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1. INTRODUCTION

1.1. Membranes and lipids

Every entity is defined by its boundaries, or its outline. Life is not an exception as each
living cell, independently of its origin, is defined by the barrier that surrounds it : the
cell membrane. This limit, separating the inside from the outside of life’s building blocks
is not just a passive barrier but it actively participates in many molecular interactions
and processes that occur at its surface [1-5]. The characteristics of cell membranes have
been investigated since the discovery of the cell in 1665 and James Hook’s invention of
the microscope [6]. The lipid nature of cell membranes was first hypothesized by
Overton in 1895 [7], but the phospholipid bilayer structure consisting of two layers of
phospholipids, shown by E. Gorter and F. Grendel in 1925 [8] and their work on red
blood cells, was a breakthrough leading to the concept of the Fluid Mosaic model
expressed by Singer and Nicolson in 1972 [9]. Figure 1.1 illustrates the concept of the

fluid mosaic membrane.

Glycolipid: lipid with
/ carbohydrate

Glycoprotein: protein with
I & 000 carbohydrate attached
4 attached

Peripheral membrane

protein
Integral membrane Cholesterol
protein

Cytoskeletal filaments

Phospholipid
bilayer

Protein channel

Figure 1.1 : Fluid mosaic membrane illustrations. A : Singer—Nicolson original
representation (1972) [9], B : Current depiction [10].
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The term ‘mosaic’ refers to the heterogeneous structure of the membrane composed of
many molecules of different nature including lipids, proteins, complex sugars among
others. The term ‘fluid” is a dynamic concept, referring to the liquid-like state of the
membrane in which the molecules can freely move laterally. Lipids can diffuse, rotate
and translocate from one leaflet to the other, a process known as flip-flop [11]. The
model postulates that the membrane is a two dimensional liquid, in which proteins are
incorporated. Lipids are thus an inert medium in which proteins perform all functions
associated with the membrane. This is still the most accepted theory even though many
developments have been added to it [12, 13], among which some question the passive

nature of the lipid constituents [14-16].

Headgroup

Figure 1.2 : Representations of phospholipids. A = Schematic representation, B =
Atomistic ball-and-stick model and C = Condensed chemical formula (Image source B &
C : Wikipedia).

Different types of amphipathic molecules are generally found in the lipid content of the
cell membrane : phospholipids, constituents of the larger group of glycerolipids, but
also glycolipids, sphingolipids and sterols. All amphipathic lipids possess a hydrophilic
headgroup and one or two hydrophobic hydrocarbon chains also called lipid tail(s) (see
figure 1.2). The lipid class is determined by the chemical nature of its headgroup (see
figure 1.3), while both the class and the hydrocarbon chains define a specific molecular
species. The hydrocarbon chains, derived from fatty acids, can vary in length, with
generally only even number of carbons, consequence of to their biosynthesis [17]. A
fatty acid chain may also have one or more unsaturations, i.e., double bonds, typically

in well defined positions, in cis conformation.
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For glycerophospholipids (commonly named phospholipids or PL), the fatty acids are
connected to the phosphate side of the headgroup by a glycerol backbone and by a
sphingosine for sphingolipids. Glycolipids are phospholipid- or sphingolipid-like
molecules with sugars as headgroups. These can be attached directly to a phosphate
group, but are, more often, directly linked via a glycerol or a sphingosine backbone to
the hydrocarbon chains. Other more complex lipids such as cardiolipin (CL or bis-PG)
exist, and correspond to the condensation of two phospholipids linked by a central
glycerol molecule, as depicted in figure 1.3. We note also that free fatty acids and

triglycerides, tri-substituted glycerols, can also be found in biological membranes.

POPC o cardiolipin o

o
1] o
PP SN { PGNP ¢ "
O/gg\oo/ O\/\N< — — O/Y\O/F\O'
/W\/E/V\/\/Y I WW/WO H °
g HO~/<H
PM 9 /\/\/\M : O%
5 o _ —FP-.
o o~ AREE
/\/WW o Ty W o0
s O
PM Q H i sphingomyelin H OH Q
OYO_/O/P\O\/?J;SH A/\A/W\/Wo/#\o P
/\/\/\/E/\/\/WO\ § ’ \/\/\/\A/\/\/\n/N\i-| Ho O \/\’T‘J'\
0 (0]
PM 2 HO H POPA
O/X\OBP\O\X/OH /\/\/\/\/\/\/\)CL :
NWWM(O H 07 X o JTom
o) /\/\/\/\=/\/\/\/\”/d H
(0]
PM b po 725 on
o/gfo/ ~0 oH

Figure 1.3 : Main classes of phospholipids found in membranes. Illustrations from [18].
PO stands for 1-palmitoyl-2-oleoyl, the branch fatty acids chosen as a representative
example. PC stands for phosphatidylcholine , PE for phosphatidylethanolamine, PS
phosphatidylserine, PG phosphatidylglycerol, Pl phosphatidylinositol and PA for
phosphatidic acid.

15



Sterols, mostly in the form of cholesterol for mammalians cells, ergosterol in fungi and
$-sitosterol in plants, are found in most eukaryotic cell membranes. Their shape is
based on the steroid ring structure with a hydrocarbon chain and a small hydroxyl
group, conferring them some amphipathic character (figure 1.4). Besides its molecular
structure, being different from other lipid constituents of membranes, cholesterol is not
only a very important molecule in our metabolism [19, 20] but it is thought to be
prevalent in our evolution [21-23]. The biophysical effect of sterols on lipid bilayers has
been extensively investigated, notably with the aim to prove the existence of so-called
lipid rafts [24]. Indeed, sterols have ordering and condensing properties in lipid
membranes [25]. Cholesterol orders the lipid acyl chains and induces a decrease in the
area per molecule, know as condensing effect. Thus, this can lead to a lateral
inhomogeneity in the distribution of specific lipids and proteins in dynamic domains,
commonly named lipid rafts. Their existence and role in physiological conditions is still

debated [26].

Cholesterol

Ergosterol

R-Sitosterol

Figure 1.4 : Structure of the principal sterols of eukaryotic organisms.

The diversity of lipid molecular species in cell membranes is tremendous. And

membranes are even more complex when taking into account the presence of proteins
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and interactions with the surrounding, such as with the cytoskeleton in physiological
systems. In addition, the composition and properties of a membrane are also dependent
on their biological origin and functions [27]. Studying all the different membranes as a
unique, similar entity is thus unsound. Nevertheless, the complexity of cell membranes
often makes it difficult to investigate the contribution of each of the individual
constituents involved in a given biological mechanism. This is the reason why model
membranes, simplified versions of natural systems, mimicking them to some extent,

have been developed and used in various biophysical techniques.

When working with lipids, different model systems can be investigated. Historically,
lipid monolayers at the air/water interface, where the amphipathic molecules arrange
themselves at the interface, were used as a model for half biological membranes.
Relatively easy to handle, the structure of this system is probed mostly with X-Ray and
neutron reflectometry and diffraction [28, 29] but also with ellipsometry, FTIR
spectroscopy or Brewster Angle Microscopy [30, 31]. The main interest resides in the
phase behavior of the (phospho)lipids. In general, for a given temperature and by
compression of a monolayer, it will exhibit phase transitions from a gaseous phase into
a liquid-expanded state to a liquid-condensed one to finally a gel phase. This behavior
cares with the hydrocarbon chain length and unsaturations, similarly ti the effect on
phase transition temperatures, as well as with the specific interaction with other
molecules, such as sterols [32]. Liposomes, or giant unilamellar vesicles (GUV), are a
versatile model system, presenting an inner aqueous compartment, mainly probed by
microscopy and fluorescence techniques [33] for the investigation of the lipid phase
behavior and membrane processes such as pore formation, membrane fusions or cell
adhesion [33-35]. Liposomes present the drawback to have a relatively low stability in
time. On the contrary, the supported lipid bilayer (SLB) system [36], a single flat lipid
bilayer deposited onto a solid surface, is robust and mainly probed by Atomic Force
Microscopy (AFM), Quartz Crystal Microbalance (QCM), X-Ray and neutron reflectivity
[37-40]. SLBs can be formed by the Langmuir-Blodgett method [41], micelle deposition
mediated by surfactants [42], vesicle fusion [43], or solvent exchange [44]. This system
is suitable to observe proteins and molecular interactions with both lipid headgroups
and hydrocarbon region as well as changes in the bilayer structure. Another system,
oriented multilamellar stacks can be investigated via diffraction techniques, but are less

amenable to in-situ interaction studies.
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Concerning neutron scattering techniques and particularly neutron reflectometry (NR),
it is worth noting that most of the work performed on lipids found in literature has been
focused on using synthetic lipid systems [45-48]. If the problems arising from the
complexity of natural mixtures, such as production, compositional analysis, sample
depositions issues and intricate data treatment can be overcome, every observation and

information gathered, as it relates to a more physiological system, is of great interest.

1.2. Deuteration

In a neutron scattering experiment, each element and isotope will interact with
neutrons with a specific strength. By specifically substituting hydrogens with deuterium,
its first isotope, it is then possible to enhance the power of neutron as a probe (the full
concept of contrast variation is detailed in chapter 2.2.1). Deuteration, the production
of molecules where hydrogens are replaced by deuterium, thus becomes fundamental
for soft condensed matter studies as life science molecules usually present a large
number of hydrogens. It is possible to deuterate a molecule either synthetically or
biologically. Both present advantages and drawbacks. Concerning lipids, synthetic
chemistry allows to produce specific and chemically pure deuterated molecules [49],
but the technique is mainly limited by the complexity of syntheses required for building
up (poly)unsaturated lipids. Biological deuteration implies adaptation of a suitable
microorganism to growth in heavy water and subsequent extraction of the lipids, a
process that leads to complex lipid mixtures [50] that can be challenging to separate.
The deuteration can impact both the growth of a microorganism in a perdeuterated
medium, i.e., fully deuterated, and the composition of its constituent membranes in a
manner which is still not well understood [51, 52]. Furthermore, deuterated molecules
can show isotopic effects in their physical and chemical behavior. Chemically, the
carbon-deuterium bond is shorter and stronger than the carbon-hydrogen one. This
characteristic is mainly used for NMR and Infra Red spectroscopy [53]. Kinetics
processes are also impacted by the isotopic substitution [54]. Concerning lipids, the
main physical effect is related to the modification of the gel-fluid phase transition of a
given molecular species. A perdeuterated hydrocarbon chain has a lower phase-
transition, usually around 4°C below the corresponding hydrogenous one [55, 56]. It

has also been shown that the isotopic nature of the surrounding solvent, either light
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water H,O or heavy water D;O, used in vesicle suspensions can impact the

organization of the phospholipids [57].

1.3. Yeasts

Yeasts are members of the eukaryotic organisms called fungi, separated from the other
life kingdoms of plants and animals. Most of its representatives are unicellular
microorganisms that use organic compounds as source of energy: they are
chemoorganotrophs, and do not need light in order to grow. They can grow in both
aerobic and anaerobic conditions and were used by humans historically for
fermentation of sugars and alcohol production such as in bread baking and beer
brewing [58]. Nowadays, with the rise of biotechnologies, yeasts are employed for

many other applications from pharmaceuticals to energy [59, 60].

