPPS,. Enfin, I’ajout de sel a la solution

n’a quasiment aucun effet sur d,,, comme le démontre clairement la Fig.VI.1.16(b).

1.6 Interaction entre membranes chargées

Afin de comparer nos résultats expérimentaux avec les modeles théoriques ex-
istants dans les différents régimes de couplage faible (WC) ou de couplage fort (SC),
nous devons prendre en compte différentes contributions au potentiel d'interaction
entre les bicouches.

Comme cela a été décrit pour le cas des doubles bicouches de DSPC dans
[175], l'interaction entre deux bicouches lipidiques est régie par la superposition
d’interactions attractives de van der Waals, la répulsion liée a 1'hydratation des
tétes, les interactions électrostatiques et la répulsion entropique dues aux fluctuations

thermiques des membranes.

La répulsion d’hydratation a courte portée peut étre décrite par un potentiel du

type:
Unya = PpAyexp (=do/An) (1.4)

ot P, = 4-10° Pa est la pression d’hydratation et A, = 0.1 — 0.2 nm la longueur
typique de décroissance.
La contribution attractive de van der Waals au potentiel d’interaction peut-étre

modélisée comme :
H

127 (dy + 20head)

quW = (15)

ot H = 5.3-107%' Jm? est la constante de Hamaker et dj.,q ~ 0.5 nm est la taille de la
téte des lipides [175].

Les bicouches de lipides zwitterioniques possedent une faible charge de surface
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o ~ 0.001 e"/nm? en raison du caractére amphotere du groupe des phosphatidyl-
choline. Hemmerle et al-[175] qu’elle induisait une faible répulsion électrostatique
entre les membranes qui peut étre décrite dans la limite des gaz idéaux de la théorie

de Poisson-Boltzmann-[34]:
UPB (Z) = —2kBTI]GS log Z. (16)

Pour les bicouches lipidiques en phase gel, en négligeant la contribution entropique,
lorsque seule la répulsion d’hydratation, les interactions de van der Waals et1’interaction
électrostatique (décrites dans le cadre de la théorie de PB) contribuent au potentiel

d’interaction total, celui-ci peut étre modélisé par:
Uo (z) = Uyaw (2) + Unya (z) + Upp (2) - (1.7)

Cela conduit a une valeur d’équilibre pour l'épaisseur d’eau dyyqw = 1,9 nm (ligne
noire en pointillés sur la Fig. VI.1.15(b)). Cette valeur est en bon accord avec les
valeurs mesurées pour un systeme DSPC,-DSPC, en présence de sel ou en phase
de gel. La petite augmentation de d,, au voisinage de la transition gel-fluide (il-
lustrée sur la Fig. VI.1.15(b)) est bien décrite par le modele qui prend en compte la
contribution entropique comme cela est montré dans les travaux de Hemmerle et

al [175].

Pour les doubles et triples bicouches de DPPS, la contribution entropique est
clairement négligeable, car nous n’avons pas observé de variation significative de
d, avec la température. Pour modéliser I'interaction entre les membranes chargées,
l'interaction électrostatique entre les surfaces chargées doit étre prise en compte. La
surface par molécule du DPPS peut étre estimée a 0.55 nm? [232]. A pH 5-6, en
tenant compte du pKa respectif des groupes phosphate, ammonium et carboxylate,

nous obtenons une densité de charge o, ~ 0.8 — 1.5 ¢7/nm?

. En prenant pour la
constante diélectrique de 'eau €, =~ 80¢p a T = 20°C, nous obtenons pour la con-
stante de couplage E ~ 2.5 — 4. Cette valeur nous place clairement en dehors de
la région attractive décrite par la théorie SC [36, 210] (voir la zone rouge sur la
Fig. VI.1.17). Dans cette limite, en utilisant des valeurs réalistes de P, A, et H, il n’est

pas possible d’accéder a des valeurs d’équilibre de d,,, inférieures a 1,5 nm. Dans
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Figure V1.1.17 — Diagramme de phases montrant les régimes d’attraction et de répul-
sion en fonction de 1'épaisseur d’eau adimensionnée d= dw2/b et de la constante
de couplage E (figure adaptée de [210]). La ligne pointillée correspond aux pré-
dictions obtenues avec la théorie du Viriel dans la limite de couplage fort (SC) par
[36] et les carrés noirs sont les données de simulation Monte Carlo de [42]. La ligne
continue correspond aux prédictions de la théorie de couplage fort de Wigner [210].
Les valeurs correspondant a nos expériences sont représentées par la zone rouge en
utilisant €,, = 80¢y (E ~ 2.5 -4, d~2- 4) et par la zone bleue, lorsque la renormal-
isation induite par la structuration de I'’eau sous confinement est prise en compte
(10 <€, <30 & 20 < E <300) [235].

une géométrie aussi fortement confinée, les degrés de liberté de rotation des dipoles
de l'’eau proches de la surface sont gelés, ce qui induit une forte diminution de la
permittivité diélectrique. Fumagalli et al [49] ont démontré expérimentalement la
présence d'une couche interfaciale de deux a trois molécules d’eau avec €,, ~ 2¢,
proche de la valeur limite €,, ~ 1.8€y observées aux fréquences optiques. Z variant
comme ~ 1/€?, la diminution de €, se traduit par une forte augmentation de la

constante de couplage.

Dans une configuration proche de nos expériences, Schlaich et al. [44] ont récem-
ment démontré qu’une interaction attractive entre deux surfaces peut étre observée
méme a une densité de charge de surface modérée (o5 ~ 0.77 e"/nm?, E ~ 3) en
effectuant des simulations numériques bicouches de décanol avec une densité de
charge de surface variable, avec une prise en compte explicites des molécules d’eau.

Ces simulations sont en accord avec la théorie de PB modifiée en prenant en compte
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les corrélations de contre-ion et la réorientation induite par la charge de surface
de l'eau d’hydratation. On sait que la structuration de I’eau induite par la surface
dans un confinement fort modifie a la fois la constante diélectrique €, [49, 226] et la
répulsion d’hydratation. Il en résulte une augmentation forte de la constante de cou-
plage. Pour une densité de charge de surface modérée o, ~ 0.77 e~/nm?, Schlaich et
al. [44] ont montré que les valeurs numériques obtenues sont en bon accord avec une
constante de couplage effective E,¢f ~ 20 qui correspond a une valeur de €,, ~ 30.
Au regard de ces résulats, on peut estimer dans notre cas la constante de couplage
a Ee ~ 20 — 300, ce qui nous amene clairement dans le régime attractif décrit par
la théorie SC. Par conséquent, il convient d'utiliser I’expression analytique pour la
pression électrostatique dans le régime SC [36, 207]:
Pc = 216502 (25% - 1)kBT. (1.8)
La diminution de €, induit également une diminution de la constante de
Hamaker [234] et les interactions de van der Waals sont négligeables par rapport au
terme de SC. Par conséquent, le potentiel d’interaction entre deux bicouches planes

dans le régime SC peut étre exprimé comme suit:

U (2) = Uy (2) — 2miksTlslied? (2 log (é) - é) (1.9)

En minimisant ce potentiel U (z), nous obtenons une valeur d’équilibre de d,sc =
0.7 nm, en tres bon accord avec nos données expérimentales comme le montre la

Fig. VI.1.15(b) et Fig. VI.1.16(b).

