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Abstract

Active pharmaceutical ingredients (APIs) are usually designed to stick to some target in the
body. This target is typically a protein, and the drug is supposed to change how that protein
functions. However, side-effects are an inevitable consequence of introducing foreign molecules, such
as drugs, into the body, since drug molecules are more than likely to interact non-specifically with
other cellular structures, such as lipid membranes. The membrane is a highly relevant structure, as it
is a ubiquitous biological interface, that defines the surface of cells and also internal cell components.
The membrane is more than just a wall, as it plays an important role in controlling processes on
the cell surface. Drug molecules have been shown to interact with membranes by non-specific Van-
der-Waals interactions. However, not enough is known regarding how drugs influence the membrane
structure, or how to design drugs that minimize membrane related side-effects.

X-ray and neutron scattering techniques, as well as Molecular Dynamics simulations, are capable
of providing the molecular details. Synthetic membranes may be prepared with any lipid or drug
composition and are tools for modelling interactions. In this thesis, I used scattering experiments
on synthetic systems to study drug-membrane interactions on the atomic and molecular scales, in
order to understand how the drugs influence membrane properties. I optimized the use of scattering
techniques for determining drug effects on membranes.

From my research, there are two main insights.

1. Drug-membrane interactions disrupt local membrane structure. This is based on a case study
of aspirin where, over three studies, I presented evidence that the aspirin disrupts cholesterol in
the lipid membrane. X-ray and neutron scattering techniques, in combination with Molecular
Dynamics simulations were used to determine that aspirin’s impacts are the result of locallized

disruptions to the lipid structure.

2. T also present three case studies for how the properties of the membrane itself play a role in
shaping the drug interaction. Biophysical properties, such as hydration and stiffness, tune how
the drug interacts with the membrane. X-ray and neutron scattering are required to generate

the molecular picture for why the specific biophysical membrane properties are relevant.

The set of interactions discovered here are not, by any means, exhaustive. However, the work
demonstrates that molecular level details reveal unique insights on drug-membrane interactions,

details that may be useful when designing drugs and mitigating their side effects.
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Chapter 1

Preface

Western medicine relies heavily on specialized chemicals intended to specifically alter the human
body. These active pharmaceutical ingredients (APIs) are typically designed to bind some target,
typically a protein, and change the function of that target, thereby providing therapeutic effect.
However, the set of organs, tissues, cells, and molecules that compose the human body are not
a set of unique “locks” for the APIs to interact with, like a “key”. Side-effects are an inevitable
consequence of introducing foreign molecules such as drugs into the body, as drug molecules are more
than likely to interact non-specifically with various cellular structures. Observing and measuring
these interactions is a unique experimental challenge in drug design.

Understanding the interaction with lipid membranes is especially challenging. The membrane is
a ubiquitous biological interface, that defines the surface of cells and also most internal organelles. It
is not an inert structure and plays a important role in the regulation of membrane bound proteins,
as well as controlling passive diffusion [1]. Drug molecules have been shown to disrupt membrane
structure by simple, non-specific Van-der-Waals interactions [2]. However, many membrane phenom-
ena occur on nanosecond timescales and nanometre length scales that are well outside the realm of
standard biological techniques, making a comprehensive understanding of these interactions difficult.
Understanding these interactions is necessary, in order to design drugs that optimize or minimize
them.

X-ray and neutron scattering techniques, as well as Molecular Dynamics simulations, are able to
access the necessary length and time scales. These techniques measure structure and dynamics on
nanometre and nanosecond scales. Native biological systems are generally too disordered for these
techniques to be useful, so model systems have been developed. Oriented membranes stacks on solid
support can be prepared with any lipid or drug composition, and provide exquisite resolution of
drug-membrane effects.

In this thesis, I studied how drugs interact non-specifically with lipid bilayers on the nanometre
length scales. This is a sandwich thesis, where six individual case studies of drug membrane inter-
actions are synthesized. I took common drugs, introduced them into model lipid bilayer systems,

and measured their effects primarily using scattering techniques. I optimized the use of scattering
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experiments, and the analysis of scattering experiments, for drug-membrane research. The studies
I conducted yielded two main insights.

For one, drugs can disrupt the local structure and function of lipid membranes. In this thesis,
I present a case study of aspirin disrupting cholesterol rafts in lipid bilayers. Cholesterol is an
important component of eukaryotic membranes as it stiffens the structure and gives it integrity.
Cholesterol also creates highly ordered patches in membranes, commonly known as rafts, that are
important for sorting membrane proteins. At high concentration, cholesterol even forms cholesterol
crystals in the bilayer that contribute to atheroslerosis. We observe that aspirin, by making the
membrane more fluid, mitigates the effect of cholesterol and homogenizes the membrane, dissolving
rafts and plaques. The specificity of neutron scattering provided support that aspirin locally disrupts
the raft structure.

Secondly, the membrane itself plays a role in the drug interaction. For example, the common
analgesic ibuprofen creates pores in lipid membranes at high concentrations, but not in bilayers
containing cholesterol. The Indian spice curcumin embeds in fluid membranes and increases fluidity,
but does not do so in dehydrated bilayers. Our studies conclude that the biophysical properties of

the membrane influence the interaction.

1.1 Thesis Overview

This thesis is written such that a scientist, who is not an expert in this field, can understand
and appreciate the major findings of my PhD work. It is sandwich style, combining the six most
important first-author papers in my portfolio into a coherent package. See Section 1.2 for a full list
of my contributions.

Chapter 2 will give the reader a background understanding of the necessary scientific concepts.
The material properties of lipid membranes and lipids are discussed, with an emphasis on the lipids
used in the experiments I conducted. In addition, the importance of cholesterol is discussed and a
review of the controversial topic of lipid rafts is conducted. The most important parts of X-ray and
neutron scattering theory are presented, followed by Molecular Dynamics simulations.

Chapter 3 then presents a tutorial on the systems used for investigation. As alluded to above,
model systems need to be used with scattering technqgiues and I primarily used stacked membranes on
solid support. Preparation of these stacks is not trivial, and the optimized procedures are outlined.
I then give the reader a walk-through of how measurements are made, both using our in-house X-ray
diffractometer and using triple-axis neutron spectrometers. Finally, I explain how we use MacSim
for computer simulations!

This takes us into the scientific findings of the thesis. Chapter 4 presents, over three papers, a
case study of aspirin aleviating the effect of cholesterol. Acetylsalicylic Acid (ASA) Increases the
Solubility of Cholesterol When Incorporated in Lipid Membranes illustrates, using X-ray diffraction,
how aspirin increase area per lipid, permitting more cholesterol in the membrane and eliminating

plaques. Aspirin Inhibits Formation of Cholesterol Rafts in Fluid Lipid Membranes using neutron
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diffraction to present evidence that aspirin also eliminates ordered cholesterol structures, and finally,
Aspirin Locally Disrupts the Liquid Ordered Phase uses inelastic neutron scattering to show aspirin
locally disrupts cholesterol rafts causing changes to the material properties of the structure.

The second results Chapter, Chapter 5, contains three papers where the effect of drug membrane
interaction was influenced by the membrane itself. Cholesterol Expels Ibuprofen from the Hydrophobic
Membrane Core and Stabilizes Lamellar Phases in Lipid Membranes Containing Ibuprofen demon-
strates how ibuprofen creates pores in membranes, but not when cholesterol is present. Curcumin
Protects Membranes Through Carpet or Insertion Model Depending on Hydration presents evidence
that curcumin embeds in fluid membranes, but also rests on the surface of gel membranes. Finally
The Lipid Bilayer Provides a Site for Cortisone Crystallization at High Cortisone Concentrations
demonstrates that cortisone uses the bilayer as a substrate for crystallization.

A concluding section then wraps up the thesis by synthesizing the findings and provide outlook.

1.2 Scientific Contributions

First Author Publications

e Alsop, R.J., Himbert, S., Schmalzl, K., and Rheinstadter, M.C. Aspirin Locally Disrupts the
Liquid Ordered Phase. Submitted.

e Alsop, R.J., Dhaliwal, A., Rheinstadter, M.C. Curcumin Protects Membranes Through Carpet
or Insertion Model Depending on Hydration. Langmuir, 33(34), 8516-8524.

e Alsop, R.J., Khondker, A., Hub, J.S., Rheinstadter, M.C. (2016). The Lipid Bilayer Provides
a Site for Cortisone Crystallization at High Cortisone Concentrations. Scientific Reports, 6,
22425.

e Alsop, R.J., Soomro, A., Zhang, Y., Pieterse, M., Fatona, A., Dej, K., Rheinstidter, M.C.
(2016). Structural Abnormalities in the Hair of a Patient with a Novel Ribosomopathy. PLoS
ONE, 11(3), e0149610.

e Alsop, R.J., Rheinstddter, M.C. (2016) Lipid Rafts in Binary Lipid/Cholesterol Bilayers in
“Membrane Organization and Lipid Rafts in the Cell and Artificial Membranes”. Pages 17-42,
ISBN 978-1-63484-589-2.

e Alsop, R.J., Schober, R., Rheinstadter, M.C. (2016). Swelling of Phospholipid Membranes
by Divalent Metal Ions Depends on the Location of the Ions in the Bilayers. Soft Matter, 12,
6737-6748.

e Alsop, R.J., Armstrong, C.L., Magbool, A., Toppozini, L., Rheinstadter, M.C. (2015).
Cholesterol Expels Ibuprofen from the Hydrophobic Membrane Core and Stabilizes Lamellar
Phases in Lipid Membranes Containing Ibuprofen. Soft Matter, 11(24) 4756-4767.
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e Alsop, R.J., Toppozini, L., Marquardt, D., Kucerka, N., Harroun, T.A., Rheinstadter, M.C.
(2015). Aspirin Inhibits Formation of Cholesterol Rafts in Fluid Lipid Membranes. BBA-
Biomembranes, 1848, 805-812.

e Alsop, R.J., Barrett, M.A., Zheng, S., Dies, H., Rheinstadter, M.C. (2014). Acetylsalicylic
Acid (ASA) Increases the Solubility of Cholesterol When Incorporated in Lipid Membranes.
Soft Matter, 10(24), 4275-4286.

