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« Frères humains, laissez-moi vous raconter comment ça s'est passé. On n'est
pas votre frère, rétorquerez-vous, et on ne veut pas le savoir. […] Ça risque d’être
un peu long, après tout il s’est passé beaucoup de choses, mais si ça se trouve
vous n’êtes pas trop pressés, avec un peu de chance vous avez le temps. »

Les Bienveillantes (2006) - Jonathan Littell
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ABBREVIATIONS
AFM :

Atomic Force Microscopy

ANSTO :

Australian Nuclear Science and Technology Organization

AmB :

Amphotericin B

ATP

Adenosine Triphosphate

:

BMGY :

Buffered glycerol complex medium

BSM

Bacterial Standard Medium

:

Chol :

Cholesterol

CL

Cardiolipin

:

CM3 :

Contrast Match 3 (SLD = 3 10-6 Å-2)

CM4 :

Contrast Match 4 (SLD = 4 10-6 Å-2)

CMSi :

Contrast Match Silicon

CoA

:

Coenzyme A

d-

:

Deuterated

D-Lab :

Deuteration Laboratory of ILL

DMSO:

Dimethyl sulfoxide

DNA :

Deoxyribonucleic acid

Erg

Ergosterol

:

EtOH :

Ethanol

FAME :

Fatty Acid Methyl Ester

FID

Flame Ionization Detector

:

FIGARO :

Fluid Interfaces Grazing Angles ReﬂectOmeter

FTIR

:

Fourier Transform Infra Red

GC

:

Gas Chromatography

GUV :

Giant Unilamellar Vesicles

HEPES :

2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid

HPLC :

High Performance Liquid Chromatography

ILL

Institut Laue-Langevin

:

LAMP :

Large Array Manipulation Program

MeOH:

Methanol

NMR :

Nuclear Magnetic Resonance

NR

:

Neutron Reﬂectometry

OD

:

Optical Density
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PA

:

Phosphatidic acid

PC

:

Phosphatidylcholine

PE

:

Phosphatidylethanolamine

PEEK :

Polyether Ether Ketone

PG

:

Phosphatidylglycerol

PI

:

Phosphatidylinositol

PL

:

Phospholipid(s)

PO

:

1-palmitoyl-2-oleyl

Polar :

Phospholipid mixture extracted from P. pastoris

POPC :

1-palmitoyl-2-oleyl-sn-glycero-3-phosphatidylcholine

PS

Phosphatidylserine

:

QCM-D :

Quartz Crystal Microbalance with Dissipation monitoring

RH

Relative Humidity

:

RNAi :

Ribonucleic Acid Interference

SLB

:

Supported Lipid Bilayer

SLD

:

Scattering Length Density

SM

:

Sphingomyelin

TLC

:

Thin Layer Chromatography

UV

:

Ultraviolet

YNB

:

Yeast Nitrogen Base
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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.

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, PI phosphatidylinositol and PA for
phosphatidic acid.
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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.
!17

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 phasetransition, 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 H2O or heavy water D2O, 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].
!19

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,
71]. 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 years, 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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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 τ, according to equation (2), as illustrated in ﬁgure 2.1.

−t
τ

A(t) = A0e sin(2π ƒt + φ )

(2)

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

D=

Edissipated
1
=
π ƒτ 2π Einitial
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(3)

The initial (Einitial) and the dissipated (Edissipated) energy taken into consideration
correspond to an oscillating period [85]. ∆f and ∆D 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 (∆f) and dissipation (∆D) 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 waveparticle duality, we can associate: (i) a wavelength � to each neutron by applying the de
Broglie equation (4) :
"

λ=

h
mnv

(4)

where h is Planck’s constant, mn the mass of a neutron and v the velocity; and, (ii) a
related energy for each neutron with equations (5) :

h2
E=
2mnλ 2

(5)

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 10−5 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 (235U) 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 Å 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 ΔE 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 Schrödinger equation :

Hψ = Eψ

(6)

⎡ !2
⎤
)∇ 2 + V! (r)⎥ψ (r) = Eψ
⎢ −(
⎣ 2mn
⎦

(7)

Where �(r) is the neutron wave function, E its energy and mn its mass. ħ is Planck’s
constant divided by 2π 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 rj:

V(r) =

h2
2π mn

!" !
b
δ
(R
∑ j − rj )
j
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(8)

where R is the neutron position. The � function implies that V(r) is different from 0 when
R = rj. The thermal neutron wavelengths (~10-10 m) are much larger than the radii of the
nuclei (~10-15 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 ρ as the
scattering length density (SLD) of a given homogeneous material with the following
equation :

ρ = ∑ bjv j

(9)

j

where vj is the molecular volume of the atom j. The unit obtained for SLD is Å-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.

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 1H (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 (D2O), it is
possible to access a large range of neutron SLD values which is often used to vary the
contrast of aqueous samples.

Figure 2.3 : Generic neutron
contrast match chart in aqueous
conditions [89].

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 1010/cm2 (or 10-6 Å-2). Indeed contrasts are reached by
increasing (D2O > H2O) or decreasing (D2O < 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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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 :

h2ρ
V(r) =
2π mn

(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 :
ik

(11)

ψ (x,z) = e xψ (z)

where kx is the wave vector parallel to the interface, invariant in the case of elastic
scattering events. Combining the Schrödinger equation (7) with (11) we obtain :

∂ 2ψ
+ q 2ψ = 0
2
∂z

(12)

with q, the momentum transfer or scattering vector normal to the interface deﬁned as :
2

q (z) =

8π 2mn
h

2

⎡⎣E − V(z)⎤⎦ − kx2

(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,

⎧⎪ ( iq1z ) + re( − iq1z )
ψ (z) = ⎨ e
( iq z )
te 2
⎩⎪

⎫⎪
⎬
⎭⎪

(14)

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

1+ r = t

(15)

and

q1 − q1r = q2t

.

(16)

The scattering vector q1 and q2, respectively for reﬂection above and refraction below
the interface, are depicted in ﬁgures 2.5 and 2.6.
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Snell’s law is obtained when combining (19) and (23) :

And combining (23) and (22) :

n12 =

E − V1
E − V2

n12 =

cos θ1
cos θ 2

(24)

(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 :

π − ρ1λ 2
n12 =
π − ρ 2λ 2

Simplifying to ﬁrst order as :

n12 = 1−

λ2
( ρ − ρ1 )
2π 2

(26)

(27)

If we consider that total reﬂection occurs when �2=0, we obtain through Snell’s law :

λ2
cos θ c = 1−
( ρ − ρ1 )
2π 2

(28)

where �c 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 :

Qc =

4π sinθ c
λ
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(29)

The reﬂection intensity, squared modulus of the total reﬂection coefﬁcient, is :

r122 + r232 + 2r12r23 cos 2β

2

R= R =

1+ (r12r23 )2 + 2r12r23 cos 2β

(32)

Note that if fringes are visible in the q-range investigated during the experiment, it is
possible to estimate the thickness �, of the layer from the positions of the reﬂectivity
maxima and minima, as they will occur at cos2�= ±1. Thus :

τ=

2π
ΔQ

(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 a more compact manner.
A matrix describing reﬂection and transmission for a given layer j can be deﬁned as :

⎡
⎢ cos β
j
⎡ MJ ⎤ = ⎢
⎣ ⎦ ⎢
⎢⎣ q j

−i sin β j ⎤
⎥
qj
⎥
⎥
cos β j ⎥
⎦

(34)

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 :

+
j

r = rj e

1
− κ 2σ 2
2

(35)

with rj the reﬂection amplitude without roughness and σ 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 � (31) as well as roughness � from (35) :
iβ( j−1)
⎡
e
⎡M ⎤ = ⎢
⎣ j ⎦ ⎢ + − iβ( j−1)
⎢⎣ rj e

rj+ e
e

iβ( j−1)

− iβ( j−1)

⎤
⎥
⎥
⎥⎦

(36)

The total reﬂection amplitude arising from several adsorbed layers corresponds to the
product of the matrices of all layers :

n

⎡⎣M ⎤⎦ = ∏ Mi

(37)

i=1

The corresponding reﬂection intensity is then given by :

Rj =

2
m12m21
= rj+
m11m22
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(38)

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 :
N

A(Q) = ∑ bj exp(iQ.rj )

(41)

j=1

where bj is the nuclear scattering length of the jth atom and since the intensity I(Q) is
deﬁned by the squared modulus of the amplitudes |A(Q)|2, for pairs of atoms j and k :
N

Ι(Q) = ∑ bj bk exp ⎡⎣ iQ.(rj − rk )⎤⎦

(42)

j ,k

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 2�
whereas ﬂuctuating or misaligned multilayers will not allow the observation of many
Bragg peak(s). Moreover, the angular positions and intensities of 2� 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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The scattering vector is inversely proportional to a real-space distance; thus, from the qpositions of the nth and n+1th order Bragg peaks in the collected data, the characteristic
lamellar d-spacing is calculated according to :

2π
qn+1 − qn

d=

(43)

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(�) 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 :
2

d /2

2

∫

S(Qz ) ~ F( ρunit cell ) =

ρunit cell (z)e

izQz

2

dz

(44)

−d /2

In the case of a centrosymmetric system, �(z)=�(-z), so :
d /2

S(Qz ) =

∫

cos izQz ρ (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 :

ρH (z) = ρ H +

⎛ 2π z ⎞
2
± I(n) cos ⎜
∑
d n
⎝ d ⎟⎠

(46)

it is possible to retrieve the phase information for each peak from :

ρD (z) − ρH (z)

(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 GS115A strain was obtained from Invitrogen (USA), hydrogenous
glycerol C3H8O3 (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 CaCl2 (≥ 99.0%), sulfuric acid
H2SO4 (95 - 98%), hydrogen peroxide solution H2O2 (> 30%), chloroform CHCl3 (≥
99.8%), methanol CH4O (≥ 99.8%), acetic acid glacial C2H4O2 (≥ 99.5%), ethanol
C2H6O (≥ 99.8%), dimethyl sulfoxide C2H6OS (≥ 99.9%), acetone C3H6O (≥ 99.8%),
isopropanol C3H8O (≥ 99.5%), Ethyl acetate C4H8O2 (≥ 99.5%), diethyl-ether C4H10O (≥
99.7%), n-hexane C6H14 (≥ 99.0%) and heptan C7H16 (≥ 99.0%) were purchased from
Sigma Aldrich (France) and used without further puriﬁcation. 1-palmitoyl-2-oleoyl-snglycero-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 (hErg) 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 C47H73NO17 (from Streptomyces sp., purity ~80%)
was purchased from Sigma-Aldrich (either France or Australia) and used without further
puriﬁcation. H2O was taken from a purifying system (MilliPore; resistivity >18 MΩ.cm)
and D2O (> 99%) was provided by Institut Laue-Langevin (ILL) and the Australian
Nuclear Science and Technology Organization (ANSTO). The deuterated methyl
pentadecanoate (C15:0 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 mm3 silicon single crystals polished on the (111) face to a typical roughness
of < 3Å were purchased from Synchrotronix (France) and used for neutron reﬂectometry
(NR) measurements whereas thin silicon wafers (40x30x0.5 mm3) acquired from Silicon
Materials (Germany) were used for neutron diffraction experiments. 80x50x15 mm3
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 (GS115A 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 (OD600) 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, 1mL 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 (GS115A
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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 OD600= 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 OD600= 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 OD600= 30.
Perdeuterated cholesterol, purity ≥ 98%, was produced by the ILL D-Lab in Grenoble
using the recombinant cholesterol producing Pichia pastoris strain CBS7435
Δhis4Δku70 Δerg5::pPpGAP-ZeocinTM-[DHCR7] Δerg6::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 µg/
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

/ strain name

info

61 (Y2310)

CSM1

81E18 (Y2311)

Gene

AmB

AmB

Type of

sensitive

resistant

plasmid

+

antisense

CAGL0E00539g
CAGL0L00157g

+

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
OD600 sufﬁcient for inoculation to OD600 = 0.1 of 250 mL of either hydrogenous or
deuterated minimal media SDG (h-glycerol and H2O in the ﬁrst case and d-glycerol
and D2O 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 OD600 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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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 I2 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 µL of
a 0.5 µg/µL 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 H2SO4 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 µL of pure n-hexane and 5 µL 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 µm, 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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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 500µL) 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 NaCl
and 20 mM CaCl2 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 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 ProCleanerTM 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 QCMD 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 µL of the vesicles
solution were immediately injected after sonication at a ﬂow rate of 150µL/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 (150µL/min), rinsing with pure water until stable
signals (∆f and ∆D) 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 CaCl2) 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 150µL/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 150µL/min as long
as necessary in order to obtain stable signals (∆f and ∆D). 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 CaCl2) 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. H2O for H2O salt solution and D2O for D2O 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 µl 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 µl 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 ᵒC 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 µL
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 µL/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 µL of a solution of 1 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 900µL
of a solution of 1mM of AmB at a ﬂow rate of 150 µL/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 ∆f and ∆D comparisons) and the graphs were only modiﬁed for clarity using the
software Q-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 Å to 18 Å at two incident angles,
0.8° and 4° for measurement in D2O, CMSi and H2O 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 Å-1 in a low
resolution mode (Δλ/λ = 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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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 D2O) was characterized with neutrons. If needed,
H2O 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 D2O rinsing. The ﬁrst
contrast, D2O, 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 H2O and measured in H2O 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 1 mM AmB solution (9:1 D2O,
DMSO) were injected. A period of 30 minutes of incubation was completed before
rinsing with 15 to 20 mL of pure D2O 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 Δλ/λ = 7% for FIGARO and
variable resolution, 1-10% for D17. Due to instrument differences, a neutron
wavelength spectrum from 2 Å to 30 Å 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 Å to 27 Å 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 Å-1 while
the upper value is deﬁned by the background of the instruments, around 0.28-0.30 Å-1
on FIGARO and D17. The detector on FIGARO is a 3He 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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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
H2O in the case of deuterated samples and with D2O 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) :

RH =

π vap(T °C _ res )
π vap(T °C _ sample )

(48)

with πvap(T°C_res) the vapor pressure of water at the temperature of the reservoir and πvap(T
°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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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 �, scattering length density � and roughness � 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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Sample :

Sample name - �2 value

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

3±1

SiO2

9±1

3.41

8±4

3±1

Head (in)

8±2

2.9 ± 0.1

30 ± 5

3±1

Chains

30 ± 1

1.2 ± 0.1

0

3±2

Head (out)

8±2

2.9 ± 0.1

30 ± 5

4±2

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.
� = thickness, in Å, ρ = scattering length density of the layer, in 10-6 Å-2, φ = 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 Å. 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. φ is also indiscriminately called hydration. Chi-squared (�2) 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 :
SLD(AmB-D2O) X + SLD(Sterol) Y + SLD(Chains) Z = SLDFinal Chain-D2O
SLD(AmB-CM4) X + SLD(Sterol) Y + SLD(Chains) Z = SLDFinal Chain-CM4
SLD(AmB-H2O) X + SLD(Sterol) Y + SLD(Chains) Z = SLDFinal Chain-H2O

}

(49)
with X + Y + Z = 1

Where SLD(AmB-D2O), SLD(AmB-CM4) and SLD(AmB-H2O) are the scattering length densities of
AmB allowing for exchange for the labile hydrogens with deuterium dependent on the
contrast. SLD(Sterol) and SLD(Chains) 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 H2O contrast.
The propagation of theses errors for additive parameters was managed by quadrature :

Δa = (Δb)2 + (Δc)2
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(50)

with ∆a the ﬁnal uncertainty of a given parameter (such as, for example, the total
thickness of a lipid bilayer) and ∆b and ∆c 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 ∆xaverage obtained form standard deviation :

∆ xaverage =

∑

N
i

(xi − x )2

(51)

N

with xi an experimental value, x the average value of a series i with N replicates.
Experimental data uncertainties ∆z were calculated from :
2

⎛ ∆x⎞ ⎛ ∆y⎞
∆ z = xy ⎜
+
⎝ x ⎟⎠ ⎜⎝ y ⎟⎠

2

(52)

with ∆x and ∆y 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 dspacing 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 H2O 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 2� 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 2� 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 1st 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 2� range and reduced to 1D by
horizontal integration in order to obtain intensity vs � 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

OD600

Growth (days) Lipid ratio (%)

Y2296
(vector)

Hydrogenous

4.8

5

4.2

Deuterated

3.2

10

2.7

Y2311
(AmB sensitive)

Hydrogenous

6.8

5

4.9

Deuterated

4.0

10

6.1

Y2310
(AmB resistant)

Hydrogenous

11.0

5

4.7

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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In order to clarify the GC-FID data, table 4.2 shows a normalization of the different
peak areas using the vector grown in hydrogenous conditions as reference. The major
observation concerned squalene and 5,7,24(28)-Ergostatrienol. In comparison to the
hydrogenous vector, they were over represented in all conditions but especially in
deuterated conditions for Y2310, the AmB resistant strain. On the contrary, lanosterol is
only signiﬁcantly over expressed in deuterated conditions for Y2311, the AmB sensitive
strain. In comparison to other species and to squalene especially (factor 1 to 15.5), the
changes in the amount of ergosterol remained relatively limited in the different strains
and conditions, (factors 0.82 to 1.1), at the exception of the hydrogenous resistant strain
Y2310, with a ratio 1.37. Also, deuteration seemed to lower the ergosterol amount in
the vector and resistant yeast, while it remained constant for Y2311. The ergosterol
quantiﬁcation is detailed in table 4.3.

Strains

Squalene :
th* = 8 min &
td* = 7.6 min

Ergosterol :
th = 13.3 min &
td = 12,8 min

Lanosterol :
th = 14.1 min &
td = 13.6 min

5,7,24(28)Ergostatrienol :
th = 15 min &
td = 14.4 min

Hydrogenous Y2296
Vector

1 (6982)

1 (51133)

1 (4811)

1 (1324)

Hydrogenous AmB
sensitive Y2311 strain

6.8

1.01

0.54

2.6

Hydrogenous AmB
resistant Y2310 strain

6.2

1.37

0.26

1.9

Deuterated Y2296
Vector

1.12

0.82

0.34

4.6

Deuterated AmB
sensitive Y2311 strain

5.4

1.07

2.25

9.5

Deuterated AmB
resistant Y2310 strain

15.5

1.1

1.12

10.2

Table 4.2 : Ratios of the GC-FID peak areas relative to the hydrogenous vector Y2296.
*th is the retention time of the hydrogenous molecule, td the retention time of the
deuterated molecule. The values in parenthesis correspond to the integrated area of the
peaks used as reference for each molecule.
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4.1.2. Pichia pastoris
In order to explore new ways to obtain labelled phospholipids, the effect of using
methanol as the carbon source on the lipid composition of P. pastoris was investigated.
This was driven by two factors, the high cost of d8-glycerol and the interest to
investigate if the ‘waste’ biomass from the commonly used protein production
protocols, making use of methanol as carbon source to trigger protein overexpression,
could be utilized as a source of lipids.
Carbon source
regime
Glycerol only

Glycerol & Methanol

Methanol only

Condition

OD600

Lipid ratio (%)

Hydrogenous

32.0

5.0

Deuterated

49.0

6.9

Hydrogenous

32.0

3.0

Deuterated

49.8

3.1

Hydrogenous

34.0

3.0

Deuterated

31.0

5.3

Table 4.4 : Harvesting parameters and lipid mass ratio of P. pastoris depending on
carbon source regime.
The batches performed by Valérie Laux at the deuteration laboratory of ILL on P. pastoris
grown with different carbon sources were analyzed concomitantly. The fatty acid
distribution of P. pastoris, as seen in ﬁgure 4.5, included nine different species. C18 fatty
acids were the largest group represented, with oleic acid (C18:1) being the most
abundant fatty acid in all six growth conditions even if its proportions varied
signiﬁcantly (from 36 ± 1% to 66 ± 4%). Only the batch grown with hydrogenous
glycerol as the sole carbon source gave rise to a better balance between C18:1 and C18:2
at 36 ± 1% and 31 ± 1% respectively.
The observed effect of the presence of methanol in the growth media was an increase of
the relative amount of C18:1 with increasing methanol concentration. Indeed, C18:1
amount increased in hydrogenous conditions from 36 ± 1% when no methanol was
added, to 49 ± 2% when a mixture of glycerol and methanol was used and further to
57 ± 4% when only methanol was employed as the carbon source. This effect was also
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Carbon source regime
Glycerol only

Glycerol & methanol

Methanol only

Condition

Ergosterol (mol%)

Hydrogenous

12.9 ± 0.1

Deuterated

10.8 ± 0.1

Hydrogenous

11.3 ± 0.1

Deuterated

10.1 ± 0.1

Hydrogenous

13.3 ± 0.1

Deuterated

10.1 ± 0.1

Table 4.5 : Ergosterol quantiﬁcation of P. pastoris samples grown with different
carbon sources. Error bars arise from mass and volume uncertainties in the sample
preparation process.