1.7 Conclusion

En combinant des expériences de réflectitivté de neutrons et de rayons X, les
interactions électrostatiques entre des bicouches flottantes supportées fortement
chargées ont été étudiées en mesurant la distance d’équilibre entre les deux bi-
couches, en présence de contre-ions monovalents et en confinement fort. Dans un
ensemble cohérent de données expérimentales obtenues sur un systéme modele

proche d'une configuration théorique idéale (géométrie plane, fluctuations néglige-
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ables), nous avons mis en évidence une interaction électrostatique attractive, méme
pour des constante de couplage relativement modérée (E,,, ~ 5) ou les théories
continues prédisent un comportement répulsif, mais en accord avec les simulations
numériques avec solvant explicite récentes [44] prédisant que les effets de corrélation
entre les contre-ions peuvent avoir des effets importants méme pour des densités de

charge de surface modérées et des contre-ions monovalents.
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APPENDIX A

Sample environment preparation. Cleaning

procedure

All the substrates used for formation of solid supported lipid bilayers were

cleaned very thoroughly to remove any possible contaminant.

Two alternative methods were used depending on the availability of the neces-
sary tools in the different labs where experiments were performed. The most com-
mon procedure involved the subsequent sonication of the substrates for 20 minutes
in a series of different solvents: 2% detergent solution (Decon Neutracon), MilliQ
water, Chloroform, Acetone, Ethanol and MilliQ. These steps were followed by the
exposure of the substrate to UV-ozone (20 minutes exposure) (UV/ozone ProCleaner
Plus instrument) or to air plasma (3 min exposure) (Harrick plasma cleaner instru-
ment). This step was performed just before the sample deposition to remove any
remaining organic contaminant, and to enhance the hydrophilicity of the substrate

surface [236, 237].

The alternative method, often used for practical reasons, was based on the use
of piranha solution. A mild pirahna solution (5:4:1 of H,O : concentrated H,SOj :
30% H,O, by volume) was prepared adding the concentrated sylfuric acid to H,O.
Hydrogen peroxide was then slowly poured into the diluted acid solution while
temperature was continuously monitored and was not allowed to exceed 85 °C.
The piranha solution was stirred and kept at 80°C using a stirring heating plate.
Dry solid substrates were slowly immersed into piranha and kept in solution for
20 minutes. They were then thoroughly rinsed with MilliQ and kept in water till
their use for sample preparation. It is important to note that the use of the piranha

solution removes organic molecules from the substrate and etches the surface at the
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same time. Therefore, the exposure to ozone or plasma is not necessary after this
cleaning procedure.

Solid/liquid cells were cleaned following the same sonication procedure as for
substrate cleaning.

Tubes (PTFE), valves (PTFE) and O-rings (viton) were sonicated in a 2 %
detergent solution (Decon Neutracon), followed by extensive rinsing and sonication
in MilliQ water. O-rings were then rinsed in pure ethanol followed by sonication in
MilliQQ water. Sonication time was 20 minutes for each solvent. The interior of the
tubes used for sample and water injection was cleaned by rinsing it using a syringe

with detergent solution, MilliQ water, ethanol and MilliQ water again.



APPENDIX B

Structural parameters

Because of the general phase problem typical for scattering experiments [238],
R(Q:) curves needed to be modeled to find the appropriate scattering length density
(SLD) profiles. In order to reduce the number of free parameters during the analysis
of double bilayer systems, the bare silicon substrates were characterized prior to the
deposition by means of NR and XRR. The errors for the parameters were determined

by evaluating the variation of the x* upon changes in parameter values.

B.1 SLD profile for NR

NR data was fitted with the AURORE software [185], where the specular re-
flectivity is calculated by the Parratt’s recursive formalism for stratified interfaces
[160]. NR curves originating from the same bilayer systems and collected in differ-
ent contrasts were analysed simultaneously by applying the same structural model
as described in [185]. Only the subphase SLD was changed for different contrasts.
Single lipid bilayers were fitted using a 5 or 6 slab model. Double bilayers were fitted
using a 9 or 11 slab model (see Fig. VII.B.1(a)). Slab i is described by a scattering
length density SLD;, a fraction of solvent (H,O or D,0O) f,,; and a thickness d;:

1. i =510y, silicon oxide layer;
2. i =w, 1, first water layer;
3. i = h11, lipid head of the first monolayer;

4. i = chl, lipid chain of the first bilayer;
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5. i = h12, lipid head of the second monolayer;
6. i = w,2, second water layer;

7. i = h21, lipid head of the third monolayer;
8. i = ch2, lipid chain of the second bilayer;

9. i = h22, lipid head of the fourth monolayer.

Each interface between two slabs i and j is also characterized by a width o; ;.

B.2 SLD profile for XRR

XRR data was fitted using a 1G-hybrid gaussian continuous profile (see [164,
166] and Fig. VIL.B.1(b)).
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Figure VII.B.1 — (a) Definition of the parameter used for SLD profile in case of NR.
For sake of clarity we used articial values for o, j, d,,,1 and dy5 (0;; = 0.1 nm, dy,; = 2
nm, dy,» = 2 nm). (b). Definition of the parameter used for SLD profile in case of
XR (1G-hybrid model). For sake of clarity we used articial values for d,,; and d,»
(0;;=0.1nm,dy,; =2nm, d,, = 2 nm)
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Table B.1 — Values of structural parameters obtained from the fit of the NR data for
a POPC single bilayer before and after BR reconstitution. 10 pg/ml BR in 0.05 mM
DDM solution was used for BR reconstitution. Values without error bars were fixed
during the fitting procedure. For a definition of the parameters see section 2.10.

Parameter POPC single bilayer | POPC single bilayer + BR
dsio, [nm] 1.2+0.2 1.2+0.1
SLDs;o, [107*/nm?] 3.47 3.47
fu,sio, [%] 0 0
05si0, [nm] 0.3+0.1 0.3+0.1
dy, [nm] 0.3+0.1 0.3+0.1
SLDw,l [10_4/1‘11’112] SLDsolvent SLDsolvent
Ow1 [NM] 0.3+0.1 0.6 +0.1
dy11[nm] 0.7+03 0.8+0.2
SLDj1 [1074/nm?] 1.8 1.8
fw, m1 [% ] 30+ 2 52+ 2
On1/em [Nm] 0.3+0.1 02+0.1
denn [nm] 32+0.2 3.3+0.2
SLD g, [107%/nm?] -0.35 0.13 £ 0.05
fw, a1 [%] 8 +1 39 +1
Ocnimi2 [Nm] 03+0.2 03+0.1
dp12 [Nm] 0.7+0.2 0.6 £0.2
SLDj5 [107*/nm?] 1.8 1.8
fw, h12 [0/0] 30+2 56 +2
Oni2w [NM] 05+0.2 05+0.2
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Table B.2 — Values of structural parameters obtained from the fit of the NR data for
a POPC single bilayer before and after BR reconstitution. 30 pg/ml BR in 0.05 mM
DDM solution was used for BR reconstitution. Values without error bars were fixed
during the fitting procedure. For a definition of the parameters see section 2.10.