Other Publications

e Mueller, A., Alsop, R.J., Scotti, A., Bluel, M., Rheinstddter, M.C., Hoare, T. Dynamically-
Crosslinked Self-Assembled Thermoresponsive Microgels with Homogeneous Internal Struc-

tures. Submitted.

e Dhaliwal, A., Alsop, R.J., Khondker, A., Rheinstadter, M.C. Glucose Vitrifies the Membrane
Core in Dehydrated Lipid Membranes. Submitted.

e Gilbert, T., Alsop, R.J., Babi, M., Rheinstadter, M.C., Moran-Mirabal, J.M., Hoare, T.
Nanostructure of Fully Injectable Hydrazone-Thiosuccinimide Interpenetrating Polymer Net-
work Hydrogels Assessed by Small-Angle Neutron Scattering and dSTORM Single-Molecule

Fluorescence Microscopy. Submitted.

e Schmidt, A., Alsop, R.J., Lenzig, R.P., Gervasi, N.N., Grunder, S., Rheinstadter, M.C.,
Wiemuth, D. Amphiphilic Substances Modulate DEG/ENACS by Modifying Membrane Struc-
ture and Density. Submitted.

e Khondker, A., Dhaliwal, A K., Alsop, R.J., Tang, J., Backholm, M., Shi, A-C., Rheinstédter,
M.C. Caffeine in Drug Cocktails: The Formation of ”Water Pockets” in Membranes. Physics

in Canada, in-press.

e Khondker, A., Alsop, R.J., Rheinstddter, M.C. (2017) Membrane-Accelerated Amyloid-f
Aggregation and Formation of Cross-f3 Sheets. Membranes, 7(3), 49.

e Bakaic, E., Smeets, N., Barrigar, O., Alsop, R.J., Rheinstadter, M.C., Hoare, T. (2017).
pH-Ionizable In situ-Gelling Poly(Oligo ethylene glycol methacrylate)-Based Hydrogels: The
Role of Internal Network Structures in Controlling Macroscopic Properties. Macromolecules,
50(19), 7687-7698.

e Khondker, A., Alsop, R.J., Dhaliwal, A., Saem, S., Moran-Mirabal, J.M., Rheinstadter,
M.C. (2017) Membrane Cholesterol Protects Against Polymyxin B Nephrotozicity in Renal
Membrane Analogues. Biophysical Journal, DOI: 10.1016/j.bpj.2017.09.013.
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Chapter 2

Introduction

2.1 Biological Membranes

Biological lipid membranes play a number of vital roles in the cell. In a particularly important role,
they define the surface of the cell and provide the barrier which encapsulates all cell contents. In
that sense, membranes are fundamental building blocks and a necessary requirement for even the
earliest forms of life [4]. In eukaryotes, they also define the surface of many organelles, which are
structures that further sub-encapsulate the cell and permit cell complexity and differentiation.

The membrane is a bilayer structure of surfactant molecules known as lipids. The bilayer struc-
ture allows for the passive diffusion of small molecules such oxygen and carbon dioxide, but blocks
larger items, such as proteins, from crossing into the cell [1]. . Large molecules such as these often
must be transported across the membrane by active processes that require energy.

However, biological membranes are much more than passive barriers. In addition to lipids,
proteins are a major membrane component. In fact, 20-30% of all proteins are membrane proteins,

and as proteins are work-horses of the cell, they convey great importance to membrane structure

lipid bilayer lipid raft

cholesterol

Figure 2.1: A schematic representation of the plasma membrane. The membrane contains lipids,
cholesterol, integral and peripheral proteins, carbohydrates, and water. Modified from a public
domain figure [3].



Ph.D. Thesis - R. Alsop McMaster University - Physics and Astronomy

and function [1]. Peripheral membrane proteins bind to the surface of the membrane, and often
chaperone other proteins to the membrane. Integral membrane proteins imbed directly into the
membrane, and act as channels for ions, other proteins, and for cell adhesion [5].

Shortly after membrane-associated proteins were discovered, the first accepted model for their
interaction with the lipid bilayer was devised by Singer and Nicholson and called the fluid mosaic
model [6]. In this model, proteins embed within the lipid bilayer and diffuse randomly in the plane
of the bilayer, effectively “swimming” in the fluid 2-dimensional matrix that is the bilayer. This
model does not convey importance to specific lipids, despite the fact that there is great diversity in
lipid composition within and between different cell membrane types. Over 100 different lipid species
may be present in a single membrane [1].

A landmark discovery was lipid rafts, which are lipid structures that have a distinct functional
purpose [7, 8, 9]. Rafts are regions of the membrane rich in saturated lipids and cholesterol and
proteins may choose to embed in the raft or non-raft region. Proteins may even be transported
and sorted using rafts as platforms [10, 11]. Therefore, in contrast to the model by Singer and
Nicholson, the current view is that the structure, dynamics, and composition of the lipids as well as
the proteins is important to the health of the cell. The membrane is also susceptible to perturbation
by external agents [2]. The modern image of a lipid membrane, with lipid rafts and membrane-
embedded proteins, is depicted in Fig. 2.1.

Understanding lipid structure and dynamics is therefore important for understanding proper cell
function. Perhaps more importantly, theories are needed for how lipid structure and function can
be disturbed, for example by a drug molecule. However, the complexity of the biological membrane
makes studying many of these relevant processes almost intractable. Many processes are too small
and too fast to be studied by, for example, an optical microscope. The relevant lipid structural
parameters are ~Angstroms in size and lipid dyamics occur on ~nanosecond timescales, as will be
discussed below.

For these reasons, model lipid bilayers are a common and accepted tool for isolating and studying
membrane phenomena. The lipid composition, as well as the phase of the lipids, can all be varied.
Using X-ray and neutron scattering techniques, the relevant parameters can be measured. Model
lipid membranes were the predominant tool of study in this thesis. In this Chapter, I will discuss

the biophysics of lipids and lipid membranes.

2.1.1 Lipids and Model Lipid Bilayers

Lipids are surfactant molecules, and have a hydrophilic head group and a hydrophobic tail group.
Due to their amphiphilic nature, lipid molecules spontaneously aggregate in aqueous environments,
into bilayer structures. There are many classes of lipids, such as glycerophospholipids, sphingolipids,
and cholesterol. Cholesterol will be discussed in the next section. Here, we focus on glycerophos-
pholipids, aka phospholipids, as they are the dominant lipid in biological membranes and also the
only lipid used in this thesis [12]. A conceptual overview of lipids is given in Fig. 2.2a).

Phospholipids vary in the chemistry of the heads as well as the number of carbons on the lipid
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Figure 2.2: a) Schematics illustrating the relevant properties of lipids. i) A cartoon representation of
a lipid, highlighting the lipid head groups and tail groups. ii) A molecular image, where each atom is
represented by beads. iii) Chemical image of a DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine)
molecule next to iv) a DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) molecule, showing the
similarity in head group structure of the two molecules combined with the difference in chain length.
b) A vesicle model membrane system. ¢) A multi-lamellar vesicle. d) A single, oriented bilayer on
solid substrate. e) Multi-lamellar, oriented membranes.
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chains, and the saturation of the lipid tail groups. Saturation refers to the number of double bonds
on the tails: fully saturated chains have no double bonds (are “saturated” with hydrogen), and
unsaturated chains have one or more double bonds. The chemistry in the head group is slightly
more complex. For phospholipids, the head group contains a gycerol group, a phosphate group, and
a choline group. The head group can be neutral, positive or negatively charged, or zwitterionic (net
neutral charge, but possessing physically separated charges), thereby making it hydrophilic.

Common lipids used in this study are 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC). DMPC is a zwitterionic phospholipid with the glycerol, phosphate, and choline groups, and
two fully saturated, 14-carbon long tails. DPPC is the similar to DMPC, with longer, 16-saturated-
carbon tails. POPC has the same head group as DPPC and DMPC, but is an unsaturated lipid.
One tail is 18-carbons long with an unsaturated bond, the other is 16-carbons long and is saturated.

The typical image of a bilayer is depicted in Fig. 2.1, where lipids form a symmetric, two-leaflet
system, and the bilayer forms a surface encapsulating the cell and its contents. However, model
bilayers can be arranged in a number of different geometries, and a few of these are illustrated in
Fig 2.2 b) - e). Vesicles are single bilayers with spherical geometry similar to plasma membranes.
Bilayers in a spherical geometry can also be stacked radially outward, forming multi-lamellar vesicles.
A flat geometry is also possible, in the presence of solid support. The supported lipids may exist as
a single bilayer, or as stacked bilayers.

Each model system has its own advantages, depending on the experimental question. Vesicles
and multi-lamellar vesicles are useful in studies of bulk bilayer properties, such as mechanical and
thermodynamic properties in solution. Oriented systems are useful for isolating and studying nano-
scale bilayer properties using atomic force microscopy or scattering experiements, as will be discussed
below.