Our interest in yeasts in this work is two-fold. On one side, there is a biotechnological
research interest. It has been shown that the methylotrophic yeast Pichia pastoris can be
adapted to grow in perdeuterated media and hence used as the source of perdeuterated
lipids [50]. The yeast cell machinery allows accessing a large diversity of lipids
including non-commercially available polyunsaturated phospholipids. Indeed, the
composition of the lipids extracted from biomass relates to physiological conditions. In
consequence the mixture obtained can be used as a model to mimic fungal systems.
Also, by adapting other microorganisms to deuterium all compounds and model
membranes can be obtained in principle [61] including those of potential interest to

medical research. This connects to our second interest, health oriented.

While every year, millions of people suffer invasive life-threatening fungal infections,
the number of available anti-fungal agents is not only limited, but their use is often
restrained due to toxicity, resistance concerns and/or low bioavailability [62].
Furthermore, the mechanisms of action of such drugs are not always fully understood
and use of a representative membrane of pathogenic yeasts could help improving our

understanding of these mechanisms.

Related to the well studied deleterious yeast Candida albicans, Candida glabrata

became a main cause of mucosal and systemic infections during the last decades [63].
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A major limitation to the study of this microorganism is the difficulty to achieve gene
deletions [64]. Some essential genes cannot be deleted and the deletion of others,
impacting several phenotypes at the same time, renders it difficult to understand the
gene function. To overcome these gene deletion limitations, RNA interference (RNAI)
tools have been developed at Lund University [65, 66]. These tools do avoid some of
the limitations expressed before, regulating gene expression rather than simply
switching it on or off. A gene can be kept down-regulated or over expressed depending
on the needs of the experimenter and the use of dedicated libraries allows to cover the
whole genome. This new tool can be exploited to understand the triptych relationship
between the changes in membrane lipid composition, drug resistance and changes in
gene expression of a poorly understood pathogenic yeast. Also, the comparison of the
lipid composition of more or less virulent yeasts and their membranes can provide
insights into the key parameters of the activity of a given drug and their resistance

mechanism.

1.4. Amphotericin B

Among all the clinically used anti fungal molecules, there is an outstanding one
because of its broad spectrum of activity, its efficiency, durability and the relative low
mycological resistances induced over time. As a matter of fact, the polyene macrolide
Amphotericin B, abbreviated AmB, is used as last resort for life-threatening systemic
fungal infections. Discovered in 1955 by Oura et al., and presented in Antibiotics
Annual, the molecule is synthesized by a bacterium [67]. The ring structure is
composed by a hydrophilic side, where the several polar substituents point, and a
hydrophobic one, displaying seven conjugated E double bonds (see figure 1.5). The

amphipathic property is enhanced by the presence of the amino sugar, D-mycosamine.

Figure 1.5 : AmB chemical structure. NH,
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It is important to note that the formulation of the drug evolved over the past 60 years,
principally to lower the nephrotoxicity and side effects caused by the antibiotic [68].
The use of colloidal suspensions and lipid-based formulations allowed to lower the
nephrotoxicity and enhanced the efficiency of the drug [69] without clear evidences of

the reason of such behavior.

Amphotericin B is thought to gain its fungicidal properties by interacting preferentially
with ergosterol, the fungal sterol, and less so with cholesterol, the mammalian one [70,
711. Besides its favorable affinity with ergosterol [72, 73] and its use over decades, the
mechanism of action of this antimycotic molecule remains unclear. However, among
the extensive literature available over a large period of time, it is possible to recount the

evolution of views in few axis.

For many vyears, the aqueous pore formation induced by AmB was the prevalent
hypothesis towards fungal toxicity as studies using many different techniques such as
electrochemistry, fluorescence & UV spectroscopy [74-76] or NMR [77] abounded in
this direction. AmB would bind preferentially to the ergosterol and form aqueous pores
into the fungal membrane, leading to cell death. But contradictory [78] and additional
results were also obtained [79, 80] suggesting that the interaction with ergosterol and
AmB cytotoxicity was not dependent on direct permeabilization of the membrane.
Recently, the hypothesis of the sterol sponge model, where the AmB forms
extramembraneous aggregates extracting the ergosterol from the bilayers, emerged [5].
The removal and sequestration of the ergosterol impact the structure of the membrane
and interfere with the biological processes associated to it [81]. These are thought to be
the basis of the fungicidal properties of the drug. Evidence for this hypothesis along
with the impact of lipid polyunsaturation towards AmB-ergosterol interaction were

recently obtained by neutron reflectometry [16].
Nevertheless, the hypothesis has not yet been confronted to the mechanism of AmB in

cholesterol containing membranes and the reason of the host cell cytotoxicity is still

poorly understood.
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1.5. Objectives of this work

Biophysical techniques are nowadays largely employed to address health-related issues
as well as to sustain the development of the knowledge necessary for a better
understanding of the surrounding world. Deuteration is of paramount importance if one
wants to take advantage of neutron scattering techniques as the contrast variation
method (see chapter 2.2.1) allows to overcome the phase problem inherent to all
scattering techniques while selective deuteration allows to highlight parts of the
investigated system. But neutron-related lipid science is limited by the number and
complexity of commercially available deuterated phospholipids. The development of
efficient deuteration and lipid production methods is thus of major importance.
Biodeuteration allows access to a large diversity of lipid molecules within reasonable
resources. The recovered lipid mixtures are representative of the associated
microorganisms and can be used as relevant model membranes for many biophysical

studies among which drug, protein and/or nanoparticle interactions studies.

Following the work performed by former ILL PhD student Alexis de Ghellinck [82], who
first succeeded with his collaborators to prepare both hydrogenous and deuterated
planar lipid bilayers from yeast lipid total extracts and study by neutron reflectometry
their interaction with AmB, it appeared interesting to pursue more investigations. The
isotope effect and its modulation, the deuteration of pathogenic microorganisms, the
development of a reliable deposition process for such natural mixtures, the structural
characterization of the corresponding bilayers, the quantification of the AmB
mechanism and the molecular process leading to its toxicity effect as well as the impact
of the lipid components on AmB action are the main questions addressed by the present

thesis.
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2. EXPERIMENTAL TECHNIQUES

2.1. Quartz Crystal Microbalance with Dissipation monitoring (QCM-D)

Before being able to structurally characterize supported lipid bilayers with neutrons, it
is usually necessary to determine the conditions for good bilayer deposition onto the
supporting surface. The Quartz Crystal Microbalance (QCM) is a very sensitive device
that allows to probe small changes of the order of a few nanograms in the adsorbed
mass as a function of time. This is achieved by monitoring the changes in the resonance
frequency of a quartz crystal when material is absorbed at its surface. The chip
necessary for such measurements is a piezoelectric thin quartz crystal, with electrodes
on both sides, which will resonate when subjected to an electric field. With an
alternating current, an acoustic wave is created and propagated onto the crystal which
makes it possible to measure the orders and frequencies of the resonances. Quartz is
the material of choice for several reasons including its chemical stability, the low
resistance it offers to wave propagation and the fact that pure quartz crystals are easily

accessible and relatively cheap.

Sauerbrey quantified in 1959 the variation of the resonance frequency of quartz

induced by a modification of the adsorbed mass [83] and developed equation (1) :

2fo”
Sauerbrey’s equation Af = ————=Am (1)
A,Ipq“q

where fo is the resonant frequency, Af is the frequency change, Am is the mass change,
A the piezoelectrically active crystal area, pq is the density of quartz (pq = 2.648 g/cm?)

and Hgq the shear modulus of quartz crystal.
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If the surface area and the density of the adsorbed film are known, it is possible to
determine, from the calculated mass of the film, its thickness. The Sauerbrev relation is
valid only when the deposited film is rigid and does not damp the oscillations of the
crystal. Further development of the technique by Nomura & Hattori allowed the crystal
to stably oscillate in liquids [84] and, by doing so, to use QCM to investigate molecular
interactions and adsorption to many different types of surfaces from solution. However,
the Sauerbrey equation does not work for soft viscoelastic films often formed by
proteins, lipids and other biomolecules. In such cases, a viscoelastic model is employed
to interpret the data, where the viscoelastic response of the film is probed by the
dissipation of acoustic energy. When an electric field is applied to the crystal with a

viscoelastic adsorbed film, the oscillations of the crystal decay exponentially with a

given characteristic time T, according to equation (2), as illustrated in figure 2.1.
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Figure 2.1: frequency and dissipation QCM-D signals depending on the viscoelasticity
of the probed system (Image from biolinscientific.com)

From equation (2), we can obtain the resonance frequency f, and the characteristic time

T, and we can then calculate the dissipation factor D defined as in equation (3) :

D= 1 _ Edissipated (3)
nft 2nE

initial
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The initial (Einiia) and the dissipated (Edissipated) €nergy taken into consideration
correspond to an oscillating period [85]. Af and AD can be linked to the characteristics
of the adsorbed layer but modelling, based on electrical or mechanical circuits, must be

performed. Two models are commonly used : the Maxwell and the Voigt models [86].

In this case, QCM-D was used as a qualitative tool to investigate the conditions of lipid
deposition, and in order to avoid too many assumptions, only the resonance

frequencies (Af) and dissipation (AD) will be presented in the results section, chapter 4.

2.2. Neutron Reflectometry (NR)

2.2.1. Principles and contrast variation

The neutron is a sub-atomic fundamental particle discovered by James Chadwick [87]
in 1932 after Rutherford predicted it in 1920. The neutron has a high penetration depth
in most materials because it interacts weakly with matter and thus represents a non
destructive probe. Indeed, as opposed to X-Rays interacting with electrons, neutrons

interact with the nucleus of an atom via the strong nuclear force. Due to the wave-

particle duality, we can associate: (i) a wavelength A to each neutron by applying the de

Broglie equation (4) :

A=——0 (4)

where h is Planck’s constant, m, the mass of a neutron and v the velocity; and, (ii) a

related energy for each neutron with equations (5) :

2
E= h
2m A’

®)

The energy of the neutrons defines their wavelength and their applications in structural
and dynamical studies of materials. We differentiate cold neutron, energies ranging
typically from 10> eV to 0.025 eV, from thermal neutrons with energy around 0.025 eV

and fast neutrons with energies higher than eV.
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At the ILL, neutrons are produced by fission of highly enriched uranium (33°U) in a
nuclear reactor. Cold neutrons are obtained making use of a cold source, a secondary
moderator slowing down both fast neutrons coming from the core and thermal neutrons
coming from the primary moderator through successive collisions of the neutrons with
the atoms of the cold source. It usually consists of a small vessel, in place close to the
center of the reactor, maintained at very low temperature (25K = -248°C). In
consequence, the cold neutrons obtained have energies corresponding to wavelengths

in the range of 2 to 40 A suitable for investigating matter at the nanometer length scale.

Most of the work performed in order to characterize the phospholipid bilayers
presented in this manuscript, involved neutron scattering techniques. The choice of
such an uncommon characterization tool finds its origin in the properties of neutrons

and the nature of the samples investigated.

Neutron scattering is defined by the change in direction of the neutron implying a
change in the momentum transfer vector Q, a change of its energy AE or a change in its

spin orientation. The magnetic properties of neutrons are not used in this work and
therefore they are not discussed. Also, only elastic scattering events will be considered,

and thus we are interested only in the change of the momentum transfer Q.