Parameter POPC single bilayer | POPC single bilayer + BR
dsio, [nm] 1.2+0.2 1.2+0.1
SLDsjo, [107*/nm?] 3.47 3.47
fuw,sio, [%] 0 0
05i0, [nm] 03+0.1 05+01
dy, [nm] 0.3+0.1 0.7+0.1
SLDw,l [10_4/1‘11112] SLDsolvent SLDsolvent
Ow1 [NM] 0.3+0.1 04+0.1
dp[nm] 0.7+0.3 09+0.2
SLDj1; [107%/nm?] 1.88 1.88 + 0.05
fw, nl [0/0 ] 30+ 2 58+ 2
Oni1/em [Nm] 0.3+0.1 0.6 +0.1
den [nm] 3.2+0.2 1.7+0.2
SLDgs [1074/nm?] -0.35 1.34 + 0.05
fw, chl [O/o] 7 +1 55 +1
Ocni iz [Nm] 0.3+0.2 0.6 +£0.1
dchlZ [nm] - 1.7+0.2
SLD g1, [107*/nm?] - 1.1 +£0.05
fw, ch12 [0/0] - 60 =1
Och12/h12 [nm] - 0.6+0.1
dpp [Nm] 0.6 +0.2 09+0.2
SLDy1, [1074/nm?] 1.88 1.88 + 0.05
fw, h12 [O/o] 30+ 2 60 +2
Onzw [NM] 0.5+0.2 0.6 +0.2
dh22 [nm] - 3.0+0.2
SLDjp, [107%/nm?] - 2.0 +0.05
fu, w22 [%] - 80«1
Onp2/w [NM] - 0.6 +0.1
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Table B.3 — Values of structural parameters obtained from the fit of the NR data for
a POPC single bilayer before and after BR reconstitution. 50 pg/ml BR in 0.05 mM
DDM solution was used for BR reconstitution. Values without error bars were fixed
during the fitting procedure. For a definition of the parameters see section 2.10.

Parameter POPC single bilayer | POPC single bilayer + BR
dsio, [nm] 1.3+0.2 1.3+0.1
SLDs;o, [107*/nm?] 3.41 3.41
fuw,sio, [%] 0 0
05si0, [nm] 05+0.1 0.6+0.1
dy, [nm] 0.6+0.1 0.6+0.1
SLDw,l [10_4/1‘11’112] SLDsolvent SLDsolvent
Ow1 [NM] 03+0.1 04+0.1
dp1[nm] 0.8+0.3 09+0.2
SLDj1; [107%/nm?] 1.88 1.9 +0.05
fw, m1 [% ] 10+ 2 80+ 2
On1/em [Nm] 0.1+0.1 0.5+0.1
den [nm] 2.7 +0.2 3.7+0.2
SLDgs [107*/nm?] -0.35 1.95 + 0.05
fw, a1 [%] 5+1 82 +1
Ocnimi2 [Nm] 0.5+0.2 0.7+0.1
dpp [Nm] 0.6 +0.2 1+ 0.2
SLDy1, [1074/nm?] 1.88 1.9 +0.05
fw, h12 [0/0] 23 +£2 78 £2
Oni2w [NM] 04+0.2 06+0.2
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Table B.4 — Values of structural parameters obtained from the fit of the NR data
for a d7sDPPC single lipid bilayer with and without NaN3. Values without error
bars were fixed during the fitting procedure. For a definition of the parameters see

section 2.10.

Parameter d7sDPPC in H,O | d7sDPPC + 1 mM NaNj | d7DPPC in H,O again
dsio, [nm] 0.6+0.2 0.6 +0.2 0.6+0.2
SLDs;o, [107*/nm?] 3.41 3.41 3.41
Fasios [%] 0 0 0
0sio, [Nm] 02+0.1 02+0.1 02+0.1
dy1 [nm] 0.1+0.1 0.1+0.1 0.1+0.1
SLDw,l [10_4/1‘11112] SLDsolvent SLDsolz;ent SLDsolvent
01 [NM] 02+0.2 02+0.2 02+0.2
dpp1[nm] 0.8+0.2 09+02 0.8+02
SLDj1; [1074/nm?] 5.87 5.87 5.87
fw, m1 [% ] 43+ 5 43+ 5 43+ 5
On11/em [NM] 02+0.1 0.2+0.1 02+0.1
Aoz [Mm] 3.7 £0.2 3.1+0.2 3.5 +0.2
SLD gy [107*/nm?] 6.79 6.79 6.79
fw, a1 [%] 2742 2242 2242
Ocni/mi2 [Nm] 03+0.2 0.3+0.2 04+0.2
dpp [nm] 0.8+0.2 09+02 0.8+0.2
SLDy1, [1074/nm?] 5.87 5.87 5.87
fw, m2 [%] 52+ 2 43 +2 43 +£2
Oni2jw [NM] 04+0.2 04+0.2 04+02
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Table B.5 — Values of structural parameters obtained from the fit of the NR data for
the adsorbed BR layer on the silicon support. 30 pg/ml BR in 0.05 mM DDM solution
was used. Values without error bars were fixed during the fitting procedure. For a
definition of the parameters see section 2.10.

Parameter BR on bare substrate
dsio, [nm] 1.2+0.2
SLDsio, [107*/nm?] 3.41
fuw,sio, [%] 0
0si0, [nm] 04+0.2
dy [nm] 0.9+0.2
SLDw,l [10_4/1‘11112] SLDsolvent
Ow,1 [nm] 04+0.2
dp1[nm] 3.6+02
SLDy; [107*/nm?] 2.11
fuo,m [%] 18+ 1
Om/ne [Nm] 04+0.1
dem [nm] 3.2 +0.2
SLDgs [1074/nm?] 2.11
fuw, e [%] 31+ 1
Ochi/ni2 [Nm] 0.4+0.1
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Table B.6 — Values of structural parameters obtained from the fit of the NR data for
a DSPC-DPPC double bilayer at 48°C before and after BR reconstitution. 0.5 pg/ml
BR in 0.05 mM DDM solution was used for BR reconstitution. Values without error
bars were fixed during the fitting procedure. For a definition of the parameters see

section 2.10.

Parameter DSPC-DPPC double bilayer | DSPC-DPPC double bilayer + BR
dsio, [nm] 1.2+0.1 1.2+0.1
SLDs;o, [107*/nm?] 3.47 3.47
fuw,sio, [%] 0 0
0sio, [nm] 04+0.2 04+0.2
dy: [nm] 0.6=0.1 0.6=0.1
SLDw,l [10_4/1’11’1’12] SLDsolvent SLDsolz;ent
0w, [Nm] 09+0.2 04+0.1
dpp1[nm] 09+02 09+0.2
SLDy1q [1074/nm?] 1.8 1.8
fw, Kl [O/o ] 43+ 2 44+ 2
Opi1/an [Nm] 04+0.1 04+0.1
depn [nm] 4.1 £0.2 4.1 £0.2
SLDgy, [107*/nm?] -0.39 -0.39
fw, chl [0/0] 4 +1 5+1
Ocnm2 [Nm] 0.7+0.1 0.6 +0.1
Ay, [nm] 1202 1202
SLDy15 [1074/nm?] 1.88 1.88
fw, n2 [0/0] 35+2 41+ 2
Oni2/w [NM] 0.8+0.2 0.6 +£0.2
dyo [nm] 3+0.2 3.7 £0.2
SLDw,z [10_4/1’11112] SLDsolvent SLDsolvent
Owp [Nm] 1+0.2 1.2+0.2
thl [nm] 09+0.2 09+0.2
SLDj» [107*/nm?] 1.88 1.88 + 0.05
fw, n21 [%] 32+3 35+3
01w [NM] 09+0.1 1.3+0.2
denp1 [Nm] 3.4 +0.2 2.5 +0.2
SLDgp1 [107*/nm?] -0.36 -0.19 = 0.05
S, a1 [%] 4+1 23+2
Och21/ch22 [nm] 1.6 +0.1 04+01
dchZZ [nm] - 2.3 +0.2
SLDapz [107*/nm?] - 0.33 + 0.05
fw, cn22 [%] - 19+2
Och22/h22 [nm] - 1.6+0.1
dpp [nm] 09+0.2 5.7 +0.2
SLDj» [1074/nm?] 1.8 1.8 +£0.05
fw, 22 [0/0] 44+3 90 +£3
Onxyw [NM] 09+0.1 1.2+0.1
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Table B.7 — Values of structural parameters obtained from the fit of the NR data for a
DSPC-DPPC double bilayer at 48°C before and after interaction with DMM solution.
Values without error bars were fixed during the fitting procedure. For a definition
of the parameters see section 2.10.