4.1.3. Discussion
It was observed, depending on the microorganism and the growth conditions
employed, that the lipid composition, i.e. the proportion of classes, the amount and
variety of sterol-like molecules and, most of all, the fatty acid composition, could be
impacted by deuteration.
Although the lipid composition of a yeast is dependent on the strain, on the growth
conditions and even if the amount of polyunsaturated phospholipids is higher in P.
pastoris than in the well known budding yeast S. cerevisiae, the mechanisms deﬁning
the phospholipid metabolism are similar in most yeasts [132]. Complex reactions, via
regulation of gene expression and post translational modiﬁcations, in response to
multiple factors, stimuli and diverse elements found in the cytosol, are involved to
allow the formation of the various phospholipids. A detailed review for such questions
is recommended here [133]. The main aspect in relation to the present work concerns
the homeostasis and production of the different fatty acids found in the phospholipids.
Very brieﬂy, the saturated fatty acids are ﬁrst synthesized from carboxylation of acetylCoA in malonyl-CoA through the ATP-dependent reaction catalyzed by acetyl-CoA
carboxylase. The product of this reaction is the two-carbon building block of the cyclic
reactions catalyzed by fatty acid synthase and elongases [134]. Double bonds are
introduced afterwards to the elongated fatty acids by the oxygen-dependent enzymes
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known as fatty acid desaturases, in a process that is initiated by removal of hydrogens
from two methylene groups, in a two step mechanism [135].
Since the deuteration of P. pastoris was associated with drastic changes in the
unsaturation proﬁle of the C18-long acyl chains, the following desaturases found in
fungal systems are of interest to this work. They correspond to the integral membrane
Δ9 desaturase responsible of the conversion of stearic acid (C18:0) to oleic acid (C18:1),
the Δ12 desaturase responsible for conversion of oleic acid to linoleic acid (C18:2) and
the Δ15 fatty acid desaturase responsible for conversion of linoleic acid to α-linolenic
acid (C18:3) [136, 137].
Concerning P. pastoris grown with glycerol as sole carbon source, the effects ascribed
to the deuteration on the fatty acid composition (see ﬁgure 4.5), with increase of C18:1
fatty acid upon deuteration, agreed perfectly with the initial work of Alexis de Ghellinck
[50]. The accepted theory was based on the kinetic isotope effect of deuterium which
due to a higher energy associated to a carbon-deuterium (C-D) over a carbon-protium
(C-H) bond [138] would decrease the activity of the desaturases. Indeed, when
deuterium is positioned on the ﬁrst carbon, the carbon closer to the carboxylic group of
the fatty acid, involved in this two step desaturation mechanism, the reaction rate
decreases by a factor seven [139]. The activity of the enzymes would thus be lowered in
perdeuterated conditions, and the need of several desaturation reactions impacted by
the deuterium kinetic isotope effect could explain the decrease of amount of C18:2 and
C18:3 leading to over-representation of the C18:1 acyl chain, substrate, under normal
circumstances, of the desaturases in charge of the production of the polyunsaturated
species.
Interestingly, the use of different carbon sources presented in this work have shown a
similar deuteration effect on the fatty acid composition of P. pastoris arising from the
use and the amount of methanol found in the growth culture media. Use of methanol
by the methylotrophic P. pastoris is known to involve a completely new carbon source
integration pathway, via formation and incorporation of formaldehyde [140] but a
modiﬁcation of the phospholipid metabolism associated with this new pathway was, to
our knowledge, never described. The results obtained clearly show that the more
methanol was used in the growth media, the more C18:1 fatty acid was found prevalent
!84

over the other species. This effect also seemed additive to the kinetic isotope effect
previously described in deuterated conditions. It has been shown that different
alcohols, other than methanol, may have an impact on the cell growth and the lipid
composition of different organisms, notably S. cerevisiae [141] supposedly to maintain
the important physical parameter for the survival of the cells that represents the
membrane ﬂuidity. But such investigations were never informed concerning P. pastoris.
Moreover, lipid analysis performed on peroxisome of an other P. pastoris strain (X33)
grown with different carbon sources, including methanol, did not exhibit changes in the
unsaturation proﬁle of the acyl chains [142] and besides the large changes observed in
the metabolism of the yeast during methanol-induced protein production [143] nothing
seems to directly relate the methanol uptake to a decrease in the polyunsaturations of
the phospholipid acyl chains.
Since the only hypothesis that methanol would provoke denaturation of proteins
leading to the changes observed in acyl chain composition is more than unlikely, and
given the strong resemblances between deuterium and methanol effects, the possibility
that deuterium and methanol have a correlated effect through a similar mechanism is to
be questioned. Indeed, one can think of the modiﬁcations of the fatty acids as a
response of the microorganism to control the membrane ﬂuidity, often simplistically
summarized by the ratio of saturated and unsaturated lipids [141]. Indeed, the
membrane ﬂuidity is a complex parameter inﬂuenced by biophysical and biochemical
factors such as temperature, pH, lipid composition, unsaturations and sterol content,
among others, essential for the survival and the proper functioning of cells.
Nonetheless, membrane ﬂuidity was shown to be greatly impacted by the chain length
and the degree of unsaturations of the phospholipid acyl chains [144]. Longer acyl
chains, and lesser unsaturations are related to a decrease in ﬂuidity while shorter acyl
chains and more (poly)unsaturations involve a greater membrane ﬂuidity. Thus, the
phospholipid membranes from P. pastoris grown in presence of methanol, where C18:1
increased at the expense of the polyunsaturated C18:2 and C18:3 acyl chains are less ﬂuid
than the membranes obtained from P. pastoris grown with glycerol only. Deuteration is
also known to impact physically the lipids, mostly by changing the chain melting
temperatures corresponding to the phase transition of the phospholipid from gel to
liquid-crystalline phase. Indeed, deuterated phospholipids present a shift of their phase
transition temperatures, of about -4°C in comparison to the hydrogenous molecules
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[55]. Thus, one can think that for a given growth temperature, the yeast need lesser
‘ﬂuid’ lipids, such as the polyunsaturated phospholipids, in deuterated rather than in
hydrogenous conditions. This in order to maintain a similar membrane ﬂuidity since the
deuterated lipids found in gel phase are already less ordered than the equivalent
hydrogenous molecules. Also, it was shown that by lowering the growth temperature
the proportions of the polyunsaturated lipids increased [50]. This can be linked to the
necessity of an increased ﬂuidity of the membrane, needed at lower growth
temperature. However, it is difﬁcult to make assumptions on the overall ﬂuidity of a
membrane only based on its fatty acid composition. Phospholipid headgroups, and the
amount and nature of sterols, as it will be discussed later, also affect the overall ﬂuidity
of a membrane. It would thus be interesting to probe experimentally and compare the
ﬂuidity of the different membranes either by comparison of the lateral motions of the
molecule with ﬂuorescence recovery after photobleaching [145], or the rotational
correlation time of spin probes via electron spin resonance [146] or measurements of
the compressional modulus on Langmuir monolayers [147]. But, even if the question of
a general stress response mechanism in yeasts, necessary for the cell to adapt to
external conditions, with permanent adjustments of the membrane ﬂuidity, especially
via modulation of the unsaturation proﬁle of the phospholipid chains, has been
intensively studied [148-150], its complexity and the determination of the impacted
cellular mechanisms involve the use of protocols and techniques out of the domain of
expertise of this thesis. The demonstration and understanding of a possible link between
methanol and deuterium use and a mechanism of modulation of the phospholipid acyl
chains composition and the sterol contents is possible but still hypothetical. Anyway,
the understanding of these different behaviors and the effect of the growth parameters
surely would be of interest towards the aim of the controlled production of deuterated
lipids from yeast biomass.
The phospholipid class composition of P. pastoris (see ﬁgure 4.6) was not found as
previously demonstrated for a growth with glycerol [50], the main difference
concerning the inversion of the proportions of PE and PS. Practically the analytical
method was adjusted as detailed in the materials and methods chapter, and the clear
attribution of the different species on TLC, PS and PE being clearly separated, as well as
the fact that replicates were performed and were consistent one to another, do not
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allow to explain the changes observed. Mass spectrometry should be performed to
verify the attribution of PS and PE in both analytical method.
Finally, the outcomes of the preliminary work performed to link a selected phenotype
such as the sensitivity to AmB, with a possible change in lipid composition of C.
glabrata was difﬁcult to determine as no clear trends were observed between the fatty
acids or the classes compositions. Replicates should be performed in order to be able to
make clearer observations (see ﬁgures 4.1 and 4.2). Nevertheless, interesting effects
were observed in the composition of the apolar fractions as variations, depending on
the phenotype and deuteration were observed between the different strains (see ﬁgure
and table 4.3). The sterol synthesis steps in C. glabrata from squalene to lanosterol and
ergosterol as well as the numerous genes and enzymes involved are well described
[151]. The main observation is the larger amount of ergosterol produced by the resistant
strain Y2310 together with lower proportions of intermediates than in the AmB-sensitive
strain which could reveal a more efﬁcient ergosterol production in the AmB-resistant C.
glabrata than in the AmB-sensitive strain. This observation was opposite in deuterated
conditions where the intermediates, especially squalene, were more represented in the
AmB-resistant than in the AmB-sensitive C. glabrata. But the ratio of ergosterol to
intermediates found in the hydrogenous AmB-resistant strain was slightly higher than
the one in hydrogenous AmB-sensitive, which is in contradiction to the conclusions of
many studies found in literature stipulating that microorganisms with lower amounts of
ergosterol and larger proportions of sterol intermediates are associated to greater AmBresistance [151-152]. But in the present work, unlike in the other studies, the sterol
intermediates differences in hydrogenous conditions were subtle and the higher
ergosterol content seems to be related to higher resistance towards AmB.
After deuteration, the differences in sterol composition observed in hydrogenous
conditions were modiﬁed with an almost equivalent amount of ergosterol in the two
strains, but much larger proportions of intermediates were found in the resistant strain,
principally due to squalene and to a lower extent to the 5,7,24(28)-Ergostatrienol
whereas lanosterol was found more concentrated in the AmB sensitive strain by a factor
two compared to the AmB-resistant strain. Even if quantiﬁcation needs to be performed
for each intermediate, it is difﬁcult to justify the changes in the sterol metabolism only
by the kinetic isotope effect of deuterium. In fact, a modulation seems to happen
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induced by deuteration, but it is different depending on the strains. Thus, as for the fatty
acid composition in P. pastoris, biomolecular investigations of the sterol biosynthesis in
deuterated conditions of C. glabrata would be of interest to understand the implications
and the parameters involved in order to be able to tune the lipid production of
deuterated sterol-like molecules.
Even though the reasons behind the changes observed in the lipid composition are not
fully elucidated, this work deﬁned some strains and parameters to access a large variety
of perdeuterated lipid molecules.

4.2. Pre-characterization and sample preparation
In the paragraphs below, the pre-characterization by QCM-D of the deposition of
synthetic and natural bilayers was investigated before and after AmB interaction.

4.2.1. Conditions and formation of supported bilayers with QCM-D
Before neutron reﬂection experiments, it was important to study the deposition of the
lipid systems employed. This is routinely performed using QCM-D, which allows the
process of vesicle fusion to be followed and the quality of the bilayers to be estimated.
The variation of frequencies is related to the amount of lipids deposited on the surface
of the QCM-D sensor and the variation of energy dissipation, to the viscoelasticity of
the deposited layer (see chapter 2.1 and [43]).

A

B

Figure 4.8 : QCM-D traces of a hydrogenous POPC bilayer deposition at 30°C in H2O
(A) and of the hydrogenous mixture of phospholipids extracted from P. pastoris at 52°C in
salt solution of 100mM NaCl and 20mM CaCl2 (B). Blue tones represents the changes of
frequencies and the red tones, the changes of dissipation. Arrows : injection and rinsing.
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Figure 4.8 (panel A) shows that the deposition of the bilayer of POPC was nearly
instantaneous as the vesicles fused just after coming into contact with the surface. This
was represented by the small troughs in the frequencies and peaks in dissipation at
t=3.5 min, before the signal stabilized. Generally, the lower the frequencies, the higher
is the mass deposited on the QCM-D sensor. And the higher the dissipation is, the more
viscoelastic is the deposited ﬁlm. So the troughs in frequencies indicate a rapid
decrease of mass when at the same time the peak in dissipation shows that the ﬁlm on
the sensor surface became less viscoelastic. This is typical of adsorbed vesicle
disruption and bilayer formation. Moreover, if all the frequency overtones superimpose,
and the dissipation values stay low, it implies a compact lipid bilayer that does not
exhibit a viscoelastic response characteristic of a thick highly hydrated layer. Once the
ﬂow of solvent was restarted to remove the excess of vesicle solution, at t=16.5 min, the
�f value (-25Hz) was almost constant with all overtones superimposed. The dissipation
followed the same behavior as it increased to nearly 1x10-6 when the vesicles were
inserted to fall back and stabilize around 0.5x10-6. In conclusion, the deposition was
fast, performed at 30°C and in pure water with the characteristics values expected from
such systems as seen in literature. Indeed, values around -25Hz in ∆f are typical of
homogeneous and continuous deposited lipid bilayers while small but non-zero ∆D
values correspond to thin lipid bilayers in close interaction with the crystal surface with
few or no adsorbed vesicles attached [43].
On the contrary, the deposition of the phospholipid mixture extracted from P. pastoris
was performed at 52°C, using a salt solution composed of 100mM NaCl and 20mM of
CaCl2. This was previously found necessary in order to succeed with vesicle fusion of
yeast lipids [16, 82]. The high temperature was necessary to assure ﬂuidity and mixing
of all lipids and the salts were necessary to allow bilayer deposition (See Figure 4.9).
Panel B of ﬁgure 4.8 shows that deposition of the complex mixture is nevertheless much
more slow than the deposition of POPC. The �f decreased slowly, even after the ﬂow of
the vesicle solution was stopped, and stabilized around -25Hz. At the same time, the
dissipation increased until it stabilized between 2 and 4x10-6 when the rinsing was
restarted after 30 minutes of deposition, at t=39 min. After nearly 15 minutes of rinsing,
a drop in dissipation and a slight increase in frequencies was observed. It corresponded
to the removal of the remaining vesicles interacting with either the support surface or
the supported lipid bilayer.
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A

B

C

D

Figure 4.10 : QCM-D traces of the bilayer’s deposition of the deuterated mixture of
phospholipids extracted from P. pastoris at 52°C in salt solutions; 100mM NaCl (A),
100mM NaCl and 5mM CaCl2 (B), 100mM NaCl and 10mM CaCl2 (C) and 100mM
NaCl and 20mM CaCl2 (D). Blue tones represents the changes of frequencies and the
red tones, the changes of dissipation. Arrows correspond to lipid injection and rinsing.

Panels C and D in ﬁgure 4.10 depict very similar deposition processes of the deuterated
yeast phospholipids when 5 and 10mM of CaCl2 were present in solution. The
deposition was quick, similar to that in ﬁgure 4.8 for POPC. The main difference to
POPC, besides the fact that the frequencies did not superimpose, concerned the large
values reached both for �f and �D when the signal stabilized. Before rinsing, �f in both
cases was between -80 and -70Hz while �D stabilized around 6 and 7x10-6. After
rinsing, even if �f was diminished, �D rose to even higher values, 8.5 and 11x10-6 for C
and D respectively, which did not correspond to a single supported lipid bilayer. Panels
A and B, on the contrary, displayed very different behavior. When no calcium was
added, the vesicles interacted with the surface as shown by both the frequency and
dissipation changes, but were rinsed away when the ﬂow was restarted as �f and �D
returned back to zero, even before rinsing with plain water.
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Only the solution containing 20mM CaCl2 (panel B) allowed the clear observation of
vesicle fusion, with a drop of dissipation from 2.5-5 to 1.5-2.5x10-6 and stable
frequencies after t=47 min.
From the experiments performed on QCM-D it was learned that the deposition of the
complex lipid mixtures is relatively slow. It was thus important to allow at least 30
minutes for it during neutron experiments. Besides this factor, the high temperature
facilitates the deposition and the presence of calcium in relatively large quantities in the
solution (20mM) was necessary for successful vesicle interaction and fusion to a bilayer
when rinsing.

4.2.2. Monitoring the effect of AmB on SLB with QCM-D
To characterize the interaction of Amphotericin B with lipid bilayers, bilayer deposition
was followed by AmB injection, diluted in a solution 9:1 of water and DMSO. The
bilayer deposition, visible during the ﬁrst 15 min in ﬁgure 4.11 was performed correctly
as we observed �f = -24 Hz and �D values smaller than 1x10-6. Addition of AmB,
followed at t= 15 min (panel A) and t= 25 min (panel B) and the ﬂow was stopped after
1 min. The large signal changes during the equilibration are due to the change in the
solvent viscosity due to the presence of DMSO. The ﬂow was restarted after
stabilization of frequency and dissipation values or after 30 minutes maximum. The �f
and �D measured before and after AmB addition deﬁnes its effect on bilayers. It was
observed in the case of pure POPC membrane that the AmB interacts quickly with the
bilayer but once rinsed away, the changes were minimal; �f= -4Hz and �D= +2x10-6.
In the case of the ergosterol-containing POPC membrane, the AmB interaction
equilibrated over a longer period of time, to reach lower values of �f and higher values
of �D than for pure POPC membrane. After rinsing, changes were more substantial with
�f= -30Hz and �D= +11x10-6. In both cases, much more than in the POPC-ergosterol
sample, material was added to the bilayer leading to a more viscoelastic membrane.
These observations of a higher effect of AmB in ergosterol membranes are consistent
with literature [68-70] and the high dissipation with ergosterol suggest that a highly
hydrated layer similar to the sponge layer observed by Anderson et al. [5] is present.
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A

B

Figure 4.11 : QCM-D traces of POPC bilayer deposition followed by AmB action
(1mM) at 30°C in H2O (A) and of a mixture of POPC-Ergosterol (30mol%) bilayer
followed by AmB action (1mM) at 30°C in H2O (B). Blue tones represents the changes
of frequencies and the red tones, the changes of dissipation. Arrows point out the lipid
vesicles injection, the AmB addition and the rinsing, in this order over time.
The same experiment was performed with three other samples; the hydrogenous
phospholipid mixture extracted from P. pastoris, as well as the phospholipid fraction
containing either cholesterol or ergosterol and results are presented in ﬁgure 4.12.

A

C

B

Figure 4.12 : QCM-D traces of
membrane deposition and AmB action
(1mM) of a hydrogenous mixture of
phospholipids extracted from P.
pastoris (A), a hydrogenous mixture of
phospholipids extracted from P.
pastoris and cholesterol (30mol%) (B),
and a hydrogenous mixture of
phospholipids extracted from P.
pastoris and ergosterol (30mol%) (C) at 30°C in a salt solution of 100mM NaCl and
20mM CaCl2. Blue tones represents the changes of frequencies and the red tones, the
changes of dissipation. Arrows point out the lipid vesicles injection, the AmB addition
and the rinsing, in this order over time.
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The deposition was performed at 30°C, the temperature employed for the growth of P.
pastoris, and it was controlled by starting to rinse when �f reached -25Hz and AmB was
added after 10 min rinsing. The incubation of AmB was stopped after stabilization of
frequency and dissipation values or after 30 minutes maximum by restarting the ﬂow.
As for POPC in contact with AmB, the P. pastoris yeast phospholipid bilayer shown in
ﬁgure 4.12 Panel A, presented a quick equilibration with nearly no changes of �f and
�D whereas the ergosterol containing bilayer (Panel C) had a long smooth equilibration
and differences after rinsing were signiﬁcant; �f = -35Hz and �D = +24x10-6. The
cholesterol containing membrane presented an intermediate behavior with small
changes before and after AmB incubation; �f = -10Hz and �D = +3.5x10-6.

These measurements gave insight into the importance of lipid composition in
Amphotericin B action since the �D changes were completely different depending on
sterol content but also on phospholipid composition. Not only were the effects more
limited in POPC than in the yeasts phospholipid bilayers but the variations during the
AmB interaction with the membrane were also of different intensities. These outcomes
needed further investigations by neutron reﬂection to determine their structural origin.

4.3. Effect of gravity and sample density on the formation of lipid bilayers
in neutron reﬂectometry cells.
Lipid bilayer formation monitored with QCM-D measurements is a good way to
reproduce the deposition performed during neutron experiments. However, some
important additional parameters were observed during reﬂectometry experiments.
The relationship between the geometry of deposition that is, whether the solution was
above or below the silicon substrate, and the sample density, both in terms of isotopic
labelling of the lipids and of the surrounding solution, gave rise to very different bilayer
deposition results. Figure 4.13, panels A and C, show the reﬂectivity curves and
scattering length density proﬁles for a hPolar dErg (30mol%) deposited in D2O and H2O
with the solution in both cases below the substrate. The observations made with these
samples are applicable to all samples containing the hydrogenous phospholipids
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extracted from P. pastoris. The importance of matching the isotopic composition of the
lipids to the solution in terms of their physical density can immediately be observed.
The hPolar dErg bilayer deposited in D2O in this geometry shows a Bragg peak at Q=
0.12 Å-1, indicating multilayer deposition. Such multilayer samples could not be used
for reﬂectometry studies of the AmB action as it would be difﬁcult to interpret the
mechanism of interaction. On the other hand, when the same sample was deposited in
H2O, this gave good results as seen in the ﬁtted scattering length density proﬁle which
corresponds to a high-quality single bilayer (see panel C and table 4.6).
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Figure 4.13 : Bilayers reﬂectivity data and ﬁts of hPolar dErg (30mol%) when the
deposition was performed either in H2O (yellow) or D2O (red) (A) and corresponding
SLD proﬁles (C) and bilayers reﬂectivity data and ﬁts of dPolar dErg (30 mol%) in D2O
when the deposition was performed either in reﬂection up (light blue) or reﬂection
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Samples

Fit panel C

Fit panel D

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

3±1

-

2.07

0

3±1

SiO2

9±1

3.41

8±4

3±1

13 ± 1

3.41

7±5

3±1

Head (in)

8±2

2.9 ± 0.1

30 ± 5

3±1

8± 2

7.1 ± 1

30 ± 8
85 ± 5

3±1

Chains

30 ± 1

1.2 ± 0.1

0

3±2

30 ± 2

6.8 ± 0.2

0
48 ± 4

3±2

Head
(out)

8±2

2.9 ± 0.1

30 ± 5

4±2

8± 2

7.1 ± 1

30 ± 9
90 ± 6

4±2

Table 4.6 : Fitted parameters for hPolar dErg (30mol%) bilayer deposited in refection
up in H2O (panel C) and for dPolar dErg (30mol%) bilayer depending on the geometry
of deposition, reﬂection down/reﬂection up (panel D).
As described in chapter 3, � = thickness, in Å, ρ = scattering length density of the
layer, in 10-6 Å-2, φ = 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 Å. 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. φ is also indiscriminately called
hydration. Chi-squared (�2) 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.
Furthermore, the same effects were observed in the opposite isotopic contrast for all the
samples containing the deuterated phospholipids extracted from P. pastoris when the
geometry of deposition was reversed, i.e. reﬂection down, where the solution is above
the substrate (not shown). The geometry aspect of the deposition on the yeast
phospholipid mixtures was thus further investigated and results are shown in panel B
and D of ﬁgure 4.13. The dPolar dErg sample in H2O, was deposited either in reﬂection
down or reﬂection up geometry. Good deposition was observed in the reﬂection down
geometry whereas only 50% deposition was observed in the reﬂection up geometry,
when the solution was below the substrate.
Gravity and its effect on the lipid vesicles in solution was interpreted to be the origin of
the observed effects. Indeed, when taking into account the density of the lipids and that
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of the solution, the quality of deposition was correlated to the geometry employed. On
one hand, hydrogenous lipids tend to ﬂoat in D2O which explains the multilayer
deposition observed in reﬂection up (ﬁgure 4.13 panel A) whereas the same vesicles
were more homogeneously distributed in H2O as it has a similar density to the lipids.
On the other hand, deuterated lipids tend to sink in D2O which explains the bilayer
deposition observed in reﬂection down geometry while low deposition in reﬂection up
geometry was observed (ﬁgure 4.13 panel B). It is worth noting that the deuterated
lipids in H2O showed multilayer deposition in reﬂection down geometry and no
deposition in reﬂection up, demonstrating the importance of matching the composition
of the samples and the solution. Thus, geometry of deposition and density matching of
the samples were additional parameters taken into account in the subsequent
experiments in order to obtain satisfactory single lipid bilayers of the yeast lipid
mixtures. The fact that such effects were not observed in the deposition process for the
samples prepared with POPC as the main lipid will be discussed in the next chapter.
Within the pre-characterization of the samples, the major outcome and practical issue
concerned the gravity effect observed during the deposition process. And besides
differences in the lipid compositions of the different samples tested, the isotopic
labelling of the sample seemed to be the main parameter affecting the deposition
success.
Formation of supported lipid bilayers via vesicle fusion is a quick and efﬁcient
technique widely used with a large variety of conditions (temperature, salt
concentration, lipid vesicle concentration, ﬂow rates) to be monitored in order to
achieve a proper deposition [61, 153-154]. These parameters allowing to control the
deposition process were largely studied but need to be adapted to the samples and
surfaces employed. We conﬁrmed the importance of the presence of the bivalent
calcium ion and the need of appropriated treatment and activation of the substrate
surfaces.
The real novelty concerned the gravity effect observed, affecting dramatically the
deposition process to the point of either impeaching the deposition of a single bilayer or
leading to partial but very stable multilayers. Such structures being problematic for the
neutron reﬂectometry studies and determination of the membrane structures, a solution
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lamellar phase aggregates present in a dendrimer/phospholipid vesicle mixture [110]. In
the former case, the rate of particle interactions with a solid interface was studied in
relation to the isotopic contrast of the aggregates and bulk solution. In the latter case, it
was shown that particle attachment to a solid interface occurred preferentially only
when oriented above the solution. Note that these ﬁndings could only be possible by
using FIGARO which allows both reﬂection up and reﬂection down conﬁgurations
[114].
The empirical observations made for a unique bilayer deposition of the yeast-extracted
phospholipids are depicted in ﬁgure 4.14. Optimal conditions involved to match the
isotopic labelling of the lipids with the surrounding water, placing the substrate below
when the deposition concerned deuterated samples and the substrate above in the case
of hydrogenous sample deposition.
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5. CHARACTERIZATION BY
NEUTRON REFLECTOMETRY

With the aim to develop and demonstrate the necessity of new model membranes of
higher relevance towards physiological systems, the action of Amphotericin B was
compared on lipid bilayers of increasing complexity. The following chapter describes
ﬁrst the structural characterization of the bilayers by neutron reﬂectometry, followed by
the effect of AmB on the structures. The results from a single synthetic lipid (POPC) and
binary mixtures of POPC and a sterol (ergosterol or cholesterol) are compared to the
samples composed of phospholipid mixtures extracted from P. pastoris. The effect of
changing the substrate surface from silicon to sapphire on the deposition and structure
of P. pastoris membranes was also investigated. Finally, the results obtained with
bilayers composed of the total lipid extracts from the pathogenic yeasts C. glabrata are
described. After demonstration of the ability to deposit single bilayers of yeast lipid
mixtures, the purpose of neutron reﬂectometry experiments was to determine if
differences could be observed in their structural organization or their response to the
fungicidal drug AmB based on their chemical composition or biological origin.