The neutron wave function is given by the Schrodinger equation :

Hy = Ey (6)

2

v ) = Ey @)
2mn

Where () is the neutron wave function, E its energy and m, its mass. h is Planck’s

constant divided by 2n and V(r) is the potential energy operator that describes the
interaction of the neutron with the surrounding matter. By considering the neutron as a
propagating plane wave, by convention in the z direction, V(r) can be expressed as in

equation (8) for an assembly of nuclei situated in the xy-plane at positions r;:

V(r) 2b5 (R—r) (8)
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where R is the neutron position. The & function implies that V(r) is different from 0 when

R = rj. The thermal neutron wavelengths (~10-19 m) are much larger than the radii of the
nuclei (~101> m), thus they are defined as point-like scatterers. Finally, the coherent
neutron scattering length represented by the constant bj, characteristic to each type of
nucleus, essentially measures the strength of interaction between a given nucleus and a
neutron. The Born approximation assumes that due to the weak interaction of neutrons
with matter, and given the fact that we investigate thin films, the probability of two
scattering events occurring for one neutron is null. We can then define p as the
scattering length density (SLD) of a given homogeneous material with the following
equation :

p= by, (9)

j

where v; is the molecular volume of the atom j. The unit obtained for SLD is A-2.

By looking at the coherent scattering lengths (figure 2.2) of different atoms, we can

observe that neutrons are almost equally sensitive to light and heavy elements.
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Figure 2.2 : Scattering power of neutrons depending on elements and isotopes [88].
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The scattering force is not increasing linearly with atomic number as for X-Rays, but
seems erratic while going across the periodic table. We also note that the neutron
scattering length differs between isotopes of the same element. Using neutrons as a
probe thus gives the ability to differentiate isotopes, which forms the foundation of the

contrast variation method.

Contrast variation is a key element in the use of neutrons for soft-matter systems and
mainly utilizes the difference of scattering power between the most common atom in
the universe, Hydrogen 'H (one proton, no neutron), and its first isotope, Deuterium (<
0,012% natural abundance on earth - one proton and one neutron) equally expressed
as 2H or D. Among all the isotopes, those two present a significant difference in
scattering length enhanced by the negative value of hydrogen. Another important fact is
the high concentration of hydrogens in ubiquitous molecules for life with water as first
and major example. Indeed, by mixing light water (H2O) and heavy water (D;0O), it is
possible to access a large range of neutron SLD values which is often used to vary the

contrast of aqueous samples.

8
4 100% deuterated
6 ] mixture

5_| 50% deuterated

& | protein -

5 AN Figure 2.3 : Generic neutron

o

S 3] contrast match chart in aqueous
= hydrogenated conditions [89].

n 24 protein

phospholipid

Percent D,O in solution

Figure 2.3 displays the SLDs values of the main classes of biologically relevant
molecules in the range allowed by mixtures of light and heavy water, represented by the
black line, from -0.56 to 6.36 10'%cm? (or 10® A-2). Indeed contrasts are reached by
increasing (D20 > H>O) or decreasing (D20 < H2O) the amount of deuterium in the
medium. Proteins and DNA are shown to have their SLDs increasing more or less as the

percentage of D2O increases. This is due to labile hydrogens that can be exchanged
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with the deuterium present in the surrounding medium. This modification in
composition impacts the overall scattering length density of the molecule which

increases as H is exchanged with D.

We also note that a phospholipid is represented with a constant SLD, reflecting absence
of labile hydrogens. This is not true for all phospholipids but is verified for
phosphocholines, the synthetic phospholipid’s class mostly in use in biophysical studies
[11, 32, 39, 42, 44, 46-48]. Indeed, if the aliphatic chains of the phospholipids does
not contain labile hydrogens, the headgroup, depending on its nature, sometimes can.
It is thus important to assign a correct SLD to each phospholipid in relation to the
contrast employed. Those calculations and assignments in relation to the samples

investigated in this work are detailed in chapter 3.5.1.

Hydrogenous sample

Si SiOz Si SiOz CMSi Si  SiO2

Deuterated sample

Figure 2.4 : The principle of contrast matching of lipid bilayers in aqueous solution
where the surroundings and the sample nature determine how well we ‘see’ it with
neutrons. CMSi stands for Contrast Match Silicon. Note that the Silicon SLD (2.07 10
A2) is similar to that of the hydrogenous phospholipid headgroups.

The intersection points with the black line displayed in figure 2.3 allow to ‘match out’,
i. e. render invisible to neutrons, a specific compound (or part of it) while using neutron
as a probe in the corresponding mixture of light and heavy water. By modifying the
surrounding of a sample, we modify the ability to ‘see’ it while illuminated with

neutrons. Deuteration of components of a given sample, and not only the surrounding,
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is also possible when deuterated molecules are accessible, and is extensively used for

gain of contrast. These concepts are depicted in figure 2.4.

The contrast variation method is also of prime importance for solving the phase
problem. As for all other scattering techniques, the phase of the neutrons, contained in
the amplitude of the scattered waves, is lost during neutron scattering measurements
that record only the intensity of each reflection. Contrast variation can be used to
measure several sets of data from the same sample in different scattering contrasts,
which allows to narrow down the number of possible solutions to the phases by

simultaneous fitting of all the scattered data [90].

2.2.2. Neutron Reflection from an interface

Investigation of surfaces via neutron reflectometry allows to probe simultaneously,
without damaging the samples, the thicknesses of adsorbed layers at different interfaces
(solid/air, liquid/air, liquid/liquid or solid/liquid as it is the case in the present work),
their roughnesses and their nuclear composition in the direction normal to the interface
[37, 90].
V4
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Figure 2.5 : lllustration of neutron specular reflection and transmission on a flat
interface between two media of different scattering length densities p; and p2. ki is the
incident wave vector, ki and k: respectively the reflected and transmitted wave vectors

(k=2m/4); 01 is the incident and reflected angle and 0: the transmitted one. All angles

are in the xz-plane. qi and q: are the scattering vectors (q = 2k sin@).
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For specular reflection, i.e. the angles of incidence and reflection are equal, the change
of momentum arises from the fact that on a homogeneous surface, given equations (8)

and (9), the Fermi pseudo-potential of the incident neutrons is :

h*p

V(r)=
) 2rm.

(10)

For homogeneous media in the xy-plane the potential can only be function of z. Thus,

the wave function can be averaged over y and we obtain :

w(x,z)=e"y(z) (11)

where kx is the wave vector parallel to the interface, invariant in the case of elastic

scattering events. Combining the Schrédinger equation (7) with (11) we obtain :

2

Y
07’

+qw =0 (12)
with g, the momentum transfer or scattering vector normal to the interface defined as :

8n’m
qz(z) = h2

2 E-V(z)]- Kk (13)

When the neutron wave impinges on the surface, it will be partially reflected and
partially transmitted. The probabilities of reflection and transmission are respectively

expressed with r and t coefficients. Thus,

e 4 e~

i0,2) (14)

w(z)=

te'

z is positive for reflections and negative for transmissions (see figure 2.5). Also, since at
the boundary condition (at z=0), ¥(z) and its derivatives are continuous, r and t must

respect :
T+r=t (15) and q,—qr=q,t . (16)

The scattering vector qi and q, respectively for reflection above and refraction below

the interface, are depicted in figures 2.5 and 2.6.
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q1_q2

It is hence possible to express the probability of reflection r as : r= g, + (17)
177 M
. - 29
and the probability of transmission tas : = ! . (18)
q,+4q,

These two coefficients are the Fresnel reflection and transmission coefficient at a planar

interface between two homogeneous media.
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Figure 2.6 : lllustration of neutron specular reflection and transmission on a flat
interface, optical considerations. All parameters were defined in figure 2.5.

For elastic scattering, as shown in figure 2.6, kicos@i = kocos6, (19)

and the momentum transfer vectors are g1=kisin@1 and g.=kssin6- (20)

Also, k2 =k +q (1)
- _ , 8r’m

So, combining (21) and (13) we obtain : kl. = e L(E— \/I.) (22)

The neutron refractive index, can be defined using the convention in optics :

n.= ﬁ (23)
12 k1
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CcOoS 6?1

Snell’s law is obtained when combining (19) and (23) : n,= (24)
coso,
E-V
And combining (23) and (22) : n,= Y (25)

By expressing the energy from de Broglie relation (5) and the potentials as in (10) into
(25) we obtain a first relationship between neutron refractive index and scattering

length densities :

T—pA°
m,= —12 (26)
T—p,A
/12
Simplifying to firstorderas:  n =1- 2—(p2 -p,) (27)
T

If we consider that total reflection occurs when 62=0, we obtain through Snell’s law :

2

A
c050C=1—%(p2—p1) (28)

where 6. is the angle of total reflection. It was demonstrated that the reflection occurs at

the interface between two different homogeneous media, but from (28), we can state
that total reflection is only observed when the wave propagates from a medium with a
lower scattering length density towards one with a higher scattering length density. The

associated critical momentum transfer Qc is given by :

4sin@
= ¢ 29
QC 1 (29)
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2.2.3. Neutron Reflection from an adsorbed layer

In soft matter experiments, it is often of interest to investigate thin films adsorbed at an
interface. The presence of a film represents a further complication as two interfaces
have to be considered although the Born approximation allows useful simplification.

The geometry, simplified to only one dimension since we consider only specular

reflectivity in this work, is depicted in figure 2.7.

Figure 2.7 : Representation of reflection from a thin film. With the wave vectors ki and
ki and angles of reflection and transmission 6; and 0 described as previously. ri2 is the

coefficient of reflection occurring at the interface between media 1 and 2 while t;2 is the

related transmission coefficient. 83 corresponds to the angle of refraction at the interface

between media 2 and 3. p1, p2and ps, are the SLDs of the different media.

By maintaining energy conservation and given the Born approximation for thin films,

we can write the reflection amplitude as :

2iB
h, t1,€

R= (30)

2ip
1 + r12r23e

with B, the phase difference of a wave that has travelled through the layer once, defined

as .
B. = %nirisinei (31)

where 7 is the thickness and niis the neutron refractive index of a given film i.
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The reflection intensity, squared modulus of the total reflection coefficient, is :

2 2
R=’B’2 _ ro+r,+2r.r, cos2f (32)

1+ (r,r,)* +2r,r,,cos 23

12123
Note that if fringes are visible in the g-range investigated during the experiment, it is

possible to estimate the thickness 7, of the layer from the positions of the reflectivity

maxima and minima, as they will occur at cos2p= +1. Thus :

2

== 33
T AQ (33)

2.2.4. Neutron Reflection from several adsorbed layers : The optical

matrix method

The previous case can be more complex if we consider several layers of homogeneous,
smooth materials with different SLDs. With j layers and j-1 interfaces, r and t
calculations soon become tedious. A more convenient way known as the optical matrix
method, developed by Abeles [91], allows expressing the reflectivity of such complex

systems in @ more compact manner.

A matrix describing reflection and transmission for a given layer j can be defined as :

i —isinﬁj ]
[/\/I ]: cos f3, —q. )
J j
g, cos f3,

We note also that real surfaces have a complex structure presenting shape irregularities
and deviations from the perfectly flat smooth form. For silicon crystals for example, a
very smooth surface is obtained by polishing, but some height irregularities are still
observable, at length scales larger than the interatomic distances. This roughness

appears to the incident neutrons as interdiffusion of the two materials at the interface,
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and is often also evident for adsorbed layers. Roughness can be taken into
consideration in the optical matrix description of the scattering process by a Gaussian
smoothing function of the otherwise sharp step in the scattering length density profile.

The corrected reflection coefficient r* can thus be expressed as :

rt= re 2 (35)

with r; the reflection amplitude without roughness and o the standard deviation of the

gaussian equation related to the mean interfacial roughness.