Parameter DSPC-DPPC bilayer | DSPC-DPPC bilayer + DDM
dsi0, [nm] 11202 1201
SLDs;o, [107*/nm?] 3.47 3.47
fwsio, [%] 0 0
0sio, [Nnm] 0.7+0.2 04+0.2
dy1 [nm] 3.1+0.2 3.7+0.2
SLDw,l [10‘4/nm2] SLDsolvent SLDsolvent
0w, [Nm] 0.9+0.2 0.7+0.1
dp1[nm] 0.7+0.2 0.8+0.2
SLDj1q [107*/nm?] 1.8 1.8
S, m1 [% ] 42+ 2 25+ 2
Opi1/an [NmM] 04+0.1 04+0.1
den [nm] 4.1 +0.2 4.0 £0.2
SLDyy [107*/nm?] -0.39 -0.39
fw, chl [O/o] 4 +1 6 +1
Och1/h12 [nm] 04+02 0.6 +£0.1
A1 [nm] 1.0+ 02 0.7+02
SLDy1, [107%/nm?] 1.88 1.88
fw, n2 [0/0] 37 +£2 33+2
Oni2w [NM] 0.8+0.2 04+0.2
dus [nm] 17 0.2 1.7 0.2
SLDwZ [10‘4/nm2] SLDsolvent SLDsolvent
Owp [Nm] 0.6+0.2 04+0.2
dpp1 [Nm] 0.7+0.2 0.8+0.2
SLDj» [107*/nm?] 1.88 1.88
fuw, n21 [%] 45+3 35+3
On21/w [NM] 0.9+0.1 0.8+0.2
depp1 [nm] 3.7 £0.2 4 +0.2
SLD g [1074/nm?] -0.36 -0.36
fw, ch21 [0/0] 7+1 17+2
Och21/h22 [nm] 1+0.2 0.8+0.1
oy [nm] 0.6+02 07+02
SLDyy, [107*/nm?] 1.8 1.8
S, n22 [%] 37+3 35 +£3
122 [Nm] 0.8+ 0.1 04+0.1
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Table B.8 — Values of structural parameters obtained from the fit of the NR data for
a POPC single bilayer before and after Arch-3 reconstitution (no effect). 30 pg/ml
Arch-3in 0.05 mM DDM solution was used for Arch-3 reconstitution. Values without
error bars were fixed during the fitting procedure. For a definition of the parameters
see section 2.10.

Parameter POPC single bilayer | POPC single bilayer + Arch-3
dsio, [nm] 1.3+0.2 1.3+0.1
SLDSZ'OZ [10_4/1'11112] 3.47 3.47
fuw,sio, [70] 13.6 +0.2 10 +0.2
0sio, [Nnm] 0.6 +0.1 0.6 +0.1
dw [Nm] 0.6+0.1 0.6+0.1
SLDw,l [10_4/1’11’1’12] SLDsolvent SLDsolvent
0w [Nm] 0.3+0.1 05+0.1
dp[nm] 09+03 0.7+0.2
SLDj1; [107%/nm?] 1.8 1.9 +0.05
S, m1 [% ] 10+ 2 10+ 2
Opi1/an [Nm] 0.5+0.1 0.5+0.1
den [nm] 2.8+0.2 3.7+0.2
SLD gy [107*/nm?] -0.35 0.11 +£0.05
fw, a1 [%] 42 +1 42 +1
Och1/h12 [nm] 05+0.2 05+0.1
dpp [Nm] 0.7+0.2 0.7+ 0.2
SLDy1, [1074/nm?] 1.88 1.9 +0.05
fuw, n12 [%] 19 +2 30+ 2
Otz [NM] 05+0.2 04+0.2
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Table B.9 — Values of structural parameters obtained from the fit of the NR data for
a POPC single bilayer before and after Arch-3 reconstitution. 60 ug/ml Arch-3 in
0.05 mM DDM solution was used for Arch-3 reconstitution. Values without error
bars were fixed during the fitting procedure. For a definition of the parameters see
section 2.10.

Parameter POPC single bilayer | POPC single bilayer + Arch-3
dsio, [nm] 1.3+£0.2 1.3+0.1
SLDsio, [107*/nm?] 3.47 3.47
fw,SiOz [(yo] 10.8 +0.2 16 +0.2
Osio, [nm] 0.6+0.1 0.6 +0.1
Ay [Nm] 0.6+0.1 0.6+0.1
SLDw,l [10_4/1’11’1’12] SLDsolvent SLDsolvent
0w, [Nm] 03+0.1 0.7+0.1
dp1[nm] 0.8+0.3 07+02
SLDjy1 [107*/nm?] 1.88 1.9 £ 0.05
fw, m1 [% ] 10+ 2 49+ 2
Omi/em [Nm] 05+0.1 05+0.1
Ao [nm] 28+0.2 3.1+0.2
SLD s [107*/nm?] -0.35 0.2+ 0.05
fw, cl [O/o] 5+1 3.6 1
Ocni/niz [Nm] 05+0.2 04+0.1
dp1o [nm] 0.6 +0.2 0.67+ 0.2
SLDjyp [107*/nm?] 1.88 1.9 £ 0.05
fw, n2 [%] 23+2 60 +2
Onizjw [NM] 04+02 05+0.2
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Table B.10 — Values of structural parameters obtained from the fit of the NR data for
Arch-3 adsprption on the bare silicon substrate. 25 ug/ml Arch-3 in 0.05 mM DDM
solution was used for Arch-3 reconstitution. Values without error bars were fixed
during the fitting procedure. For a definition of the parameters see section 2.10.

Parameter Arch-3 on bare substrate
dSiOg [nm] 1.3+0.2
SLDs;o, [107*/nm?] 3.47
Fusios [%] 0
05i0, [1’11’1’1] 0.5+0.1
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Table B.11 — Values of structural parameters obtained from the fit of the XRR mea-
surements (in-house experiments) for a DSPC-DPPC bilayer at T = 25 °C before and
after BR reconstitution. 2.5 ug/ml BR in 0.05 mM DDM solution was used. Values
without error bars were fixed during the fitting procedure. For a definition of the
parameters see section 2.10.