5.1. Synthetic lipid (POPC) - Bilayer structural characterization

With access to the synthesized perdeuterated d82POPC [49], the samples listed in table
5.1 were investigated via neutron reﬂectometry.
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Samples

Contrasts measured before
AmB interaction

Contrasts measured after
AmB interaction

hPOPC

D2O, CM4 and H2O

D2O, CM4 and H2O

d82POPC

D2O, CM4 and H2O

D2O, CM4 and H2O

hPOPC hErg (15 mol%)

D2O, CM4 and H2O

D2O, CM4 and H2O

hPOPC dErg (15 mol%)

D2O, CM4 and H2O

D2O, CM4 and H2O

d82POPC hErg (15 mol%)

D2O, CM4 and H2O

D2O, CM4 and H2O

hPOPC hChol (15 mol%)

D2O, CM4, CMSi and H2O

D2O, CM4, CMSi and H2O

hPOPC dChol (12 mol%)

D2O, CM4, CMSi and H2O

D 2O

d82POPC hChol (15 mol%)

D2O, CM4, CMSi and H2O

D2O, CM4, CMSi and H2O

d82POPC dChol (15 mol%)

D2O, CM4, CMSi and H2O

D2O and CM4

Table 5.1 : List of the samples and the contrasts measured on Platypus at ANSTO.

5.1.1. Monomolecular system : hPOPC and d82POPC
hPOPC and d82POPC bilayers were compared in order to elucidate any structural
differences induced by deuteration. Figure 5.1 shows the reﬂectivity curves and
scattering length density proﬁles corresponding to the best ﬁts to the data for POPC and
d82POPC bilayers in three different water contrasts (D2O, CM4 and H2O). Table 5.2
displays the parameters associated with the ﬁts presented in ﬁgure 5.1. The quality of
the ﬁts that used the SLDs calculated as described in the Material and Methods section,
was determined by the �2 of the simultaneous ﬁts of the different contrasts with values
of 8.4 and 5.2 for POPC and d82POPC bilayers respectively.
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Figure 5.1 : Bilayers reﬂectivity data and ﬁts (A) and corresponding SLD proﬁles (B) of
hPOPC (light colors) and d82POPC (dark colors).
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hPOPC bilayer

Samples

�2 = 5.8

d82 POPC bilayer

�2 = 4.8

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

3±2

-

2.07

0

3±2

SiO2

11 ± 1

3.41

2±2

3±2

12 ± 2

3.41

4±4

4±2

Head (in)

10 ± 2

1.86 ± 0.1

46 ± 6

4±2

10 ± 1

7.35 ± 0.2

48 ± 4

4±2

Chains

30 ± 2

-0.29 ± 0.05

1±1

3±2

31 ± 1

6.39 ± 0.05

1±1

3±2

Head
(out)

10 ± 2

1.86 ± 0.1

46 ± 6

4±2

10 ± 1

7.35 ± 0.2

48 ± 4

4±2

Table 5.2 : Fitted parameters of the hydrogenous and perdeuterated POPC supported
bilayers. Parameters were deﬁned in chapter 3 and in table 4.6.
It was observed that besides the small differences of the silicon oxide layers, both
samples were well deposited and could be ﬁtted with the same structural model (see
table 5.2). The quality of the bilayers was assessed by the water content found in the
hydrophobic chains. Indeed, the small variation of the SLD of the lipid chain region in
the different water contrasts, in both samples, was due the presence of a small amount
of solvent (<2%) in the chain region. This solvent is related to the discontinuity of the
bilayer over the surface illuminated with neutrons and increases with a low surface
coverage, as more holes ﬁlled with water are present between membranes patches.
Thus it directly correlates to the quality of the deposition, with a good quality needed
for both the structural characterization and a relevant interpretation of the AmB
mechanism. The ﬁts were constrained with the requirement that the lipid chains and
headgroups (including or not the associated water molecules) occupy the same area per
molecule which could be calculated from the estimated molecular volumes of the
different lipid parts and the layer thicknesses obtained from the ﬁt. The best ﬁt to the
data using this constraint resulted in a dry area per molecule of 62 ± 4 Å2. This value is
well correlated to 64.3 Å2, found in literature [157]. The errors in the area per molecule
were propagated from the uncertainties in thicknesses and hydration of the chain region
displayed in table 5.2.

5.1.2. Bimolecular system : POPC and ergosterol
Bilayers of deuterated and non-deuterated POPC with ergosterol were investigated to
observe the effect of the fungal sterol on the membrane structures and to mimic the
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sterol content of fungal membranes for the investigation of the AmB mechanism.
Indeed, samples containing 15mol% of ergosterol were chosen as it represents a
content often found in yeasts [158] and close to the amounts we obtained in P. pastoris.
0

A

hPOPC dErg (15mol%)

D2O

CM4

H2O

dPOPC hErg (15mol%)

D2O

CM4

H2O

6

B

-2

-2

Å )

-6

4

-6

SLD (10

Log (R)

-4

2

-8

-10

0
-12
0.05

0.10

0.15

0.20

0.25

0

-1

20

40

60

80

distance from interface (Å)

Q (Å )

Figure 5.2 : Bilayers reﬂectivity data and ﬁts (A) and corresponding SLD proﬁles (B) of
mixtures of hPOPC with 15mol% deuterated ergosterol (light colors) and d82POPC
with 15mol% hydrogenous ergosterol (dark colors).

Samples

hPOPC dErg (15 mol%) bilayer �2 = 9.3

d82 POPC hErg (15mol%) bilayer �2 = 8.8

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

3±1

-

2.07

0

3±1

SiO2

8 ± 0.6

3.41

10 ± 4

3±2

8 ± 0.6

3.41

10 ± 4

3±2

Head (in)

8±2

1.86 ± 0.1

38 ± 6

3±2

9±2

7.35 ± 0.2

39 ± 6

3±2

Chains

32 ± 2

0.51*±0.07

2±2

3±2

32 ± 2

5.73**±0.01

11± 3

3±2

Head (out)

8±2

1.86 ± 0.1

38 ± 6

4±2

9±2

7.35 ± 0.2

39 ± 6

4±2

Table 5.3 : Fitted parameters of the bilayers composed of hPOPC and 15 mol%
deuterated ergosterol and d82POPC with 15 mol% hydrogenous ergosterol. Parameters
were deﬁned in chapter 3 and in table 4.6. *Corresponds to the SLD calculated from
the nominal composition of 15mol% of d-ergosterol and 85mol% POPC.
**Corresponds to the SLD calculated from the nominal composition of 15mol% of hergosterol and 85mol% d82POPC
Figure 5.2 shows the reﬂectivity curves and scattering length density proﬁles
corresponding to the best ﬁts to the data for hPOPC dErg (15 ± 2mol%) and d82POPC
hErg (15 ± 1mol%) bilayers in three different water contrasts (D2O, CM4 and H2O). The
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chain SLD used for the best ﬁts shown here corresponded to the calculated values and
thus conﬁrmed the 15mol% ergosterol (11% v/v) content. The compositional
uncertainty was assessed from the uncertainty of the SLD of the chain region, as
neutron are very sensitive to it and because we observed that the deposition process led
in most cases to variations higher than the expected experimental uncertainty in the
preparation of the sample (of ± 2mol%). Depending on the sample composition and the
contrast, the uncertainties in the SLD of the chain region varies. The values given
correspond to the values obtained in the most sensitive contrast in each case (e.g. in
H2O for d82 POPC hErg).
The quality of the ﬁts determined by the �2 of the simultaneous ﬁts of the different
contrasts is given in table 5.3. In this case, the data for the two samples could also be
ﬁtted with the same symmetrical structural model even if the deuterated bilayer had a
somewhat lower surface coverage (89 ± 3%) as represented by the water presence in
the chains and chain SLD changes between the solvent contrasts. The data for the fully
hydrogenous sample (hPOPC hErg, 15 ± 8 mol%) (Chain SLD = -0.21 ± 0.04 10-6 Å-2)
could be ﬁtted with the same model as that presented in table 5.3 for hPOPC dErg. The
higher compositional uncertainty arises from poor contrast between the phospholipid
and the ergosterol, when they are both hydrogenous.
The chain region of the three ergosterol-containing POPC bilayers were found to have
the same thickness of 32 ± 2Å. Although the ﬁts suggest some thickening with respect
to the sterol-free POPC chain layers (30 ± 2Å and 31 ± 1Å for hPOPC and d82POPC
respectively), the changes observed +2 ± 3Å between hPOPC and hPOPC dErg or
hPOPC hErg, and +1 ± 2Å between d82POPC and d82POPC hErg) were lower than the
uncertainties associated to the thickness of the chain layer. The headgroup layers, with
hydrations of 38 ± 6% for both hPOPC hErg and hPOPC dErg bilayers and 39 ± 6% for
the d82POPC hErg sample also seemed less hydrated than in the sterol-free membranes
(46 ± 6% and 48 ± 4% for hPOPC and d82 POPC respectively). But the diminution of
hydration between the hPOPC bilayers was not signiﬁcant (-8 ± 8%) due to larger
uncertainties than for the d82POPC bilayers, with -9 ± 7% hydration associated to
ergosterol presence. Similar structural changes were already observed with neutron
reﬂection in monolayer systems of POPC and ergosterol [48]. A strong increase of the
thickness (4 ± 1Å) of the chain region of POPC monolayers, due to addition of 30 mol%
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ergosterol, and a reduction in the hydration of the headgroup of 10 ± 3%, were
observed in the monolayer data. In the present case, it was considered that the
ergosterol is oriented normal to the bilayer plane with the hydroxyl group located at the
junction of the chain and head layers (as deﬁned in Material and Methods) because of
the SLD homogeneity found in the chain region. Indeed, a possible asymmetry in the
SLD of the two distinct chain leaﬂets was investigated but did not lead to better models
than the symmetrical ones presented here. The position of the sterol in the bilayer,
parallel to the phospholipids, is supported by molecular dynamics simulation studies
[159] which show that the ergosterol ring has a tilt angle with respect to the bilayer
normal distributed between 0 and 45°, and an average value of 25.2° at 11mol% in
DMPC. Experimental diffraction data also support this localization with the total length
of the sterol molecule found normal to the bilayer [47]. The lipid ordering of ergosterol
in both chain and headgroups have been probed with NMR, FTIR or ﬂuorescence
spectroscopy, among other techniques, and its condensing effect could explain the
reduction of the headgroup hydration [160]. Indeed, calculating the areas per
molecule, without taking into account the water content present in chains, the sterol
increased the lateral packing of the lipids to give a dry area per molecule of 57 ± 4 Å2
for POPC-Ergosterol (15mol%) membranes. This is in good agreement with previously
published data on the condensing effect of ergosterol in POPC bilayers [161].

5.1.3. Bimolecular system : POPC and cholesterol
Bilayers of deuterated and non-deuterated POPC with 15 mol% cholesterol were
investigated to mimic mammalian membranes for the investigation of the AmB toxicity
mechanism and to compare its effect on the structure of POPC with or without
ergosterol. Indeed, due to the small molecular volume difference between ergosterol
and cholesterol, the 15mol% sterol samples were considered equivalent.
The data for the four cholesterol-containing samples shown in ﬁgure 5.3 could all ﬁtted
to a similar model (see table 5.4) apart from differences in the substrate surface
structure. The only exceptions concerned the lower surface coverage obtained for the
samples containing deuterated POPC with 7 ± 2% v/v of water found in the
hydrophobic chains in both cases. The four solvent contrasts measured for each sample
allowed a good reﬁnement of the model with �2 of 7.2, 6.3, 7.0 and 3.0 respectively for
!106

hPOPC hChol (15 ± 7 mol%), d82POPC dChol (15 ± 7 mol%), d82POPC hChol (15 ± 3
mol%) and hPOPC dChol (12 ± 2 mol%). For the hPOPC dChol sample, the SLD of the
hydrophobic chain layer was found to be lower than calculated from the nominal
composition of 89% v/v POPC and 11% v/v cholesterol. Indeed, since no satisfactory ﬁt
could be found with the expected value of 0.57 10-6 Å-2, the parameter was ﬁtted to be
0.31 ± 0.06 x 10-6 Å-2. This corresponds to 8.6 ± 1.6% v/v d-cholesterol, equivalent to
12 ± 2mol%. By taking into account the uncertainty, the ﬁnal value is relatively close to
the 15mol% expected from the nominal composition which explains that no other
major differences in the model could be seen. Since the SLD of the other samples
corresponded to their nominal composition, it is most likely that the error do not come
from the preparation of the lipid stock solutions, but probably come from experimental
biased in the volume taken from the d-cholesterol stock solution (2µL less than needed).
Another observation evident from the data is that the dry area per molecule calculated
was lower with cholesterol than with ergosterol. The value calculated from the ﬁts of
the three 15mol% cholesterol-containing samples of 55 ± 3Å2 correlates very well with
the values described for POPC monolayers comprise between 53 and 58Å2 for 10 and
20 mol% cholesterol respectively [162].
All four cholesterol-containing POPC bilayers were found to have very similar chain
region thicknesses with 33 ± 1Å and 32 ± 2Å for hPOPC hChol and hPOPC dChol
samples and 33 ± 2Å for both d82POPC cholesterol-containing bilayers. Although the
ﬁts suggest some thickening with respect to the sterol-free POPC chain layers (30 ± 2Å
and 31 ± 1Å for hPOPC and d82 POPC respectively), the change observed was of the
same order of magnitude or higher than the uncertainties associated to the thickness of
the chain layer with +2 ± 2Å or +2 ± 3Å, unless for hPOPC hChol and hPOPC with a
thickening of +3 ± 2Å. The hydration of the headgroups were nearly unchanged in
comparison to the membranes constituted only by POPC molecules. The increase of the
roughnesses between the outer headgroups and the bulk solution observed in the three
15mol% cholesterol-containing samples, in comparison to the membranes with or
without ergosterol, could be explained by roughness of the chain-head interface of the
phospholipids with cholesterol, as previously suggested by X-Ray reﬂectivity
measurements on DPPC sterol-containing monolayers [163]. Note that the cholesterol
is also considered to be oriented normal to the bilayer plane with the hydroxyl group at
the junction of the chain and head layers, because it was not possible to model any
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SLD inhomogeneities in the chain region in the ﬁts. As for ergosterol, this orientation is
also supported by molecular dynamics simulation which investigate to tilt of the
cholesterol in DPPC in function of the sterol concentration. The tilt of cholesterol, with
respect to the bilayer normal thus evolves from 20 ± 3° at low concentrations to 11 ± 1°
[164]. Experimentally, previous measurements using neutron diffraction, has shown that
cholesterol is nearly fully extended in POPC bilayer normal [47].
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Figure 5.3 : Bilayers reﬂectivity data and ﬁts of mixtures of hPOPC with 15mol%
hydrogenous Cholesterol (light colors) and d82POPC with 15mol% deuterated
cholesterol (dark colors) (A) and corresponding SLD proﬁles (C) and bilayers
reﬂectivity data and ﬁts of mixtures of hPOPC with 12mol% deuterated ergosterol
(light colors) and d82POPC with 15mol% hydrogenous ergosterol (dark colors) (B) and
corresponding SLD proﬁles (D). All samples were measured in 4 contrasts (D2O,
CM4, CMSi and H2O)
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Samples

hPOPC hChol (15 mol%) bilayer �2 = 7.2

hPOPC dChol (12mol%) bilayer �2 = 3.0

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

4±1

-

2.07

0

3±2

SiO2

10 ± 2

3.41

6±4

4±1

12 ± 2

3.41

1±1

3±2

Head (in)

9±2

1.86 ± 0.1

42 ± 6

4±2

8±2

1.86 ± 0.3

46 ± 8

3±2

Chains

33 ± 1

-0.23*±0.03

1±1

5±1

32 ± 2

0.31**±0.06

1±1

3±2

Head (out)

9±2

1.86 ± 0.1

42 ± 6

7±2

8±2

1.86 ± 0.3

46 ± 8

3±2

Samples

d82POPC dChol (15 mol%) bilayer �2=7.0

d82 POPC hChol (15mol%) bilayer �2=7.0

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

3±2

-

2.07

0

3±1

SiO2

13 ± 2

3.41

4±4

4±1

11 ± 2

3.41

11 ± 6

3±1

Head (in)

8±1

7.35 ± 0.2

45 ± 5

4±2

9±1

7.35 ± 0.2

44 ± 5

4±1

Chains

33 ± 2

6.54*±0.07

7±1

4±2

33 ± 2

5.62*±0.05

7±2

4±2

Head (out)

8±1

7.35 ± 0.2

45 ± 5

7±2

9±1

7.35 ± 0.2

44 ± 5

5±2

Table 5.4 : Fitted parameters of the different bilayers composed of POPC and
cholesterol. Parameters were deﬁned in chapter 3 and in table 4.6. *Corresponds to
15mol% of h-cholesterol **Corresponds to 12mol% of d-cholesterol.

5.2. Synthetic Lipids - AmB effect
Once the bilayers structures were measured in 3 to 4 solvent contrasts, 3mL of a 1mM
solution of AmB in D2O/DMSO (9:1 v/v) was injected into the neutron reﬂectivity cell
and incubated at 30°C for 30 minutes (see Materials and Methods). After rinsing with
plain D2O to remove the DMSO, the bilayers structures were measured again. The
changes in reﬂectivity curves before and after AmB addition are presented below, in
ﬁgures 5.4 to 5.8 with the parameters detailed in tables 5.5 to 5.9.

5.2.1. Monomolecular system : hPOPC and d82POPC
Figure 5.4 shows the data before and after AmB addition for hPOPC and d82POPC in 3
water contrasts (D2O, CM4 and H2O). The parameters corresponding to the ﬁts after
AmB addition are given in table 5.5.
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Figure 5.4 : Bilayers reﬂectivity data and ﬁts of hPOPC before (black) and after AmB
addition (light colors) (A) and corresponding SLD proﬁles (C), and bilayers reﬂectivity
data and ﬁts of d82POPC before (black) and after AmB addition (dark colors) (B) and
corresponding SLD proﬁles (D).
Samples

hPOPC bilayer after AmB addition �2 = 7.4 d82POPC bilayer after AmB addition �2 = 4.9

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

3±2

-

2.07

0

3±2

SiO2

11 ± 1

3.41

2±2

3±2

12 ± 2

3.41

4±4

3±2

Head (in)

10 ± 2

1.86 ± 0.1

51 ± 5

3±2

10 ± 1

7.35 ± 0.2

46 ± 4

3±2

Chains

31 ± 2

-0.17±0.06*

1±1

3±2

31 ± 1

6.16±0.08**

2±2

3±2

Head (out)

10 ± 2

1.86 ± 0.1

51 ± 5

3±2

10 ± 1

7.35 ± 0.2

46 ± 4

3±2

Table 5.5 : Fitted parameters of POPC and d82POPC bilayers after AmB addition.
Parameters were deﬁned in chapter 3 and in table 4.6. *in D2O, -0.18 ± 0.06 x 10-6 Å-2
in CM4 and -0.21 ± 0.07 x 10-6 Å-2 in H2O. **in D2O, 6.15 ± 0.07 x 10-6 Å-2 in CM4
and 6.09 ± 0.04 x 10-6 Å-2 in H2O.
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At ﬁrst view, the changes induces by AmB in the pure POPC bilayers seemed limited
with the exception of the D2O contrast, where a change of critical angle occurred due
to the presence of 10% v/v DMSO in the AmB-D2O solution. This lowers the scattering
length density of the solution to 5.67 10-6 Å-2, which has the effect of lowering the
critical Q-value to 13.4 10-3 Å-1. By using this value for the solvent SLD, the data could
be ﬁtted. This was only observed in these ﬁrst two samples measured, after which all
subsequent samples were rinsed with D2O to remove the DMSO before the neutron
measurements.
The major change that could be observed as a consequence of the AmB addition was
the modiﬁcation of the SLD of the chain layer. Indeed, in order to ﬁt the data properly
after AmB addition, it was assumed that the AmB molecules could insert into the chains
and inﬂuence the SLD upon contrasts. This was allowed as the models and SLD
variations were not only explained with solvent penetration into the chains. The SLDs of
the chain layer were thus approached separately in each contrast, i.e. that the SLD of
the chain layer could vary independently between contrasts. This derives from the fact
that AmB presents 13 labile protons, so its SLD varies signiﬁcantly from 1.50 10-6 Å-2 in
H2O to 2.88 10-6 Å-2 in D2O (see table 3.2). In consequence, with insertion of AmB, the
SLD of the chains should increase from H2O to D2O contrasts, and the differences in
SLD allows to relate to the proportions of AmB found in the chain layer, among the
other components (see equation 49). Also, AmB insertion implies that the SLD of
hydrogenous chains will increase while the SLD of deuterated chains will decrease.
For d82POPC bilayer, the SLD of the chain layer decreased after AmB addition from 6.39
± 0.05 10-6 Å-2 to 6.09 ± 0.04 10-6 Å-2 in the most sensitive contrast, H2O. This
corresponds to 6 ± 1% v/v of AmB insertion into the chain layer. For hPOPC the
contrast of the lipid chains to AmB molecules is poorer than in the perdeuterated
membrane, but small changes in SLD could still be observed with and increase from
-0.29 ± 0.05 10-6 Å-2 before to -0.17 ± 0.06 10-6 Å-2 in D2O after AmB addition,
corresponding to 4 ± 2% v/v of AmB insertion. While high hydration changes (+ 28 ±
3% v/v) were previously observed in pure POPC monolayers after AmB addition [48],
in which AmB was interpreted to insert into the monolayers, in both cases here, the
headgroup hydration of the bilayers did not vary signiﬁcantly once taken into
consideration the uncertainties. Due to the relative low amount of AmB inserted, the
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area per molecule for the lipids did not change signiﬁcantly from those in pure lipid
bilayers. Neither roughness nor thickness effects due to AmB insertion could be
observed because of uncertainties of the same order of magnitude as the changes.
Finally, no signiﬁcant water insertion could be observed in either cases, that could have
indicated pore formation [74-75].