It is the nano-scale properties that are the focus of this thesis. There are two main length scales
important to describing lipid bilayers, and are related to the volume occupied by the lipids. The
bilayer thickness is typically determined based on the head group-head group distance across the
bilayer and is denoted dg . Secondly, the in-plane lateral area occupied, on average, by a lipid in
the bilayer is called the area per lipid (Az). For a POPC bilayer dpp ~40 A, and Ay ~65 A2 [13].
However, these properties vary significantly depending on the chemistry of the lipid species [14].
DPPC is thicker (has higher dypy and has a smaller Ap) compared to POPC [14]. This is because
DPPC is a saturated lipid, and the hydrocarbon tails of DPPC molecules pack tightly together
by adopting an all-trans configuration in the tails. The double-bond of the POPC prevents tight
packing by introducing a gauche defect, increasing the area per lipid and minimizing the membrane

thickness.

2.1.2 Lipid Phases

The properties of the lipid also depend on thermodynamic phase. Lipid bilayers undergo phase

transitions depending on temperature and hydration. At low temperature and humidity, lipids enter
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Figure 2.3: Phases observed for single lipid bilayers. a) A lamellar fluid phase, with low chain order
and high hydration. b) The gel phase, with high chain order and low hydration. c¢) With increasing
lipid curvature, lipids in the lamellar phase transition to a cubic phase, with three-dimensional
symmetry. d) At even higher curvatures, the hexagonal phase is formed. e) Diagrams illustrating
the physical origin of positive and negative curvature. Images are adapted from [15, 16].

a “gel” phase, denoted by the Lg symbol. In the gel phase, Van-der-Waals forces dominate over
entropic forces causing lipid tails to pack tightly together. Consequently, lipid diffusion is slow,
the bilayer thickness is maximum, and Ay is small. With increasing temperature and humidity,
entropic forces become stronger and lipid tails fluctuate more. The bilayer melts from the gel to the
liquid phase (symbolized by L, ), causing increased A; and decreased dp g, and resulting in rapid
diffusion. The temperature at which the chains melt from Lg to L, is known as the main transition,
and varies depending on the head group size, chain length, and chain saturation [17]. POPC melts
at 271 K. In comparison, DPPC melts at 313 K as more thermal energy is necessary to melt the
longer, saturated tails. The fluid and gel phases are visualized in Fig. 2.3 a) and b).

Head group hydration also plays an important role in determining bilayer phase and properties
[18]. At low hydration, the number of water molecules in the head groups is small, and head groups
pack closer together, decreasing the area per lipid. Increasing hydration causes the tails to melt (if
the tempearture is above the main transition), as water molecules cause the head groups to increase
in area. For bilayers exposed to air, the hydration is controlled by the relative humidity of the
atmosphere. In aqueous systems, bilayer hydration is controlled by the osmotic pressure, which in
turn is tuned by the concentration of solutes near the bilayer [19]. Solutes may include salt and
proteins. In conditions of high osmotic pressure, the bilayer becomes dehydrated.

The Lg and L, refer to lipid phases where all the head groups exist in the same plane and have
one-dimensional symmetry. These are the phases most relevant to physiological bilayers. However,
there are structures where lipids are curved into phases with higher-symmetry, due to the physical
properties of the bilayer system. For example, lipids can pack in so-called hexagonal phases, where
lipids curve into cylinders, and the cylinders pack into a two dimensional cylindrical lattice [20].
These phases occur when the lipids have negative intrinsic curvature, which is a property of lipids

that have greater volume in the tails than heads. Cubic phases are also caused by negative curvature
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lipids, but at curvatures less than the hexagonal phase. Cubic phases have 3-dimensional symmetry
and repeating distances on the order of 120 A. [21]. See Fig. 2.3 c)-e) for images of inverse phases
and curved lipids. Bilayers initially in a planar lipid phase can be transitioned to a curved phase by
introducing a curved lipid or by embedding surfactants causing curvature [22]. Positive curvature
lipids may also exist, where the volume of the heads is greater than the tails, and these lipids produce
micellar structures [21].

The area per lipid, bilayer width, bilayer curvature, and bilayer phase of biological membranes
are all relevant to physiological function. For example, increased Aj provides greater diffusion for
small molecules [23]. Also, intrinsic membrane proteins will only embed in membranes where the tail
thickness, d., matches the hydrophobic thickness of the protein. Alternatively, the protein may cause
the membrane to deform around the peptide. The lipid composition of the membrane is important
to tuning this thickness [24]. Proteins may also have intrinsic curvature, and curved lipids have been
observed assembling around curved proteins to stabilize the lipid-protein structure [25]. However, if
lipids in a plasma membrane possess enough curvature to transition from a lamellar to curved phase,
the integrity of the bilayer and of the cell will be compromised. This emphasizes the importance of
lipid composition to cell function. In mammalian cells, cholesterol, in addition to phospholipids, is

a membrane component that plays a very particular and profound role.

2.1.3 Cholesterol and Lipid Rafts

Cholesterol is a sterol molecule highly abundant in eukaryotic plasma membranes, present in con-
centrations of 20-50% [27]. It is characterized by a stiff, hydrophobic ring structure that encourages
it to embed into lipid bilayers and position upright with the bilayer normal. This is known as the
umbrella molecule [28]. Cholesterol then causes the lipid tails to straighten and the bilayer to be-
come stiffer [29]. The area per lipid decreases, and the bilayer width increases. For this reason,
cholesterol prefers to interact with more ordered saturated lipid tails [30]. Cholesterol is essential to
eukaryotic membranes, and provides vital integrity to the structure. In fact, at high concentration,
a distinct lipid phase emerges, known as the liquid-ordered phase, £, [1]. This phase has properties
intermediated between the fluid and gel phases. See Fig. 2.4 for illustration. The ¢, phase known
to be stiff, like the gel phase, but softer than the fluid phase [31]. While the phase has integrity,
it also permits lipid diffusion [31]. Cholesterol is most abundant in the plasma membrane, which
allows the plasma membrane to hold the cell shape [28].

An extremely common observation, in both real and model systems, is that membranes with
cholesterol are not homogeneous in structure [28]. Patches, that are nm to pm in size, exist in these
membranes that are enriched in cholesterol and often saturated lipids, and are more ordered. These
structures float in a surround of less ordered lipids. These are known as lipid “rafts”. In physiological
systems, protein molecules may embed in the raft region or the non-raft region, depending, for
instance, on their hydrophobic thicknesses [7]. In this way, rafts can “sort” integral membrane
proteins [10, 11].

However, little is known about the properties of lipid rafts. This is largely because experimental
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Figure 2.4: Cholesterol has a profound effect on the lipid membrane. a) Cholesterol is a largely
hydrophobic molecule with a stiff sterol ring. b) Cholesterol inserts into the bilayer and condenses
fluid tails. The main model for this interaction is the “umbrella model” which suggests that choles-
terol interacts with the tail to avoid water contact. High concentrations of cholesterol create the £

phase, an entirely unique phase. c¢) At concentrations above ~30 mol%, the ¢, phase is formed at
all temperatures [26]. d) A cartoon of a membrane with lipid rafts and cholesterol plaques. Rafts
are modelled as regions enriched in cholesterol and ordered lipid that host proteins. Plaques are

cholesterol-only crystals that co-exist with the lipid bilayer and occur at cholesterol concentrations
37.5 mol%.
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measurement is difficult, and evidence for rafts is often indirect [32]. Initial theories of rafts were
built from the observation that proteins clustered on plasma membrane, and that the clustering
could be eliminated by removing cholesterol and saturated lipids. Then, rafts were associated with
detergent-resistant plasma membrane fractions, despite the fact that detergents distort membrane
structure [33]. Fluorescent microscopy of tagged proteins has identified protein clusters that are
small (~nm in size) and transiently short-lived (~ ps to ms lifetimes) [34, 8]. All these studies
confirm that cholesterol and saturated lipids are necessary for rafts, but probing the underlying
lipid structure has been an experimental challenge. Experiments focussed on proteins do not answer
why rafts form, or shed light on the forces determining raft size and lifetime.

Attempts have been made, using model lipid systems, to understand raft phenomena. So-called
“raft-mixtures” are used that contain saturated lipids, unsaturated lipids, and cholesterol [35]. At
particular temperatures, these systems form relatively larg,e pum sized domains that are stable [36].
These systems suggest that the driving force for domain formation is coalescence of ordered lipids
with larger hydrophobic thickness to minimize mis-match with disordered lipids. This mis-match
produces a line-tension that can be minimized by forming domains [36]. The mechanisms preventing
complete coalescence (i.e. all thick lipids in one structure) of domains are not known, although
popular theories suggest that dielectric repulsion or curvature effects play a role [35, 37].

However, the lipid structure of rafts in real membranes has not been directly observed [38]. The
likely reason is that they are smaller than the phase separated domains observed with fluorescence
in model membranes. This has led to speculation that rafts are not separate phases, but instead
non-equilibrium structures caused by critical-point fluctuations or microemulsions [39, 40, 41]. These
theories still do not provide complete theories for the size, lifetime, and composition of rafts. However
rafts are ubiquitous: even in binary lipid/cholesterol bilayers they are observed [28]. What is common
among the different systems is that cholesterol drives domain formation by sharply increasing local
lipid organization.