Parameter DSPC-DPPC bilayer | DSPC-DPPC bilayer + BR
dSiOz [nm] 0.5+0.1 0.5+0.1
SLDsio, [10~4/nm?] 19.0 + 0.05 19.0 + 0.05
fuw,sio, [%] 0 0
05i0, [nm] 02+0.1 0.2+0.1
1 [nm] 0.540.1 02+01
SLDy1 [1074/nm?] 9.41 9.41
1 [nm] 12+02 11402
dhn[l’lm] 0.6 0.2 1.1+0.2
SLDyy; [1074/nm?] 141 +0.1 141+ 0.1
fo, m1 [% ] 0 0
Onl1/chl [nm] 0.2+0.1 0.2+0.1
Aoy [nm] 21402 2402
SLD1 [1074/nm?] 8.6 +£0.05 8.6 £0.05
fw, chll [0/0] 0 0
Ochl1/h12 [nm] 0.2+0.1 0.2+0.1
I 02+01 04+01
SLDa [1074/nm?] 7.2 +0.05 6.67 + 0.05
fw, ch31 [O/O] 0 0
Och31/ch12 [nm] 0.2+0.1 0.2+0.1
Aoyt [nm] 1802 16+02
SLDg1o [1074/nm?] 8.4 6+ 0.05 8.84 £0.05
fw, ch12 [0/0] 0 0
Och12/h12 [I'lm] 02+0.1 0.2+0.1
Ay [nm] 07302 07+02
SLDj15 [1074/nm?] 14.1 + 0.05 14.1 + 0.05
Fr 112 [%] 0 0
2w [nm] 02+0.1 02+ 0.1
> [nm] 13402 17+02
SLDy, [1074/nm?] 9.41 9.41
G [nm] 02+0.1 0.8+0.1
i1 [nm] 0802 05+02
SLDjp; [1074/nm?] 10.5 + 0.05 11.1 + 0.05
For 1 %] 0 0
G121/ [nm] 02+0.1 0.4+0.2
dupy [nm] 1.8 402 1.6 £0.2
SLDgp1 [1074/nm?] 8.7 9.7
fw, ch21 [O/O] 0 0
Och21/ch32 [1’11’1’1] 0.2+0.1 1.2+0.1
oz (O] 02402 0302
SLD gy [1074/nm?] 6.7+ 0.1 11.1+0.1
fw, ch32 [0/0] 0 0
Och32/ch22 [nm] 0.2+0.1 0.9+0.1
Ao [nm] 1.8 402 21+02
SLD,j [1074/nm?] 8.9 +0.05 11.9 + 0.05
fw, ch22 [O/O] 0 0
Och22/h22 [nm] 0.2+0.1 1.2+0.1
A1 [nm] 05+01 09+01
SLDjy [1074/nm?] 11.3 +0.1 114 +0.1
fuw, 22 [%] 0 0
12y [nm] 02+0.1 15402
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Table B.12 — Values of structural parameters obtained from the fit of the XRR mea-
surements (in-house experiments) for a DSPC single bilayer at T = 25 °C before and
after BR reconstitution. 1 ug/ml BR in 0.05 mM DDM solution was used. Values
without error bars were fixed during the fitting procedure. For a definition of the
parameters see section 2.10.

Parameter DSPC-DPPC double bilayer | DSPC-DPPC double bilayer + BR
dsio, [nm] 09+0.2 09+0.2
SLDs;o, [107*/nm?] 18.6+ 0.1 18.6 £ 0.1
fuwsio, [%] 0 0
0sio, [Nm] 09+0.2 09+0.1
dy [Nm] 0.4+0.1 0.4 +0.1
SLD,,; [107*/nm?] 941 9.41
0wy [Nm] 05+0.1 05+0.2
dp [nm] 09+0.2 0.8+0.2
SLDjy; [1074/nm?] 11.2 £ 0.05 11.4 + 0.05
Fomi [%] 0 0
Opi1/an [Nm] 04+0.1 0.8+0.1
den1 [nm] 1.4 +0.2 1.2 +0.2
SLD a1 [1074/nm?] 9.4 +0.05 9.4 +0.05
fw, chll [0/0] 0 0
Ochl1/h12 [nm] 0.2+0.1 0.2+0.1
Aenz1 [Nm] 0.2 +0.1 0.5 +0.1
SLD g1 [1074/nm?] 7.5 +0.05 8.4 +0.05
fu, a1 %] 0 0
Och31/ch12 [nm] 03+0.1 02+0.1
Aenip [NM] 1.4 +0.2 1.4 +0.2
SLD o [1074/nm?] 9.0 £ 0.05 8.8 = 0.05
fw, ch12 [0/0] 0 0
Och12/h12 [nm] 02+01 02+0.1
dpp [nm] 09+0.2 09+0.2
SLDj1, [1074/nm?] 11.4 +0.05 11.4 + 0.05
Foo 2 [%] 0 0
Oni2jw [NM] 0.2+0.1 0.2+0.1
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Table B.13 — Values of structural parameters obtained from the fit of the XRR data
(in-house measurements) for a DSPC double bilayer at T = 25 °C before and after
the first and second Arch-3 reconstitution attempt. 1 ug/ml Arch-3 in 0.05 mM DDM
solutions were used for the first and second Arch-3 reconstitution attempts. Values
without error bars were fixed during the fitting procedure. For a definition of the
parameters see section 2.10.

Parameter DSPC double bilayer | + Arch-3 (Istinj.) | + Arch-3 (2nd inj.)
dsio, [nm] 1.5 +0.1 1.5 +0.1 1.5+0.1
SLDs;o, [1074/nm?] 18.7 18.7 18.7
fuwsio, [%] 0 0 0
0sio, [nm] 0.3+0.1 0.3+0.1 0.3+0.1
dypi [nm] 0.5+£0.1 0.5 +0.1 0.5+0.1
SLD,,; [107*/nm?] 9.41 9.41 9.41
Ow1 [NmM] 0.2+0.1 0.3+0.1 0.3+0.1
dp[nm] 0.9+ 0.2 0.9+0.2 1.0+0.2
SLDy11 [1074/nm?] 11.5 £ 0.08 11.8 £ 0.08 11.5 £ 0.08
fu, m11 [% ] 0 0 0
Op11 /e [Nm] 0.2+0.1 0.5+0.1 0.2+0.1
dep1 [nm] 1.5 +£0.2 1.6 £0.2 1.1 +£0.2
SLDgn1 [1074/nm?] 9.4 +0.05 9.3 +0.05 9.8 +0.05
fw, chll [0/0] 0 0 0
Och11/h12 [nm] 0.2+0.1 0.3+0.1 02+0.1
Aoz [mm] 0.3 +0.1 0.4 +0.1 0.4 +0.1
SLD gz [1074/nm?] 7.9 +0.05 7.9 +0.05 7.5+ 0.05
fw, ch31 [(70] 0 0 0
Och31/ch12 [nm] 0.2+0.1 09+0.1 04+0.1
deprp [nm] 1.8 £0.2 1.9 £0.2 2.2 +0.2
SLD 10 [1074/nm?] 8.8 + 0.05 8.9 +0.05 8.8+ 0.05
fw, ch12 [0/0] 0 0 0
Ocniz/mz2 [nm] 04+0.1 0.6 £0.1 0.3+0.1
dpp [nm] 0.8+0.2 0.8+0.2 05+0.2
SLDj1o [1074/nm?] 10.7 + 0.05 11.7 £ 0.05 11.3 £ 0.05
fuw, m2 [%] 0 0 0
Op12/w [NM] 0.2+0.1 02=+0.1 0.2+0.1
dywp [nm] 1.5+ 0.2 1.7+£0.2 14 +0.2
SLDy,» [107* /nm?] 9.41 9.41 9.41
Oy [NM] 1.5+0.1 0.7+0.1 04+0.1
dpp1 [nm] 0.7+0.2 0.6 +0.2 05+0.2
SLDjy [1074/nm?] 11.75 £ 0.05 10.7 = 0.05 10.3 £ 0.05
fu, n21 [%] 0 0 0
Oj21/w [NM] 1.0+0.1 02+0.2 0.8+0.2
depp1 [nm] 2.1 +0.2 21+0.2 21+0.2
SLDp1 [1074/nm?] 8.9 £ 0.05 8.8 £ 0.05 8.8 £ 0.05
fw, ch21 [0/0] 0 0 0
Oci1/ch32 [Nm] 0.8+0.1 09+0.1 1.0+0.1
Aoz [nm] 0.2+0.2 0.4+0.2 0.5+0.2
SLD g [1074/nm?] 7.9 +0.05 7.9 + 0.05 7.9 + 0.05
f w, ch32 [0/0] 0 0 0
Och32/ch22 [nm] 0.2+0.1 0.3+0.1 02+0.1
deppr [Mm] 1.7+0.2 1.7 +0.2 1.7 +0.2
SLD o [1074/nm?] 9.11 £ 0.05 8.8 £ 0.05 8.8 £ 0.05
fw, ch22 [(Vo] 0 0 0
Ochoz/m22 [NM] 0.3+0.1 1.0+0.2 0.2+0.2
dppy [nm] 0.6 +0.1 0.6 £0.1 0.6 +0.1
SLDjp, [1074/nm?] 11.8 +0.05 11.6 + 0.05 11.0 +£ 0.05
fw, h22 [O/O] 0 0 0
Oy [NM] 0.2+0.1 02+0.2 02+0.2
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Table B.14 — Values of structural parameters obtained from the fit of synchrotron
radiation specular reflectivity measurements for a DSPC double bilayer. Values
without error bars were fixed during the fitting procedure. For a definition of the
parameters see section 2.10.