5.2.2. Bimolecular system : POPC and Ergosterol
Figures 5.5 and 5.6 show data recorded before and after AmB addition for hPOPC dErg
(15 ± 2mol%), d82POPC hErg (15 ± 1mol%) and hPOPC hErg (15 ± 8mol%) samples in
3 contrasts (D2O, CM4 and H2O). The corresponding tables 5.6 and 5.7 detail the
parameters associated with the ﬁts.
These contrasts were measured in order to detect the possible mechanisms of AmB in
sterol-containing membranes, which include pore formation [74-75] and sterol
extraction [5]. Each contrast is sensitive to a different part of the system depending on
the sample. D2O contrast is by deﬁnition sensitive to hydrogenous molecules, and will
allow to observe the overall bilayer structure for hPOPC hErg as well as the
phospholipids and the AmB in hPOPC dErg and ﬁnally the ergosterol and the AmB in
d82POPC hErg. CM4 is interesting to focus on AmB molecules, especially in d82POPC
hErg or to a lower extent in hPOPC dErg where the SLD changes in the chain region
before and after AmB addition are highlighted. H2O is particularly interesting to follow
the deuterated ergosterol and the overall structure of membranes composed of
d82POPC.
In presence of 15mol% ergosterol, the effect of AmB on the bilayers was more
pronounced than for POPC alone. Each of the three samples measured gave different
insights into the mechanism because of the different contrast sensitivity. AmB action in
hPOPC dErg caused small but complex changes in the lipid chain SLD, which were
dependent on the solvent contrast. The values corresponding to the best simultaneous
ﬁt to all contrast implied the removal of more than half of the ergosterol originally
present in the membrane (6 ± 1% v/v removed and 5 ± 1% v/v remaining) at the same
time as AmB inserted up to 4 ± 3% v/v, similar to what was observed in the pure
hPOPC system. At ﬁrst, the ﬁts suggested that the volume of ergosterol removed
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Figure 5.5 : Reﬂectivity data and ﬁts of hPOPC dErg bilayer before (black) and after AmB
addition (light colors) (A) and corresponding SLD proﬁles (C), and reﬂectivity data and
ﬁts of d82POPC hErg bilayer before (black) and after AmB addition (dark colors) (B) and
corresponding SLD proﬁles (D).
hPOPC dErg (15mol%) bilayer
after AmB addition �2 = 7.3

Samples

d82POPC hErg (15mol%) bilayer
after AmB addition �2 = 9.7

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

3±1

-

2.07

0

3±1

SiO2

8 ± 0.6

3.41

10 ± 4

3±2

8 ± 0.6

3.41

10 ± 4

4±2

Head (in)

9±1

1.86 ± 0.1

46 ± 6

6±2

8±1

7.35 ± 0.2

38 ± 6

4±2

Chains

30 ± 1

0.23 ± 0.09*

10 ± 2

5±2

33 ± 1

5.17±0.09**

2±1

4±2

Head (out)

9±1

1.86 ± 0.1

50 ± 9

5±2

8±1

7.35 ± 0.2

49 ± 9

4±2

Table 5.6 : Fitted parameters of ergosterol-containing POPC bilayers after AmB addition.
Parameters were deﬁned in chapter 3 and in table 4.6. *in D2O, 0.22 ± 0.08 10-6 Å-2 in
CM4 and 0.18 ± 0.06 10-6 Å-2 in H2O. **in D2O, 5.07 ± 0.05 10-6 Å-2 in CM4 and 4.92
± 0.05 10-6 Å-2 in H2O.
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corresponded to the volume of AmB molecules inserted, but the uncertainties do not
allow to conclude as such. Also, water insertion in the hydrophobic region (+8 ± 3% v/
v) was detected and implied that the volume of ergosterol removed was ﬁlled with the
volume of both water and AmB content.
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Figure 5.6 : Reﬂectivity data and ﬁts of hPOPC hErg (15mol%) bilayer before (black)
and after AmB addition (light colors) (A) and corresponding SLD proﬁles (B).
hPOPC hErg (15mol%) bilayer
before AmB addition �2 = 4.6

Samples

hPOPC hErg (15mol%) bilayer
after AmB addition �2 = 4.8

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

3±1

-

2.07

0

3±1

SiO2

8 ± 0.6

3.41

10 ± 4

3±2

8 ± 0.6

3.41

10 ± 4

4±2

Head (in)

9±2

1.86 ± 0.1

38 ± 6

4±2

10 ± 2

1.86 ± 0.2

36 ± 5

4±2

Chains

30 ± 2

-0.21*±0.04

1±1

3±2

29 ± 2

-0.14±0.1**

1±1

4±2

Head (out)

9±2

1.86 ± 0.1

38 ± 6

4±2

10 ± 2

1.86 ± 0.2

53 ± 9

4±2

Table 5.7 : Fitted parameters of hPOPC hErg (15 mol%) bilayer before and after AmB
addition. Parameters were deﬁned in chapter 3 and in table 4.6. *Corresponds to the
SLD calculated from the nominal composition of 15mol% of ergosterol and 85mol%
POPC.**in D2O, -0.16 ± 0.15 x 10-6 Å-2 in CM4 and -0.2 ± 0.3 x 10-6 Å-2 in H2O.
In the opposite contrast, in d82POPC hErg membrane (ﬁgure 5.5 and table 5.6), the ﬁts
indicated that AmB was present in the lipid chains at 21 ± 7% v/v while the ergosterol
removed was difﬁcult to quantify due to a large uncertainty with 5 ± 4% v/v out of the
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11 ± 1% v/v initially present. Such large SLD changes and AmB insertion could be
related to the low initial surface coverage of the bilayer as the drug could have ﬁlled the
existing defects (89 ± 3% v/v and 98 ± 1% v/v before and after AmB addition). Indeed,
using the constraint that in the absence of AmB the chain SLD should remain constant
between the water contrasts, or that it should increase from H2O to D2O contrasts in
presence of AmB, the only possibility to ﬁt the changes involved by AmB was this large
AmB insertion together with a diminution of the hydration of the chain layer. In hPOPC
hErg (ﬁgure 5.6 and table 5.7), the AmB effect was intermediate. Indeed, nearly half of
the ergosterol was removed (5 ± 4% v/v out of the 11 ± 8% v/v in total) and AmB
inserted up to 4 ± 4% while no water insertion could be observed .
The action of AmB, from 50% to complete ergosterol removal, was evident in all
samples as well as AmB insertion in the chain region, normal to the bilayer plane,
especially in hPOPC dErg and d82POPC hErg. The proportion of AmB insertion was
dependent on the surface coverage and the water insertion, linked to the pore formation
model, was only observed in hPOPC dErg. hPOPC hErg is the least sensitive contrast to
AmB insertion and the relatively low surface coverage of d82POPC hErg rendered the
AmB investigation difﬁcult. The results are thus in part consistent with the pore
formation model and with ergosterol extraction as a plausible mechanism of AmB in
this case. However, the AmB sponge-extracting mechanism is not consistent with our
results, as no upper layer of AmB was observed in contact with any of the POPC or
POPC-ergosterol bilayers.

5.2.3. Bimolecular system : POPC and Cholesterol
Cholesterol-containing samples were investigated to mimic mammal cell membranes
and determine the mechanism that could explain the toxic side effect of AmB. It has
been shown before that AmB is more selective towards ergosterol over cholesterol
explaining the speciﬁcity towards fungal cells [165]. Nevertheless, the weaker
interaction with cholesterol is thought to be one of the origins of toxicity in mammalian
cells. The bilayers containing hydrogenous cholesterol, hPOPC hChol (15 ± 7 mol%)
and d82POPC hChol (15 ± 3 mol%) are described in ﬁgure 5.7 and table 5.8, and were
measured in 4 contrasts before and after AmB (D2O, CM4, CMSi and H2O).
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Figure 5.7 : Reﬂectivity data and ﬁts of hPOPC hChol (15 mol%) bilayer before (black)
and after AmB addition (light colors) (A) and corresponding SLD proﬁles (C), and
reﬂectivity data and ﬁts of d82POPC hChol (15mol%) bilayer before (black) and after
AmB addition (dark colors) (B) and corresponding SLD proﬁles (D).
hPOPC hChol (15mol%) bilayer
after AmB addition �2 = 3.4

Samples

d82POPC hChol (15 mol%) bilayer
after AmB addition �2 = 3.2

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

4±1

-

2.07

0

3±1

SiO2

10 ± 2

3.41

6±4

4±1

11 ± 2

3.41

11 ± 6

4±2

Head (in)

8±2

1.86 ± 0.1

32 ± 11

4±2

9±1

7.35 ± 0.2

42 ± 5

4±2

Chains

34 ± 1

0.01±0.09*

1±1

4±2

34 ± 2

5.3±0.2**

1±1

4±2

Head (out)

8±2

1.86 ± 0.1

50 ± 12

4±2

9±1

7.35 ± 0.2

45 ± 6

5±2

Table 5.8 : Fitted parameters of hPOPC hChol (15 mol%) and d82POPC hChol (15 mol
%) bilayers after AmB addition. Parameters were deﬁned in chapter 3 and in table 4.6.
*in D2O, -0.03 ± 0.1 x 10-6 Å-2 in CM4, -0.06 ± 0.05 x 10-6 Å-2 in CMSi and -0.11 ± 0.9
x 10-6 Å-2 in H2O. **in D2O, 5.22 ± 0.05 x 10-6 Å-2 in CM4, 5.16 ± 0.06 x 10-6 Å-2 in
CMSi and 5.10 ± 0.08 x 10-6 Å-2 in H2O.
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The samples containing perdeuterated cholesterol, were fully characterized before AmB
addition, but in 2 contrasts (D2O and CM4 for d82POPC hChol (15 ± 7 mol%)) and 1
contrast (D2O for hPOPC dChol (12 ± 2 mol%)) after AmB addition due to problems
with the neutron beam at ANSTO during our last experiment. Nevertheless, the results
shown in ﬁgure 5.8 and table 5.9 complement the data obtained using non-deuterated
cholesterol and provide good additional insight into the mechanism of AmB in
cholesterol-containing membranes.
The hPOPC hChol lipid bilayer was nearly unchanged by AmB addition and the major
observation was that a change in the chain SLD, albeit small, which indicated that only
a very small amount of cholesterol, if any, was removed (less than 2% v/v) while AmB
insertion was observed (8 ± 7% v/v). It should be noted that the relatively high
uncertainty arises from this sample having less contrast to probe AmB insertion.
However, the same behavior was also found in the deuterated sample; d82POPC hChol
in which little or no cholesterol was removed (less than 2% v/v) and 12 ± 4% v/v of
Amphotericin B was inserted in the bilayer. The bilayer composed of hPOPC dChol (12
± 2mol%) could also be ﬁtted with little or no cholesterol removal (less than 2% v/v)
but smaller AmB insertion 6 ± 2% v/v. In this case the absence of additional contrasts
for this sample however means that the ﬁtting results may not be unique. In the fully
perdeuterated sample d82POPC dChol, which has the highest contrast to AmB, the SLD
changes in the hydrophobic region indicated nearly no cholesterol removal (less than
2% v/v) but large AmB insertion (22 ± 2% v/v). Here again, only two contrasts were
used to ﬁt the data, but the relatively large changes observed and the sensitivity to AmB
insertion of such contrasts support the idea of a large AmB insertion. An important
insertion correlated with a reduction of the water content found in the chain of 5 ± 2%
and 6 ±2 % v/v for d82POPC dChol, and d82POPC hChol, respectively.
Thus, considering the sensitivity of the different contrasts to both AmB and cholesterol,
these results are consistent with each other and with the notion that if AmB extracts
cholesterol, it does so to a much smaller degree than it extracts ergosterol. At the
concentration employed (1mM), AmB is mostly in an aggregated form, mentioned to be
at the origin of AmB toxic side effect, by extraction of cholesterol [166], which is very
limited in POPC bilayers presented the present work. Instead, AmB inserts into the
cholesterol-containing bilayer to the same or higher degree than for ergosterol!117
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Figure 5.8 : Reﬂectivity data and ﬁts of hPOPC dChol (12 mol%) bilayer before (dark
colors) and after AmB addition (light colors) (A) and corresponding SLD proﬁles (C),
and reﬂectivity data and ﬁts of d82POPC dChol (15mol%) bilayer before (dark colors)
and after AmB addition (light colors) (B) and corresponding SLD proﬁles (D). *An offset
of -1x10-8 was apply in Y direction at CM4 contrasts for clarity.
hPOPC dChol (12mol%) bilayer
after AmB addition �2 = 4.4

Samples

d82POPC dChol (15mol%) bilayer
after AmB addition �2 = 4.0

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

3±2

-

2.07

0

4±2

SiO2

12 ± 2

3.41

1±1

3±2

13 ± 2

3.41

4±4

4±2

Head (in)

9±2

1.86 ± 0.1

44 ± 7

3±2

8±2

7.35 ± 0.2

44 ± 15

4±2

Chains

33 ± 2

0.35 ± 0.06*

1±1

3±2

33 ± 2

5.87±0.04**

2±2

4±2

Head (out)

9±2

1.86 ± 0.1

38 ± 6

3±2

8±2

7.35 ± 0.2

47 ± 17

6±2

Table 5.9 : Fitted parameters of hPOPC dChol (12 mol%) and d82POPC dChol (15 mol
%) bilayers after AmB addition. Parameters were deﬁned in chapter 3 and in table 4.6.
*in D2O. **in D2O and 5.77 ± 0.05 10-6 in CM4.
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containing bilayers. As AmB is known to be more selective towards ergosterol than
cholesterol in different lipid environments [70-74], the differences in the proportions of
extraction seems directly related to this enhanced afﬁnity. However, the extraction of
the ergosterol observed in this work does not seem to be related to a sponge extraction
model as the data are well ﬁtted without the presence of an AmB upper layer [5]. Also,
it could not be observed any signiﬁcant water insertion ascribed to AmB action in these
four cholesterol-containing samples, that could have indicated a pore formation
mechanism.

5.3. Natural phospholipids (P. pastoris) Bilayer structural characterization
Previous neutron reﬂectivity studies of P. pastoris phospholipid bilayers focused on the
total lipid extracts with and without their ergosterol content [16]. Because of the low
contrast in the hydrogenous synthetic bilayers composed of 15mol% sterols with
respect to AmB, it was decided to investigate samples with 30mol% sterol to observe
the AmB effects on the sterol more clearly. In fact, 30mol% is also consistent with the
sterol ranges found in different fungal and mammal systems [167-168].
The following samples were investigated and prepared with a nominal composition of
30mol%. The molar ratio of sterol given in the table 5.10 correspond to the value
calculated from the SLD value ﬁtted. Differences will be discussed later. hPolar refers to
the hydrogenous phospholipids while dPolar refers to the deuterated phospholipids
extracted from P. pastoris.

Samples

Contrasts measured before
AmB interaction

Contrasts measured after
AmB interaction

hPolar hErg (30 ± mol%)

D2O, CM4, CMSi and H2O

D2O, CM4 and H2O

dPolar dErg (30 ± mol%)

D2O, CM4, CMSi and H2O

D2O, CMSi and H2O

hPolar dErg (39 ± mol%)

D2O, CM4, CMSi and H2O

D2O, CM4, CMSi and H2O

dPolar hErg (15 ± mol%)

D2O, CM4, CMSi and H2O

D2O, CM4, CMSi and H2O

hPolar hChol (30 ± mol%)

D2O, CM4 and H2O

D2O, CM4 and H2O

dPolar dChol (30 ± mol%)

D2O, CM4, CMSi and H2O

D2O, CMSi and H2O

hPolar dChol (30 ± mol%)

D2O, CM4 and H2O

D2O, CM4 and H2O

dPolar hChol (40 ± mol%)

D2O, CM4, CMSi and H2O

D2O, CM4, CMSi and H2O

Table 5.10 : List of the samples and the contrasts measured on FIGARO and D17 at ILL.
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Regarding the model employed to ﬁt the data from the lipid bilayers composed of the
phospholipid mixtures extracted from yeasts, an inner water layer of few Ångströms (1.5
to 3 Å) was needed in all cases. This thin layer situated between the silicon oxide layer
and the inner headgroup layer constituted the ﬁrst difference with respect to the mono
or bimolecular POPC systems seen previously. The diversity of phospholipids in the
yeast samples and the repulsion between the negatively charged silica surface and the
charged lipid, as well as the roughness of the yeast lipid bilayers are possible reasons
for the presence of this water layer between the substrate and the bilayer. In fact, water
layers (3 ± 1Å thick) were also observed in NR studies of supported lipid bilayers
mixtures of 9:1 DMPC:DPPS on silicon substrate and more recently for soybean
phospholipid mixtures (containing equal proportions of PC, PE and PI) [169-170].
Otherwise, the data could be ﬁtted using the SLDs for headgroups and hydrophobic
chains calculated from lipid analysis (see table 3.2) with the exception of the partially
deuterated samples in which the sterol and the phospholipids were isotopically
different. Indeed, for these samples, the SLDs of the headgroups were found to be
inﬂuenced by the presence of the sterol, which was interpreted to arise from the
roughness of the chain-head interfaces. The bilayer structures remained relatively
symmetrical even if the two headgroup leaﬂets were considered as two distinct entities,
with the hydration and thickness allowed to vary independently as opposed to what
was done for POPC-based membranes. This was performed to allow a possible
asymmetry that could arise from segregation of the different molecules. Also, the area
per molecule calculations were not done for these complex lipid bilayers since a
signiﬁcant uncertainty would arise from the large number of components and high
sterol content (30mol%). Finally, the outer headgroups were in most cases more
hydrated than the inner headgroups. This was probably due to the presence of the water
layer in which part of the inner headgroups hydration was hidden as the boundary
between the two layers is often difﬁcult to deﬁne and inﬂuenced by the substrate [171].

5.3.1. Ergosterol-containing P. pastoris phospholipid membranes
Figure 5.9 shows the reﬂectivity curves and scattering length density proﬁles
corresponding to the best ﬁts to the data for hPolar hErg and dPolar dErg (30 ± 5 and 30
± 3mol% respectively) bilayers in four different water contrasts (D2O, CM4, CMSi and
H2O).
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Figure 5.9 : Reﬂectivity data and ﬁts of hydrogenous P. pastoris phospholipids and
hydrogenous ergosterol (30mol%) lipid bilayer (A) and corresponding SLD proﬁles (C),
and reﬂectivity data and ﬁts of deuterated P. pastoris phospholipids and deuterated
ergosterol (30mol%) lipid bilayer (B) and corresponding SLD proﬁles (D).
Samples

hPolar hErg (30 mol%) bilayer �2 = 7.5

dPolar dErg (30 mol%) bilayer �2 = 12.5

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

3±2

-

2.07

0

2±1

SiO2

8±1

3.41

10 ± 4

2±1

13 ± 1

3.41

18 ± 3

3±1

Water

3±1

Solvent

100

4±2

2 ± 0.8

Solvent

100

4±2

Head (in)

9±2

2.9# ± 0.1

25 ± 5

4±1

8±2

7.9# ± 0.2

27 ± 3

3±2

Chains

26 ± 2

-0.03*±0.03

3±2

5±2

30 ± 1

6.81* ± 0.03

4±3

3±2

Head (out)

8±2

2.9# ± 0.1

28 ± 8

5±2

9±2

7.9# ± 0.2

51 ± 11

3±2

Table 5.11 : Fitted parameters of hPol hErg and dPol dErg bilayers. #The headgroups
SLD varied depending on contrasts and composition; see table 3.2. Parameters were
deﬁned in chapter 3 and in table 4.6. *Corresponds to the SLD calculated from the
nominal composition of 30mol% of ergosterol and 70mol% Polar fractions.
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The headgroups SLD values used for hPolar hErg were 2.9 10-6 Å-2, 2.7 10-6 Å-2, 2.6 10-6
Å-2 and 2.4 10-6 Å-2 and 7.9 10-6 Å-2, 7.7 10-6 Å-2, 7.6 10-6 Å-2 and 7.3 10-6 Å-2 for dPolar
dErg in D2O, CM4, CMSi and H2O respectively. These values correspond to the values
calculated from the compositional analysis and are presented in the table 3.2 in the
Material and Methods chapter. The different values in different solvent contrasts are
related to the labile protons of some of the headgroups which means that the SLD
changes depending on the solvent deuteration level. These values allowed satisfactory
models to be ﬁtted to all the data. The table 5.11 gives details of the parameters
corresponding to the ﬁts presented in ﬁgure 5.9. The main difference between the
phospholipid samples with added ergosterol (hPolar hErg and dPolar dErg), was the
smaller thickness (by 4 ± 2Å) of the hydrophobic layer of the hydrogenous sample,
which, as also previously published by de Ghellinck et al. [16] is related to the acyl
chain composition, containing more polyunsaturated species compared to the
deuterated samples which has predominantly C18:1 acyl chains. Besides this, the models
were structurally very similar and a good surface coverage was obtained in both cases
(97 ± 2% and 96 ± 3% for hPolar hErg and dPolar dErg bilayers respectively).
The hPolar dErg (39 ± 2mol%) and dPolar hErg (15 ± 2mol%) samples showed large
variations from the expected SLD chain values (30mol% sterol), but nevertheless
brought further observations due to the enhanced contrast between the phospholipids
and the sterol. Figure 5.10 shows the reﬂectivity curves and scattering length density
proﬁles corresponding to the best ﬁts to the data for these two samples measured in four
different water contrasts (D2O, CM4, CMSi and H2O). The table 5.12 details the
parameters corresponding to the ﬁts.
The SLD values of the chains used in the ﬁt were different from the nominal values in
both cases. In comparison to the sole POPC-based sample that was not reaching the
nominal composition - hPOPC dChol (12mol%) -, here the differences between the
expected and the measured compositions are very important. It is most likely that the
sterol is inhomogeneously distributed in the vesicles leading to such deviations. Similar
effects with vesicle fusion deposition of various phospholipid mixtures probed with NR
are described in literature [172]. At the same time, the SLD of the headgroup was
different from the expected value for the lipids.
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Figure 5.10 : Reﬂectivity data and ﬁts of hydrogenous P. pastoris phospholipids and
deuterated ergosterol (30mol%) lipid bilayer (A) and corresponding SLD proﬁles (C),
and reﬂectivity data and ﬁts of deuterated P. pastoris phospholipids and hydrogenous
ergosterol (30mol%) lipid bilayer (B) and corresponding SLD proﬁles (D).
Samples

hPolar dErg (39 mol%) bilayer �2 = 2.6

dPolar hErg (15 mol%) bilayer �2 = 6.3

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

2±1

-

2.07

0

3±1

SiO2

9±2

3.41

8±7

2±1

14 ± 2

3.41

2±2

2±1

Water

2 ± 0.5

Solvent

100

3±2

2 ± 0.5

Solvent

100

4±2

Head (in)

8±2

3.2# ± 0.2

25 ± 8

4±2

8±2

7.3# ± 0.3

25 ± 4

4±2

Chains

28 ± 2

2.07* ± 0.07

2±2

4±2

29 ± 2

5.97**±0.06

4±2

5±3

Head (out)

8±2

3.2# ± 0.2

24 ± 11

5±2

8±2

7.3# ± 0.3

37 ± 8

5±3

Table 5.12 : Fitted parameters of hPol dErg and dPol hErg bilayers. #The headgroups SLD
varied differently than calculated. The values employed are reported in the text below.
Parameters were deﬁned in chapter 3 and in table 4.6. *Corresponds to 39mol% of dergosterol and 61mol% Polar fraction. **Corresponds to 15mol% of ergosterol and
85mol% dPolar fraction.
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In the case of hPolar dErg the headgroup values used in the ﬁts were slightly different
than the combination of all hydrogenous headgroups with 3.2 10-6 Å-2, 3.0 10-6 Å-2, 2.7
10-6 Å-2 and 2.1 10-6 Å-2, for D2O, CM4, CMSi and H2O respectively. For dPolar hErg,
the headgroup values that ﬁtted to the data were lower than calculated from the
deuterated headgroup composition with 7.3 10-6 Å-2, 7.0 10-6 Å-2, 6.7 10-6 Å-2 and 6.6
10-6 Å-2, in D2O, CM4, CMSi and H2O respectively. These differences between the SLD
observed in the headgroups of the partially deuterated samples show that there is some
ergosterol in the headgroup regions as well as the chains, as values for the headgroups
were higher than expected when deuterated ergosterol was involved and lower with
hydrogenous ergosterol. The fact that this effect was not observed in any of the partially
deuterated POPC-sterol samples suggests that it is related to the large number of
different lipid components present in the yeast samples, which means that it may be
difﬁcult to assign a clear location for the chain-headgroup interface. In previously
published work performed on total yeast lipid extracts, the ﬁts also had a high
roughness at the chain-headgroup interfaces and could be related to the same effect
[16]. Due to the low contrast between the lipids and sterols, these differences were not
seen in the ﬁrst two samples that were either fully deuterated or non-deuterated. It is
worth noting that this presence of ergosterol in the headgroup was symmetrical and the
same values could be used in both inner and outer leaﬂets.
Otherwise, the models used to ﬁt the data of the ergosterol-containing lipid bilayers
were similar structurally even if the fraction of ergosterol varied between samples. The
difference in the thickness of the hydrophobic layer observed between hPolar hErg and
dPolar dErg membranes was not observed for the two complementary samples probably
due to the signiﬁcantly higher sterol content in the hPolar dErg bilayer (39 ± 2mol%)
than in dPolar hErg bilayer (15 ± 2mol%), which could have compensated for the
difference in lipid polyunsaturation.