We can then express (34) as another matrix taking into account layer thickness = and

the neutron refractive index via B (31) as well as roughness ¢ from (35) :

eiﬁ( j-1 rj+eiﬁ(,>1)
M=l (36)
rfe 70UV TU

J

The total reflection amplitude arising from several adsorbed layers corresponds to the

product of the matrices of all layers :

(M]=TIM™, (37)
The corresponding reflection intensity is then given by :

m,.m
— = (38)

1122
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2.3. Membrane Diffraction

2.3.1. General principles and theory

Diffraction occurs when a neutron interacts with a structure that is roughly of the size of
the neutron wavelength. If an elastic scattering event occurs, the energy of the neutron
is conserved. As before, the momentum transfer along a particular direction can thus be
expressed as :

Q=2kisin9=4L):m9 (39)

Moreover, the Bragg’s law defines the distance d separating two atoms, or two
diffraction planes leading to positive interferences of the reflected wave which leads to

a diffraction pattern with distinct maxima.
2dsin@ = nAi (40)

Where n is the order of the Bragg reflection. n indicates that, in order to have
constructive interference from individual lattice planes the optical paths must differ by

an integer half-multiple (n/2) of the wavelength.

Figure 2.8 : Representation of multilayer diffraction with Bragg planes and atom
positions (A) and corresponding stack of lipid bilayers (B).
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Diffraction experiments can be conducted in two ways : either by selecting a

wavelength and modifying the incident angle @ by rotating the sample, or by fixing the

angle while using a distribution of wavelengths in a time-of-flight experiment. Only the
first case is developed in this chapter as it corresponds to the configuration employed in

the experiments carried out.

The amplitude of scattering emerging from a collection of N atoms at position rj is

defined as :

A(Q) = ij exp(iQ.r) (41)

J=1

where bj is the nuclear scattering length of the j" atom and since the intensity 1(Q) is

defined by the squared modulus of the amplitudes |A(Q)|?, for pairs of atoms j and k :

I(Q)= ijbk exp[iQ.(rj — rk)] (42)
ik

Neutron diffraction was historically used to locate the absolute atomic positions in a
crystalline structure [92], whereas equation (42) uses as information a relative
separation of pairs of atoms j and k. Lipid multilayers can be seen as liquid-crystalline
structures and fluctuations are inherent in soft condensed matter samples. Nevertheless,
a typical diffraction pattern for stack lipid multilayers gives you several types of
information, including the degree of mosaicity of the sample. A very ordered sample,
where the interatomic distances are constant and repeated over large distances, such as
in crystals, will give very sharp and intense Bragg peaks. Mosaicity arises from
misalignments of the different atom planes in different crystalline domains, and results

in diffusion of the Bragg peaks. In consequence, a very ordered stack of multilayers

where the symmetry is nearly perfect will diffract many intense Bragg peaks over 20

whereas fluctuating or misaligned multilayers will not allow the observation of many

Bragg peak(s). Moreover, the angular positions and intensities of 20 of the diffraction

peaks are linked to the crystal structure of the sample. Thus the peak positions and the

associated real space distance(s) allow to determine the three-dimensional lipid
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architecture, i.e. crystal structure of the lipid phase. Indeed, as supramolecular self

assemblies, lipids can take different forms (figure 2.9).
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Figure 2.9 : Lipid polymorphism I. Lamellar phases: (A) subgel, Lc; (B) gel, untilted
chains, LB, (C) gel, tilted chains, LB’; (D) rippled gel, PB’; (E) fully interdigitated gel,
LBint; (F) partially interdigitated gel; (G) mixed interdigitated gel; (H) liquid crystalline,
La. Il. Mesomorphic (liquid crystalline) aggregates of various topology: (A) spherical
micelles; (B) cylindrical micelles (tubules); (C) disks; (D) inverted micelles; (E) a
fragment of a rhombohedral phase; (F) lamellae (G) inverted hexagonal phase; (H)

inverted micellar cubic phase; (]) bilayer cubic Im3m phase; (K) bilayer cubic Pn3m
phase; (L) bilayer cubic la3d phase. Adapted from [93].

This polymorphism is dependent on the lipid chemical composition as well as external
parameters such as temperature (thermotropic phase transitions), pressure and water
content (lyotropic phase transitions) when the aggregation process is driven by the
hydrophobic effect. It is thus important to take into consideration the possibility of
observing other phases than the lamellar phase in diffraction experiment. The orders of
reflection, the Bragg peak positions, the intensities and the diffraction patterns usually
allow to determine the lipid phase without uncertainties but in the case of natural lipid

the low number of diffraction order often obtained may lead to misattribution [94].
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The scattering vector is inversely proportional to a real-space distance; thus, from the g-
positions of the n" and n+1t order Bragg peaks in the collected data, the characteristic

lamellar d-spacing is calculated according to :

d= o (43)

C7n+1 o qn

The d-spacing includes the thickness of a lamella in the multilayer and the thickness of

the water layer present between two subsequent lamellae.

2.3.2. SLD distribution

The main advantage of neutron over X-Ray diffraction is the possibility of contrast
brought by deuteration. It is thus possible to determine the water and various
component distributions at atomic level through thoughtful use of deuteration.

Moreover, data do not need extensive model fittings as for neutron reflectometry.

Historically, membrane diffraction experiments are employed in order to reconstruct the
SLD distribution within the unit cell representing the lipid bilayer by measuring a given

sample in different contrasts. This is possible because the intensity of the diffraction

peaks is modulated by the form factor F(p) which characterizes the neutron scattering

length density distribution within the cell unit. In the case of a layered structure, the
form factor is given by the Fourier transform of the SLD distribution along z, thus the
intensity is :

d/2

2 izQ, 2
= J ‘punitcell (Z)e dZ (44)
—d/2

‘S(Q )2 ~‘F(punitcell)

z

In the case of a centrosymmetric system, p(z)=p(-z), so :
d/2
S(Q)= | cosizQ,p(z)dz (45)

—-d/2

and has for only solutions -1 (cos(0)) and +1 (cos(180)). In order to define the phase

amplitude, we fix the center of symmetry at the center of the water layer sandwiched in
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between two phospholipid bilayers and vary the isotopic distribution by contrast
variation of the water phase. By doing so for different isotopic mixtures, given that :

d

- 2 2rz
pH(Z):PH“LgZi\“(”)COS( ] (46)
it is possible to retrieve the phase information for each peak from :

p,(z)-p, (2) (47)

In our case the SLD values based on lipid analysis were verified with reflectometry,
however membrane diffraction can map the variations in the scattering length density
distribution with a better resolution than reflectometry. But practically, a limiting factor,
especially for deuterated natural lipids, is that diffraction experiment requires a large
amount of sample in comparison to reflectometry. It is also worth noting that the water
present in diffraction experiments is in a vapor rather than in a liquid phase. This
sample restriction is necessary since the oriented stacks are not stable on a vertical

geometry in liquid water.
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3. MATERIALS AND METHODS

3.1. Materials

Pichia pastoris GST15A strain was obtained from Invitrogen (USA), hydrogenous
glycerol C3HsOs (purity > 99.5%) was purchased from Euromedex (France) and its
deuterated version (d8, purity > 98%) from Euriso-Top (France). All the salts needed for
yeast growth were acquired from Sigma Aldrich (France) and used as received. Sodium
chloride NaCl (= 99.5%), anhydrous calcium chloride CaCl, (= 99.0%), sulfuric acid
H2SO4 (95 - 98%), hydrogen peroxide solution H2O2 (> 30%), chloroform CHCls (>
99.8%), methanol CH4O (= 99.8%), acetic acid glacial C;H4O2 (= 99.5%), ethanol
CoHeO (> 99.8%), dimethyl sulfoxide C2HsOS (> 99.9%), acetone C3HsO (> 99.8%),
isopropanol C3HsO (> 99.5%), Ethyl acetate C4HgOz (> 99.5%), diethyl-ether C4H100 (>
99.7%), n-hexane CsH14 (> 99.0%) and heptan C7H16 (> 99.0%) were purchased from
Sigma Aldrich (France) and used without further purification. 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (h-POPC) was purchased from Avanti Polar Lipids (USA) and
the perdeuterated (d-82)POPC was synthesized chemically [49] and provided by the
National Deuteration Facility (NDF, Australia). Cholesterol (h-Chol) and ergosterol (h-
Erg) were obtained from Sigma Aldrich (France). Deuterated Cholesterol (d-Chol) was
produced and purified by the Deuteration Laboratory team (D-Lab, ILL) [95], and
deuterated ergosterol (d-Erg) was purified from deuterated yeast lipid extracts, as
explained below. Amphotericin B C47H73NOq7 (from Streptomyces sp., purity ~80%)
was purchased from Sigma-Aldrich (either France or Australia) and used without further
purification. H,O was taken from a purifying system (MilliPore; resistivity >18 MQ.cm)
and D20 (> 99%) was provided by Institut Laue-Langevin (ILL) and the Australian
Nuclear Science and Technology Organization (ANSTO). The deuterated methyl
pentadecanoate (Cis.0 Me) was synthesized by the STFC Deuteration Facility at the ISIS
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Neutron and Muon Facility in Didcot (UK). All other phospholipid and fatty acid
standards for chromatographic uses (liquid and/or gas) were purchased either from
Avanti Polar Lipids (USA), Sigma Aldrich (France) or Larodan Fine Chemicals (Sweden).
80x50x15 mm? silicon single crystals polished on the (111) face to a typical roughness
of < 3A were purchased from Synchrotronix (France) and used for neutron reflectometry
(NR) measurements whereas thin silicon wafers (40x30x0.5 mm?) acquired from Silicon
Materials (Germany) were used for neutron diffraction experiments. 80x50x15 mm?3
sapphire crystals (random orientation) were purchased from PI-KEM Limited (UK).

Quartz crystal sensors QSX303 were bought from Biolin Scientific (France).

3.2. From yeasts to lipids

3.2.1. Yeast growth

3.2.1.1. Pichia pastoris

For the neutron reflectivity and diffraction experiments, Pichia pastoris (GST15A strain)
was grown in the Deuteration Laboratory (D-Lab) at ILL in either hydrogenous or
deuterated conditions following the same protocol as previously published [50].
Briefly : the cells were grown first at 30°C in Pichia growth medium called Buffered
Glycerol-complex Medium (abbreviated as BMGY) in a shaking flask tapped with a
vent cap for a couple of days. 2mL of this culture was added into 500mL of minimal
medium (BSM) and grown at 30°C with permanent shaking for 2-3 days. Cells were
harvested by centrifugation when the optical density at 600nm (ODeoo) reached 20. This
corresponds to the early exponential phase and allows good recovery and
reproducibility in the cell phospholipid content and composition. In order to grow in
perdeuterated conditions, the yeast needed to be pre-adaptated. Thus, TmL of the
hydrogenous first culture was diluted into 100 mL of perdeuterated BSM for 5 days and
inoculated again few times in freshly made perdeuterated BSM medium until the
growth rate improved (~3 inoculations needed). The adapted yeast was then inoculated

in a 500mL deuterated batch as explained above for hydrogenous conditions.

With the aim of studying the effect of the carbon source on the yeast lipid composition,

two others conditions were investigated for the growth of the Pichia pastoris (GST15A
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strain) in both hydrogenous and deuterated media. In the first case, a growth with
glycerol, as previously described, was followed by addition of methanol into the
medium whereas in the other case, methanol was used as unique carbon source. The
first condition corresponds to the protocol used for deuterated protein production [96].
Besides the changes of carbon sources, the procedure had to be adapted as such : in
the first case the cells were initially grown until ODeoo= 50 before centrifugation and
resuspension into BSM to which was added 1% (in volume) of methanol per day, over
17 days. In the second conditions, inoculation at ODego= 1, instead of the usual 0.1, in
BSM was necessary in methanol-only conditions in order to allow cell growth at first.
The amount of methanol used as carbon source was fixed at 0.5% v/v of the final
volume of the medium and added everyday. Cells were harvested at ODsoo= 30.