Parameter DSPC BR light off | Light on light off light on
dsio, [nm] 07+0.1 07+0.1 07+0.1 07+0.1 07+0.1
SLDsio, [1074/nm?] 175 175 175 17.5 175
Jusio, [%] 0 0 0 0 0
0sio, [nm] 03+0.2 03+02 03+0.2 03+0.2 03+0.2
dyw, [nm] 0.3 £0.1 0.3 +£0.1 0.2 +0.1 0.1+0.1 1.5+£02
SLDy1 [1074/nm?] 9.41 9.41 9.41 9.41 9.41
Ow,1 [nm] 0.3+0.2 02+0.1 02+0.1 04+0.1 02+0.1
dp1[nm] 0.6 +0.2 0.6 +0.2 0.6+0.2 09+0.2 07+0.2
SLDyy [1074/nm?] | 122 +0.05 | 13.4+0.05 | 12.0+0.05 | 13.5+0.05 | 12.2 +0.05
S, 11 [% ] 0 0 0 0 0
Op11/an [Nm] 03+0.1 04+02 03+0.2 04+02 0.4+0.2
Aoy [nm] 2+02 2+02 1.9+02 17+02 19+02
SLDgn1 [1074/nm?] | 8.4 +0.05 8.9 +0.05 8.9 +0.05 9+0.05 8.8 +0.05
Fo a1 [%] 0 0 0 0 0
Oent1/ni2 [nm] 03+0.1 02+0.1 0.2 +0.1 0.2+ 0.1 0.2 +0.1
depz1 [nm] 0.3 +0.2 0.4 +0.1 0.4 +0.2 0.4 +0.2 0.4 +0.1
SLDgg1 [1074/nm?] | 6.74 £0.05 | 7.12+0.05 | 6.67+0.05 | 6.67+0.05 | 6.67+0.05
Fo aiot %] 0 0 0 0 0
Ocn31/chi2 [Nm] 02+0.1 04+0.1 0.2+0.1 0.3 £0.2 0.2 0.1
depin [nm] 1.7 £0.2 1.7 £0.2 1.9 +0.2 2+0.2 1.8 £0.1
SLDgy12 [107*/nm?] | 8.5+ 0.05 9.22+ 0.05 9+0.05 8.94 + 0.05 9+ 0.05
Fo, a2 [%] 0 0 0 0 0
Ocnzyniz [Nm] 03+0.1 03+0.1 0.4 0.2 0.4 +0.2 0.4 +0.2
dp1o [nm] 0.8+0.2 0.8 £0.2 0.7+0.2 1+0.2 0.6 £0.2
SLDy1» [1074/nm?] | 1253 £0.05 | 13+0.05 | 12.53 £0.05 | 12.92+0.05 | 12.53 £ 0.05
S, m12 [%] 0 0 0 0 0
On2/w [NM] 04+0.2 0.6+0.2 0.8+0.2 0.7 £0.2 0.8 £0.2
dwo [nm] 1.5+0.2 1.3 £0.2 1.8 £0.2 1.7 £0.2 1.6 £0.2
SLDy, [1074/nm?] 9.41 9.41 9.41 9.41 9.41
Owp [Nm] 07+0.1 1+0.2 1.5 +0.2 1.2+0.2 1.5+0.2
dyp [nm] 0.6+0.2 09+0.2 1+0.2 0.7+0.1 1+0.2
SLDj1 [107#/nm?] | 10.5+0.05 | 10.9 £0.05 | 11.55+0.05 | 11.6 +0.05 12 +0.05
S, 121 [%] 0 0 0 0 0
O121/w [NM] 0.7+0.1 02+0.1 1.6 +0.2 0.7+0.2 1.5 +0.2
Aoy [nm] 2.2+0.2 1.9 +0.3 2.5+0.3 2.3+0.2 25+0.2
SLDgp1 [107*/nm?] | 8.82 £0.05 | 10.5 +0.05 10 £ 0.05 10 £ 0.05 10 + 0.05
fo i [%] 0 0 0 0 0
Ocn21/i22 [Nm] 0.6+0.1 07+0.1 1.2 +0.2 1.2+0.2 1+0.2
depzo [nm] 0.2+0.1 0.2+0.1 0.4+0.1 0.4+0.2 0.4 +£0.2
SLDggp [1074/nm?] | 7.75 + 0.05 9 +0.05 10+ 0.05 | 9.54 +0.05 10 +0.05
fw, ch32 [0/0] 0 0 0 0 0
Och32/cho2 [Nm] 0.3+0.1 02+0.1 1.5+0.3 0.2+0.1 1+0.2
deppo [Nm] 1.8 £0.2 22+02 2.3+0.2 2.3+0.2 22 +0.2
SLDggo [107*/nm?] | 8.82£0.05 | 10.2 +0.05 10 + 0.05 9.7 £0.05 10 +0.05
Fo a2 %] 0 0 0 0 0
Ocno/ip2 [NM] 04+0.1 02+02 1.1+0.2 1+0.2 1+0.2
dppo [nm] 0.6 +0.2 1+02 1+0.2 0.6+£0.2 1+0.2
SLDyp, [107#/nm?] | 10.5+0.05 | 10.4 + 0.05 10 + 0.05 10.5 +0.05 10 + 0.05
S, 22 [%] 0 0 0 0 0
22/ [Nm] 02+0.2 0.8+0.2 1.5+0.3 1+0.2 2402




APPENDIX C

LB transfer efficiency

During LB deposition the quality of the monolayer transfer can be evaluated by

monitoring the transfer ratio, t.r.. This ratio is defined as :

AYpiock

tr.=w X
AAmono

(C.1)

where AYy is the part of the substrate covered by the monolayer, w is the
perimeter of the substrate section facing the water phase and AA,, is the reduction
of the area in the trough occupied by the Langmuir monolayer. Fig. VIL.C.1 shows
the variation of Yk vs. Ayono during the deposition of DSPC and DPPS monolayers.
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Figure VIL.C.1 — (a) Successive deposition of lipid monolayers on a silicon block at
IT = 40 mN/m. For DSPC (red) the fourth deposition attempt removes the third layer
and for DPPS (blue) successful five layer deposition was achieved. (b) Zoom on the
highlighted zone of (a) (third and fourth monolayer deposition).