5.3.2. Cholesterol-containing P. pastoris phospholipids membranes
For the same reasons evoked for POPC-cholesterol bilayers, yeast phospholipid
membranes containing 30mol% cholesterol were investigated. The advantages are that
this amount is more representative of the fraction of cholesterol found in mammalian
cells (30-50mol%), while the yeast lipid composition is also more representative of the
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Figure 5.11 : Reﬂectivity data and ﬁts of hydrogenous P. pastoris phospholipids and
hydrogenous cholesterol (30mol%) lipid bilayer (A) and corresponding SLD proﬁles
(C), and reﬂectivity data and ﬁts of deuterated P. pastoris phospholipids and
deuterated cholesterol (30mol%) lipid bilayer (B) and corresponding SLD proﬁles (D).
Samples

hPolar hChol (30 mol%) bilayer �2 = 18.1

dPolar dChol (30 mol%) bilayer �2 = 18.3

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

2±1

-

2.07

0

1 ± 0.5

SiO2

10 ± 1

3.41

6±3

2±1

2±1

3.41

5±5

2±1

Water

2 ± 0.5

Solvent

100

3±2

2 ± 0.5

Solvent

100

2±1

Head (in)

9±2

2.9# ± 0.1

38 ± 5

3±2

9±2

7.9# ± 0.2

38 ± 6

3±1

Chains

30 ± 2

-0.086*±0.04

1±1

4±2

34 ± 1

6.90* ± 0.03

1±1

3±2

Head (out)

8±2

2.9# ± 0.1

48 ± 9

4±2

8±2

7.9# ± 0.2

46 ± 6

4±2

Table 5.13 : Fitted parameters of hPol hErg and dPol dErg bilayers. #The headgroups
SLD varied depending on contrasts and composition; see table 3.2. Parameters
were deﬁned in chapter 3 and in table 4.6. *Corresponds to 30mol% cholesterol
and 70mol% Polar lipids.
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lipids found in mammalian cell membranes than POPC [168]. Figure 5.11 shows the
reﬂectivity curves and scattering length density proﬁles corresponding to the best ﬁts to
the data for hPolar hChol and dPolar dChol bilayers (30 ± 10 and 30 ± 8mol%
respectively) in four different water contrasts (D2O, CM4, CMSi and H2O) and the
parameters of the ﬁts are found in table 5.13.
Note that for all the cholesterol-containing bilayers, a 2 ± 0.5Å inner water layer,
independently of the silicon oxide layer characteristics, was also needed to ﬁt the data.
The calculated sample SLD values were used and allowed satisfactory ﬁts to be
obtained for the fully hydrogenous (hPolar hChol) and fully deuterated (dPolar dChol)
samples. Again, the hydrophobic layer of the deuterated sample was thicker (34 ± 1Å)
than in the hydrogenous bilayer (30 ± 2Å), giving the same difference of 4 ± 2Å also
found between the ergosterol-containing hydrogenous and deuterated phospholipid
extracts from yeasts, due to the polyunsaturation differences observed in the acyl chain
composition. Also, at the same concentration, the cholesterol bilayers are thicker by 4 ±
3Å and 4 ± 1Å for the hydrogenous and the deuterated membranes respectively. This
demonstrates a larger condensing effect of cholesterol compared to ergosterol in
complex lipid mixtures, already suspected with the POPC bilayers of the present work
and recently demonstrated with X-Ray lamellar diffraction of POPC sterol-containing
bilayers [173]. The larger uncertainties in the hydration and thickness did not allow
conclusions to be drawn with certainty for a similar effect in the headgroups. Besides
this observation, both models could be considered structurally equivalent.
The partially deuterated samples were less trivial to ﬁt as the chains and headgroup SLD
value differed from the calculations. Figure 5.12 and table 5.14 shows the reﬂectivity
curves, scattering length density proﬁles and the parameters of the best ﬁts for hPolar
dChol (30 ± 2mol%) and dPolar hChol (40 ± 2mol%). Headgroup SLD values of 7.1
10-6 Å-2, 6.6 10-6 Å-2, 6.5 10-6 Å-2 and 6.4 10-6 Å-2, for D2O, CM4, CMSi and H2O were
used for the dPolar hChol membrane. The high cholesterol content in dPolar hChol (40
± 2mol%) bilayer was also found to be present in the headgroup layers, linked to the
difﬁculty to deﬁne an exact location for the chain/headgroup interface with the lipid
mixtures extracted from P. pastoris.
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Figure 5.12 : Reﬂectivity data and ﬁts of hydrogenous P. pastoris phospholipids and
deuterated cholesterol (30mol%) lipid bilayer (A) and corresponding SLD proﬁles (C),
and reﬂectivity data and ﬁts of deuterated P. pastoris phospholipids and hydrogenous
cholesterol (40mol%) lipid bilayer (B) and corresponding SLD proﬁles (D).
Samples

hPolar dChol (30 mol%) bilayer �2 = 5.7

dPolar hChol (40 mol%) bilayer �2 = 2.2

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

2±2

-

2.07

0

2±1

SiO2

7±2

3.41

1±1

2±1

9±2

3.41

8±7

2±1

Water

1.5 ±0.5

Solvent

100

3±2

2 ± 0.5

Solvent

100

3±2

Head (in)

9±2

3.1# ± 0.4

26 ± 6

4±2

9±2

7.1# ± 0.3

37 ± 6

4±2

Chains

28 ± 2

1.64±0.05 *

3±2

4±2

35 ± 2

4.78±0.05**

3±3

4±2

Head (out)

11 ± 3

4.7# ± 0.9

31 ± 9

4±2

8±2

7.1# ± 0.3

49 ± 11

5±2

Table 5.14 : Fitted parameters of hPol hChol and dPol dChol bilayers. #The headgroups
SLD varied depending on contrasts differently than calculated before (see table 3.2).
The values employed are reported in the text above. *Corresponds to 30 ± 2mol%
**Corresponds to 40 ± 2mol%. Parameters were deﬁned in chapter 3.
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The hPolar dChol bilayer was unique as the only way to satisfactorily ﬁt the data,
especially the H2O contrast, was an asymmetry in the headgroup SLD values. 3.1 ± 0.4
10-6 Å-2, 2.4 ± 0.4 10-6 Å-2 and 2.0 ± 0.6 10-6 Å-2, in D2O, CM4 and H2O were ﬁtted for
the inner headgroup layer of the hPolar dChol bilayer whereas higher SLD values were
obtained for the outer headgroup layer with 4.7 ± 0.9 10-6 Å-2, 4.3 ± 0.8 10-6 Å-2 and
3.9 ± 0.5 10-6 Å-2, in D2O, CM4 and H2O respectively. An asymmetry of sterol
distribution in the chain layers in agreement with the higher cholesterol content found
in the outer headgroup leaﬂet, i.e. with more cholesterol on the outer leaﬂet, could not
be achieved. The features found in the D2O contrast at Q (0.12-0.15 Å-1) together with
the impossibility to fully ﬁt the H2O contrast with a high reﬂection at high Q and the
asymmetry only found in the headgroup layers are additional reasons to prepared and
measure again this sample for further investigations.
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5.4. Natural phospholipids (P. pastoris) - Amphotericin B effect
The changes in the P. pastoris samples before and after AmB addition are presented
below, in ﬁgures 5.13 to 5.16 and tables 5.15 to 5.18. The phospholipid composition of
the mixtures extracted from yeast allows to model either fungal membranes (with
ergosterol) or mammalian membranes (with cholesterol), which constitute a valuable
system to understand the differences between the therapeutic and the toxic side effects
of AmB.

5.4.1. Ergosterol-containing P. pastoris phospholipids membranes
By looking into details, the reﬂectivity curves and the ﬁts of the hPolar hErg and dPolar
dErg samples after AmB addition, presented in ﬁgure 5.13 and table 5.15, many aspects
were changed after the incubation with AmB. The hydrogenous ergosterol-containing
hPolar hErg membrane reacted strongly, as additional minima could be seen in all the
reﬂectivity curves after the incubation with AmB. This was contrasted with the
perdeuterated sample dPolar dErg, where the main observation concerned the D2O
contrast after AmB addition where two minima could be observed, implying that a
hydrogenous layer was formed on top of the lipid membrane. From the changes in the
SLD of the chains it was observed that, in both cases, 7 ± 3% v/v of ergosterol remained
in the bilayer out of the 22 ± 4% v/v initially present. AmB also inserted into both
membranes to 8 ± 2% v/v. The removal of two-thirds of the ergosterol content of the
bilayers induced important structural changes as seen by the shrinking of the
hydrophobic layer, especially evident for the perdeuterated membrane, from 30 ± 1Å to
23 ± 2Å. This observation is in contradiction with previous work where the
polyunsaturation of total lipid extracts bilayers was related to larger thinning of the
membranes induced by AmB as well as larger insertion of AmB [16]. The apolar lipid
fractions present in the total extracts and not included in this work could thus play an
important role in the susceptibility towards AmB.
The presence of an approximately 30Å thick layer of AmB on the top of the lipid
membranes, called ‘AmB upper layer’ as composed mainly of AmB molecules, was
similar to the recently postulated AmB sponge layer responsible for extracting ergosterol
[5]. Such a thick layer could not be seen for any of the monomolecular or bimolecular
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systems involving POPC. The phospholipid content thus seems to be important in the
AmB upper layer formation or stabilization, most likely due to the different headgroup
classes present or less likely due to the diversity of the acyl chains. Even if the thickness
of the AmB layer was relatively similar in the two samples, its composition and
hydration was very different. hPolar hErg presented a relatively concentrated AmB layer
with 50 ± 5% hydration and a volume ratio 1:1 of AmB and ergosterol, whereas in
dPolar dErg it was very hydrated 94 ± 3% with a volume ratio between drug and sterol
of 4:1.
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Figure 5.13 : Reﬂectivity data and ﬁts of hPolar hErg (30 mol%) bilayer before (black)
and after AmB addition (light colors) (A) and corresponding SLD proﬁles (C), and
reﬂectivity data and ﬁts of dPolar dErg (30 mol%) bilayer before (black) and after AmB
addition (dark colors) (B) and corresponding SLD proﬁles (D).
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hPolar hErg (30 mol%) bilayer
after AmB �2 = 9.2

Samples

dPolar dErg (30 mol%) bilayer
after AmB �2 = 27.2

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

3±2

-

2.07

0

2±1

SiO2

8±1

3.41

10 ± 4

2±1

13 ± 1

3.41

18 ± 3

3±1

Water

3.5 ± 1

Solvent

100

3±1

2 ± 0.8

Solvent

100

4±1

Head (in)

8±2

2.9# ± 0.1

49 ± 9

3±2

11 ± 2

7.9# ± 0.2

24 ± 8

4±1

Chains

24 ± 2

0.1* ± 0.1

1±1

3±2

23 ± 2

6.52**±0.05

3±3

5±2

Head (out)

10 ± 2

2.9# ± 0.1

54 ± 7

5±2

8±2

7.9# ± 0.2

24 ± 9

5±2

AmB layer

32 ± 1

1.6§ ± 0.2

50 ± 5

6±2

27 ± 6

3.85§§ ±0.35

94 ± 3

5±2

Table 5.15 : Fitted parameters of hPolar hErg (30 mol%) and dPolar dErg (30 mol%)
bilayers after AmB addition. Parameters were deﬁned in chapter 3 and in table 4.6.
#The headgroups SLD varied depending on contrasts and composition; see table 3.2.
*in D2O, 0.06 ± 0.14 10-6 Å-2 in CM4 and -0.01 ± 0.22 10-6 Å-2 in H2O. §in D2O, 1.4
± 0.3 10-6 Å-2 in CM4, and 0.9 ± 0.3 10-6 Å-2 in H2O. **in D2O, 6.50 ± 0.04 10-6 Å-2
in CMSi and 6.44 ± 0.04 10-6 Å-2 in H2O. §§in D2O, 3.50 ± 0.25 10-6 Å-2 in CMSi and
2.80 ± 0.42 10-6 Å-2 in H2O.
The partially deuterated samples (hPolar dErg and dPolar hErg) conﬁrmed the presence
of the upper AmB layer. The reﬂectivity curves and scattering length density proﬁles
corresponding to the best ﬁts to these bilayers after AmB addition in three different
water contrasts (D2O, CM4, CMSi and H2O) are shown in ﬁgure 5.14 and table 5.16. In
both cases, an AmB upper layer was observed with similar hydration and composition,
corresponding to a volume ratio of 4:1 Amphotericin B to ergosterol. The deuteratedergosterol containing membrane hPolar dErg showed 6 ± 4% v/v AmB insertion and
only 3 ± 2% v/v ergosterol removal in this concentrated sample initially containing 29
± 2% v/v or ergosterol. The SLD value of the headgroup stayed higher than suggested by
the calculation of phospholipid mixture without sterol, as it was before interaction with
AmB, supporting the idea that the sterol was not largely removed in this case. On the
contrary, the effects of AmB on the dPolar hErg (15mol%) bilayers were similar to what
was observed with hPolar hErg and dPolar dErg, with a signiﬁcant amount of ergosterol
extracted (8 ± 2%v/v out of the 10 ± 2% v/v in chains) and insertion of AmB up to 11 ±
5% v/v. In this case, the SLD of the headgroup was also found to increase back to the
values of a dPolar bilayer, supporting the idea that the ergosterol was initially partly
mixed in the headgroup layer as its removal by AmB was associated with an increase in
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the SLD of the headgroup (7.6, 7.4, 7.2 and 7.0 10-6 Å-2 in D2O, CM4, CMSi and H2O
respectively).
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Figure 5.14 : Reﬂectivity data and ﬁts of hPolar dErg (39 mol%) bilayer before (black)
and after AmB addition (light colors) (A) and corresponding SLD proﬁles (C), and
reﬂectivity data and ﬁts of dPolar hErg (30 mol%) bilayer before (black) and after AmB
addition (dark colors) (B) and corresponding SLD proﬁles (D).

Thus, AmB inserts into all bilayers and removes ergosterol, as seen previously with
synthetic lipid membranes, but it also forms an additional layer above the lipid
membrane, particularly evident in the reﬂectivity curves of the hydrogenous ergosterolcontaining samples. It is also worth noting that no signiﬁcant water insertion was found
in the yeast lipid bilayers after interaction with AmB. Indeed, it usually lowered the
water content, if present at ﬁrst.
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120

hPolar dErg (39 mol%) bilayer
after AmB �2 = 2.9

Samples

dPolar hErg (15 mol%) bilayer
after AmB �2 = 7.3

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

2±1

-

2.07

0

3±1

SiO2

9±2

3.41

8±7

2±1

14 ± 2

3.41

2±2

2±1

Water

2 ± 0.5

Solvent

100

3±2

3±1

Solvent

100

3±1

Head (in)

7±2

3.2# ± 0.2

32 ± 9

4±2

8±2

7.6# ± 0.3

43 ± 5

3±2

Chains

29 ± 2

2.06* ± 0.09

2±2

5±2

29 ± 2

6.09**±0.13

2±2

4±2

Head (out)

7±2

3.2# ± 0.2

28 ± 12

6±2

9±2

7.6# ± 0.3

56 ± 9

5±2

AmB layer

24 ± 2

3.8§± 0.9

82 ± 9

6±3

25 ± 3

2.4§§±0.6

73 ± 4

6±3

Table 5.16 : Fitted parameters of hPolar dErg (39 mol%) and dPolar hErg (15 mol%)
bilayers after AmB addition. Parameters were deﬁned in chapter 3 and in table 4.6.
#The headgroups SLD varied as detailed in the text below. *in D O, 2.04 ± 0.11 10-6
2
-2
-6
-2
-6
Å in CM4, 2.02 ± 0.17 10 Å in CMSi and 1.99 ± 0.19 10 Å-2 in H2O. §in D2O,
3.5 ± 0.9 10-6 Å-2 in CM4, 3.1 ± 1.2 10-6 Å-2 in CMSi and 2.7 ± 2 10-6 Å-2 in H2O. **in
D2O, 6.04 ± 0.10 10-6 Å-2 in CM4, 5.99 ± 0.14 10-6 Å-2 in CMSi and 5.94 ± 0.14 10-6
Å-2 in H2O. §§in D2O, 2.0 ± 0.5 10-6 Å-2 in CM4, 1.7 ± 0.4 10-6 Å-2 in CMSi and 1.3 ±
0.4 10-6 Å-2 in H2O.

5.4.2. Cholesterol-containing P. pastoris phospholipids membranes
Figure 5.15 shows the reﬂectivity curves and scattering length density proﬁles
corresponding to the best ﬁts to the data for hPolar hChol (30 ± 10mol%) in three
different water contrasts (D2O, CM4 and H2O) and dPolar dChol bilayers (30 ± 8mol%
respectively) in three different water contrasts (D2O, CMSi and H2O) after the addition
of AmB. The parameters of the ﬁts presented in ﬁgure 5.15 are found in table 5.17.
The main observation of AmB in the hPolar hChol bilayer was insertion of water (10 ±
5% v/v) in the lipid chain region. AmB inserted in the hydrophobic chain layer to 8 ±
4% v/v and removal of cholesterol was very limited with less than 2 ± 2% v/v
cholesterol removed. Besides water insertion, no major changes in the structure of the
bilayer itself were observed but a relatively thick AmB upper layer (38 ± 6Å), very
hydrated, up to 94% v/v, mainly composed of AmB (less than 1% v/v of cholesterol)
could be used to ﬁt the data. The existence of the AmB upper layer, with such high
hydration could be questioned but its inclusion in the model structure improved the
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quality of the ﬁts by a ∆�2 ≥ 5. Also, the presence of water in the hydrophobic chain
induced by AmB supports the idea of a pore formation mechanism, as previously
observed based on membrane potential and ion permeability measurements [77].
However, in the dPolar dChol sample, it was not possible to observe any water
insertion. On the other hand, this sample also had good contrast for detecting AmB
insertion and cholesterol removal and gave similar results to the hydrogenous
membrane, with 4 ± 2%v/v insertion and less than 2% cholesterol extraction
respectively. Also, an upper AmB layer of 32 ± 8Å with less than 1% deuterated
cholesterol and a hydration up to 99% v/v, improved the simultaneous ﬁts, while the
characteristics of the lipid bilayer itself were not modiﬁed by more than uncertainties of
the parameters included in the models.
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Figure 5.15 : Reﬂectivity data and ﬁts of hPolar hChol (30 mol%) bilayer before (black)
and after AmB addition (light colors) (A) and corresponding SLD proﬁles (C), and
reﬂectivity data and ﬁts of dPolar dChol (30 mol%) bilayer before (black) and after AmB
addition (dark colors) (B) and corresponding SLD proﬁles (D).
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hPolar hChol (30 mol%) bilayer
after AmB �2 = 39.9

Samples

dPolar dChol (30 mol%) bilayer
after AmB �2 = 8.9

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

2±1

-

2.07

0

2±1

SiO2

10 ± 1

3.41

6±3

3±2

2±1

3.41

5±5

2±1

Water

2 ± 0.5

Solvent

100

3±2

2 ± 0.5

Solvent

100

3±1

Head (in)

9±2

2.9# ± 0.1

50 ± 12

3±2

9±2

7.9# ± 0.2

40 ± 8

3±2

Chains

29 ± 1

0.12* ± 0.08

11 ± 4

3±2

32 ± 2

6.84**±0.10

2±2

3±2

Head (out)

7±2

2.9# ± 0.1

55 ± 14

4±2

9±2

7.9# ± 0.2

50 ± 10

5±2

AmB layer

38 ± 6

2.87§ ± 0.31

88 ± 6

4±2

32 ± 8

2.90§§

96 ± 3

5±3

Table 5.17 : Fitted parameters of hPolar hChol (30 mol%) and dPolar dChol (30 mol%)
bilayers after AmB addition. Parameters were deﬁned in chapter 3 and in table 4.6.
#The headgroups SLD varied depending on contrasts and composition; see table 3.2.
*in D2O, 0.10 ± 0.12 10-6 Å-2 in CM4 and -0.08 ± 0.13 10-6 Å-2 in H2O. §in D2O, 2.4
± 0.5 10-6 Å-2 in CM4 and 1.47 ± 0.7 10-6 Å-2 in H2O. **in D2O, 6.83 ± 0.07 10-6 Å-2
in CM4 and 6.80 ± 0.04 10-6 Å-2 in H2O. §§in D2O, 2.1 10-6 Å-2 in CMSi and 1.6 10-6
Å-2 in H2O. Errors bars are of the same order of magnitude than the SLD values.

The data after AmB addition to hPolar dChol and dPolar hChol, which provide good
contrast for detecting cholesterol removal, are shown in ﬁgure 5.16 and the parameters
corresponding to the ﬁts are detailed in the table 5.18. hPolar dChol was measured in
three different water contrasts (D2O, CM4, and H2O) whereas dPolar hChol was
measured in four different water contrasts (D2O, CM4, CMSi and H2O).
The hPol dChol bilayer was difﬁcult to ﬁt and the bilayer after AmB action was even
more challenging. It seemed that water was still present in the hydrophobic layer and
that an upper layer, very hydrated and with no deuterated cholesterol was observed. The
only possibility to ﬁt all the contrasts together with the same model was to modify
drastically the SLD of the headgroup, in an asymmetric way. In comparison to the
bilayer before AmB, were the headgroup SLD were altered symmetrically by the
difﬁculty to deﬁne the separation between heads and chains in presence of cholesterol,
with values of 3.5 10-6 Å-2, 2.9 10-6 Å-2 and 2.7 10-6 Å-2, for D2O, CM4 and H2O, after
AmB addition, the inner headgroup layer was unchanged, but the SLDs of the outer
headgroup layer were increased with values such as 4.7 10-6 Å-2, 3.8 10-6 Å-2 and 3.4
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10-6 Å-2, for D2O, CM4 and H2O. At the same time, the SLD of the lipid chain dropped
from 1.64 ± 0.04 10-6 Å-2 to 1.54 ± 0.05 10-6 Å-2 in D2O. Again, asymmetry in the
hydrophobic leaﬂets, with more cholesterol in the outer leaﬂet did not constitute an
acceptable model. These observations are very unusual, and the strong asymmetry only
observed in the headgroups, with high SLD values, is not explained and need further
investigation. Thus the differences observed correspond to extraction of 5 ± 2% v/v of
cholesterol and large insertion of AmB of 13 ± 3% v/v.
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Figure 5.16 : Reﬂectivity data and ﬁts of hPolar dChol (30 mol%) bilayer before (black)
and after AmB addition (light colors) (A) and corresponding SLD proﬁles (C), and
reﬂectivity data and ﬁts of dPolar hChol (40 mol%) bilayer before (black) and after AmB
addition (dark colors) (B) and corresponding SLD proﬁles (D).
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hPolar dChol (30 mol%) bilayer
after AmB �2 = 14

Samples

dPolar hChol (40 mol%) bilayer
after AmB �2 = 3.5

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

2±2

-

2.07

0

3±1

SiO2

6±2

3.41

1±1

2±1

9±2

3.41

8±7

2±1

Water

2 ± 0.5

Solvent

100

2±1

2 ± 0.5

Solvent

100

3±2

Head (in)

10 ± 2

3.5# ± 0.2

36 ± 8

3±2

9±2

7.1# ± 0.3

31 ± 11

4±2

Chains

25 ± 2

1.54* ± 0.06

6±2

3±2

33 ± 2

4.97**±0.07

2±2

5±2

Head (out)

14 ± 2

4.7# ± 0.4

27 ± 6

3±2

8±2

7.1# ± 0.3

49 ± 7

5±2

AmB layer

43 ± 5

2.98§ ± 0.63

96 ± 3

4±2

25 ± 9

2.8§§±0.8

93 ± 4

6±2

Table 5.18 : Fitted parameters of hPolar dChol (30 mol%) and dPolar hChol (30 mol%)
bilayers after AmB addition. Parameters were deﬁned in chapter 3 and in table 4.6.
#The headgroups SLD varied as for the bilayer structural characterization before AmB
addition unless for the outer leaﬂet in hPolar dChol (details in text above). *in D2O,
1.46 ± 0.06 10-6 Å-2 in CM4 and 1.43 ± 0.05 10-6 Å-2 in H2O. §in D2O, 2.5 ± 0.6 10-6
Å-2 in CM4 and 1.6 ± 0.3 10-6 Å-2 in H2O. *in D2O, 4.95 ± 0.05 10-6 Å-2 in CM4, 4.93
± 0.06 10-6 Å-2 in CMSi and 4.91 ± 0.04 10-6 Å-2 H2O. §§in D2O, 2.4 ± 0.9 10-6 Å-2 in
CM4, 2.0 ± 0.9 10-6 Å-2 in CMSi and 1.5 ± 0.8 10-6 Å-2 in H2O.
On the contrary, the reﬂectivity data for dPolar hChol (40 ± 2mol%) could be ﬁtted
correctly with a model that showed no water insertion, 4 ± 3% v/v AmB insertion
together with a 6 ± 3% v/v extraction of cholesterol out of the 30 ± 1% in volume
initially present in the sample, which was very evident in the D2O contrasts. The greater
cholesterol extraction observed in the 40mol% dPolar hChol than in the 30mol%
hPolar hChol and dPolar dChol samples could be directly linked to the difference in
composition.
The drug inserted in all cholesterol-containing P. pastoris bilayers in a calculated mean
value of 5 ± 1% v/v, whereas extraction of cholesterol was very limited, even in the 40
± 2mol% cholesterol sample. The Amphotericin B upper layer was also observed in all
cases and allowed to obtain the best ﬁts. Nevertheless, its hydration level almost always
exceeding 90%, the layer was mainly composed of AmB with less than 1% of
cholesterol, which is arguably below the detection limit considering the volume
fraction uncertainty of solvent (± 4% v/v). Water seemed to insert in the hydrophobic
part of the hPolar-containing bilayers, whereas it was not possible to ﬁt the data with
such models for the dPolar-containing bilayer. Concerning the mechanism of action of
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AmB on cholesterol containing bilayers, it is clear that the AmB removes cholesterol
only to a very limited degree if at all from the bilayers and does not form an equally
dense extramembraneous layer as it does with ergosterol containing samples. The
potential reasons for such behavior and the differences observed between synthetic
lipid membranes and natural phospholipids will be discussed in the chapter 5.8.