Perdeuterated cholesterol, purity > 98%, was produced by the ILL D-Lab in Grenoble
using the recombinant cholesterol producing Pichia pastoris strain CBS7435
Ahis4Aku70 Aerg5::pPpGAP-Zeocin™-[DHCR7] Aerg6::pGAP-G418[DHCR24] [97],
after adaptation to growth in deuterated minimal medium. Details of the production
and purification performed by the D-Lab in collaboration with the Austrian Center of

Industrial Biotechnology in Gratz (Austria), will be published elsewhere [95].

3.2.1.2. Candida glabrata

The potential pathogenic yeast Candida glabrata was grown as a candidate for
deuteration, lipid production and investigation of the relationship between genetic

variation and virulence factors/resistance to AmB.

A C. glabrata gene library was created using a plasmid (P1226) by Olena Ishchuk at
Lund University. The resulting gene library of plasmids, covering at least fifteen times
the genome of C. glabrata, was used to transform the C. glabrata strain with a
reconstituted RNA interference (RNAi) pathway. RNAi is an ancient regulatory
mechanism for eukaryotic gene expression [98] that has been lost by most of the
budding yeasts even though it is present in many organisms. But after Saccharomyces
castellii was found to possess the full RNAi machinery [99], it was shown that the RNAI
machinery could function in C. glabrata by silencing reporter genes [100]. The strain

Y1662 carrying this RNAi machinery based on the clinical BG2 isolate Y1630
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described by Cormack & Falkow (1999) [101] and previously Fidel et al. (1996) [102]

was thus created.

By introducing a plasmid carrying an antisense or a hairpin genetic element into C.
glabrata with a reconstituted RNAi pathway, it is possible to specifically down-regulate
the target gene. On the other hand, a sense fragment allows over-expression of a gene.
Thus both sense and antisense DNA fragments can determine the transformant’s
phenotype [103] which, in this work, was focused on the antifungal drug resistance

towards AmB.

The phenotype of around 2000 transformed colonies were screened by Olena Ishchuk
for altered resistance/sensitivity towards a range of AmB concentrations (0.25 — 1 pg/
mL) on solid media. The plasmids and the inserted sequences were isolated from 15
hits. The plasmids were then retransformed into C. glabrata and the phenotype
(resistance/sensitivity towards AmB) verified after retransformation. Twelve were found
to show the same phenotype in both rounds of screening [103]. Two of these strains

were selected for firsts analytical and structural characterization experiments (Table 1).

Plasmid name  Gene - AmB AmB Type of
ene

/ strain name info sensitive  resistant plasmid

61 (Y2310) CSM1 CAGLOE00539g + antisense

81E18 (Y2311) CAGLOLO0157g + antisense

Table 3.1 : Summary of the plasmids associated to the strains that were selected for the
first characterization experiments with respect to analysis of lipid contents due to their
sensitivity/resistance toward AmB.

Thus, the four C. glabrata strains used in this thesis are Y1630 (clinical isolate BG2),
Y2296 (transformed Y1662 with empty plasmid), Y2310 (transformed Y1662 with
plasmid 61 - see table 3.1) found to be more resistant in the screening against AmB
than Y1630 and Y2296, and Y2311 (transformed Y1662 with plasmid 81E18 - see table
3.1) found to be more sensitive in the screening towards AmB than Y1630 and Y2296.

For lipid production purpose, pre-culture of the four different C. glabrata strains listed

above were prepared by direct inoculation of the cells, from stock cultures kept at
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-80°C, to 3 mL of hydrogenous minimal medium SDG (2% glycerol, 1.92 g/l YNB
without amino acids and (NH4)2SO4, 5 g/L (NH4)2SO4, H2O, pH 6.0,) and grown at 25°C
while shaking at 200 rpm. Cells were grown for up to 7 days until they reached the
ODeoo sufficient for inoculation to ODeoo = 0.1 of 250 mL of either hydrogenous or
deuterated minimal media SDG (h-glycerol and H>O in the first case and d-glycerol
and DO in the second case), all other constituents being unchanged, in a 1L
Erlenmeyer flask kept at 25°C and shaking at 200 rpm. Cells were harvested by
centrifugation after 5 days of growth (hydrogenous conditions) or 10 days (deuterated

conditions).

3.2.2. Lipid extraction

The yeast cells were harvested, according to the ODsoo values, by centrifugation quickly
followed by freezing the cells in liquid nitrogen before being placed in a freeze-drier
overnight. The lipids were then extracted from the dried yeast cells according to the
modified Folch extraction procedure [104] as previously described by de Ghellinck et
al. [50]. In brief, after grinding a pellet in a frozen mortar over dry ice, the powder was
suspended in boiling ethanol for 5 minutes to prevent lipid degradation by lipase
enzymes. Lipids were extracted by addition of methanol and chloroform at room
temperature and the mixture was saturated with argon and stirred for at least 1 hour.
After filtration through ethanol-cleaned glass wool, cell remains were rinsed with a
chloroform/methanol solution 2:1 (in volume) and NaCl 1% was then added to the
filtrate. After saturation with argon and phase separation, the lower phase (mainly
chloroform) containing the lipid extract was recovered and dried. As the organic phase
contains methanol and a small portion of water, some water-soluble molecules can be
dissolved into it. In order to remove these components, a final extraction with pure
chloroform was performed. The total lipid extract obtained after drying the chloroform

was stored at - 20°C until further use.

3.2.3. Analysis and quantification

The lipid analysis was adapted from the method presented in de Ghellinck et al. [50].

The total lipid extract, as described earlier, was dissolved in the minimum amount of
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chloroform and the equivalent of 200 pg of lipids was deposited on a 20x20 cm glass
plate coated with silica (silica gel 60, Merck) using a Hamilton syringe. In order to
perform a two-dimensional thin layer chromatography (2D-TLC), a first elution was
performed followed by a second one after the plate has been dried under vacuum - or a
stream of argon - and rotated of 90°. The solvent systems used were chloroform/
methanol/water (65:25:4, in volume) and chloroform/acetone/methanol/glacial acetic

acid/water (50:20:10:10:5, in volume).

- Apolar
fractions

CL

PE

Pl
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PC

Figure 3.1 : TLC systems and lipid attributions based on comparison with standards.

(A) 2D TLC with solvent systems chloroform/methanol/water (65:25:4, in volume) and
chloroform/acetone/methanol/glacial acetic acid/water (50:20:10:10:5, in volume)
used respectively for migration 1 and 2. The plate was revealed under UV light at 366
nm. (B) One-dimension TLC with chloroform/methanol/glacial acetic acid (65:28:8)
used as solvent system. Revealing agent : I> vapor.

Due to the well defined constituents of the lipid mixtures, a simplified separation [105],
using a unique elution with chloroform/methanol/acetic acid (65:28:8) as solvent
system was performed in order to decrease the time of analysis and thus the probability
of degradation of phospholipids. Indeed, in contact with oxygen and/or light, lipids can
either be oxidized or decomposed [106], modifying the composition over time and so

the relevance of the mixtures.
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Lipids were visualized either under ultraviolet light (UV) after the plate was stained with
8-anilino-1-naphthalenesulfonic acid (2% in volume in MeOH), or using Il vapor
without previous staining (figure 3.1). The marked spots, assigned with respect to
standards, were scraped off the TLC plates using a spatula. Each recovered silica spot,
corresponding to different lipid fractions was placed in a capped tube to which 10 pL of
a 0.5 pg/pL solution of hydrogenous methyl pentadecanoate was added as an internal
standard for gas chromatography analysis. Hydrolysis of the phospholipids and
methylation of the fatty acids were then performed by addition of 3 mL of H,SO4 in
methanol (2.5% in volume), and the solutions heated at 100°C for one hour. The
reaction was quenched by the addition of 3 mL of water and 3 mL of hexane were
finally added in order to extract the fatty acid methyl esters (FAMEs) formed. The hexane
extraction was repeated twice before the organic phases were combined and dried
under argon. The dried FAMEs could be kept at -20°C for several months, but were

usually analyzed within 24 hours.

The dried FAMEs were re-suspended in 500 pL of pure n-hexane and 5 pL was injected
into a gas chromatography (Shimadzu GC 2010 Plus) coupled to a flame ionization
detector (FID). The capillary column used was a BPX70 (SGE) : 70%
Cyanopropyl Polysilphenylene - siloxane, with film thickness, 0.25 pm, length, 25 m
and internal diameter (ID), 0.22 mm, mainly dedicated for polyunsaturated FAME
analysis. The samples were injected in a split mode injector at 250°C with a split ratio
of 80. The pressure and the purge were set following the SGE technical advice at
respectively 120 kPa and 10 mL, the column flow being automatically adjusted. The
column was firstly equilibrated for 3 minutes at 155°C and then warmed up to 180°C
with a step of 2°C/min followed by an other one of 4°C/min, until 220°C was reached.
This final temperature was maintained for 5 min. Helium (Purity > 99.999%) was used
as a carrier gas with a flow rate of 1.04 mL/min. The FID temperature was set to 260°C.
FAME retention times were compared with those of hydrogenous standard FAMEs
(Larodan). Deuterated FAMEs have a shorter retention time than the hydrogenous ones
due to isotopic effect. The quantification of the different FAMEs was established by
direct comparison to the amount of internal standard, assuming no response factors
deviation between the different fatty acids, all considered as long fatty acid chains.

A first total extract FAME analysis without performing TLC was prepared and performed

in order to define the microgram equivalents of fatty acids with respect to the internal
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standard (methyl pentadecanoate). To do so, the peaks were assigned manually by
direct comparison of retention times (figure 3.2) and the corresponding areas expressed
as internal standard equivalents. The volume associated to 200 pg standard equivalents
was deposited onto the TLCs. Each GC trace corresponding to each spot was analyzed
as before. For each fatty acid, the quantities expressed in microgram equivalents of
internal standard were calculated in nano moles with the corresponding molar mass.
The molar ratio of each fatty acid corresponding to each separated classes were

compared and normalized to the total amount.
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Figure 3.2 : GC standard traces and associated retention times. We expect a oRt of
0.2-0.5 min between deuterated and corresponding hydrogenous FAME.

By using a less polar BPX5 capillary column (SGE) : Phenyl Polysilphenylene - siloxane,
with film thickness 0.25 pm, length 30 m and internal diameter 0.22 mm, native sterols
could also be analyzed. The program involved an injection of the samples (5 pL of a
solution of 4 pg/pL of total extracts in n-hexane/EtOH 95/5 v/v) in split mode at 350°C
with a split ratio 100 once the column was equilibrated at 280°C. The initial
temperature was held for one minute followed with a step of 4°C/min in order to reach
350°C. The final column temperature was maintained for 5 min. The FID detector
temperature was set to 360°C. The column flow of the carrier gas, Helium, was set to
1.34 mL/min. Cholesterol, lanosterol (Sigma) and ergosterol (Larodan) standards as well
as the deuterated ergosterol produced and purified from P. pastoris, were used to define

the retention times. A calibration curve with ergosterol standard was performed and
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used for yeast sterol quantification. The total lipid extracts were diluted to a
concentration of 100pg/pL in chloroform/methanol (2:1 in volume). 20pL were place in
a GC vial and dried under argon. 500pL of a solution of hexane/ethanol (95:5 in
volume) were used to solubilize the samples. 5pL were injected into the GC with the
program detailed above. The corresponding quantities extracted from peak surface,

calibration curve and molar masses (h and d ergosterol) were established in mol%.
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Figure 3.3 : Separation by gas chromatography of the different sterols (A) and mass
spectra of the hydrogenous (B) and the deuterated (C) ergosterol.
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For the apolar unknown species, mass spectrometry was performed for full
determination. The measurements were performed on a GC/MS instrument, an Agilent
6890 Series GC system coupled to an Agilent 5973 Network Mass selective detector.
This impact ionization detector allowed to observe the ionized molecules and
fragmentations after separation on the BPX5 capillary column (SGE) described
previously. The program involved is exactly the same as for sterol analysis with GC-FID.
But, the instruments employed being different, the column flow of the carrier gas,
Helium, was adjusted to 1.4 mL/min to maintain a constant 138kPa pressure in the
system. Cholesterol standard (Sigma) was used to define its retention time. The degree
of deuteration of ergosterol was defined by its mass spectra (see figure 3.3) and is

consistent with perdeuteration.