We can observe that, contrarily to the case of DPPS, it was not possible to
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deposit more than 3 successive DSPC monolayers; the attempt of depositing a fourth
monolayer on top of the third one failed systematically. More importantly, the trend
shown in Figure VIL.C.1(b) indicates that the deposition did not simply fail, but it has
promoted the removal of the lipids composing the third monolayer, as indicated by
the increase of A,,.,,,. For a successful deposition the monolayer area should decrease
upon transfer or stay constant in the case of null transfer. For this reason, the last
monolayer for zwitterionic systems was routinely deposited using the LS technique,
which proved to be more efficient. This problem was not present in the case of
charged monolayers (DPPS), as can be seen in Fig. VII.C.1(a), but we have decided
to apply the same preparation protocol to all the samples for better comparability.

Therefore, the last DPPS monolayer was deposited using LS technique as well.

1.00

0.75}¢

0.50

Transfer ratio TR

0.25}¢

0-005 5 10 15 20
Layer number

Figure VII.C.2 — Transfer ratios for the successively deposited layers at IT = 40 mN/m:
DSPC (m), DPPS (O) and DSPC/DPPS-DPPS (7).

The t.r. values obtained from the analysis of Yy — Apono curves for different
samples are shown in Fig VII.C.2. The values of t.r. are all close to 1, demonstrating
the good quality of the samples. Since all surfaces of the blocks - polished (39% of
the total surface of the substrate) and non-polished (61% of the total surface of the
substrate)- were treated following the same preparation protocol, the t.r. can reach
values larger than 1 if non-polished faces of the blocks get covered with lipids. On
the other hand, t.r. lower than 1 clearly indicates that the deposition quality is poor.
Another interesting effect of the alternating behaviour of the transfer ratio between

odd layers (deposited by moving the block upwards, out of the water subphase) and
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even ones (deposited by lowering the block from air into the water) was noticed.
The t.r. values reported in Fig. VII.C.2 indicate that the transfer efficiency on all the
surfaces of the substrate is higher when depositing odd layers than it is for the even
ones. However, from the analysis of NR and XRR data it was not possible to detect
any difference in the coverage of the different leaflets of the lipid bilayer, despite the
alternating t.r. behaviour. This might be an indication that this behaviour is caused
by the deposition of material on the non-polished faces (which sum up to 61 % of

the total surface).
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APPENDIX D

Structural parameters for highly charged
double bilayers

Table D.1 - Values of structural parameters obtained from the fit of the synchrotron
radiation specular XRR data for the highly charged DPPS double bilayer at T = 40°C.

Parameter Value
psio, [107*/nm?] | 0.67 + 0.02
dsio, [nm] 0.8+1
asio, [A] 1.80 + 0.1
dw,l [nm] 097 +£2
P1ead [1074/nm?] | 0.50 + 0.02
Panead [1074/nm?] | 0.47 £ 0.02
Pt [1074/nm?] | 0.30 + 0.01
P2 [1074/nm?] | 0.27 £ 0.01
p1ch, [1074/nm?] | 0.23 £ 0.02
A1 jread [NM] 0.55+0.2
dz,head [nm] 0.3+£0.2
D1 i [nm] 25+05
D5 4 [nm] 2.1+0.5
d1 cp,[nm] 04+0.2
dw,Z [nm] 051 +1
P3,head [10_4/1’11’1’12] 054 +£0.02
P4, head [10_4/1'11'1'12] 0.50 £ 0.02
P34ai [107*/nm?] | 0.29 + 0.01
Patir [1074/nm?] | 0.30 £ 0.01
pach, [1074/nm?] | 0.18 + 0.02
d3,head [nm] 04+0.2
d4,head [nm] 055 +0.2
D3 4 [nm] 2.6 +0.5
Dyt [nm] 23+05
do,cp, [Nm] 0.3+0.2
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Table D.2 — Values of structural parameters obtained from the fit of the NR data for
a highly charged DPPS double bilayer at T = 45°C. Values without error bars were
tixed during the fitting procedure. For a definition of the parameters see section 2.10.

Parameter Value
dsio, [nm] 1.0+0.1
SLIDSI‘O2 [10‘4/nm2] 3.47
fuwsio, [%] 0
0sio, [Nm] 0.4+0.2
dw,l [nm] 1.1+0.2
SLDwrl [10_4/nm2] SLDsolvent
Ow1 [NM] 0.7+0.2
dp11[nm] 0.7+0.2
SLDj1 [107*/nm?] 2.63
fuo, m1 [%] 10+ 2
Op1/em [NM] 0.2+0.1
dchl [nm] 3.8 £0.2
SLDgy [1074/nm?] | -0.41
fw, chl [0/0] 0
Ochi/ni2 [Nm] 0.2+0.1
dpz [nm] 0.8+0.2
SLDjy5 [107*/nm?] 2.63
fuo, m2 [%] 102
Om2/w [NM] 0.4+0.2
dw,l [nm] 0.6 £0.2
SLDZU,Z [10_4/nm2] SLDsolvent
Ow,2 [nm] 02+0.1
dj [nm] 0.8+0.2
SLDjp; [107*/nm?] 2.63
fu, n21 [%] 10+3
Om21/w [NM] 0.2+0.1
dchZ [nm] 3.8 +0.2
SLDgp [107#/nm?] | -0.41
fw, ch2 [O/O] 0
Ocho/n2e [NM] 0.2+0.1
dhzz [nm] 0.8+0.2
SLDyp, [107* /nm?] 2.63
fuw, n22 [%] 10+3
On22/w [NM] 0.4+0.2
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Table D.3 — Values of structural parameters obtained from the fit of the NR data for a
highly charged DPPS triple bilayer at T = 25°C. Values without error bars were fixed
during the fitting procedure. For a definition of the parameters see section 2.10.

Parameter Value
dsio, [nm] 1.5 + 0.05
SLDsio, [107*/nm?] 3.47
fusio, [%] 0
0sio, [nm] 0.7 +0.1
dy,1 [nm] 1.3+0.2
SLDwrl [10_4/1’11‘1‘12] SLDsotvent
Ow/m1 [Nm] 0.7+0.2
dy11[nm] 09+02
SLDj1 [107#/nm?] 2.63
font [%] 25+ 3
O/ [Nm] 0.3+0.1
dept [nm] 3.5+0.2
SLDgy [107*/nm?] -0.41
fw, chl [0/0] 0
Och/m2 [Nm] 04+02
dy12 [nm] 09+0.2
SLDj» [107#/nm?] 2.63
fu, n12 [%] 29 +3
On2/w [NM] 04+02
dw,2 [nm] 0.3+0.2
SLDwrz [1074/1’111'12] SLDsoent
Ow/h21 [nm] 0.2+0.1
dyp1 [nm] 09+02
SLDjp1 [107#/nm?] 2.63
fu, n21 [%] 2343
Om21/ch2 [Nm] 04+0.1
depp [nm] 3.8+0.2
SLDgp [107*/nm?] -0.41
fw, ch2 [0/0] 0
Ocn2/n22 [Nm] 04+02
dpzo [nm] 09+0.2
SLDjp, [107#/nm?] 2.63
fu, 122 [%] 2443
Op22/w [NM] 04+02
dw,3 [nm] 0.3 0.2
Ow/m31 [Nm] 0.3+0.1
d31 [nm] 09+02
SLDy31 [1074/nm?] 2.63
fw,hSl [(70] 0.1 +£0.02
031/ch3 [Al 03+0.1
depz [Nm] 3.8+0.2
SLDy [107*/nm?] 041
fw, ch3 [0/0] 0
Ocn3/n32 [Nm] 02+0.1
djz2 [nm] 0.9 +0.2
SLDj, [1074/nm?] 2.63
funz2 [%] 10+2
On32/w [nm] 03+0.1
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Table D.4 — Values of structural parameters obtained from the fit of the NR data for a
highly charged DPPC/DPPS-DPPS/DPPC double bilayer at T = 25°C. Values without
error bars were fixed during the fitting procedure. For a definition of the parameters
see section 2.10.