At abnormally high concentrations of cholesterol (>40 mol%), cholesterol domains of a different
form are observed. Cholesterol becomes no longer miscible in the bilayer and forms two-dimensional,
cholesterol-only crystals that coexist with the lipid bilayer [42, 43]. In biological systems, these
plaques have been known to leave the bilayer and deposit on arterial walls, thereby causing arterial
blockage and the disease known as atherosclerosis [44]. The homeostasis of membrane cholesterol is
therefore essential to the health of the cell and the organism. It is crucial to not only have cholesterol,

but also to maintain healthy levels within the membrane.

2.2 Scattering Theory of X-rays and Neutrons

Section 2.1 illustrated that understanding membranes is an exercise in studying the small. Lipids
exist on A length scales and many of the relevant structures and processes (such as rafts) occur on
nanosecond timescales. A full structural understanding of membranes is challenging with optical

microscopy, fluorescence microscopy, or even super-resolution microscopy, because of their spatial
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Figure 2.5: Vector diagrams illustrating the physics of a scattering experiment. a) Neutrons with

incident wave-vector k; on an atom scatter with wavevector k:_;c b) Scattering vector Q = k_} — k.
¢) An illustration of scattering using wave mechanics, and highlighting Bragg’s law. The condition
for constructive interference occurs at A = 2dsin 6.

resolution. Precision techniques such as X-ray or electron microscopy require frozen samples and
only measure small regions at a time. Therefore, they often struggle to capture the complexity of
biologically relevant membranes.

X-ray and neutron scattering are robust and popular techniques for probing the molecular struc-
ture of both hard and soft matter. The techniques exploit the quantum mechanical wave-particle
duality intrinsic to matter, especially subatomic particles. The De Broglie wavelength of X-rays and
neutrons is on the order of 1-8 A, which is ideal for studying structures 1-500 A in size, so perfect for
studying lipid membranes. Inelastic neutron scattering techniques probe processes from picoseconds
up to microseconds in timescale. With the use of temperature and humidity controlled chambers,
membranes can be studied in various phases. In this section, I will outline the physics of scattering

(in particular, diffraction) to highlight how scattering is useful for studying membrane phenomena.

2.2.1 General Scattering Principles

To understand how to study the molecular structure using scattering, consider first a particle (X-ray

or neutron) with wave vector kz The momentum of the wave is related to the wavelengh, A:

- 27

|ki| = - (2.1)
Then, consider that the incoming particle is incident on an atom, and scatters with new k_} The
resultant vector, @, is determined by:

3=k k. (2.2)

This scattering condition is visualized in Fig. 2.5a) and b). Now lets consider the condition where
|k§;| = |k}|, or where elastic scattering occurs. From Fig. 2.5b), we see that @ = 2k;sinf. By
combining with Eq. 2.1:

Q] = %sin 0, (2.3)

where 6 is the scattering angle. Diffraction of regular structures, such as atomic or molecular lattices,
is depicted in Fig. 2.5¢). In this real-space view, plane waves are incident on a regular lattice of

atoms at some angle to the lattice plane, and are reflected from different layers of the lattice. In
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this example, k_;-, k:_}, and Cj are always in the same plane and Q = ¢, always points along the z-axis.
At specific angles from the scattering plane, 6, waves scattered from adjacent lattice planes will

constructively interfere. This condition occurs at:
nA = 2d, sin#, (2.4)

where d, is the lattice spacing. This is the well known Bragg’s law for constructive interference.

Combinining equations Eq. 2.3 and Eq. 2.4:

(2.5)

which illustrates that based on the g.-position of high-intensity, the lattice spacing of atoms in
the material, d, is determined. A typical diffraction experiment is the methodical scanning of Cj
to identify regions of with high intensity due to constructive interference. Eq. 2.5 is then used to
determine the length scale associated with the constructive interference. From a bilayer, for example,
constructive interference may occur at ¢, ~ 0.11 A=1 or d, ~ 60 A, related to the distance between

two stacked membranes in the stack..

However as noted in Eq. 2.4, constructive interference occurs at more than one angle for a given
d,-spacing. Many peaks can occur at higher angles for different n, and these are known as overtones.
These peaks will occur at g, where ¢,+1 - ¢, = Aq,. The relative intensity of the different overtones
is related to the structure of the material. The intensity of the scattered wave is proportional to the

Fourier transform of the density, p(z) of the material along the z-axis:

p(z) ~ /I(qz)e‘iwdqz. (2.6)

When the intensity is sampled at discrete Bragg peaks, the continuous Fourier transform becomes
discrete [45]:

p(z) = d% Z V InGnvy cos(Aq. z), (2.7)

where I, are the integrated intensities of the Bragg peaks at positions ¢,. v, = %1 are the phases,
and the method for determining these is outlined in Chapter 3. Using this treatment for a membrane
system, the density of the bilayer along the axis perpendicular to the bilayer plane is determined.
Changes in density are used to determine the position of peptides or molecules in the membrane, as

will be discussed in the next chapter.

With oriented membranes, the scattering vector, Q, can be directed into the membrane plane (it
is “in-plane”), such that it measures the in-plane structure and Cj = ¢||- In-plane structure yields

information such as the Ay, and the molecular structure within lipid rafts.

The discussion so far has been general and applicable to both X-ray and neutron scattering.
However, there are important differences between the two techniques. X-rays scatter off the electron

shell of atoms, whereas neutrons scatter off of the nucleus. While both techniques involve the analysis
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Coherent Scattering Cross Sections (barns)

Element Neutrons X-Rays
H Q very small
hydrogen-1 1.76 0.0613
carbon-12 5.56 4.21
nitrogen-14 11.03 6.24
oxygen-16 4.232 9.14

P Q

phosphorus-31 3.307

Figure 2.6: An illustration in the scattering cross sections of various atoms in neutron and X-ray
scattering experiments (in barns) [46]. While scattering cross section directly scales with atomic
number for X-rays, neutron cross section is almost randomly distributed. This creates functional
differences between X-ray and neutron scattering results.

19



Ph.D. Thesis - R. Alsop McMaster University - Physics and Astronomy

a) COHERENT INCOHERENT b)
ELEMENT SCATTERING SCATTERING
CROSS SECTION CROSS SECTION | l ..
C ) — ww Selectively .
carbon-12 556 0 a Deuterate Tails ‘
Coherent
Scattering
H : o000
hydrogen-1 1.76
N Q 9
nitrogen-14 11.03 0.5 ww Selectively
Deuterate
Cholesterol

O] o — —>
oxygen-16 4.232 0 Coherent
m o Scattering

P ° very small
phosphorus-31 3.31 0.005

Figure 2.7: Selective deuteration enables special contrast conditions for neutron scattering exper-
iments. a) Coherent and incoherent cross sections for various atoms. Note that the incoherent
cross section for hydrogen is very large, while the coherent cross section is very small (compared to
deuterium). b) Selective deuteration enhances the coherent signal from lipid tails. ¢) In contrast,
selective deuteration of the cholesterol molecules would instead enhance the coherent scattering from
cholesterol molecules.

of scattered wave intensity, the distinction creates a clear separation between the two techniques
based on contrast. Contrast in a material is necessary for the X-rays or neutrons to distinguish
between atoms. Differences in scattering power create contrast. X-rays scatter more strongly off of
atoms that have more electrons, whereas neutrons scatter more strongly off of atoms which have a
larger nuclear scattering length. Electron number scales directly with atomic number, but the nuclear
scattering length is an effectively random function of atomic number, as highlighted in Fig. 2.6. In
addition, isotopes of an atom may have entirely different nuclear scattering lengths. For example,
while hydrogen scatters X-rays extremely weakly, hydrogen and deuterium strongly scatter neutrons.
Fig. 2.6 illustrates the difference in scattering power for different, membrane-relevant atoms. Next,
I will discuss neutron scattering in more detail and highlight other key differences between neutron

and X-ray scattering.

2.2.2 Neutron Scattering

In the previous section, we discussed the elastic scattering scenario where |k;| = |k}| However, in
general, |k_;| * |k_}| due to energy transfer between the system and the scatterer. In this case the
intensity is now a function of energy I (Q) -1 (Q, E). For neutron scattering, I (C_j, E) is proportional
to the scattering function S(Q, E), convoluted with an instrumental resolution, R(Q, E) [47):

I(Q,E) = / S(Q, E)R(Q, E)dQdE. (2.8)
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S (CiE) is explicitly derived by considering each atomic scatterer in the sample in both space

and time. By assigning the jth scatterer a nuclear scattering length b;and position RZ

5 ky 1 iQ-(R;(t)-R,/ —i
S(G.B) = LS ) / (G- (0))y =it/ gy (2.9)
! 3

Expanding the sum over b;:

D (bibyr) = (%) + (b, (2.10)

Jj’
Gives:
S(G.E) = %a)fi S [(Q B O-Ry Oy e-iot gy (2.11)
’ 3305 #3)
k 1 iQ-(R;(t)—R; —iw
+%<b2>ﬁz/<ecz<&<t> By (0)y =it gy
! j
= Seon(G, E) + Sine(Q, E). (2.12)

Eq. 2.12 demonstrates that neutron scattering signals are in fact a superposition of two contributions:
Scoh(Q, E) is from coherent neutron scattering, and Smc(@, E) is from incoherent scattering. The
coherent scattering arises from correlations between different atoms over time, whereas the incoherent
scattering comes from self-correlated motions. The term (b?) is called the coherent cross-section, or
beon, whereas the incoherent cross-section is b;,. = /(b?) — (b)2.