3.2.4. Separation and purification

In order to obtain well defined samples, some purification and separation steps were
needed. The first step was to separate the total extract into the polar phospholipids and

the apolar lipids. This was carried out as described in de Ghellinck et al. [50].

Separation of the different phospholipid classes could also be performed via liquid
chromatography. The different constituents of the total extract were well separated
(except for PS and PI) by a single separation column using the following mobile phase
on silica : CHCl3/MeOH/Isopropanol/H2O in volume ratio of 65:20:5:4. This should be
a starting point for an effective separation of lipid components from complex mixtures.
The lipid separation was performed with very good recovery ratio as less than 2% in

mass were lost during the all process.

Finally, the sterol fraction, primarily containing ergosterol, was purified from the dried
apolar fraction by a classical re-precipitation using the minimum amount of heptane as
solvent. The apolar fractions were separated in three fractions, the pure deuterated
ergosterol, a fraction of other apolar components without ergosterol and a small
mixture of both components that was set apart as separation was tedious. The purity of
the recovered white powders (h or d), through filtration and rinsing with a minimum of
heptane, were tested on the GC and found to be of superior grade ( > 95.0%) than the

commercial hydrogenous ergosterol.
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3.3. From lipids to samples

3.3.1. Sample preparation

All lipid fractions were stored as recommended in Christie & Han [107], i. e. dry, under

argon, in a brown vial, with the cap covered with parafilm, at -20°C.

In order to prepare the samples, the different lipids or fractions were taken out of the
freezer before being dissolved in a chloroform/methanol solution, 2:1 (in volume) to a
given concentration. The volume of each constituent necessary for a sample was
withdrawn with an Hamilton syringe (either of 10, 100 or 500pL) from these stock
solutions and the constituents combined in a cleaned clear 5mL vial. Thus, the different
lipids were mixed together in an organic solvent as this assures good miscibility of all
the lipid species, poorly soluble in water otherwise. The solutions were dried under a
stream of argon while rotating the vial horizontally. The objective was to deposit, as a
uniform film as possible, the dried mixed lipids onto the glass of the vial. By doing so,
the lipids were forced to be in contact with the aqueous solution successively added
into the vial, and allowed quicker hydration. The specific procedures, dependent on the
techniques and the lipid used, were as follows: for Quartz Crystal Microbalance with
Dissipation (QCM-D) and neutron reflectometry (NR) experiments, pure water (light or
heavy) was added to the dried films composed of synthetic lipids as main constituents.
In the presence of a complex yeast phospholipid mixture, as deposition on the solid
substrates was either partial or non existent using pure water, solutions of 100 mM NacCl
and 20 mM CaCl, were used. The choice of the water was dependent on the nature of
the samples, as explained for QCM-D measurement, see chapter 3.3.3. For NR, the
sample geometry of the instrument also had to be taken into consideration, and this is
explained in chapter 3.3.4. All solutions described above were prepared to a
concentration of 0.5 mg of lipids per mL, for a total volume of 1.5 mL (QCM-D) or 3
mL (NR).

For membrane diffraction studies, the samples had to be dissolved in a mixture of

chloroform and isopropanol 1:4 (v/v) at a concentration of 20 mg/ml.
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The TmM solution of AmB in D2O-DMSO (9:1 volume ratio) was prepared from a 10
mM AmB stock solution in DMSO. Note that at least half an hour, or mild sonication,
was necessary to completely dissolve the yellow powder in DMSO. If the powder was
not perfectly dissolved in DMSO at the moment of the water addition, the aggregates

remained even if a strong sonication was employed.

3.3.2. Surface treatments - Cleaning

The silicon and sapphire crystals (80 x 50 x 15 mm?) used for reflectivity experiments
were all prepared in the same way. After rinsing with water, they were immersed in a
solution of 2% Decon Neutracon®, and sonicated for 15 min using a water sonicating
bath. This allows to remove all organic material that could have been present on the
crystals. After extensive rinsing with MilliQQ water, the dried blocks were immersed in a
mild piranha solution (H2O, H2SO4 & H>O; in volume proportions 5:4:1) for 30 min at
82°C. The cleaned substrates were kept in a beaker of MilliQ water until a UV/Ozone
treatment (Jelight 144 AX at ANSTO or Bioforce nanosciences ProCleaner™ Plus at ILL)
of 10 min was performed just before assembling and filling the reflectivity cells (see

figure 3.4) with D>O, generally the night before the beginning of the experiment.
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Figure 3.4 : View of a neutron solid/liquid reflectivity cell for interface study. Adapted
from [108].
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The PEEK cells and O-rings were sonicated in a solution of 2% Decon 90®, followed
by several rinsing and sonication steps in MilliQ water. The inlet and outlet tubes were

rinsed successively with Decon 90®, pure water, ethanol and MilliQ water again.

Thin silicon wafers (4 cm x 3 cm x 0.5 mm), for diffraction studies means, were cleaned
by sequential sonication in chloroform, acetone, ethanol followed by Plasma or UV/
Ozone Cleaner treatment (Bioforce nanosciences ProCleaner™ Plus). For the QCM-D
sensors, the treatment is the same as for thin crystals, as a piranha cleaning would
remove the silica and gold coatings on the quartz crystals. The other parts of the QCM-

D chambers were treated as for the polyether ether ketone (PEEK) pieces.

3.3.3. Vesicle fusion - Deposition for QCM-D measurements

In QCM-D measurements, the planar supported bilayers were prepared by using the

vesicle fusion method [109]. Two conditions are to be mentioned.

In the case of synthetic lipids, the samples were dispersed in pure water using a tip
sonicator (Sonopuls HD 3100 - Bandelin) by repeated pulses (3" ON, 5 OFF) with an
amplitude of 80% until the samples became clear (~5min). 900 pL of the vesicles
solution were immediately injected after sonication at a flow rate of 150uL/min over 6
minutes into the QCM-D cell kept at 30°C. The flow was then stopped and the lipid
suspension was incubated for 10 to 30 minutes in the cells to allow the vesicles to fuse
on the crystals. Restarting the flow (150uL/min), rinsing with pure water until stable
signals (Af and AD) was achieved, allowed to remove the vesicles in excess and obtain

a single lipid bilayer on the crystal.

In the case of samples containing extracted lipid mixtures from yeasts, they were
sonicated in salt solution (100 mM NaCl and 20 mM CaCl,) for at least 30 minutes.
Note that with this amount of calcium, the solution remains turbid. The injection was
made into the QCM-D chambers pre-heated at 52°C at a flow rate of 150pL/min over 6
minutes. After 30 minutes of incubation time, the cells were firstly rinsed with the
corresponding salt solution and with pure water with a low rate of 150pL/min as long
as necessary in order to obtain stable signals (Af and AD). The water used in the sample

preparation was chosen to match the deuteration and hence density of the sample.
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Perdeuterated and mostly deuterated samples were dispersed in heavy water (or heavy
water salt solution) whereas hydrogenous and mostly hydrogenous samples, in light
water (or light water salts solution). Note that the QCM-D chambers were always first
filled with the same solution used in the preparation of the corresponding samples and

a baseline trace was obtained for the same solution density.

3.3.4. Vesicle fusion - Deposition for NR experiments

In NR experiments, the planar supported bilayers were also prepared by using the
vesicle fusion method [109]. For synthetic lipids, the sonication was performed as for
QCM-D and the density of the water was found to be of no significance of the
deposition of deuterated or non-deuterated samples. Vesicles in solution were
immediately injected after sonication into the neutron reflectivity cell. The lipid
suspension was incubated for 30 minutes, typically at 30°C to mimick the yeast growth
temperature, for subsequent AmB experiments. Samples were rinsed with the same

water as they were prepared in.

In the case of samples containing extracted lipid mixtures from yeasts, the following
procedure was adopted after two neutron experiments as the depositions of some
samples were not successful. Indeed, all samples were firstly dissolved in light water
while the instrument was in the ‘reflection down’ geometry in which the silica surface is
below the solution. All hydrogenous, or mostly hydrogenous samples were deposited
successfully in this geometry while all deuterated/mostly deuterated samples were
displaying Bragg peaks, indicating that partial double or multiple bilayers were
deposited by the deuterated vesicles sinking in the light water. The additional layers
could not be removed by rinsing or osmotic shock (rinsing with pure water) and thus
the interpretation of the AmB results in such circumstances is not simple. When the
opposite samples displayed the same behavior in the other geometry of the instrument
‘reflection up’, it was understood that the deposition geometry and density of the water
relative to the density of the lipids was of prime importance as in the lipid dendrimer

mixtures investigated on FIGARO [110].

Thus, the samples were sonicated in a density-matched salt solution (100 mM NaCl and

20 mM CacCl,) for at least 30 minutes. The injection was made into neutron cells placed
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horizontally, previously filled with the corresponding salt solution, pre-heated at 52°C.
After the 30 minutes of incubation time, the cells were firstly rinsed with the
corresponding salt solution and with the isotopic water with the closer density towards
the salt solution previously used, i.e. H,O for H,O salt solution and D,O for DO salt
solution. The temperature was then lowered to 30°C in order to mimic the conditions at

which the yeasts were grown.

3.3.5. Formation of membrane stack

For diffraction studies, as deposition of multilayers is needed, the process was
completely different. The method that has given more promising results was the
rock'n’roll deposition [111]. 200 pl of the synthetic lipid solutions, 20 mg/ml in
chloroform and isopropanol 1:4 (v/v), were spin coated (Suss MicroTec Delta 6RC) with
a first step of 10 seconds at 500 rpm and a second step of 20 seconds at 3000 rpm, on
the cleaned thin silicon wafers (4 cm x 3 cm x 0.5 mm). 200 pl of the natural lipid
solutions (total extracts or phospholipids) were spread on the cleaned silicon wafers
and let dry via evaporation in a cold room operating around 8°C. The different
deposition process is meant to leave the maximum amount of natural lipids on the
surface as the diffraction pattern obtained in this case rarely gives more than two Bragg
peaks. Indeed, the spin coating deposition for natural lipids either gave no or only one
diffuse Bragg peak. All the wafers, with both natural and synthetic lipids, were stored

under vacuum at 50 °C for at least 6 hours before being placed on the neutron beam.

3.4. From samples to data

3.4.1. QCM-D experiments

The QCM-D device used was a model E4 purchased from QSense. The pump
associated (IPC 4 Channel from Ismatec) allows a precise control of the volume and/or
flow rate of the solution injected into the cell. Once the crystals were cleaned (see
chapter 3.3.2) and dried, the cells were mounted, closed, filled with solution and
equilibrated with both temperature and flow rate set. Note that a total volume of 300 pL
was needed in order to fill entirely the cell and the associated flow paths. The

experiment was initiated when the baseline, in pure water or salt solution, was stable
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over the first two to three minutes, meaning the instrument was clean and equilibrated.