!138

5.5. Natural phospholipids (P. pastoris) Bilayer structural characterization
on sapphire substrate
The possibility to use a different supporting material was motivated by both an interest
to study the effect of the surface chemistry on the structural characteristics of yeast lipid
bilayers and, at the same time, to gain better neutron contrast. Indeed the absence of an
additional oxide layer (SiO2) and the high SLD value of sapphire (5.74 10-6 Å-2) make
this material suitable to observe small variations in the lipid bilayers structures. The
surface of sapphire also has a less negative charge at neutral pH than silicon, due to its
higher isoelectric point, which varies with the surface orientation. Indeed, the crystals
used in this work had random orientations and the isoelectric point is expected to be
comprised between pH 4.5 and pH 6, the isoelectric point of the different orientations
[174].
The sapphire crystals were cleaned as the silicon substrates and the lipid bilayers were
prepared in the exact same way as for the deposition on silicon wafers with 30mol%
sterol. But it appeared that the composition and structures of the four partially
deuterated samples listed in table 5.19 greatly differed from the corresponding bilayers
on silica surfaces. Indeed, the models used to ﬁt the data were characterized by an
evident asymmetry both in SLD of the headgroups and the chains, and it was found
necessary to treat the two membrane leaﬂets as separate layers. It was assumed that the
water content of the leaﬂets could be constrained to be equal.

Samples

Composition based on chain
SLD

Contrasts measured

hPolar dErg

15 ± 3 mol%

D2O, CM3* and H2O

dPolar hErg

53 ± 2 mol%

D2O, CM3 and H2O

hPolar dChol

32 ± 4 mol%

D2O, CM3 and H2O

dPolar hChol

43 ± 5 mol%

D2O, CM3 and H2O

Table 5.19 : List of the samples, composition based on SLD and the contrasts measured
on FIGARO and D17 at ILL. *CM3 corresponds to 52% D2O and 48% H2O for a
contrasts match equal to 3 10-6 Å-2.
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Figure 5.17 : Reﬂectivity data and ﬁts of hPolar dErg (15 ± 3mol%) bilayer on sapphire
(A) and corresponding SLD proﬁles (C), and reﬂectivity data and ﬁts of dPolar hErg (53
± 2mol%) bilayer on sapphire (B) and corresponding SLD proﬁles (D).
Samples

hPolar dErg bilayer (sapphire) �2 = 1.7

dPolar hErg bilayer (sapphire) �2 = 5.3

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Sapphire

-

5.72

0

2±1

-

5.72

0

2±1

Water

3±1

Solvent

100

2±1

3±1

Solvent

100

2±1

Head (in)

8±2

3.2# ± 0.1

32 ± 7

2±1

5±1

6.3# ± 0.3

20 ± 9

2±1

Chain (in)

15 ± 1

0.01*±0.04

1±1

2±1

19 ± 1

2.99§±0.01

2±2

2±1

Chain (out)

13 ± 1

1.30**±0.1

1±1

2±1

16 ± 1

5.35§§±0.03

2±2

2±1

Head (out)

6±2

3.9# ± 0.1

38 ± 7

3±1

5±2

7.2# ± 0.2

55 ± 12

3±1

Table 5.20 : Fitted parameters of hPol dErg (15 ± 3mol%) and dPol hErg (53 ± 2mol%)
bilayers initially prepared with 30mol% ergosterol, deposited on sapphire. Parameters
were deﬁned in chapter 3 and in table 4.6. #The headgroups SLD varied differently
than calculated as reported in the text below. *Corresponds to 2 ± 2mol% of dergosterol. **Corresponds to 28 ± 3mol% of d-ergosterol. §Correspond to 79 ± 1mol%
ergosterol. §§Correspond to 28 ± 2mol% ergosterol.
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Data obtained in three different water contrasts (D2O, CM3, and H2O) for hPolar dErg
and dPolar hErg are shown in ﬁgure 5.17 and table 5.20. The hPolar dErg bilayer on
sapphire had nearly no ergosterol in the inner chain leaﬂet (less than 3% v/v) and the
SLD of the headgroup corresponded to the lipids, whereas the SLD value ﬁtted for the
outer leaﬂet corresponds to 20 ± 1% v/v of deuterated ergosterol. At the same time, the
headgroup SLD was found to be 3.9 10-6 Å-2, 3.8 10-6 Å-2 and 3.5 10-6 Å-2 in D2O, CM3
and H2O respectively, indicating that, as for the samples on silicon substrate, the
separation between the chain and headgroup layers is difﬁcult to deﬁne in presence of
ergosterol when the contrast between lipid and sterol is enhanced. The overall sample
was thus composed of only 15 ± 3mol% deuterated ergosterol with the sterol almost
absent in the inner leaﬂet (2 ± 2mol%) and the equivalent of 28 ± 2mol% present in the
outer leaﬂet. The difference in thickness between the two hydrophobic leaﬂets was not
signiﬁcant considering the ﬁtting uncertainty even though the sterol concentration was
drastically different. The asymmetry of the dPolar hErg sample was even more
pronounced. Indeed, the only way found to ﬁt the data implied very high ergosterol
content, for with 53 ± 2mol% distributed as 59 ± 1% v/v (79 ± 1mol%) and 21 ± 1% v/
v (28 ± 2mol%) in the inner and outer leaﬂets respectively. This is very different from
the 30mol% ergosterol content in vesicles. The SLD of the headgroup was also
asymmetric with values of 6.3 10-6 Å-2, 6.0 10-6 Å-2 and 5.7 10-6 Å-2 and 7.2 10-6 Å-2,
6.9 10-6 Å-2 and 6.6 10-6 Å-2 for the inner and outer headgroups in D2O, CM3 and H2O
respectively, related again to the difﬁculty to deﬁne the layer separation in presence of
ergosterol.
Many other alternative models were investigated including ergosterol sequestration in
more or less thin layers, at the center of the bilayer, close the headgroups, asymmetric
or not, but none of these gave better ﬁts (�2 always > 25) than the structures
summarized in table 5.20. Multilayer deposition was also not consistent with the data.
The ergosterol-containing bilayers were thus asymmetric in both cases but the sterol
was predominantly found in the outer leaﬂet in hPolar dErg sample while
predominantly found in the inner leaﬂet in the dPolar hErg sample. This surprising
observation is in agreement with the impossibility to ﬁt both sets of data to an opposite
asymmetry. Thus, the large differences in ergosterol content and the polyunsaturation
degree may inﬂuence this localization.
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Figure 5.18 : Reﬂectivity data and ﬁts of hPolar dChol (32 ± 4mol%) bilayer on
sapphire (A) and corresponding SLD proﬁles (C), and reﬂectivity data and ﬁts of dPolar
hChol (43 ± 5mol%) bilayer on sapphire (B) and corresponding SLD proﬁles (D).
Samples

hPolar dChol bilayer (sapphire) �2 = 6.1 dPolar hChol bilayer (sapphire) �2 = 1.7

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Sapphire

-

5.72

0

2±1

-

5.72

0

2±1

Water

4±1

Solvent

100

2±1

4±1

Solvent

100

2±1

Head (in)

8±2

3.2# ± 0.1

26 ± 9

2±1

8±2

7.5# ± 0.2

30 ± 8

2±1

Chain (in)

12 ± 1

0.2* ± 0.2

2±2

3±1

14 ± 2

5.1§ ± 0.2

2±2

2±1

Chain (out)

14 ± 1

3.4**± 0.1

2±2

3±1

17 ± 2

4.1§§±0.15

2±2

4±2

Head (out)

9±2

4.0# ± 0.1

31 ± 11

3±1

7±2

6.5# ± 0.2

30 ± 15

4±2

Table 5.21 : Fitted parameters of hPol dChol (32 ± 4mol%) and dPol hChol (43 ± 5
mol%) bilayers initially prepared with 30mol% cholesterol, deposited on sapphire.
Parameters were deﬁned in chapter 3 and in table 4.6. #The headgroups SLD varied
differently than calculated. The values employed are reported in the text below.
*Corresponds to 6 ± 4mol% of d-cholesterol. **Corresponds to 58 ± 2mol% of dcholesterol. §Correspond to 32 ± 4mol% cholesterol. §§Correspond to 54 ± 3mol%
cholesterol.
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The structures found for cholesterol-containing bilayers were in better agreement with
each other, but also showed some differences. The reﬂectivity curves and scattering
length density proﬁles corresponding to the best ﬁts to the data of hPolar dChol (32 ±
4mol%) and dPolar hChol (43 ± 5mol%) bilayers measured in three different water
contrasts (D2O, CM3 and H2O) are shown in ﬁgure 5.18 and table 5.21. An asymmetry
of distribution of cholesterol was also evident and the sterol was mainly sequestrated on
the outside of the bilayer, towards the solution. Whereas most of the deuterated
cholesterol was found on the solvent side of the hPolar dChol bilayer with 5 ± 2% v/v
(6 ± 4 mol%) in the inner hydrophobic leaﬂet against 42 ± 1% v/v in the outer leaﬂet
(58 ± 2 mol%), the asymmetry was less marked in the dPolar hChol bilayer. Indeed, 24
± 3% v/v (32 ± 4 mol%) were found in the inner leaﬂet when 40 ± 2% v/v (54 ± 3 mol
%) were necessary to include in the outer leaﬂet to simultaneously ﬁt the three
contrasts. In hPolar dChol, the inner headgroup presented SLD equal to the ones
calculated for the lipids, when the outer leaﬂet displayed higher values; 4.0 10-6 Å-2, 3.6
10-6 Å-2 and 3.1 10-6 Å-2 for D2O, CM3 and H2O respectively. A decrease in the SLD of
the headgroup of both leaﬂets was observed in the dPolar hChol sample, whit SLD
values of 6.5 10-6 Å-2, 6.3 10-6 Å-2 and 6.0 10-6 Å-2 and 7.5 10-6 Å-2, 7.3 10-6 Å-2 and 7.1
10-6 Å-2 in D2O, CM3 and H2O for the outer and the inner leaﬂet respectively,
correlated to the higher amount of cholesterol found in the outer leaﬂet. This showed
again the necessity to include some cholesterol in the headgroup layer in the model
used. The thicknesses of the lipid chains were not signiﬁcantly different, as it was also
the case for hPolar dErg. Finally, as seen with the ergosterol-containing bilayers
deposited on sapphire (ﬁgure 5.17), the sterol concentration was also higher in the
cholesterol-containing dPolar membrane than in the hydrogenous hPolar-containing
sample.
While the ergosterol-containing samples deposited on sapphire are difﬁcult to compare
to their homologous versions on silicon due to important differences in the sterol
content, the cholesterol-containing samples displayed a very similar cholesterol content
in both cases. And it is possible to observe that the sapphire-deposited bilayer
thicknesses are comparable to the ones supported on silicon, with a total bilayer
thickness of 48 ± 4 Å and 43 ± 3 Å for hPolar dChol (30 ± 2mol% on silicon and 32 ±
3 mol% on sapphire, respectively) and 52 ± 3 Å and 46 ± 4 Å for dPolar hChol (40 ± 2
mol% on silicon and 44 ± 7 mol% on sapphire, respectively).
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Based on these results, it is clear that the surface material and the lipid composition
have a signiﬁcant effect on both the vesicle fusion process of deposition and on the
structure of the supported bilayers formed from complex lipid mixtures. This is
discussed in chapter 5.8.

5.6. Natural lipids (C. glabrata total lipid extracts) - Bilayer structural
characterization
As the last step towards modeling the fungal target membranes of AmB, total lipid
extracts from the pathogenic yeasts C. glabrata were used to reconstitute supported
bilayers. The membranes were formed on silica to avoid the unpredictable asymmetry
effects observed on sapphire surfaces with P. pastoris phospholipid extracts. From the
different strains selected, the lipid extracts of the two transformants, differing by their
sensitivity towards Amphotericin B and lipid composition, as shown earlier in chapter
4, were characterized with neutrons.

5.6.1. Hydrogenous total extracts
The reﬂectivity curves and scattering length density proﬁles corresponding to the best
ﬁts to the data for the hydrogenous AmB sensitive C. glabrata (Y2311) total extract and
the hydrogenous AmB resistant C. glabrata (Y2310) bilayers measured in four different
water contrasts (D2O, CM4, CMSi and H2O) are presented in ﬁgure 5.19 and the
associated parameters are listed in table 5.22.
In both samples, the SLD values of the headgroups, see table 5.22, were in agreement
with the calculations performed based on lipid composition when the SLD value of the
hydrophobic chains was found slightly higher than calculated (-0.16 10-6 Å-2 and -0.14
10-6 Å-2 calculated for Y2311 and Y2310, respectively). The calculation was performed
on the basis of fatty acid and ergosterol composition only. But it was shown (ﬁgure 4.3)
that other constituents were present in the lipid mixture and could explain the small
variations observed in the actual SLD. The hydrogenous squalene has an calculated SLD
value of 0.13 10-6 Å-2, lanosterol a value of 0.26 10-6 Å-2 and 5,7,24(28)-Ergostatrienol
0.43 10-6 Å-2.
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Figure 5.19 : Reﬂectivity data and ﬁts of hydrogenous Y2311 total lipid extract bilayer
(A) and corresponding SLD proﬁles (C), and reﬂectivity data and ﬁts of hydrogenous
Y2310 total lipid extract bilayer (B) and corresponding SLD proﬁles (D).
Samples

Hydrogenous Y2311 Total extract bilayer
�2 = 10.4

Hydrogenous Y2310 Total extract bilayer
�2 = 8.0

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

3±2

-

2.07

0

3±1

SiO2

14 ± 1

3.41

1±1

3±2

8±1

3.41

8±5

3±2

Head (in)

7±2

2.9# ± 0.1

27 ± 9

5±1

9±2

3.0# ± 0.2

42 ± 11

3±2

Chains

30 ± 2

-0.09±0.01

6±4

5±2

33 ± 2

-0.12±0.01

3±3

5±2

Head (out)

7±1

2.9# ± 0.1

53 ± 15

5±2

7±2

3.0# ± 0.2

54 ± 15

5±2

Table 5.22 : Fitted parameters of hydrogenous C. glabrata total extracts bilayers.
Parameters were deﬁned in chapter 3 and in table 4.6. #The headgroups SLD varied as
based on composition; for hydrogenous Y2311, headgroups SLD values were 2.93
10-6 Å-2 (D2O), 2.74 10-6 Å-2 (CM4), 2.58 10-6 Å-2 (CMSi) and 2.38 10-6 Å-2 (H2O). For
hydrogenous Y2310, headgroups SLD values were 3.02 10-6 Å-2 (D2O), 2.83 10-6 Å-2
(CM4), 2.67 10-6 Å-2 (CMSi) and 2.46 10-6 Å-2 (H2O).
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5.6.2. Deuterated total extracts
The observations made for the hydrogenous extracts correlate well with the structure of
the deuterated total extract bilayers. The bilayers were relatively symmetrical, the SLD
of headgroup was used as calculated and the chain SLD were lower than calculated
due to the additional ergosterol precursors, especially the perdeuterated squalene
presenting the lowest SLD value. Indeed the deuterated squalene has an expected SLD
value of 5.68 10-6 Å-2, when lanosterol and 5,7,24(28)-Ergostatrienol have values of
7.65 10-6 Å-2 and 7.71 10-6 Å-2, respectively. The water content of the hydrophobic layer
was also more important than in the hydrogenous samples as it was also the case for P.
pastoris deuterated phospholipid bilayers.
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Figure 5.20 : Reﬂectivity data and ﬁts of deuterated Y2311 total lipid extract bilayer (A)
and corresponding SLD proﬁles (C), and reﬂectivity data and ﬁts of deuterated Y2310
total lipid extract bilayer (B) and corresponding SLD proﬁles (D).
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Deuterated Y2311 Total extract bilayer
�2 = 18.9

Deuterated Y2310 Total extract bilayer
�2 = 15.4

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

3±1

-

2.07

0

3±1

SiO2

12 ± 2

3.41

7±3

3±2

13 ± 2

3.41

13 ± 4

3±2

Head (in)

9±2

7.8# ± 0.1

41 ± 7

3±2

8±2

7.8# ± 0.1

40 ± 8

4±2

Chains

26 ± 2

6.27§± 0.05

9±3

3±2

29 ± 2

6.88§± 0.04

8±3

5±2

Head (out)

8±2

7.8# ± 0.1

48 ± 12

4±2

8±2

7.8# ± 0.1

34 ± 11

5±2

Samples

Table 5.23 : Fitted parameters of deuterated C. glabrata Total extracts bilayers.
Parameters were deﬁned in chapter 3 and in table 4.6. #The headgroups SLD varied as
based on composition; for deuterated Y2311, headgroups SLD values were 7.78 10-6
Å-2 (D2O), 7.58 10-6 Å-2 (CM4), 7.42 10-6 Å-2 (CMSi) and 7.19 10-6 Å-2 (H2O). For
deuterated Y2310 they were 7.80 10-6 Å-2 (D2O), 7.61 10-6 Å-2 (CM4), 7.46 10-6 Å-2
(CMSi) and 7.25 10-6 Å-2 (H2O). §In both cases, expected value based on fatty acids
and ergosterol content was 6.8 10-6 Å-2.
It is worth noting that the important differences in apolar lipid composition between the
d-Y2311 and d-Y2310 strains (ﬁgure 4.3 and table 4.2) did not result in signiﬁcant
structural differences between the bilayers.

The C glabrata lipid bilayers contained a few percent of water in the hydrophobic layer
and all had an almost symmetrical structure. The structure is actually very similar to the
ergosterol-containing POPC or the ergosterol-containing P. pastoris lipid membranes.
Note also that, as already seen with P. pastoris total extract bilayers characterized by
neutron reﬂectometry [16] no water layer was needed between the membrane and the
substrate to ﬁt the data properly.
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5.7. Natural lipids (C. glabrata total lipid extracts) - Amphotericin B effect
5.7.1. Hydrogenous total extracts
The effects of AmB in the hydrogenous total extract lipid bilayers, measured in three
water contrasts (D2O, CM4 and H2O) are shown in ﬁgure 5.21 and the parameters
corresponding to the associated ﬁts are detailed in table 5.24.

-7

10

A

-7

10

Hydrogenous Y2311 (AmB sensitive)
Contrasts before AmB addition
D2O
CM4
H2O after AmB addition

B

Hydrogenous Y2310 (AmB resistant)
Contrasts before AmB addition
D2O
CM4
H2O after AmB addition

-8

10

-8

RQ

4

RQ

4

10

-9

10

-9

10

-10

10

-10

10

0.00

0.05

0.10

0.15

0.20

0.25

0.00

0.05

0.10

-1

6

0.20

0.25

Q (Å )

C

6

4

D

-2

-2

Å )

Å )

4

SLD (10

-6

-6

SLD (10

0.15
-1

Q (Å )

2

2

0

0

0

20

40

60

80

0

100

20

40

60

80

100

distance from interface (Å)

distance from interface (Å)

Figure 5.21 : Reﬂectivity data and ﬁts of hydrogenous Y2311 total lipid extract bilayer
before (black) and after AmB addition (colors) (A) and corresponding SLD proﬁles (C),
and reﬂectivity data and ﬁts of hydrogenous Y2310 total lipid extract bilayer before
(black) and after AmB addition (colors) (B) and corresponding SLD proﬁles (D).
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Samples

Hydrogenous Y2311 Total extract bilayer
after AmB addition �2 = 7.8

Hydrogenous Y2310 Total extract bilayer
after AmB addition �2 = 50.1

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

3±2

-

2.07

0

3±1

SiO2

14 ± 1

3.41

1±1

3±2

8±1

3.41

8±5

3±2

Head (in)

7±1

2.9# ± 0.1

26 ± 5

3±2

11 ± 2

3.0# ± 0.2

44 ± 6

4±2

Chains

30 ± 2

0.11*±0.04

2±2

3±1

35 ± 1

-0.01**±0.06

12 ± 2

4±2

Head (out)

7± 2

2.9# ± 0.1

45 ± 5

4±2

6±2

3.0# ± 0.2

51 ± 5

4±2

AmB layer

18 ± 3

1.65§±0.62

88 ± 2

5±2

23 ± 7

1.66§§

96 ± 3

5±2

Table 5.24 : Fitted parameters of hydrogenous C. glabrata total extract bilayers after AmB
addition. Parameters were deﬁned in chapter 3 and in table 4.6. #The headgroups SLD
varied as before AmB addition. *in D2O, 0.06 ± 0.09 10-6 Å-2 in CM4 and -0.04 ± 0.10
10-6 Å-2 in H2O. **in D2O, -0.04 ± 0.09 10-6 Å-2 in CM4 and -0.10 ± 0.10 10-6 Å-2 in
H2O. §in D2O, 1.43 ± 0.79 10-6 Å-2 in CM4 and 0.97 ± 0.83 10-6 Å-2 in H2O. §§Error bars
are of the same order of magnitude or higher than the parameters.