The coherent scattering arises from collective structure and motions of atoms. This corresponds
to the lattice structure and collective motion of atoms within the lattice, known as phonons [48].
Phonons are excited at specific energies, and therefore produce peaks at those exact energy transfers.
Incoherent scattering describes the motion of individual atoms over time, and is therefore related
to diffusion processes. Diffusion processes are continuous, and produce broad peaks centred at zero
energy transfer.

Each isotope of an atom has a different coherent and incoherent cross section, as shown in
Fig. 2.7a). For example, hydrogen has a very large b;,. but a small (even negative) be.,p, while
deuterium has large b.,n, but small b;,.. The signal from a sample with large hydrogen content
will be dominated by the incoherent term, whereas the signal from a deuterium-rich (or simply
low-hydrogen) sample will be dominated by coherent scattering. This fact introduces a powerful
degree of freedom into neutron scattering experiments: by substituting hydrogen and deuterium,
the incoherent or coherent signal for the sample, or even a specified component of the sample, can
be turned on or off. For example, when performing an experiment with lipids, the static structure
of the tails can be enhanced by deuterating the tails, as depicted in Fig. 2.7.

A generic energy scan is shown in Fg. 2.8. Energy scans are conducted at some fixed Q, with
varying E. The image shows the main three components of an inelastic neutron scan: A sharp peak
at £ = 0 resulting from elastic scattering; a broad peak also centred at E=0 which is a result of

incoherent scattering; and peaks at |E| >0 that result from phonon scattering. Since the frequency,
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Figure 2.8: A sample graph illustrating the three components of an inelastic neutron scattering
experiment. 1) Elastic scattering appears at fuv = 0 due to instrument resolution effects. 2) Quasi-
elastic scattering occurs due to relaxation dynamics in the sample (incoherent scattering). 3) Peaks
occur at fiw > 0 due to collective motions in the sample (coherent scattering).
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Figure 2.9: Images from Molecular Dynamics simulations. a) A snapshot of a 128-lipid POPC
bilayer simulated with 25 water molecules per lipid. The phosphorous atom in the head groups is
emphasized using the gold spheres. b) A representation of a single, all-atom POPC molecule. c¢) A
single POPC in a united-atom configuration.

w, of the neutron wave-packet is related to the energy by E = hw, energy is often represented by
hw.

From Heisenberg’s Uncertainty Principle, the energy resolution of a molecular process is inversely
proportional to the time scale of the process by AEAt ~ h. Neutron scattering achieves resolutions
of AE ~ 10-100 pev or ~meV. Therefore, it can resolve processes on picosecond to nanosecond

timescales, making it ideal for the study of structure and dynamics in membranes.

2.3 Molecular Dynamics Simulations

Scattering experiments of model lipid system provide molecular level detail into membrane processes.
The techniques provide an ensemble measurement of the bilayer. While these properties represent a
strength of the scattering technique, they also pose weaknesses. Scattering does not provide access to
atomic level membrane detail, nor does it provide information on the motions of individual molecules
or atoms. A technique highly complementary to scattering is Molecular Dynamics (MD) simulation,
as it can provide the atomistic and individualistic detail.

MD simulations are designed to generate an atomic resolution image of bilayer phenomena using
a computation representation of the membrane. The exact composition of the membrane system is
explicitly controlled. MD simulations are performed on bilayers with ~128 total lipids, more than
30 waters per lipid, and with protein or other molecules included. Simulations are performed on

freely available software, such as GROMACS [49]. Processing power is provided by supercomputers
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or GPU accelerated workstations. Molecules used in the simulations are derived from PDB files,
or calculated using tools such as the Automated Topology Builder [50]. An image of a simulated
bilayer is in Fig. 2.9a).

To perform a MD simulation, all atoms in the system are assigned positions, velocities, and
the appropriate bonds are identified. In addition, the energies required to deform (bend, twist,
extend) are obtained. Next, the force on each atom is determined by summing interactions with all
neighbouring atoms, and the equations of motion are solved for each atom to find new positions and
velocities [51]. This constitutes one simulation step. To start another simulation step, the potential
on each atom is re-calculated based on the new positions. A simulation step occurs on the timescale
of femptoseconds, and a typical simulation time is 100-200 ns.

To solve the potential on each atom using an exact many-body quantum-mechanical solution
would require many variables. Therefore, quantum potentials are approximated to reduce the calcu-
lations to a set of two-body problems that are solved using Newton’s equations. These “force-fields”
describe the potentials between each atom type, and the appropriate bond lengths and angles. Dif-
ferent force fields have been developed and are freely available. They must reproduce known physical
quantities to be considered a reasonable approximation for real potentials [52]. For example, a key
test for lipid force-fields is to generate areas per lipid that match experiment.

For bilayer systems, further approximations may be made to increase efficiency. For example,
the hydrogen atoms on lipid tails may not be explicitly simulated, but instead the masses and
interactions are incorporated into the associated carbon atoms, as in Fig. 2.9b). This “united-atom”
representation of the lipid still reproduces bilayer properties. In situations where greater accuracy
is needed, “all-atom” representations are used (Fig. 2.9¢)) [53].

A simulation may be run to test a structural hypothesis, such as how lipid tail conformation
or head group hydration are impacted by a temperature change or a drug. Alternatively, since the
postion of atoms and molecules are traced over time, dynamic information is available. One could
test the insertion time of a drug in the membrane, or the diffusion of water across the bilayer.

Simulations provide atomistic detail, but are limited in the accessible length and timescales, due
to limits on computational resources. Bilayer patches beyond 250 nm? are not often used in all-
atom simulations, which means that long length-scale phenomena such as bilayer undulations are not
measured in all-atom. In addition, it is costly to simulate beyond a few hundred nanoseconds, which
means that processes beyond ~ us are not easily accessible. An event such as protein insertion can
often not be observed. For these reasons, MD simulations can provide complementary information

to scattering experiments.

2.4 A Review of Drug Membrane Interactions

Drug-membrane interactions have been a topic of research since the Mayer-Overton experiment.
The experiment found a correlation between the potency of anesthetic drugs and their partitioning

coefficient in olive oil [54]. The more potent the anesthetic, the more it partitioned into olive oil. This
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experiment suggests a link between the hydrophobicity of the drug and its anesthetic action. As the
lipid membranes is a ubiquitous hydrophobic interface, this led to speculation that the anesthetics

exerted their effect through membrane interactions.

Early molecular hypothesis for this membrane effect suggested that the drug partitioned into the
membrane and physically altered the structure. For example, the drug would enter the hydrophobic
region and swell the tail volume, and influencing the structure of the membrane and membrane
bound ion channels [55]. This theory has largely been discredited, as subtle changes to the drug
structure can have large influence on anesthetic effect, suggesting a simple volume effect is not the

source [56].

However, modern theories of anesthetic action are reintroducing the membrane as a factor.
Anesthetic action is believed to be caused by altered function of membrane bound ion channels.
New hypotheses suggest that the drug influences the dynamics of the membrane, as opposed to the
structure. Drugs may influence the lateral pressure profile of the membrane: drugs may increase the
pressure in the tail and exert pressures on the channel, forcing them closed [57]. Awareness of the
potential membrane-effect of anesthetics has created a general interest in studying drug-membrane

interactions.

Understanding drug membrane interactions is particularly important for phamacokinetics and
pharmacodynamics [2]. Pharmacokinetics is concerned with the movement of drugs within the
body. When quantifying kinetics, it is important to understand retention by membranes, as it
could influence passage of the drug into the cell. Pharmacodynamics is the “mechanism of action”
of a drug. This subject is concerned with how to design drugs that have the intended effect on
the body, and minimize potential side effects. When optimizing pharmacokinetics and dynamics,
understanding of membrane interactions, and how they correlate with the chemistry and molecular

structure of the drug, is necessary during design.

Common techniques are differential scanning calorimetry (DSC) and Langmuir troughs. DSC
studies how a drug influences the phase behaviour of a membrane system [17]. To perform this
experiment, multilamellar lipid vesicles are prepared in water. They are then slowly heated and the
instrument measures the heat necessary to raise the water temperature. Specifically, it measures
the differential heat: by recording the slope of the heat vs temperature plot. If a first order phase
transition occurs, a peak is registered. For example, for DMPC bilayers, a sharp peak is measured at
T = 24°C, related to the gel to fluid phase transition (the main transition). Drugs can influence the
appearance of this peak by broadening or shifting it. Aspirin is known to broaden and shift the main
transition peak in DSC thermograms, as is iron and several other drugs [58, 59, 60]. Broadening
the main transition implies reduced collective lipid motion during the transition, whereas shifting it
implies reduced energy needed to melt the chains.

Another common drug-membrane probe is a Langmuir trough [2]. This is typically a monolayer
experiment: lipids are spread over a bath of highly pure water. Only enough lipid is deposited to
create a single layer, where the heads are in the water phase and the tails stick in the air. Next, a

physical barrier moves across the surface and reduces the accessible area to the lipids, and a Wilhemy
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plate measures the surface pressure of the lipid film. A drug may be dissolved into the lipid film,
or it may be dissolved in the water subphase and permitted to interact with the lipids from the
subphase. Changes in lipid pressure or compressibility are associated with drug interactions. For
example, cholesterol will decrease the pressure at a given area due to its condensing effect, and will
also decrease compressibility.