A common 150 pL/min flow rate was used for all measurements.

After injection and deposition of the samples during which the flow was stopped for 15
to 30 minutes, the flow was restarted and the vesicles not adsorbed on the crystals were
rinsed away. After stabilization of the signals, 600 pL of a solution of T mM of AmB
were injected in the cells and left to incubate with the membrane for 30 min. A final

rinsing was performed until a stable signal was reached.

In the case of complex lipid mixtures, as the membranes were deposited at 52°C, the
AmB interaction characterization had to be performed in a separate measurement.
Indeed, temperature has an impact on the frequencies and dissipations of the quartz
crystals. It was thus necessary to lower the temperature of the cell to 30°C. Change of
the rinsing solution with water was also performed, indifferently before or after change
of temperature. Both temperature and water were necessary to measure a new baseline.
The interaction of AmB with the lipid bilayer was then performed by injection of 900pL
of a solution of TmM of AmB at a flow rate of 150 pL/min. An incubation time of 30
min was respected and the flow rate restarted until a stable signal was obtained. Many
samples and conditions, such as temperature of deposition, nature of the solution,
preparation of the AmB solution have been investigated. Data were used qualitatively
(direct Af and AD comparisons) and the graphs were only modified for clarity using the

software QQ-tools.
3.4.2. NR experiments

The measurements performed on synthetic lipids were carried out on the Platypus
neutron reflectometer at ANSTO (Lucas Heights, Sydney, NSW) [112] in time-of-flight
mode using a neutron wavelength spectrum from 2.8 A to 18 A at two incident angles,
0.8° and 4° for measurement in DO, CMSi and H>O and three incident angles 0.6°,
0.8° and 4° for better sensitivity towards measurements performed at contrast match 4
(CM4). This geometry allowed covering a Q-range from 0.009 to 0.25 A in a low
resolution mode (ANA = 7%). The incident beam is guided to the sample by the control

of the openings of a series of slits clearly shown on the instrument layout depicted in
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figure 3.5. The choppers, needed for time-of-flight experiments, allow to segment the

continuous beam and select the wavelength spectrum wanted.

Slit 2
Slit s1

Vacuum Tank

Sample Stages

Collimation System
Neutron Guide Optics

Disc Chopper System
and Bunker

Figure 3.5 : Depiction of the Platypus time-of-flight neutron reflectometer. From [112].

The detection of the reflected neutrons was obtained thanks to a *He gas detector with
a 2D area of 500 mm wide by 250 mm high and a 2 mm and a 2.5 mm vertical and
horizontal resolution, respectively. The sample cell used for the measurements is a
closed flow cell consisting of a 15 mm thick single crystal silicon wafer mounted onto a
polyether ether ketone (PEEK) container sandwiched between aluminium holders to
allow temperature control by means of water circulation (see figure 3.4). The instrument
has a ‘reflection up’ geometry, meaning that the incoming neutron beam is slightly
leaning down, penetrates the silicon block, encounters the interface(s) before being

reflected up. This also means that the bilayer and the bulk solution are below the silicon
block.

After careful cleaning (see 3.3.2), the cells were mounted and filled with heavy water.

Each sample surface was first aligned with neutrons in order to define the position that

maximizes the beam intensity at the interface. Direct neutrons beams, at different
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attenuations were first measured in transmission through the silicon blocks (111) with
the angle settings (slits apertures of each angle) in order to define the incoming intensity
of the beam and thus to be able later to normalize the data. Direct beams were
measured at 0° with the different settings inherent to each angle used during the
experiment. This is done to take into account the different openings of the slits and
choppers and thus possible changes in the wavelength distribution. Each ‘empty’ cell
(i.e. bare substrate, cell filled with D,O) was characterized with neutrons. If needed,
H>O contrast was performed to define the oxide layers of the different blocks. Then, the
sample deposition was performed (see 3.3.4). After at least 30 min, the remaining
vesicles were washed out with the sample solution followed by DO rinsing. The first
contrast, DO, was then measured. In order to verify quickly the deposition of the
different samples, by measuring at first the best contrast for a given sample, deuterated
samples could have been rinsed with H:O and measured in H;O as first contrast.
Exchange of the bulk solution, and thus of the contrast, was performed by injecting
manually 15 to 20 mL of the corresponding solution through the sample cell. Once the
bilayers were characterized in 3 to 4 contrasts, 3 mL of a T mM AmB solution (9:1 D,O,
DMSO) were injected. A period of 30 minutes of incubation was completed before
rinsing with 15 to 20 mL of pure DO and performing the same 3 to 4 contrasts as

before AmB addition. Data were fitted using the Motofit software package [113] (See
3.5.1).

The measurements of lipid mixtures from yeasts were performed on the Fluid Interfaces
Grazing Angles ReflectOmeter, FIGARO at ILL (Grenoble, France) [114] or the neutron
reflectometer with horizontal scattering geometry (vertical surfaces), D17 at ILL

(Grenoble, France) [115]. Both instruments, depicted in figures 3.6 and 3.7 respectively,

were used in time-of -flight mode, at low resolution mode ANA = 7% for FIGARO and
variable resolution, 1-10% for D17. Due to instrument differences, a neutron
wavelength spectrum from 2 A to 30 A at two incident angles, 0.8° and 3.2° either in
reflection up or reflection down geometry was used on FIGARO and a neutron
wavelength spectrum from 2 A to 27 A at two incident angles, 0.8° and 3.0° in vertical
configuration was used on D17. The covered Q-range started as low as 0.009 A" while
the upper value is defined by the background of the instruments, around 0.28-0.30 A"
on FIGARO and D17. The detector on FIGARO is a *He tubular aluminium monoblock

gas detector with a 2D area of 500 mm wide by 250 mm high and a 2 mm and a 7 mm
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vertical and horizontal resolution respectively. D17 is also equipped with a 3He
detector with an area of 300 mm wide by 480 mm high and corresponding resolutions
of 2.2 and 4.8 mm, vertically and horizontally respectively. The reflectivity sample cell

used was developed by ILL and was similar to the cell used at ANSTO. Direct beams

were measured as explained before.

Figure 3.6 : Side view of FIGARO and its major components: (A) frame overlap mirrors,
(B) chopper assembly, (C) deflector mirrors, (D) collimation guide, (E) collimation slits,
(F) beam attenuator, (G) sample position and (H) area detector. From [114].

The natural lipid mixture deposition process is detailed in chapter 3.3.4, the volumes
and concentrations involved being the same as for synthetic lipids. The contrast
exchange was remotely controlled via a HPLC pump (Smartline Pump 1000) connected
to a valve selector (Smartline valve drive 6) allowing both mixing of isotopically defined
solutions and selection of the sample cell to flush. The flow rate was indifferently set to
1 or 2 mL/min for a total volume of 20 mL injected, assuring total isotope exchange

from one contrast to an other without any perturbation of the bilayers.
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Double Disc
Chopper 2nd collimation slit

Figure 3.7 : Upper view depiction of the different configuration of D17 and its major
components. From www.ill.eu.

3.4.3. Membrane diffraction experiments

Neutron diffraction experiments were performed at the cold neutron diffractometer D16
of the Institute Laue-Langevin, located in Grenoble, France [116] (see figure 3.8).
Neutrons with a wavelength of 4.5 A were selected by a highly ordered pyrolytic
graphite (HOPG) monochromator. The sample to detector distance was 0.95 m and all

samples were measured in reflection mode.
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Figure 3.8 : Side view of D16 with the major components highlighted. (1) Detector,
(2) evacuated tubes, (3) sample position, (4) neutron guide and monochromator

position, (5) water baths for temperature control.

The coated wafers were mounted vertically on a goniometer placed in a humidity
chamber (see figure 3.9) [117]. The reservoir of the humidity chamber was filled with
H>O in the case of deuterated samples and with DO for hydrogenous samples in order
to guarantee the best contrast between the lipids and the hydration water vapor. The
temperature of the sample was maintained at 30 °C throughout the measurements while
the temperature of the reservoir of solvent was adjusted in order to obtain a specific

relative humidity (RH) :

T o
RH — vap(T°C _res) (48)

ﬂ:vap(T"C_sample)

with mvaprec_res) the vapor pressure of water at the temperature of the reservoir and myapr

°c_sample) the vapor pressure of water at the temperature of the sample.
Wafers were first aligned, and equilibrated at 60% RH. After the measurements in this

condition, the samples were further equilibrated at 98% RH. For few samples, the same

procedure was also applied at a different sample temperature.
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Cover (1), water reservoir (2),
silicon watfer with sample (3),
temperature and humidity sensors at
sample position (4), goniometer (5).

Figure 3.9 : Details of D16 humidity chambers. External view once the chamber is
closed and mounted (A) and when the cover is removed, which reveals the aligned
wafer placed on a goniometer (B). From www.ill.eu.

Diffraction data of total lipid extracts were collected at a detector angle (y) of 12.5°, by
scanning the sample angle (w) in the range 0 to 6°, with a step of 0.05°. Diffraction data
of natural and synthetic phospholipids were collected at a detector angle (y) of 12°, by

scanning the sample angle (w) in the range -1 to 11°, with a step of 0.05°. In both cases,

the neutron scattering intensity was recorded by a position sensitive two dimensional

3He detector (320x320mm area with a spatial resolution of 1x1 mm).
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3.5. Data treatment

3.5.1. NR experiments

Data collection times varied upon angles and isotopic composition of the samples and
contrasts, but were in all cases adjusted to make the most of neutron beam allowance
in the same time as obtaining good statistics for significant reflectivity curves

(acceptable signal to noise ratio especially at high q).

After collection, raw data reduction was performed using the SLIM module of Motofit
(at ANSTO) or COSMOS from the software LAMP [Large Array Manipulation Program,
http:/www.ill.fr/data_treat/lamp/lamp.html] (at ILL) to subtract background and
normalize data with the direct beams measurements. The combined measurements,
rendered continuous by applying a scale factor taking into account the use of
attenuators for the direct beam measurements, were used to normalize all data. The
defined scale factor was also applied to all data measurements. Background arises
principally from incoherent scattering events, relatively important in solid-liquid cells
due to a large amount of liquid, as well as from the physical surrounding of the sample
(solid-liquid cell materials, reflectometer components) that adds to the specular
reflection on the detector. Since the background increases with q towards specular
reflectivity, it is necessary to subtract it. This was achieved by determination of the
number of counts centered at the specular peak on the area detector and the difference
with the number of counts in the direct surrounding of the specular reflection. Thus, the
number of background counts were subtracted to the counts at the specular peak. All
the NR data were then analyzed through simultaneous contrast fitting using the Motofit

software package [113].

Indeed, a model corresponding to a series of parallel layers of homogeneous material

with a specific thickness t, scattering length density p and roughness o was constructed

(figure 3.11 and table 3.3). The scattering length density of each layer was also

pondered with a solvent interpenetration percentage ¢. These parameters were

processed by Motofit as explained in chapter 2.2 in order to calculate a reflectivity

profile. This fit was compared to the experimental data and its quality determined by
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the least-squares method. However, in order to obtain not only a good fit (low yx?) but

most of all a realistic model, few conditions were taken into consideration.