At ﬁrst glance, the yeast extract from the AmB sensitive C. glabrata strain (Y2311)
seemed to not react to AmB while changes can easily be seen for the mixture extracted
from the AmB resistant strain. But a closer look into the models and the SLD proﬁles
allowed to deﬁne two different scenarios and ﬁt the small changes observed mainly in
the H2O contrast. Since different sterol-like molecules present were found in the C.
glabrata lipid mixtures, it was not possible to identify the sterols removed. Nevertheless,
by ﬁtting the data using a similar model as before, with a lipid mixture of a given SLD
equal to the one ﬁtted before AmB addition, which includes theoretically the
phospholipids, the ergosterol precursors and the ergosterol, the chain SLD variation in
the hydrogenous AmB sensitive Y2311 total lipid extract could be linked to 7 ± 2% v/v
removal out of the 9 ± 1% v/v total ergosterol initially present and to AmB insertion of
11 ± 3% v/v of AmB. The SLD values of the 88 ± 2% hydrated AmB upper layer
observed, corresponds to a relative volume ratio 1:1 of ergosterol and AmB, similar to
what was observed for hPolar hErg. This corresponds to three molecules of ergosterol
for two molecules of AmB. The concomitant decrease in the lipid chain water content
makes these effects difﬁcult to observe in the reﬂectivity proﬁles.
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On the contrary, the changes in reﬂectivity for the hydrogenous extract of the resistant
strain Y2310 were clearly related to an increase in hydration of the chains from 3 ± 3%
v/v to 12 ± 3% v/v after AmB addition, while the SLD of the hydrophobic layer was
modiﬁed to a lower extent. Indeed, in the Y2310 total extract bilayer, the SLD changes
given in table 5.24 are linked to the removal of 3 ± 2% v/v ergosterol out of the 11 ±
1% v/v originally present and AmB insertion of 5 ± 2% v/v. The uncertainty in the SLD
and thickness of the AmB layer is larger due to its high hydration. For the same reason,
inclusion of the upper layer did not signiﬁcantly decrease the �2 of the simultaneous ﬁt.

5.7.2. Deuterated total extracts
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Figure 5.22: Reﬂectivity data and ﬁts of deuterated Y2311 total lipid extract bilayer before
(black) and after AmB addition (colors) (A) and corresponding SLD proﬁles (C), and
reﬂectivity data and ﬁts of deuterated Y2310 total lipid extract bilayer before (black) and
after AmB addition (colors) (B) and corresponding SLD proﬁles (D).
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Deuterated Y2311 Total extract bilayer
after AmB addition �2 = 38.5

Deuterated Y2310 Total extract bilayer
after AmB addition �2 = 48.0

Layers

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

� (Å)

� (10-6 Å-2)

� (%)

� (Å)

Si

-

2.07

0

3±1

-

2.07

0

3±1

SiO2

12 ± 2

3.41

7±3

3±2

13 ± 2

3.41

13 ± 4

3±2

Head (in)

11 ± 2

7.8# ± 0.1

32 ± 7

3±2

8±2

7.8# ± 0.1

37 ± 8

4±2

Chains

22 ± 2

6.30* ± 0.20

3±3

3±2

31 ± 2

6.80**±0.11

11 ± 2

4±2

Head (out)

9±2

7.8# ± 0.1

38 ± 13

4±2

8±2

7.8# ± 0.1

43 ± 14

4±2

AmB layer

17 ± 4

5.3§ ± 0.9

90 ± 6

4±2

32 ± 8

3.2§§ ± 1.8

94 ± 4

4±2

Samples

Table 5.25 : Fitted parameters of deuterated C. glabrata total extract bilayers after AmB
addition. Parameters were deﬁned in chapter 3 and in table 4.6. #The headgroups SLD
varied as before AmB addition. *in D2O, 6.25 ± 0.16 10-6 Å-2 in CM4 and 6.15 ± 0.13
10-6 Å-2 in H2O. **in D2O, 6.79 ± 0.11 10-6 Å-2 in CM4, and 6.78 ± 0.09 10-6 Å-2 in
H2O. §in D2O, 5.05 ± 0.8 10-6 Å-2 in CM4 and 4.60 ± 0.6 10-6 Å-2 in H2O. §§in D2O,
3.0 10-6 Å-2 in CM4 and 2.4 10-6 Å-2 in H2O. Error bars are of the same order of
magnitude than the parameters due to poor contrast in CM4 and H2O.
Figure 5.22 and table 5.25 shows the reﬂectivity curves, scattering length density
proﬁles and the parameters of the best ﬁts for the deuterated total lipid extract bilayers
from C. glabrata measured in three water contrasts (D2O, CM4 and H2O).
The reﬂectivity curves measured after AmB addition on the deuterated total extracts
bilayers showed different changes. In the case of the AmB sensitive Y2311 membrane in
all the contrasts, particularly in the most sensitive contrasts H2O and CM4, the
reﬂectivity at low q (q ≤ 0.05 Å-1) in comparison to the contrasts measured before AmB
addition, while for the AmB resistant Y2310 membrane the curves tended to fall below
the ones measured before adding AmB, even at low q. These relative changes in
contrast can be explained by the same observations made before in the hydrogenous
bilayers. In the case of the deuterated AmB sensitive strain Y2311, 8 ± 1% v/v out of the
9 ± 1% v/v ergosterol initially present was removed and 11 ± 2% v/v insertion of AmB
was observed, extremely similar to the hydrogenous extract bilayer from Y2311. A
similar AmB upper layer in thickness and hydration was found with also a ratio 1:1 of
ergosterol:AmB.
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The bilayer from the AmB resistant strain Y2310 was altered to a smaller degree with
less than 2 ± 1% v/v removal of ergosterol out of the 9 ± 1% v/v initially present and
about the same amount of AmB insertion (2 ± 1% v/v) in the hydrophobic chains.
Surprisingly, the hydration of the hydrophobic chains remains signiﬁcantly high. And
the upper AmB layer was still very hydrated (94 ± 4% v/v), but its presence was
required for a good ﬁt even given the large uncertainties of its SLD values (�2 = 48.0
with AmB upper layer against �2 = 87.0 without it).

The four samples presented in this ﬁnal NR study clearly illustrated a difference in the
effect of AmB on lipid membranes depending on the phenotype of the yeast of origin
and it sensitivity to the antifungal drug. The fatty acid composition of the mixture were
very similar, both between the strains and in hydrogenous or deuterated form but the
sterol fraction were shown to be different. The effect of AmB on the total extract from
the sensitive strain (Y2311) was coupled to a signiﬁcant removal of ergosterol and
formation of an AmB layer composed of 2:3 AmB:ergosterol. This is consistent with the
ergosterol-extracting AmB sponge-layer suggested recently as the underlying
mechanism to explain the anti fungal activity of AmB [5] as it was observed in all the
ergosterol-containing bilayers composed of lipids extracted from both P. pastoris too.
Finally, the AmB was shown to insert in signiﬁcant proportions (11 ± 2% v/v).
In the bilayer reconstituted from the total lipid extract of a resistant C. glabrata strain,
the AmB effect is markedly different. The ergosterol extraction is very limited, the AmB
upper layer is very discreet as very hydrated and AmB inserts into the resistant lipid
membranes to smaller proportions (5 ± 2% and 2 ± 1% v/v in hydrogenous and
deuterated Y2310 total extracts respectively). However, water was also found to insert in
the hydrophobic layer after interaction of AmB in the hydrogenous total extract from
Y2310. Water present in the chain region was also still observed in the deuterated total
extract of Y2310 after AmB addition. This observation suggests the formation of pores as
seen in both model and bacterial membranes [74-75]. It can be concluded that the
yeast lipid bilayers from C. glabrata show promises as candidates for more complex
lipid membranes in structural investigation of cell membranes via neutron
reﬂectometry.
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5.8. Discussion
5.8.1. Structure of model and yeast lipid bilayers
The different model membranes employed on silicon substrates, from POPC to
phospholipids and total extracts from yeasts, are very similar. No structural effects could
be ascribed to the deuteration level of the lipids, whereas the effects of lipid
composition were signiﬁcant, with thicker membranes formed from the deuterated
phospholipids extracted from P. pastoris, due to the presence of less polyunsaturated
lipid chains. Whereas at 15mol%, ergosterol and cholesterol exhibited a similar
condensing effect on POPC, the structural impact of the 30mol% sterols in the bilayers
from P. pastoris phospholipids, was more pronounced. Independently of the
polyunsaturation degree of the lipids, the hydrophobic chains of the yeast lipid bilayers
were found to be thicker in presence of cholesterol than in presence of the same
amount of ergosterol, which is consistent with the effect of cholesterol [173]
straightening and therefore lengthening the lipid chains of the phospholipids, both
saturated and unsaturated to a higher degree than ergosterol does. Nevertheless, the
condensing effect of both sterol increase with concentration as seen with the possibility
to compensate the differences in thickness due to the polyunsaturation degree of the
lipid mixtures by adaptation of the amount of sterol, see hPolar dErg (39 mol%) and
dPolar hErg (15 mol%).
The most interesting aspect concerning the structures of the supported bilayers is that an
asymmetry in the sterol distribution was observed and necessary to ﬁt the data of the
sapphire-supported bilayers, whereas such behavior could not be observed in any of the
bilayers on silicon substrates. If lipid asymmetry is stable in biological membranes and
important for many cellular processes [175], its maintenance is an active enzymatic
process [27]. Such asymmetry is difﬁcult to access in many biophysical studies but
recent work with neutron techniques have related a lipid asymmetry to a redistribution
of cholesterol in the presence of a ganglioside lipids in ﬂoating model bilayers [176]
formed with coupled Langmuir–Blodgett and Langmuir–Schaefer techniques.
Asymmetric model membranes have been used to study the time resolution of
phospholipid ﬂip ﬂop, the spontaneous transfer of one phospholipid molecule from one
leaﬂet to the other, involving an energetically unfavorable step with passage of the
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headgroup in the hydrophobic part of the bilayer. And even if experimental astuteness,
with the careful deuteration of vesicles in solution on the top of a hydrogenous
deposited bilayer allowed some interesting results [11] but it was impossible to keep the
asymmetry with lipids in the ﬂuid phase.
As cholesterol is thought to have an important role in the formation of the so-called
lipid rafts, many studies have investigated the afﬁnity of cholesterol to lipids with
different acyl chains. Indeed, numerous experimental techniques including DSC and
NMR [177], ﬂuorescence anisotropy [178], electron paramagnetic resonance (EPR)
[179] and also molecular dynamics simulations [180] have shown differences in the
interaction between cholesterol and different classes of phospholipids and speciﬁc acyl
chains. It was shown that cholesterol is preferably surrounded by certain classes like
SM, PC and PS due to the its enhanced afﬁnity for C14 to C18-long unsaturated acyl
chains that are usually found with these classes [181] and that the localization of
cholesterol is dependent on the lipid nature. It is likely that similar effects occur for
ergosterol, but it is less well documented. Based on the afﬁnity of the sterols for certain
lipid molecules, the sterol asymmetry observed in this work could be linked to an
asymmetry of the phospholipid composition of the supported bilayers, as there is no
existing evidence for the repulsion of only the sterol from the support surface. Indeed,
since the sapphire is less negatively charged than the silicon substrate at neutral pH
[182], it may promote a different distribution of the lipids in our yeast lipid extracts.
Therefore, the asymmetric distribution of the sterols on sapphire-supported bilayers
could arise as a consequence of an asymmetry in lipid composition between the inner
and the outer leaﬂets. In the current work, fully deuterated lipid mixtures were used,
and thus the lipid asymmetry cannot be veriﬁed from this data, but by separating the
lipid classes and reconstituting membranes where speciﬁc lipids could be selectively
deuterated in turn the reason(s) behind the sterol asymmetry in the leaﬂets may be
further investigated.
Stable lipid bilayer asymmetry has been recently achieved and controlled with
Langmuir-Blodgett Langmuir-Schaefer deposition techniques but was limited to few
species in the gel phase at the investigated temperatures [11, 176] as mixing usually
occurs for ﬂuid samples during the deposition process. Asymmetric bilayers can also be
prepared by vesicle fusion [183-184]. Both the support surface and the conditions of
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bilayer deposition by vesicle fusion have an effect on the distribution of lipids on
surfaces. In the case of charged lipid such as PS and PG, osmotic shock sometimes aids
the formation of a continuous membrane, whereas Ca2+ can act as a bridge between a
negatively charged oxide surface and the lipid negative charge [185]. These effects
could be investigated in the future as a means to force bilayer deposition and to
modulate the distribution of the different lipids in our yeast lipid mixtures.
The possibility of changing the charge of the sapphire surface with pH [182], and thus
control the lipid asymmetry, could be potentially used to probe either physical
processes such as ﬂip-ﬂop as well as the effect of a given phospholipid in the ﬁrst
step(s) of an interaction mechanism between an external agent and a lipid membrane,
such as in the formation of the AmB upper layer. Developing our yeast lipid extracts as
versatile lipid model systems could allow NR to address in the future new biologically
relevant processes and mechanisms involving membranes.

5.8.2. The effect of Amphotericin B on model and yeast lipid bilayers
Concerning the action of Amphotericin B, it is clear that the complexity of the lipid
membranes, both in terms of lipid classes and acyl chain composition, is of great
importance for the detection and interpretation of the mechanisms of action of AmB.
AmB was found to lead to several different effects in supported bilayers, including
insertion, sterol removal, water penetration and formation of an extramembraneous
AmB sponge layer. The effects observed are summarized in table 5.26.
The ﬁrst aspect to be discussed concerns the presence or absence of an AmB rich layer
on the top of the membrane, depending on the lipid model employed. The AmB upper
layer is linked to the recently described sponge extraction model [5] in which
extramembraneous aggregates of AmB extract the ergosterol from lipid bilayers, and the
lack of bioavailable ergosterol is thought to be the main fungicidal effect of the drug.
Indeed, in the model membranes composed of POPC, there was no evidence in any of
the samples prepared of an upper layer formed of aggregates of AmB only or AmB and
sterol molecules. This is perhaps not surprising given the fact such entities were
previously only observed in electron microscopy images of dried POPC vesicles, which
could lead to artifact [5]. The different protocols with the use of a less concentrated
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Samples

AmB
insertion
(% v/v)

Water in chains
after AmB
addition (%)

Sterol removal
(% of sterol
initially present)

AmB layer, � and
� (Å and %)

POPC bilayers
hPOPC

4±2

-

NA

None

d82POPC

6±1

-

NA

None

hPOPC hErg (15 mol%)

4±4

-

45 ± 35

None

hPOPC dErg (15 mol%)

4±3

+8±3

55 ± 9

None

d82POPC hErg (15 mol%)

21 ± 7

-9±3

40 ± 40

None

hPOPC hChol (15 mol%)

8±7

-

9±9

None

hPOPC dChol (12 mol%)

6±2

-

10 ± 10

None

d82POPC dChol (15 mol%)

22 ± 2

-5±2

9±9

None

d82POPC hChol (15 mol%)

12 ± 4

-6±2

9±9

None

P. Pastoris phospholipids
hPolar hErg (30 mol%)

8±2

-

70 ± 20

32 ± 1 Å, 50 ± 5 %

hPolar dErg (39 mol%)

6±4

-

10 ± 8

24 ± 2 Å, 82 ± 9 %

dPolar dErg (30 mol%)

8±2

-7±2

70 ± 20

27 ± 6 Å, 94 ± 3 %

dPolar hErg (15 mol%)

11 ± 5

-

72 ± 18

25 ± 3 Å, 73 ± 4 %

hPolar hChol (30 mol%)

8±4

+ 10 ± 5

7±7

38 ± 6 Å, 88 ± 6 %

hPolar dChol (30 mol%)#

13 ± 3

+3±3

23 ± 10

43 ± 5 Å, 96 ± 3 %

dPolar dChol (30 mol%)

4±2

-

5±5

32 ± 8 Å, 96 ± 3 %

dPolar hChol (40 mol%)

4±3

-

20 ± 10

25 ± 9 Å, 93 ± 4 %

C. glabrata total extracts
h Y2311 (AmB sensitive)

11 ± 3

-

75 ± 25

18 ± 3 Å, 88 ± 2 %

h Y2310 (AmB resistant)

5±2

+9±4

27 ± 19

23 ± 7 Å, 96 ± 3 %

d Y2311 (AmB sensitive)

11 ± 2

-6±4

85 ± 15

17 ± 4 Å, 90 ± 6 %

d Y2310 (AmB resistant)

2±1

unchanged*

20 ± 10

32 ± 8 Å, 94 ± 4 %

Table 5.26 : Summary of the AmB effects observed in this work. The AmB insertion is
expressed in % v/v with respect to the lipids of the bilayer, the sterol removal is
expressed as the percentage of the sterol removed over the initial sterol content ﬁtted
in the bilayer. - means the water content is below the detection level, usually less than
4%. NA stands for Non Applicable. #To be repeated. *No signiﬁcant changes were
observed before and after AmB addition with the water content of the bilayer still
elevated at 11 ± 2% hydration.
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AmB solution in the present work (1mM against 8.83mM) together with the fact that the
neutron measurements were performed in pure water (while HEPES was used in [5])
and the samples were rinsed before the measurements in different water contrasts, are
also possible reasons that could explain the absence of such aggregates above the
POPC bilayers. However, another possibility is that the aggregates do not bind to the
zwitterionic membrane composed of PC but form in the surrounding media which
would explain why such large structures where not observed in previous neutron and Xray reﬂectivity studies involving synthetic lipid membranes [48, 163]. In other cases, the
way in which the samples were formed (with AmB premixed in the lipids) could mean
that a free AmB layer cannot form [47, 186].
On the contrary, in all the samples prepared with lipid mixtures extracted from yeasts, a
top layer consistent with the presence of AmB was necessary to ﬁt the data. It is unlikely
that the formation of this layer was due to the higher sterol content added in the P.
pastoris lipid bilayers compared to the POPC membranes, because in previous work on
total lipid extracts from P. pastoris containing 14.5 mol% (hydrogenous extract) and 5.5
mol% (deuterated extract), an AmB upper layer was observed [16]. This suggests that an
interaction between AmB with the headgroups is involved in the formation of the AmB
layer and perhaps its stability. AmB is zwitterionic at neutral pH [187] and aggregates in
aqueous solution were found by molecular dynamics simulation to be mainly driven by
hydrophobic interactions [188]. A horizontal interaction of AmB with a lipid bilayer has
been suggested on the basis of FTIR and surface pressure measurements [78, 189, 190],
and as such, it could be enhanced by hydrogens bonds between the hydrophilic side
chain or the mycosamine group of the drug with the different lipid headgroups.
However, the methods used to suggest horizontal orientation of AmB lack structural
information (surface pressure measurements) or speciﬁcity to surface structures (FTIR),
whereas our NR data is not sensitive to the molecular orientation of AmB. More precise
control of the composition of supported bilayers, by the reconstitution of membranes
with speciﬁc classes present or missing, could help solve to answer the questions about
the role of different headgroups on the AmB layer formation and stability.
The thickness of the AmB upper layers observed in this work varied from 17 ± 4 Å to 43
± 5 Å and its hydration from 50 ± 5 to 96 ± 3%. Such values are consistent with the
previous work performed on P. Pastoris lipid extract bilayers [16] in which AmB
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thicknesses of 37 ± 2 to 47 ± 2 Å and hydration of 77 ± 1 to 94 ± 1% were found. The
thickness and the hydration of the AmB upper layer does not seem to be linked to the
degree of sterol extraction, even though in cholesterol-containing membranes, the AmB
layers observed were particularly diffuse. In the protocol used, the membranes were left
to interact with the AmB solution for 30 minutes before gentle rinsing followed by the
measurements. It would be interesting to study a possible time dependence, as
potentially suggested in QCM-D measurements with the dissipation and frequencies
evolving over large periods of time (see ﬁgure 4.12) differently depending on the sterol
content of the bilayer. The possibility that most of these effects during the equilibration
time are induced by the change of solvent viscosity and the presence of DMSO exists
but the complex lipid composition of mixtures extracted from yeast may also affect the
interaction of AmB and thus the effect of the equilibration time should be investigated.
Also, the possibility of an effect of gravity on the AmB aggregates should be
investigated, because the NR experiments of POPC membranes (on Platypus, ANSTO)
were not done in the same sample geometry as the yeast experiments (FIGARO, ILL)
Another important aspect to be discussed concerns the insertion of AmB observed in all
samples, even in the sterol-free hPOPC and d82POPC bilayers. This is consistent with
AmB insertion [16] occurring in both sterol-free and sterol-containing bilayers, although
it does not necessarily indicate pore formation [191]. The proportion of AmB inserted
seems relatively constant once the initial surface coverage of the bilayers is taken into
account. Indeed, an average value of 6 ± 2% v/v AmB insertion is consistent with all
samples that had a good lipid surface coverage. The samples with a lower surface
coverage (often the deuterated samples) are characterized by a higher proportion of
AmB found in the chain region, but also a reduction of the water as shown in table
5.26. Therefore, it is not possible to conclude that lower polyunsaturation or that the
ergosterol content of the deuterated samples leads to larger AmB insertion in the
hydrophobic chain layer.
The changes of thicknesses of the bilayers were very limited after AmB addition and no
clear trend was observed that could be linked to either the sterol or lipid composition.
However the ﬁts suggest some differences of the total thicknesses before and after AmB
addition. While in most cases (hPolar hErg 30mol%, hPolar dErg 39mol%, dPolar dErg
30mol%, hPolar hChol 30mol%, dPolar hChol 40mol% and dPol dChol 30mol%) the
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chain region became thinner upon AmB interaction (From 1 to 5Å), in some cases there
seemed to be no thinning or even a slight increase in the thickness (dPol hErg 15mol%
and hPol dChol 30mol%). But once taken into account the uncertainties, all changes
are below the detection limit of the experiments unless for dPolar dErg and a thinning of
5 ± 4Å. Access to better resolutions may allow to clarify the changes of thicknesses of
the bilayers after AmB addition.
However, the structural consequences of AmB addition on lipid bilayers is probably the
sum of the effects of the initial lipid composition effect on the structure, the proportion
of the AmB insertion, of the sterol removal and of the presence of water in the chains,
when it was observed. The water insertion in consequence of AmB addition and related
to aqueous pore formation [74-76], was only observed in few cases without evident
relationship to lipid composition, isotopic labelling or sterol origin. The only signiﬁcant
difference to previously published data on yeast lipids was the thinning of the
deuterated hydrophobic chain layer in dPolar dErg (30 mol%) in contradiction to the
previous observation that higher polyunsaturation was linked to greater structural
changes induced by AmB [16], whereas our data suggests that the more pronounced
changes are related to the nature and amount of sterol present in the membrane.
Indeed, the degree of sterol extraction clearly depends on the nature of the sterol. AmB
extracts more ergosterol than cholesterol and no signiﬁcant differences could be related
to the degree of polyunsaturation of the lipid membranes. Nonetheless, two samples
behave differently. The hPolar dErg (39 mol%) containing the highest amount of
ergosterol displays a lower sterol extraction than the samples containing less ergosterol
while the highest cholesterol-content sample (dPolar hChol 40 mol%) seems to induce
a bigger effect of AmB through larger cholesterol extraction. This does not correlate with
the better AmB resistance of yeasts containing less ergosterol [151-152] and is counterintuitive in the case of cholesterol. The fact that the membrane ﬂuidity is greatly
inﬂuenced by higher sterol content may inﬂuence the AmB action and this has been
hypothesized before [191], but the difference between ergosterol and cholesterolcontaining bilayers remains unsolved.
A ﬁnal observation concerns the bilayers composed of the total extracts of C. glabrata.
The AmB effects are very different between the lipid mixtures associated to the AmB
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sensitive strain (Y2311) and those associated to the AmB resistant strain (Y2310).
Indeed, a higher proportion of ergosterol is extracted while a higher insertion of AmB
occurs in the bilayer corresponding to the AmB sensitive strain. On the contrary, water
seemed to be incorporated to the chain layer when ergosterol extraction and AmB
insertion were limited in the bilayer corresponding to the AmB resistant strain. This is
consistent in both hydrogenous and deuterated conditions. Since the fatty acid
composition is relatively constant in all four samples, they constitute complementary
samples to the P. pastoris bilayers. However, the sterol fraction was shown to be
affected mainly by deuteration, and these preliminary results enlighten the importance
of other sterol-like molecules and sterol intermediates, especially lanosterol and
squalene, in the resistance or sensitivity towards AmB. Their action on the resistance or
sensitivity to AmB is not intensively investigated. Besides one paper that showed a
correlation between supplementation of yeasts with squalene and enhanced fungicidal
properties of AmB [192], these intermediates are usually only observed in traces
amount and were not linked yet to any protecting effect against AmB.
In conclusion, synthetic model membranes are necessary to understand how to develop
and handle lipid systems and are useful to determine the main physical parameters
involved in more complex systems. However, the constant use of PC bilayers, with the
advantage of a precise and controlled model, presents the drawback of being
disconnected from the real systems when expected to mimic and be used to investigate
certain mechanisms occurring in natural membranes. It was demonstrated in this work
that the models developed from lipid mixtures extracted from yeasts are relevant
models allowing to access a broader view of the mechanism of action of AmB than in
POPC-based membranes only. Cholesterol was shown to be less susceptible than
ergosterol to extraction from the lipid bilayer by AmB, while AmB inserts in a
membrane independently of its polyunsaturation degree. However, the concentration of
sterol(s) may play a role in the modulation of the extraction and/or the insertion of AmB
which needs to be further investigated. A better control of the composition of the
bilayers, especially concerning the amount of sterol integrated in the membranes,
would also allow to clarify many of the observations of this work. The versatility of the
model membranes based on yeast extracts is of interest for many biophysical studies
and the problems it could address in the future will be signiﬁcantly extended by
separation and puriﬁcation of the individual lipid components, both in hydrogenous
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and deuterated forms. Once fully puriﬁed and characterized, a whole library of model
membranes will become accessible to studies of membrane-binding drugs such as
AmB, which will enable a more detailed view of the molecular effects to be established.
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6. NEUTRON DIFFRACTION