Parameter Value
dsio, [nm] 1.1 +£0.05
SLDsio, [107*/nm?] 3.47
fuw,sio, [%] 0
05i0, [nm] 04+0.2
dy [nm] 0.5+0.1
SLDw,l [10_4/1‘11112] SLDsolvent
0y, [Nm] 04+02
A1 [nm] 09+0.2
SLDyy; [1074/nm?] 1.88
fo,m1 [%] 14+ 2
Omi/e [NM] 05+0.1
dep11 [nm] 1.8 £0.2
SLD a1 [107*/nm?] -0.39
fw, chll [(VO] 0
Ocnin/mi2 [nm] 0.5+0.1
Aep1z [nm] 1.8 £0.2
SLD 15 [107*/nm?] -0.41
fw, ch12 [0/0] O
Ocniz/ni2 [Nm] 0.4+0.1
dp1o [nm] 09+0.2
SLDj1; [107*/nm?] 2.63
f, m2 [%] 10+2
Onizjw [NM] 04+02
dyp [Nm] 0.4+0.2
SLDwrz [10_4/1’11’1’12] SLDsolvent
Owp [Nm] 04+0.1
dpp1 [nm] 09+02
SLDjp [107*/nm?] 2.63
fe, n21 [%] 39+3
Om1/w [NM] 04+0.1
Aepp1 [nm] 1.8 £0.2
SLD 1 [107*/nm?] -0.41
fw, ch21 [0/0] 12
Och1/h22 [Nm] 0.4+0.1
Aenpp [Nm] 1.8 +0.2
SLD > [107*/nm?] -0.39
fw, ch22 [CVO] 10
Ocho/n22 [Nm] 04+0.2
i [nm] 09+0.2
SLthz [10_4/nm2] 1.88
fe, 122 [%] 39+3
On22jw [NM] 04+0.2
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Table D.5 — Values of structural parameters obtained from the fit of the NR data for
a highly charged d;sDPPC/DPPS-DPPS/d;s DPPC double bilayer at T = 25°C. Values
without error bars were fixed during the fitting procedure. For a definition of the
parameters see section 2.10.

Parameter Value
dsio, [nm] 1.1 +£0.05
SLDs;io, [107*/nm?] 3.47
fuw,sio, [%] 0
0sio, [nm] 03+0.2
dy, [Nm] 0.5+0.1
SLDw,l [10_4/1‘11112] SLDsolvent
0y, [Nm] 0.3+0.2
dhn[nm] 0.7+02
SLDj1 [107* /nm?] 5.32
fo,m1 [%] 11+ 2
Opi/em [NM] 05+0.1
dchll [nm] 1.8 +£0.2
SLD a1 [107*/nm?] 6.53
fw, chll [0/0] 0
Ocnii/m2 [nm] 0.3+0.1
Aepiz [nm] 1.9 +0.2
SLD 15 [107*/nm?] -0.32
fw, ch12 [0/0] O
Ocniz/ni2 [Nm] 0.3+0.1
dp1o [nm] 09+0.2
SLDy1; [107%/nm?] 3.13
fw, ma2 [%] 10+ 2
Onizjw [NM] 0.5+0.2
dyp [Nm] 0.5+0.1
SLDW,Z [10_4/1’11’1’12] SLDsolvent
Owp [Nm] 0.3+0.1
dpp1 [nm] 09+0.2
SLDj; [107*/nm?] 3.49
fe, n21 [%] 10+3
01w [NM] 0.5+0.1
A [nm] 1.6 +0.2
SLD 21 [1074/nm?] -0.06
fw, ch21 [0/0] 0
Ocn1/h22 [Nm] 0.3+0.1
Aeppp [Nm] 1.9 +0.2
SLD > [107*/nm?] 6.59
fw, ch22 [CVO] 0
Ochoo/n22 [NM] 0.3+0.1
dio2 [nm] 09+0.2
SLthz [10_4/nm2] 4.53
fe, 122 [%] 10+3
On22/w [nm] 05+02
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Résumé en francais

Le projet principal de ce travail a porté sur I'étude des fluctuations hors d'équilibres de membranes
lipidiques induites par la bactériorhodopsine (BR), une protéine transmembranaire activée par la
lumiere. Un protocole robuste pour l'incorporation de BR dans les systémes mimétiques de membrane
a été développé et les changements structurels induits par l'incorporation et I'activation de la BR ont
été étudiés en détail par réflectivité spéculaire (neutrons et rayons X) et par réflectivité hors-spéculaire
(rayons X). Nous avons pu observer un effet réversible induit par 'activité de la protéine sur la structure
de la membrane et sur ses fluctuations. Ces résultats ouvrent la voie a I'étude du spectre des
fluctuations hors-équilibres d’'un systéme protéo-membranaire planaire, et a I'accés aux propriétés
physiques de la membrane active. Dans un second projet nous avons étudié l'interaction entre deux
bicouches lipidiques fortement chargées. Nous avons finement caractérisé la structure du systéme et
clairement démontré que des interactions attractives existaient entre les bicouches chargées, en
accord avec la théorie de couplage fort.

Les mots-clés : membrane active, bactériorhodopsine, spectre de fluctuation membranaire,
réflectométrie de neutrons, réflectométrie des rayons X, interactions membranaires, théorie de
couplage fort.

Résumé en anglais

The main project of this work was focused on the investigation of out-of-equilibrium fluctuation of
phospholipid membranes induced by light-activated transmembrane protein bacteriorhodopsin (BR).
A robust protocol for the BR incorporation into the membrane-mimic systems was developed and the
induced structural changes caused by BR incorporation and activation with light were probed by means
of neutron and X-ray specular and off-specular reflectometry. The reversible effect of light illumination
on the protein activity (on /off) via its effect on the bilayer structure and fluctuation spectrum was
demonstrated. These results open the way to investigate the active fluctuation spectrum of a planar
membrane-protein system and to access the physical properties of the active membrane. The aim of
the second project was to investigate the interaction between highly negatively charged DPPS lipid
bilayers. We fully characterized the structure of the system and clearly demonstrated that attractive
interactions existed between charged bilayers, in good agreement with Strong-Coupling theory.

Keywords: active membrane, bacteriorhodopsin, membrane fluctuation spectrum, neutron
reflectometry, X-ray reflectometry, membrane interactions, Strong-Coupling theory