CHa

NP
HC”” "\ CHs
:Zci Head group Component group Volume (A3)
o A CsHiaN (choline) 120.68
PO (phosphate) 52.12
CsHs (Glycerol backbone) 72.48
COO (carbonyl) 38.43
C=C 421
CHz 28.24
CHs 50.41

Figure 3.10 : Conventional separation for SLD calculations illustrated on a

phosphocholine and associated components volumes [118].

Firstly, to calculate the SLD of our mixtures, the lipids were separated in heads and tails
as shown in figure 3.10. The carbonyl group, integrated to the headgroup, was by
convention set as the separation limit between the two parts. The volume fractions of
the different lipid constituents were obtained from literature [16, 118-122]. Thus the
SLD (see equation 9 in chapter 2) was calculated for each component. Details are given
in table 3.2. The exchangeable protons present in phospholipid headgroups had also to
be taken into account. Indeed, in our mixtures, whereas PC does not present any labile
hydrogen, the other classes (PE, PS, Pl and CL) do and their composition, and thus their
SLDs, varied upon the contrast used. This is also presented in table 3.2 with the
chemical formula of the different headgroups in both H,O and D,O and the derived
SLD calculations in the four contrasts used in our work. Ergosterol, cholesterol and
Amphotericin B molecular volumes were obtained from literature [16, 122] and SLD

calculations performed as for phospholipids. See table 3.2.
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Lipid membrane -

<

In practice, once all the preliminary calculations were performed for all samples and
contrasts, we measured and characterized the silicon oxide layer SiO;, or the roughness
of the bare substrate for sapphire, by measuring the substrate alone in different
contrasts. This allowed us to fit a single layer model quite easily in the silicon case and
fix the parameters for the rest of the experiment as it is an inert layer. Then, as the SLD
of the different samples was calculated based on the lipid composition, it was used as
starting point in the fits. The model employed to fit the lipid bilayers is composed of 3 to
4 more layers as depicted in figure 3.11. In the simplest case, the bilayer is divided in 3
layers, respectively hydrophilic inner heads, hydrophobic tails regrouping chains from

both leaflets and finally the hydrophilic outer headgroup.

__@

O)
) 6]

‘ O o 00000 0000 0

0 ‘i’l&&%&k&k

W ) 90 ® © o

Water Water

Figure 3.11 : Representation of the division into different layers to fit the lipid bilayers.

@ and were considered as layers of infinite thicknesses with a constant SLD and
correspond respectively to the supporting material and the surrounding liquid. Layers

were numbered from the substrate towards the liquid. (D corresponds to the silicon
oxide layer, @ to an inner water layer, not always present, @ to the inner headgroups,
@ the hydrophobic tails and ® the outer headgroups. In the case of sapphire, there is
no additional interface between the substrate and the sample, and thus, @ corresponds
to an inner water layer, @ the inner headgroups, @) the inner hydrophobic leaflet,
the outer hydrophobic leaflet and ®) the outer headgroups.

In accordance with the separation of the deposited lipid membranes in different layers
to model and fit the NR data, the parameters employed and associated with the best

neutron reflectometry fits will be presented in the following manner :
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Sample : Sample name - %2 value

Layers 7 (A) p (106 A2) ¢ (%) o (A)
"""""""""" s | - 200 0o 31
""""""""" so. | et 341  8x4 3zl
"""""" Head(n) |  8=2 29201  30s5  8x1
~ Chains | 80x1 12:01 o 3:2
"""""" Headou) |  8+2  29s01  30+5  4x2

Table 3.3 : Details on how the parameters of the models corresponding to the fits of
the NR data will be presented in this manuscript.

t = thickness, in A, p = scattering length density of the layer, in 10° A2, ¢ = volume
fraction of water relative to the lipids, expressed in percentage (%) and ¢ = the

roughness of the layer after each layer, given as the sigma-value of the gaussian
function describing the full-width half-maximum of the interface, in A. The thickness
corresponds to the full layer thickness in absence of roughness. SLD values correspond
to the part of the molecule/material excluding any solvent present and were kept

constant during fitting. @ is also indiscriminately called hydration. Chi-squared (y?) is

associated to the simultaneous fits in all the solvent contrasts. The errors associated
with the different parameters were determined from the maximum variation
acceptable to maintain a relevant fit and for a specific parameter, the value given is the
value found in the most sensitive contrast associated to this parameter.

In the case of synthetic lipids and C. glabrata total extracts characterizations, always
performed on silicon substrate, an inner water layer was not needed to obtain a good
and realistic fit to the data. Also, in order to maintain symmetry, the inner and outer
headgroups were set to have the same thickness and SLD while roughness and
hydration were allowed to vary. The hydrophobic layer composed of both inner and
outer chains was treated as one homogeneous medium. An area per molecule
calculation was also performed as follows : the volume of the lipid headgroups
weighted with the hydration of the headgroup layer was divided by its thickness and
compared to the value of the volume of two fatty acids, weighted with hydration of the
hydrophobic layer divided by the thickness (or half the thickness if the two leaflets are
incorporated in one homogeneous layer). Those two area values were forced to match
in the case of synthetic lipids while this parameter was not taken into account for
complex mixtures. Indeed, due to large amounts of sterols and various phospholipids of

very different volumes, such a value was not helpful in the search of a model. For
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complex lipid bilayers, an inner water layer of few angstroms thick (non negligible) was
necessary in the fits to maintain symmetry. For sapphire complex supported bilayers,
after assuming symmetry with no success, asymmetry was allowed and the two
hydrophobic layers were comprehended as two different entities (as represented in the
right part of figure 3.11) with different thickness, SLD and roughness. The hydration of

both hydrophobic layers was maintained equal.

For the fits of the bilayers after Amphotericin B incubation, the model was based on the
previous corresponding bilayer characterization. The headgroups and chains
thicknesses and hydration were left able to vary. The chain SLDs were no longer linked
between the different contrasts and the chain SLD variation observed was used to
quantify AmB insertion and sterol removal from (49). Finally, if the fit needed more
adaptations, an additional layer, with all the parameters left free to vary was included in
the model above the bilayer. Here again, the SLDs of the layers were used to define the

components with the following set of equations (49).

For AmB insertion in the chain layer with sterol removal :

(49)
SLDamB-p20) X + SLDsteroly Y 4+ SLD(chains) Z = SLDFinal chain-D20

SLD@AmB-cm4) X + SLDsterol) Y + SLD(chains) Z = SLDFinal Chain-cM4 with X+Y +Z =1
SLDAmB-H20) X + SLDsterohy Y + SLD(Chains) Z = SLDFinal Chain-H20

Where SLDamg-p20), SLDamB-cM4) and SLDams-H20) are the scattering length densities of
AmB allowing for exchange for the labile hydrogens with deuterium dependent on the
contrast. SLDsterol) and SLDchains) correspond to the calculated values associated with
the sample composition (see table 3.2). X, Y and Z represent the volume fractions of the
different components. In the case of absence of sterol, the simultaneous equations have
only two variables. The errors given for the different parameters (see table 3.3)
correspond to the maximum change acceptable to maintain a proper fit in the best
contrast associated to the given parameter. For example, the error of the thickness of a

deuterated layer was investigated with the H,O contrast.

The propagation of theses errors for additive parameters was managed by quadrature :

Aa=+(Ab) +(Acy (50)
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with Aa the final uncertainty of a given parameter (such as, for example, the total
thickness of a lipid bilayer) and Ab and Ac the uncertainties associated (such as the

uncertainties of the thickness of the different layers constituting the lipid bilayer).

The mean values of certain parameters, mostly concerning the lipid analysis presented
in this work, but also used for the comparison of some AmB effects, were calculated

and the associated uncertainty AXaverage Obtained form standard deviation :

Xa verage = N (51 )

with xi an experimental value, X the average value of a series i with N replicates.

Experimental data uncertainties Az were calculated from :

2 2
Az=‘xy‘ (%j +(%) (52)

with Ax and Ay the uncertainties in the measurements of the parameters x and y

3.5.2. Membrane diffraction experiments

Dealing with complex phospholipid mixtures, the ordering of a multilamellar system is
relatively weak with usually 2 to 3 diffraction peaks. Thus, the information on the d-

spacing was the main parameter extracted from our experiments.

The data reduction was carried out with the ILL software LAMP. The background of the
data was estimated by collecting one measurement on the empty humidity chamber,
then subtracted from the ones collected with the sample. The efficiency of the detector
was taken into account during data treatment by loading a calibration file in LAMP. This
calibration file corresponds to a measurement of H,O scattering, which gives a good

estimation of the detector efficiency. The intensity collected on the 2D detector was

integrated in the @ range corresponding to the observed diffraction peaks and reduced
to 1D by vertical integration in order to obtain intensity vs 26 plots. The positions of the
Bragg peaks in the plots were evaluated by fitting with a Gaussian function using the
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software OriginLab. From the 26 positions of the peaks and equation (43) described in

chapter 2, the associated d-spacing was calculated. The peak positions and the real
space distance(s) associated were used to verify the lamellar periodicity based on
Bragg’s law (39). Because of ratio of the reciprocal spacings of the Bragg reflections and
the difference of intensity between T1st and second order, the diffraction profiles
obtained were only concordant with lamellar phases, also because additional peak

would have been observed with others lipid phases [124].

In one case, Bragg peaks in the parallel direction to the lamellar surface were observed.

Hence the 2D detector images were integrated in the 26 range and reduced to 1D by
horizontal integration in order to obtain intensity vs w plot, from which the in-plane

correlation distance was calculated by applying equation (43).

The uncertainty in the peak position of the Gaussian function was translated into

uncertainty in distance via equation (43).
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4. LIPID PRODUCTION AND
SAMPLE PRE-CHARACTERIZATION

4.1. Lipid production

4.1.1. Candida glabrata

The C. glabrata strains Y2296, Y2310 & Y2311 (see chapter 3.2) were grown in both
hydrogenous and deuterated 250mL cultures at 25°C. The harvesting conditions are

listed in table 4.1.

Strains Condition ODseoo Growth (days) Lipid ratio (%)
Y2296 Hydrogenous 4.8 5 4.2
(vector) Deuterated 3.2 10 2.7
Y2311 Hydrogenous 6.8 5 4.9
(AmB sensitive) | Deuterated 4.0 10 6.1
Y2310 Hydrogenous 11.0 5 4.7
(AmB resistant)  Deuterated 4.2 10 6.0

Table 4.1 : Harvesting parameters and lipid mass ratio to the dry cell weight of
different C. glabrata strains.

The duration of the growth was extended for the isotope-labelling conditions as the
yeasts usually grow more slowly in deuterated conditions than in the corresponding

hydrogenous conditions. Even though the process of adaptation to heavy water remains
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unclear, the modification of growth rates in heavy water is thought to arise from the
deuterium kinetic isotope effect which in general slows down all biochemical pathways
[125]. However, the AmB resistant strain, Y2310, grew faster than the other strains in
both conditions. Indeed, the cell density, measured as the optical density at 600nm
(ODsoo) for Y2310 was higher than for Y2296 and Y2311 after the same growth period
in hydrogenous conditions. This difference was less pronounced in deuterated
conditions but the fact that yeasts were all harvested in the exponential growth phase
allowed direct comparison of the lipid contents in the same time it furnished the
maximum amount of phospholipids [126]. The lipid ratios displayed in table 4.1
correspond to the dried lipid mass recovered after extraction divided by the yeast’s
freeze-dried mass before extraction. For yeasts, in normal conditions, we expected

values between 2 and 7% [127].

The total fatty acids and the sterols of the different strains were quantified using GC-FID
and the phospholipid class composition was reconstructed from the results using methyl
pentadecanoate as an internal<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>