It is difficult to ascertain, based on experiments such as these, the molecular details of the lipid
interaction. For example, in a DSC thermogram, lipids partitioning into the heads or tails could
disrupt tail ordering and broaden the main transition. Therefore, more nano-scale information
is necessary. There are several groups performing Molecular Dynamics simulations of drugs in
membranes, and determining the molecular partitioning of the drug [61]. Nuclear magnetic resonance
measurements can also give insight on the drug location in the membrane, and relate it to membrane
perturbations [2].

Scattering experiments of oriented membranes provide a unique innovation to the field of drug-
membrane research. Since the stacked membranes create a repeating unit cell, they permit greater
structural resolution, by Fourier reconstruction, yielding a better model for where the molecule
partitions into the membrane. Since the membranes are oriented, the in-plane (g ) and out-of-
plane (g,) structures scatter along different axis. The two structures can therefore be decoupled.
Information on the effect of drugs on membrane bending, phase, area per lipid, lamellar spacing,
lipid tilt, and orientational order are all accessible from a single measurement. When combined with
MD simulations, as well as bulk experiments such as DSC or Langmuir, the oriented membrane
systems can provide rich information into the pharmacokinetic properties of drugs. At the same
time, they can provide insight into the mechanism of action for how the drug creates both intended

effects and side effects.
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Chapter 3

Experimental Methods

3.1 Sample Preparation

The system of choice for the majority of the experiments in this work was oriented, solid-supported
bilayers. These bilayers are built bottom-up, such that the composition of the bilayer is easily
tuned, adding cholesterol, saturated lipids, etc. Solid-supported bilayers are useful in scattering
experiments, as the in-plane and out-of-plane structure of the membranes are decoupled from the
scattering signal. All samples are prepared by depositing lipids, that are dissolved in a solvent, onto
a silicon wafer. The materials & methods required to prepare the wafers, the lipid solutions, and

prepare the oriented membranes will be described below.

3.1.1 Chemicals and Materials

Si substrates

The silicon wafers used for X-ray (and some neutron) scattering were obtained from Silchem

Figure 3.1: Images of preparing oriented lipid membrane samples. a) Depositing lipid solution on
2 inch diameter wafers. b) the solution dried, leaving the lipid film. ¢) Stacked 2 inch wafers before
measurement, in Paper III. d) 1x1 cm? wafers in the sample holder designed for experiments on
IN12.
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and pre-cut into 1 ecm X 1 ¢m or 2 cm X 2 cm chips. In addition, round 2-inch diameter wafers

were obtained from WRS Materials and used for some neutron scattering experiments. All wafers

used were single-side polished, and cut along the [100] crystal face. The thickness of the wafers was

~250 pm.

Solvents

A number of organic solvents were used in the process of making oriented bilayers:

Methanol (CH3;OH): general equipment cleaning as part of the wafer cleaning protocol.

Dichloromethane (DCM, CH2Cls): used for deep cleaning of the wafers to produce a hydropho-

bic surface.
Chloroform (CHCl3): one part of the solution used to dissolve and deposit lipids on the wafers.
2,2 2-trifluoroethanol (TFE, CoH3F30): the second part of the wafer solution.

Ultra-pure water: produced by the Cascade LS Water System with a resistivity of 18.2 MQ-cm.

All organic solvents Organic solvents were obtained from Sigma Aldrich in HPCL grade..

Molecules

The the molecules in this study can all be classified into phospholipids, cholesterol, and drug

molecules.

Lipids: Three types of lipids were used in this thesis. All lipids were acquired from Avanti Polar
Lipids and used without further purification. The lipids were packed and shipped with dry-ice
and, upon arrival to the lab, were stored in the freezer at -20°C until use. 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC, CAS 18194-24-6) is a 14-carbon saturated phospholipid.
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, CAS 63-89-8 ) is a 16-carbon saturated
phospholipid. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, CAS 26853-31-6) is a
lipid with a 16-carbon long saturated chain and an 18-carbon monounsaturated chain. Chain-
deuterated lipids were also used in the thesis. DMPC-d54 (CAS 78415-49-3) is chemically iden-
tical to DMPC, but with every hydrogen on the carbon chains replaced with deuterium. Sim-
ilarly, DPPC-d62 (CAS 25582-63-2) is chemically identical to DPPC with the chain-hydrogen

atoms replaced.

Cholesterol: Cholesterol(Ca7Hy60, CAS 57-88-5)) was also acquired from Avanti Polar Lipids,
transported and stored at -20°C.

Molecules: Four different drug molecules were studied in this thesis. All molecules studied

were acquired in powder form

1. Aspirin (acetylsalicylic acid, ASA, CAS 50-78-2). Chemical formula CgHgOy4. Acquired

from Sigma in powder form and stored at room temperature.

2. Ibuprofen (chemical formula C13H1505, CAS 15687-27-1) was acquired from Sigma and

stored at room temperature.
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3. Cortisone (chemical formula Co;HegOs5, CAS 53-06-5 ) was acquired from Sigma and

stored at room temperature.

4. Curcumin (trade name turmuric, formula Ca1Hz0O5, CAS 458-37-7) was acquired from

Sigma and stored at -20°.

3.1.2 Preparation of solid-supported, stacked lipid membranes

Single side polished silicon wafers were first cleaned to prepare the surface for lipid deposition. There
were two protocols used to clean wafers that were used for X-ray and neutron scattering experiments,

respectively.

1. Preparation of wafters using dichloromethane (DCM). This procedure was used to prepare
lem x 1 cmor 2 cm x 2 cm wafers. Wafers were placed in a glass dish and covered with
DCM. The dish was sealed with a glass top (and secured with parafilm) and placed in a bath
sonicator (Branson 2510) that was filled with ultra-pure water heated to 37°C. The wafers
were sonicated for 25 minutes. Following sonication, the wafers were removed from DCM and
rinsed three times with ~50 mL ultra-pure water and methanol. The wafers were then dried
and lipid solution was deposited, or the wafers were stored in fresh methanol for use later that

day.

2. Preparation of wafers using water and methanol. This procedure was used for the circular,
5 inch diameter wafers. Initially, the wafers were placed in a plastic container and filled with
ultrapure water. The container was then placed in the sonicator (also filled with ultrapure
water) and allowed to equilibrate to 37°C, then sonicated for 12 min. The process was repeated
with methanol, then repeated again each for water and methanol. Following the final methanol

cleaning, the wafers were dried under No and lipid solution was deposited.

Lipid were weighted with a micro-balance (Ohause Discovery) and mixed with a 1:1 solution
of chloroform and trifluoroethanol (TFE). Cholesterol and drug molecules were also weighed and
dissolved in chloroform:TFE mixtures. The different solutions were then combined to achieve the
desired molecular concentrations, to a total mass concentration of 20 mg/mL.

Dried wafers were then placed on a level granite block. To ensure that the lipids are deposited
in their fluid phase, the granite block and wafers are heated well above the transition temperature
of the lipid. For example, when DPPC is deposited the wafers are heated to 50°C (10°C above the
main transition). The lipid solution is then deposited. Depending on the size of the wafers, slightly

different procedures are followed:

1. For square wafers, 80 uL of lipid solution is placed on the wafer. The wafers and granite block

are on a rotating platform (VWR Rotating Wave) to ensure even coverage of lipid solution.

2. For the circular, 5 inch diameter wafers, 1.2 mL are deposited. The granite block is then lifted

and gently rocked until the solution is evaporated.
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After the lipid solution has evaporated, the samples are placed in vacuum overnight.

Next, the samples are hydrated. Hydration is required to anneal the lipids on the wafer into
bilayers. They are placed in a sealed vial with a beaker of pure water. The sealed container is placed
in an incubater at a temperature high enough to put the lipids in the fluid phase. The membranes
are hydrated for at least 24 hours.

For X-ray analysis, the wafers are now ready for measurement as a single prepared wafer was
sufficient. Neutron flux at reactor sources is significantly lower than even laboratory X-ray sources,
so several wafers were required for neutron scattering and the wafers must be packed into sample
cans specially designed for the specific neutron instrument. In the paper Aspirin Inhibits Formation
of Cholesterol Rafts in Fluid Lipid Membranes, 20 prepared 5 inch wafers were stacked into an
aluminum can. Each wafer was separated by 100 pm thick aluminum spacers (Fig. 3.1c)). For the
paper Aspirin Locally Disrupts the Liquid Ordered Phase, 20 1x1 cm? wafers were placed vertically
into a container (Fig. 3.1d)).

3.2 Protocols for Scattering Experiments

3.2.1 X-ray Experiments

All X-ray scattering data were obtained using the Rigaku SmartLab X-ray diffractometer within the
Laboratory for Membrane and Protein Dynamics at McMaster University. This diffractometer is
referred to as the Biological Large Angle Diffraction Experiment (BLADE), see Fig. 3.2. X-rays are
generated using a rotating anode that uses a 9 kW (45 kV, 200 mA) of power to generate X-rays
peaked at a 1.5418 A wavelength (CuKa). The rotating anode X-ray generator is a vacuum sealed
enclosure in which electrons are ejected from a high-voltage filament, by thermionic emission, and
travel toward a copper target. The target is rotating and also water-cooled in order to dissipate
heat over a large area, thus ensuring a consistent X-ray flux.

When electrons from the filament strike the copper target, they cause electrons in the K-shell
to be ejected. Electrons in outer shells then relax to fill the inner shell, releasing radiation in
the process. The copper Ka emission is selected and guided to the sample by the Rigaku optics
[62]. BLADE’s beam geometry provides intensities of up to 101° counts/(mm?-s), this high-intensity
illumination of the samples ensures a high scattering signal. The sample is stationary on a flat
sample stage, and the source and detector move. The source and detector move along an angle
perpindicular the normal of the stage, §. The detector is also capable of swinging into the sample
plane and measuring scattering at an angle §,. BLADE samples 6 and 6, to form a 2-dimensional
scattering image, Fig. 3.2b).