Neutron diffraction has been intensively exploited to determine the nanometer-scale
structure of lipid multilayers [193-195], principally of mixtures of one to three lipid
molecular species. As explained in the Material and Methods earlier in this manuscript,
detection of Bragg peaks due to a lipid multilayer architecture allows the determination
of the repeat distance between membranes. Also, by contrasts variation, the scattering
length density proﬁle can be reconstructed. All the studies performed in the past have
enable to investigate the role and impact of the phospholipid classes and/or the
unsaturation of lipids on membrane structure and properties [196-197]. Recently,
complex mixtures of lipids extracted from natural sources, such as plant lipids or the
stratum corneum lipid matrices [124, 198], have been successfully characterized by
means of neutron diffraction. The idea of the present work was to demonstrate a proof
of concept for the use of the complex lipid mixtures from P. pastoris yeast in neutron
diffraction studies by comparing the multilamellar organization of different
hydrogenous and deuterated lipid mixtures in different humidity conditions. Its use
could also represent a more realistic tool for neutron diffraction, as for neutron
reﬂectometry, for life-science related interaction studies. The comparison with the
synthetic lipid multilayers (POPC) and the investigation of the relevancy of the use of
the perdeuterated cholesterol newly available complemented our study. The results are
presented following an increase of complexity of the multilayers studied, from synthetic
lipid multilayers, to extracted phospholipid multilayers and ﬁnally total extracts
multilayers.
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6.1. Synthetic lipids - POPC multilayers
The synthetic lipids membranes, i.e. POPC, POPC with cholesterol were investigated as
starting point for comparison purpose of both the deposition process and the structural
characteristics of natural membranes. Also, hydrogenous and perdeuterated cholesterol,
for possible isotope effects, was investigated. Intensity vs 2� plots for POPC at 60% and
98% Relative Humidity (RH) presented in ﬁgure 6.1, showed that the pure POPC
multilayer was characterized by the same d-spacing in the two different conditions as
already reported previously [50]. D2O was used as surrounding vapor with
hydrogenous samples for better contrast.
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Figure 6.1 : Intensity vs 2� plot for POPC multilayer at 60% RH (A) and 98% RH (B).
The inserts illustrate the gaussian ﬁts of the Bragg peaks.
On the other hand, when either h-cholesterol or d-cholesterol (30% w/w) was mixed
with POPC, signiﬁcant differences were observed at both 60% and 98% RH. At 60%
RH POPC, POPC hChol (57 mol%) and POPC dChol (54.3 mol%) exhibited a similar dspacing of 50.9 ± 0.1 Å, 49.7 ± 0.1 Å and 51.4 ± 0.1 Å respectively, but an increase of
5.4 ± 0.2 Å and 3.9 ± 0.6 Å in the d-spacing at 98% RH was only observed when
hChol and dChol were respectively added to POPC, see ﬁgure 6.2.
The d-spacing values found are closely related to published data, even if a variation was
observed depending on RH in the neutron diffraction work of Gawrisch et al., with
values of 52.0 ± 0.1 Å at 66% RH and 53.5 ± 0.1 Å at 93% RH at room temperature
[199] or the value of 53.2 Å obtained from X-Ray diffraction at 28°C and 83% RH
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[200]. Values of 56.3 Å are given for a d31-POPC-cholesterol (30mol%) multilayer at
room temperature and 100% RH [47].
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Figure 6.2 : Intensity vs 2� plot for POPC/hChol multilayer at 60% RH (A) and 98% RH
(B) and Intensity vs 2� plot for POPC/dChol multilayer at 60% RH (C) and 98% RH (D).
The inserts illustrate the gaussian ﬁts of the Bragg peaks.
Thus, the results highlight the well-known effect of the cholesterol molecule on the
organization of phospholipids [173] and also show a similar effect induced by both the
hydrogenous and the perdeuterated cholesterol. Table 6.1 summarizes the d-spacing
values obtained.
Samples

d [Å] at 60% RH

d [Å] at 98% RH

POPC

50.9 ± 0.1

51.2 ± 0.1

POPC hChol (57 mol%)

49.7 ± 0.1

55.1 ± 0.1

POPC dChol (54.3 mol%)

51.4 ± 0.1

55.3 ± 0.5

Table 6.1 : Values of d-spacing (d) and the relative error (δ d) calculated from the
analysis of the Intensity vs 2� plot for POPC, POPC hChol and POPC dChol at 60%
and 98% RH (D2O).
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6.2. P. pastoris phospholipid multilayers

6.2.1. Hydrogenous phospholipid multilayers
Data were then collected from the multilayers prepared with hydrogenous
phospholipids extracted from P. pastoris. The 3D images recorded for h-phospholipids
at 60 and 98 %RH (D2O) together with the corresponding intensity vs 2� plots obtained
are reported in ﬁgure 6.3.
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Figure 6.3 : 3D image recorded for h-phospholipids from P. pastoris at 60%RH (A)
and the corresponding Intensity vs 2� plot (C). 3D image recorded for hphospholipids at 98%RH (B) and the corresponding Intensity vs 2� plot (D). For 3D
images, �, 2� and the intensity are reported on the y,x,z axes, respectively.
Concerning Intensity vs 2� plots, the inserts illustrate the ﬁts of the Bragg peaks.
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The multilayer exhibited a single lamellar phase, with only two Bragg peaks, at both
60% and 98% RH and the calculated d-spacings were 47.4 ± 0.5 Å and 56.1 ± 0.8 Å
respectively. The increasing humidity lowered the intensity of the second Bragg peak
observed but the d-spacing increased consequently, by 8.7 ± 0.9Å. This large variation,
more signiﬁcant than the changes linked to the presence of cholesterol in POPC
multilayers, is only due to the diversity of the molecular species found in the
hydrogenous phospholipid mixture and their rearrangement together with the
increasing amount of water molecules between the bilayers. The fact that the d-spacing
of the hydrogenous phospholipid mixture is lower at low humidity than in the pure
POPC multilayer could be linked to the large polyunsaturation proﬁle of the
hydrogenous natural lipids.

6.2.2. Deuterated phospholipid multilayers
Figure 6.4 shows the 3D image recorded for d-phospholipids at 60% RH (H2O) together
with the corresponding intensity vs 2� plot. As for the hydrogenous phospholipid
multilayers, the d-phospholipids exhibited a lamellar structure but the associated dspacing was calculated as 53.4 ± 0.5 Å. Interestingly, the difference of d-spacing
between h and d-phospholipids multilayers of 6.0 ± 0.7 Å coincide with the
observation made in NR, due to the differences in fatty acid composition between the
two samples (see ﬁgure 4.5). The deuterated samples were measured with H2O vapor in
the surrounding for better contrast.
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Figure 6.4 : 3D image recorded for d-phospholipid multilayer from P. pastoris at
60%RH (A) where �, 2� and the intensity are reported on the y,x,z axes, respectively
and the corresponding Intensity vs 2� plot (B) with the inserts illustrating the ﬁts of the
Bragg peaks.
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In the intensity vs 2� plot, two different sets of diffraction peaks were observed,
suggesting that two different lamellar phases coexist within the d-phospholipid
multilayer. The calculated d-spacings, 51 ± 1 Å and 68 ± 0.5 Å respectively, indicates
that one of the lamellar phases is similar to the one observed at 60% RH, while the
other is the product of a rearrangement of some of the phospholipids as the humidity
was increased to 98% RH. The lamellar phase with the smaller d-spacing 51 ± 1 Å, also
exhibited Bragg peaks in the � direction, from which a characteristic in-plane distance
of 74.8 ± 0.8 Å was calculated.

6.3. Total lipid extracts multilayers from P. pastoris
6.3.1. Hydrogenous total lipid extract multilayers
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Figure 6.7 : 3D image recorded for h-total lipid extract from P. pastoris at 67%RH (A)
and the corresponding Intensity vs 2� plot (C). 3D image recorded for h-total lipid
extract at 98%RH (B) and the corresponding Intensity vs 2� plot (D). For 3D images,
�, 2� and the intensity are reported on the y,x,z axes, respectively. Concerning
Intensity vs 2� plots, the inserts illustrate the ﬁts of the Bragg peaks.
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The data of the hydrogenous total extracts from P. pastoris were collected and the 3D
images recorded at 67 and 98% RH (D2O) together with the corresponding intensity vs
2� plots obtained are reported in ﬁgure 6.7. At 67% RH, the multilayer exhibited a
single lamellar phase, with a calculated d-spacing of 54.2 ± 0.4 Å. The increasing
humidity had as consequence to make the second Bragg peak disappear whereas one
diffuse peak spread over � remained unchanged at 2� = 7.45°. Such diffuse peak
probably corresponds to non orientated crystalline ergosterol, shown to be co-extracted
with other lipids in the total extracts and earlier quantiﬁed (see table 4.5) and often
observed for cholesterol in diffraction experiments [201-203]. The structural information
lost with the increase in relative humidity as shown in ﬁgure 6.8, displaying the
Intensity vs 2� plots depending on RH, from 67% RH (30/22.7) to 98% RH, (30/29.11).
The values in parenthesis (T1/T2) correspond to the controlled temperatures values of the
sample T1 and of the water reservoir T2 of the D16 humidity chamber and related to the
RH via equation (48). The peak attributed to the sterol crystalline phase is very stable
over the range of humidity measured (peak at 2� = 7.45°).

Figure 6.8 : Intensity vs 2� plot of h-

30/20
30/22.7
30/25.08
30/27.2
30/29.11

6

Intensity [a. u.]

10

total lipid extract multilayer from P.
pastoris at various RH, from 55% RH
(30/20) to 98% RH (30/29.11). The
values in parenthesis (T1/T2)
correspond to the controlled
temperatures values of the sample T1
and of the water reservoir T2 of the
D16 humidity chamber to deﬁne RH.

105

4

6

8

10

12

Scattering angle 2θ [deg]

!170

Indeed, data collected for the d-total extract multilayer at 67% RH (ﬁgure 6.9 A and C)
shows two Bragg peaks produced by the lamellar organization of the deuterated lipids.
The position of the peaks can be quantitatively evaluated in the Intensity vs 2� plot, as
described before, and the characteristic d-spacing was calculated to be 56.8 ± 0.4 Å,
higher than the value obtained with the hydrogenous total extract. The dependence of
the multilayer structure on humidity was also investigated by collecting data RH values
in the range 40%-98%. The diffraction patterns were all characterized by the presence
of two Bragg peaks and the d-spacing value increased with RH, from 54.5 ± 0.5 Å to 62
± 0.1 Å between 55 and 98% RH as shown in ﬁgure 6.10.
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Figure 6.10 : Intensity vs 2� plot for d-total extract from P. pastoris at different RH (A)
and d-spacing calculated from the diffraction data referring to the d-total extract as
function of the applied relative humidity (RH) (B). See ﬁgure 6.8 for the values in
parenthesis.

The multilayer systems prepared with lipids extracted from yeast were successfully
deposited with the rock’n’roll technique even if it would be desirable to obtain more
ordered multilayers leading to a higher number of observed Bragg peaks. The presence
of a diffuse peak due to isotropic crystalline ergosterol in the hydrogenous total extract
multilayer also needs to be further investigated. It was also shown that the deuterated
cholesterol produced by the Deuteration laboratory at ILL could be used for biophysical
studies as it appeared to give similar results to the hydrogenous one.
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The structural parameters obtained from the preliminary neutron diffraction experiments
are summarized in table 6.2.

Samples

d [Å] at 60% RH

d [Å] at 98% RH

POPC

50.9 ± 0.1

51.2 ± 0.1

POPC hChol (57 mol%)

49.7 ± 0.1

55.1 ± 0.1

POPC dChol (54.3 mol%)

51.4 ± 0.1

55.3 ± 0.5

hPolar

47.4 ± 0.5

56.1 ± 0.8

dPolar

53.4 ± 0.5

68.5 ± 0.5

h-total extract

54.2 ± 0.4*

-

d-total extract

56.8 ± 0.4*

62.0 ± 0.1

d-total extract (dII [Å])

-

74.8 ± 0.8

Table 6.2 : Values of d-spacing (d) and the relative error (δd) calculated from the
analysis of the Intensity vs 2� plots and of d-spacing (dII) and the relative error (δdII)
calculated from the analysis of the Intensity vs � plots collected for all the investigated
lipid systems. *Data corresponding to the total extracts refers to 67%RH

6.4 Discussion
We have characterized natural lipid multilayers composed of the hydrogenous and
deuterated total extract or of the corresponding phospholipids. Those samples were
compared with the synthetic lipid multilayer POPC and the newly available deuterated
cholesterol (d46) was compared to the hydrogenous one in POPC multilayers (POPC
hChol and POPC dChol, respectively) to check for deuterium isotope effects. Neutron
diffraction data were collected at different humidity conditions, speciﬁcally 60% RH
and 98% RH. All the investigated samples exhibited a single lamellar phase at 60% RH,
although with different d-spacing as reported in table 6.2. Upon increasing the
humidity at 98% RH (around 12h equilibration time) different results were observed. In
most of the analyzed samples the high humidity produced an increase in the lamellar dspacing, however, the case of the deuterated phospholipid multilayer is particularly
interesting. In this speciﬁc case, different sets of Bragg peaks were observed in both the
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perpendicular and parallel direction with respect to the surface. It has already been
shown that complex lipid mixtures, as d-phospholipids, can produce coexistence of
different lamellar phases [204-205]. These lamellar phases can be detected by the
presence of Bragg peaks belonging to different sets, i.e. different ∆q spacing. If at least
two diffraction orders are measured per each set, the nature of different phases as well
as their relative d-spacing can be validated based on q and intensities. In the case of the
d-phospholipid multilayer, we have observed the presence of Bragg peaks at 2� 3.7 and
7.5, as well as at 2� 4.7 and 9.5, which correspond to the expected positions for a ﬁrst
and a second order peak of two different lamellar phases. The structure proposed for the
d-phospholipid multilayer involves the organization of the phospholipid species in two
different lamellar phases which exhibit an in-plane periodicity of 74.8 ± 0.8 Å, as
calculated from the diffraction peaks in the direction parallel to the lamellar surface.
On the other hand, the h-phospholipid extract exhibited a homogenous organization in
a single lamellar phase at both the investigated RH. Already at 60% RH, the dphospholipids exhibited a larger d-spacing with respect to the h-phospholipids; the
difference in the calculated d-spacing values is of 2.6 ± 0.6 Å. The different
organization of d- and h-natural phospholipids was even more evident at 98% RH. The
difference between the h- and d-phospholipid multilayers can be justiﬁed by recalling
the different chemical composition of the two samples. The fatty acid compositions
correspond to the ﬁgure 4.5 and the class distribution was as referenced in previous
work [50]. The two extracts are both predominantly composed by C18 acyl chains with
0-3 double bonds and have a high content of PC and PE polar headgroups. The dphospholipid extract contains a higher fraction of mono-unsaturated 18:1 carbon-atom
chains (60% vs 36% in the h-extract) as well as a higher amount of lipids with
phosphoinositol (PI) headgroups (15% vs 11% in the h-extract). In particular, mixtures
of saturated and unsaturated phospholipids are known to form separated lamellar
phases when mixed together [206-208] as a result of the positive interaction between
the hydrocarbon chains which brings closely packed lipids with similar tail structure
[209]. Hence the higher content of C18:1 chains in the d-phospholipid extract can drive
the organization of the multilayer in different lamellar phases.
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Surprisingly this difference is not observed anymore in h- and d-total lipid extract
multilayers detailed in this work. The synthetic lipid multilayers exhibited more ordered
organization with respect to the natural lipids; this resulted in a higher number of Bragg
reﬂections. We observed that while the POPC multilayer was unaffected by the increase
in humidity [210], both POPC hChol and POPC dChol mixtures presented an average
increase of the d-spacing of 4.6 ± 0.6 Å as the humidity was increased to 98% RH.
Interestingly, similar values of the d-spacing were observed for both deuterated and
hydrogenous cholesterol suggesting no effects from the deuteration of the sterol at least
at the explored 70/30 w/w ratio.
As for NR, future diffraction experiments will aim at separating different lipid species
from yeast cells. This will tell us if the structural differences observed in the h- and dphospholipid bilayers are actually driven by the presence of molecular species at
different percentages (e. g. unsaturated C18 chains and PI headgroups) or if it is related
to isotope effects only.
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7. CONCLUSION

The present work recounts a multidisciplinary project aiming to develop relevant model
membranes designed for neutron scattering techniques, sourced from yeast biomass.
This involved the deuteration of different yeasts, performed to access a large variety of
perdeuterated lipid molecules that are non-commercially available. The limitations for
the production of speciﬁc deuterated lipid molecules from biomass reside in the
relatively limited knowledge of the mechanisms that govern the changes observed in
the lipid composition upon deuteration. In addition, the production of polyunsaturated
phospholipids seems to be challenged by the isotopic effects that result from
deuteration of the growth medium.
The composition of the obtained lipid mixtures was analyzed in order to gain an
understanding of the effects of deuteration on the lipidome of the yeasts. Further
puriﬁcation and pre-characterization were performed on the phospholipid extracts in
order to form either a single lipid bilayer deposited on a solid surface and probed with
neutron reﬂectometry, or a stack of multilayers, investigated via neutron diffraction. The
different models designed from yeast extracts were compared to synthetically prepared
hydrogenous and perdeuterated (d82) POPC membranes. The polyunsaturation degree
was shown to decrease the thickness of the hydrophobic chains while the lateral
condensing effect of cholesterol was superior to the condensing effect of ergosterol in
all the investigated ﬂuid membranes, containing the same proportions of sterol. The
single lipid bilayers were further placed in contact with AmB to investigate its fungicidal
mechanism as well as a possible mechanism responsible of its toxic side effect on
mammalian cells, modeled by cholesterol-containing membranes. The differences
observed, depending on the lipid models employed, demonstrate the importance of
developing new model membranes with a complex composition mimicking cell
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membranes, relevant to investigating biochemical processes in cells. It also highlighted
differences between ergosterol and cholesterol-containing bilayers, while pointing in
the direction of some sterol intermediates that could help to understand additional
aspects of the AmB mechanism. The use of the newly available perdeuterated
cholesterol as well as the search for a multilayer deposition protocol was also detailed.
The advantages of the systems developed are their complex compositions and their
relevance for interaction studies mimicking natural systems. But theses advantages also
represent a drawback as the system is rendered more difﬁcult to handle and the
structures more difﬁcult to characterize in detail. With further investigations and more
precisely controlled deposition parameters, the system will be able to help solving new
questions in the ﬁeld of lipid and membrane science due to the versatility of the
models. With access to larger quantities of the deuterated lipid species not
commercially available, and by developing chromatographic puriﬁcation routes, it
could also proﬁt to other communities, for NMR and IR experiments for example.
Theoretically, the production of all the molecular species the different yeasts can offer is
possible. And an access to the largest lipid collections, both hydrogenous and
deuterated, in sufﬁcient quantities, will enable, when the neutron beam intensities will
be enhanced in the near future, to screen and investigate more complex lipid bilayers
or multilayers on a time scale still not accessible today. Thus, efforts should continue
towards this direction, with the production and the characterization of the largest
possible number of lipid systems.
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ABSTRACT
The formation and structural investigation of planar bilayers from synthetic lipids and natural
extracts is described. The bilayers were used as model membrane systems for the investigation
and quantiﬁcation of the molecular mechanisms of the membrane-binding antifungal drug
Amphotericin B, primarily by neutron reﬂectometry. Different membrane models of increasing
complexity were investigated, with ergosterol or cholesterol included to mimic fungal and
mammalian cell membranes, respectively. The extraction, chemical analysis and preparation of
hydrogenous and deuterated lipid mixtures from yeasts are presented together with the
optimization of the deposition process of supported lipid bilayers on silicon substrates using
Quartz Crystal Microbalance with Dissipation monitoring to create relevant natural model
membranes for the neutron scattering experiments. The effects of deuteration on the lipid
composition in two different yeasts, the methylotrophic Pichia pastoris and the pathogenic
Candida glabrata are detailed and is shown to be useful for understanding the modulation of the
lipids accessible from these microorganisms. Model membranes from the synthetic lipid 1palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine were initially characterized and compared to
those formed by the phospholipids or the total lipids extracted from the yeasts, mainly using
neutron reﬂectometry but also membrane diffraction. Finally, the relationship between the lipid
composition and the response to Amphotericin B was investigated. Although different behavior of
the drug is observed in fungal and mammal membrane mimics, the composition and degree of
complexity of the model systems employed were shown to affect the ﬁndings and the
interpretation of the mechanisms involved in the interaction of the drug with the membranes. The
differences found between synthetic and natural lipid systems demonstrate the relevance of the
newly developed model membranes from lipids extracted from biomass.

RÉSUMÉ
La formation et l'étude structurale de bicouches planes formées à partir de lipides synthétiques et
d'extraits lipidiques naturels sont décrites. Les bicouches ont été utilisées comme modèles
membranaires pour étudier et quantiﬁer les mécanismes d’action du médicament antifongique
Amphotéricine B, principalement par réﬂectométrie des neutrons. Différents modèles
membranaires de complexités croissantes, qui intègrent de l’ergostérol ou du cholestérol aﬁn
d’imiter respectivement des systèmes fongiques ou mammifères, ont été étudiés. L'extraction,
l'analyse chimique et la préparation des mélanges de lipides hydrogénés et deutérés issus de
levures sont présentés en même temps que l'optimisation du procédé de déposition sur des
substrats de silicium, initialement contrôlés avec une microbalance à quartz et mesure de la
dissipation, qui permet d'accéder à des modèles de membranes naturelles pertinentes pour les
techniques de diffusion neutronique. Les effets de la deutération sur la composition lipidique de
la levure méthylotrophe Pichia pastoris ou de la levure pathogène Candida glabrata, sont
détaillés et utiles pour comprendre la modulation des lipides obtenus de ces micro-organismes.
Les modèles membranaires basés sur le lipide synthétique 1-palmitoyl-2-oléoyl-sn-glycéro-3phosphocholine ont d'abord été caractérisés et comparés à ceux formés des phospholipides ou
des lipides totaux extraits des levures, principalement par réﬂectométrie des neutrons, mais aussi
par diffraction de membrane. Enﬁn, la relation entre la composition lipidique et les réponses des
modèles à l'Amphotéricine B ont été étudiées. Bien que différents comportements soient
observés pour les systèmes fongiques et mammifères, les différents degrés de complexité des
modèles utilisés a montré une incidence sur les résultats et l'interprétation des mécanismes
impliqués lors de l'interaction du médicament avec les membranes. Les différences observées
entre les systèmes lipidiques synthétiques et naturels démontrent la pertinence des modèles
membranaires nouvellement développés à partir des lipides extraits de biomasse.