Information from the measurement of the out-of-plane Bragg peaks from the membrane stacks
allows the determination of a density profile perpendicular to the plane of the membranes. With
X-ray scattering we determine the electron density profile, whereas for neutron scattering we deter-
mine a scattering length density profile. The Fourier transform in this case is discrete due to the

convolution with the lamellar structure factor. The integrated intensities of the out-of-plane Bragg
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Figure 3.2: Image of the X-ray diffraction setup. a) A photograph of inside BLADE, with arrows
indicating the relevant axis. b) A 2-dimensional X-ray diffraction image of oriented membrane
stacks acquired by BLADE. A single lipid peak is observed in-plane (g|) and a set of Bragg peaks
are observed in the out-of-plane axis (g.).

peaks are simply the Fourier components. We use one-dimensional Fourier analysis to approximate

the electron density, p(z),
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where N is the highest order of observed Bragg peaks and pw the electron density of water (or
other solvent) [45]. I, are the integrated peak intensities, which are combined with the ¢, value at
which the peak occurs, ¢,, to obtain the form factors, F'(g,). The membrane form factor F(q,),
is in general a complex quantity, however, in this case it is real-valued due to centro-symmetry.
Therefore, the phase problem of crystallography simplifies to the sign problem: F(q.) = v,|F(q.)|.
A given phase can only take on two values, v,, = £1. By measuring the bilayer form factor F(q.) at

several ¢, values, we can construct a related, continuous function, T(g.),
. 1
Q) = Z \/Inqnsmc(§dzqz — 7Tn>, (3.2)
n

which can be fit using the data [63]. Fitting the Bragg peak intensities from the data allows for an
analytical expression of T'(g,), from which the phases, v, can be assessed. Electron density profiles

are calculated and used in Papers I, IV, V, VL.
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Figure 3.3: A diagram illustrating the operation of a triple axis spectrometer measuring a) in-plane
(/) and b) out-of-plane (q.) scattering.

3.2.2 Neutron Scattering Experiments

Two of the papers included in this these contain neutron data. Both of these experiments were
performed using triple-axis spectrometers (TAS) at reactor sources. Paper II used the N5 spec-
trometer at the Canadian Neutron Beam Centre and Paper IIT used the IN12 spectrometer at the
Institut Laue-Langevin (ILL). Neutrons arrive from the core of the reactor with a distribution of
wavelengths. The neutrons are incident on a polylytic graphite (PG). Using Bragg’s law (Eq. 2.4), a
monochromatic beam with momentum k;; is scattered from the crystal and incident on the sample.
After scattering from the sample, the neutrons are incident on a second PG crystal to select neutrons

with momentum k_} that are then guided to a detector (Fig. 3.3).

k_; and k_} can therefore be independently varied, and hw = %(kl —k f)2. The angle between
k; and k‘_} is the scattering angle 6. The triple-axis measures S (Cj, hw) by either holding Q constant
and varying fiw (constant-Q scans) or by holding Aw fixed and varying @ (constant-energy).

The third axis of the spectrometer is the sample axis. Membranes are mounted vertically on the
spectrometer, such that the scattering vector can be rotated from in-plane (gj|) to out-of-plane (q.)

by rotating the sample by 90° as illustrated in Fig. 3.3.
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(a) (e)

Figure 3.4: Pictures of the various hydration chambers used for the scattering experiments. a)
The double-walled chamber, with yellow kapton windows, used on BLADE. b) The X-ray chamber
assembled and placed on BLADE. ¢) The windowless chamber used at N5 for Paper II. The wafers
are mounted vertically and suspended. d) Securing the lid of the chamber on N5. e) An overhead
view of the sample chamber for IN12, showing the presence of filter paper at the bottom that is
designed to capture D2O. f) The wafers placed on the chamber (filter paper is below the wafers),
and the lid about to be placed on top.

3.2.3 Hydration Chambers for Scattering Experiments

Temperature and humidity controlled chambers are required to perform scattering experiments on
supported membranes under different conditions. Typically, the goal of these chambers is to achieve
100% relative humidity in the atmosphere of the chamber. In order to maintain this humidity,
temperature gradients inside the chamber need to be eliminated, otherwise rapid loss of humidity
will be caused by condensation. Thermoelectric heating at multiple locations in the chamber is
necessary to set the temperature evenly over the chamber. The design principles associated with
chambers for X-ray and neutron scattering are significantly different.

The primary material used for the chambers is aluminum. X-rays cannot penetrate aluminum,
so windows are required to permit X-rays to enter into and scatter out of the chamber and to the
detector. The material used for the window is kapton, a polymeric material that is fabricated into
sheets 13 pm thick, in order to minimize X-ray attenuation. The chamber used inside BLADE

contains a trough for water at the base. The sample is placed on the central stage and a lid with
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the windows is placed on top, creating a tight seal. Temperature control is not used in BLADE, as
the ambient temperature in the machine is 28°C which is above the melting temperature for both
DMPC and POPC: the lipids measured on BLADE for this thesis. Images of the chamber are shown
in Fig. 3.4a)-b).

Neutrons are in fact able to penetrate even cm thick aluminum walls, which means that humidity
chambers for neutron scattering do not require special windows, as can be seen in Fig. 3.4c)-d). For
Aspirin Locally Disrupts the Liquid Ordered Phase, the wafers were suspended above a trough of
water. The water trough was heated by an external water bath, and the chamber walls and roof are
heated by separate Peliter elements, to remove gradients. However, a different setup is used for the
Aspirin Locally Disrupts the Liquid Ordered Phase experiment. The 1x1 cm? wafers are placed in
a sealed vessel (Fig. 3.4e)-f)) with a damp filter paper prepared with enough water to achieve full

hydration. Temperature is then controlled with an orange crystat.

3.3 Molecular Dynamics Simulations

Simulations were mostly run in-house on MacSim, a GPU accelerated workstation with 20 physical
Intel XeonCPU cores and two GeForce GTX 1080 high power graphics cards resulting in 5120 CUDA
Cores. This system produces 50-180 ns of MD simulations in standard 128 lipid membrane patches
in GROMACS per day (B24 h), depending on the system in question. The exception is Paper V:
The Lipid Bilayer Provides a Site for Cortisone Crystallization at High Cortisone Concentrations,
where simulations were performed by Jochen Hub.

The GROMACS (GROningen Machine for Chemical Simulations) software was used [49]. Force-
fields are downloaded and used un-altered. Two force fields were used in this thesis: the SLipids
forcefields was used for the Paper V [64], while GROMOS 54a7 forcefield was used for the other
works [65]. Simulations are generally run with 128 lipids in a bilayer patch (64 per leaflet), and a
variable number of water molecules per lipid.

The forcefield parameters identify the interactions between atoms that are bonded, non-bonded,
the interaction parameters for torsional bond rotation, etc. However, to use a molecule in the
simulation, the forcefield needs to be able to identify atomic groups to assign interaction parameters
to. These “topology” files are typically built by leading groups such as the Tieleman group and
made freely available for download. All-atom POPC molecules were used with the SLipids forcefield
in Paper V, while united atom DMPC molecules were used for the others. Drug molecules, such
as aspirin, cortisone, and curcumin, also require topology files. These are built either using the
Generalized Amber Force Field, or downloaded from online repositories such as the Automatic
Topology Builder [50].

Before performing simulations for analysis (denoted production runs), a three stage equilibration
protocol is performed. . First of all, an energy minimization step is run that removes extreme forces
within the system. This is performed by conducting simulations at zero temperature, and minimizing

the total force on all atoms. Secondly, a simulation is run at constant volume to ensure the system
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achieves the designed temperature. After the equilibration, the thermodynamic parameters of
the system, such as temperature and pressure, should no longer depend on simulation time. This
typically requires 500 ps of simulation. Lastly, a simulation is run at constant pressure to ensure that

the pressure is stabilized, typically taking 1 ns. Finally, production runs typically ran for 200 ns.
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Chapter 4

Aspirin Impacts Local Membrane

Structure and Function:
Publications I, II, & III

Many drug molecules, similar to lipid membranes, are amphiphilic. They will embed in the mem-
brane to satisfy both hydrophilic and hydrophobic interactions. In addition, charge or hydrogen
bonding interactions will attract drugs to the bilayer [2]. There are a variety of possible responses to
the drug binding the membrane: it could increase the lipid fluidity, it could tighten the lipid much
like cholesterol, or it could cause increased curvature. This information is available from various
experimental techniques, including fluorescence techniques, and NMR [2]. However, as outlined in
Section 2, key events for the membrane happen on small length and timescales. How could a drug
influence ephemeral phenomena such as raft formation and structure, for example? Molecular level
techniques are required to ellucidate these effects.

In this thesis, to start answering those questions, a case study of aspirin was performed. Aspirin
(chemical name acetylsalicylic acid, ASA) is a common analgesic that has been on the market for
over 100 years. Salicylic acid, from which Aspirin is derived, is found in willow trees, and extract
or tea made from these trees had been used to cure pain or fever [66]. Bayer trademarked Aspirin
in 1899 but the rights to name expired and aspirin is now a trade name. It is still widely used for
treating pain or fever. The main mechanism for curing pain was discovered in 1962: aspirin binds
to cyclo-oxygenase (COX) and inhibits the production of prostaglandins [67].

In recent decades, aspirin has also been used as a secondary measure in the prevention of heart
attacks for patients with high cholesterol [68]. Some evidence suggests the COX inhibition is the
reason for a benefit for high cholesterol [69]. However, this is not the whole story, as, for example,
patients who are “aspirin resistant” (they don’t see any benefit from aspirin therapy) experience
COX inhibition [70]. Our hypothesis was that aspirin in fact influenced cholesterol by interacting

with lipids membranes.
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We therefore prepared oriented membranes with high cholesterol, as well as aspirin, and studied
the systems using X-ray and neutron scattering. Over three papers, we determined that aspirin has
a clear effect on membranes with cholesterol. In particular we learned that aspirin creates local dis-
tortions in the membrane, local changes in the area per lipid, and frustrates cholesterol organization.
This effect appears to eliminate plaques, and also causes increased solubility for cholesterol in mem-
branes. At high concentrations, cholesterol leaves the membrane and forms immiscible cholesterol
crystals. These “plaques” then aggregate outside the membrane and cause blocked arteries [44].
Our conclusion that aspirin homogenizes membranes, increasing cholesterol solubility, may explain
the so-called Low Dose Aspirin Therapy.

A key insight from these experiments is that the effect of aspirin on the £, phase is distinctly
local. This means that aspirin does not require a critical threshold to produce effect. Even though
the experiments discussed sometimes use physiologically unrealistic drug concentrations, small con-

centrations of the drug influence the membrane structure.

4.1 Paper I: Acetylsalicylic Acid (ASA) Increases the Solu-
bility of Cholesterol When Incorporated in Lipid Mem-

branes

Richard J. Alsop, Matthew A. Barrett, Songbo Zheng, Hannah Dies, Maikel C. Rheinstadter. (2014).
Acetylsalicylic Acid (ASA) Increases the Solubility of Cholesterol When Incorporated in Lipid Mem-
branes. Soft Matter. 10(24), 4275-4286.

4.1.1 Preface to Paper I

This was the first test of both aspirin and high cholesterol in the same membrane. Our choice of
experimental system is DMPC in the gel phase. While the gel phase is not generally considered the
most physiologically relevant phase, by suppressing fluctuations associated with the fluid phase, a
greater number of Bragg peaks are available for structure refinement.

We prepared membranes with cholesterol concentrations of up to 40 mol%. Cholesterol con-
centrations in human plasma membranes vary from 30-50%, but in our gel-phase DMPC systems,
40 mol% is already above the the solubility threshold, causing cholesterol to leave the membrane
and form cholesterol plaques [44].

The evidence for plaques is present in both measurements along q. and along ;. Along ¢, a
homogenous lamellar membrane diffracts evenly spaced Bragg peaks. At high cholesterol concentra-
tions, however, extra peaks exist between the lamaller peaks. Indexing these peaks reveals a spacing
of ~34 A, which is the thickness of two cholesterol molecules stacked. Along q), peaks appear that
are indexed to a unit cell in agreement with crystalline cholesterol. The high cholesterol data, there-

fore, point to cholesterol crystals that coexist with the lamellar membrane. We then added aspirin
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to the membranes. We used an electron density analysis to show that aspirin sits in the lipid head
groups, at |z| ~ 20 A from the membrane core. Aspirin also decreases d, and increases Ajp..

The most relevant result, however, is that it causes the volume fraction of the cholesterol plaques
to decrease. This was measured by integrating the in-plane cholesterol peaks and normalizing by the
lipid peaks. At 10 mol% aspirin, there is zero evidence for plaques and that is also true at 12.5 mol%.
This result is best explained by increased lipid area, allowing more cholesterol to incorporate into
the membrane. The experiment provided the first piece of evidence that aspirin, by increasing the
area per lipid, actually influences the formation of cholesterol structures. The position of the plaque
peaks did not change, meaning the structure was not affected. Instead, we related the intensity of

the peaks to the volume of the plaques.
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Acetylsalicylic acid (ASA) increases the solubility of
cholesterol when incorporated in lipid membranes
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Cholesterol has been well established as a mediator of cell membrane fluidity. By interacting with lipid tails,
cholesterol causes the membrane tails to be constrained thereby reducing membrane fluidity, well known
as the condensation effect. Acetylsalicylic acid (ASA), the main ingredient in aspirin, has recently been
shown to increase fluidity in lipid bilayers by primarily interacting with lipid head groups. We used high-
resolution X-ray diffraction to study both ASA and cholesterol coexisting in model membranes of
dimyristoylphosphatidylcholine (DMPC). While a high cholesterol concentration of 40 mol% cholesterol
leads to the formation of immiscible cholesterol bilayers, as was reported previously, increasing the
amount of ASA in the membranes between 0 to 12.5 mol% was found to significantly increase the fluidity
of the bilayers and dissolve the cholesterol plaques. We, therefore, present experimental evidence for an
interaction between cholesterol and ASA on the level of the cell membrane at elevated levels of
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1. Introduction

The biological membrane is a complex structure, composed of
various lipid species, sterols, proteins, and other small mole-
cules. An important consequence arising from the complexity of
the structure is fluidity.' By being fluid, the structure allows for
fast diffusion of small molecules and lateral diffusion of
membrane proteins.* The fluidity of a membrane also deter-
mines its bending modulus, and ability to form pores.>®
Cholesterol, with its stiff hydrocarbon ring structure, is known
to increase membrane rigidity acting as a physiological medi-
ator of membrane fluidity. The liquid-ordered (I,) phase, which
is observed at high concentrations of cholesterol,” was reported
to combine the properties of gel and fluid phases, in other
words, it is as well ordered as the gel phase, but ‘softer’ than the
fluid phase,*® with smaller viscosity and restoring forces. In
addition, cholesterol is speculated to be un-evenly distributed
in the membrane. Regions with high cholesterol among a larger
membrane are labeled lipid rafts,'® which are often implicated
in cell signalling and neuro-transmission, among other
roles.'>*

However, a high concentration of cholesterol causes a
disadvantageous decrease in fluidity and a change in homeo-
stasis, leading to reduced health of the individual. Possible
effects of high cholesterol include high blood pressure and
hypertension. As well, high cholesterol serves as a risk factor for

“Department of Physics and Astronomy, McMaster University, Hamilton, ON, Canada
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myocardial infarctions. Biochemical and physiological studies
have allowed for the discovery of many pharmaceuticals to
specifically lower cholesterol levels, along with medications to
reduce the symptoms and effects of high cholesterol. Acommon
treatment for the primary and secondary prevention of
myocardial events, in patients with high cholesterol, is the daily
intake of the analgesic aspirin (acetylsalicylic acid, ASA) as part
of a regimen known as low-dose aspirin therapy.>>>*

Despite progress in the treatment of high cholesterol,
explaining and mitigating the adverse effects of cholesterol is still
a rich area. In particular, the field of membrane biophysics has
proven effective in explaining and quantifying the effects of
cholesterol in the context of model membrane systems. X-Ray
and neutron scattering experiments have been able to probe the
position of cholesterol within the membrane and quantify and
understand the effects of cholesterol.>***>=* The hydrophobic
cholesterol molecule partitions itself in the hydrophobic
membrane core. In saturated lipid bilayers, the cholesterol
molecules are known to align parallel to the lipid acyl chains, well
known as the umbrella model.***® In the umbrella model each
lipid molecule is associated with two cholesterol molecules,
which cause the membrane tails to be constrained, suppress lipid
tail fluctuations thereby increasing membrane thickness and
reducing membrane fluidity. The lipid head group is thought to
act as an ‘umbrella’, which protects the hydrophobic part of the
cholesterol molecules from the aqueous environment. In highly
unsaturated membranes, cholesterol was found to reside also in
the centre of the membranes.>®* Small, transient cholesterol
domains at physiological cholesterol levels were recently repor-
ted from computer simulations® and experiments.>* At high
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concentrations of cholesterol, above ~40 mol%, immiscible
cholesterol bilayers may form spontaneously.****

Aspirin and other non-steroidal anti-inflammatory drugs
(NSAID's) are able to interact with lipid membranes leading to
increased bending ability and pore formation in real and model
membranes.**> ASA was found to incorporate in lipid
membranes and to primarily interact with the head groups,
increasing lipid fluidity.** However, given the opposing effects
of ASA and cholesterol in the membrane, a direct interaction
has never been investigated.

We investigated DMPC membranes containing varied
amounts of cholesterol and ASA using high-resolution X-ray
diffraction. Lamellar stacks of bilayers containing ASA, choles-
terol, and the saturated phospholipid dimyristoylphosphocho-
line (DMPC) were prepared. Samples contained up to 12.5 mol%
ASA and 40 mol% cholesterol. We used 2-dimensional X-ray
diffraction, covering large areas of reciprocal space, to probe the
in-plane and out-of-plane structure of the membranes in their
liquid-ordered phase. We find experimental evidence for an
interaction between cholesterol and ASA in model membranes.

2. Materials and methods

2.1. Preparation of the highly-oriented multi-lamellar
membrane samples

Highly oriented multi lamellar membranes were prepared on
single-side polished silicon wafers. 100 mm diameter, 300 pm
thick silicon (100) wafers were pre-cut into 2 x 2 em? chips. 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC, C;¢H,,NOgP),
acetylsalicylic acid (ASA, CoHgO,) and cholesterol (C,,H,60), as
depicted in Fig. 1a, were mixed in different ratios and dissolved
in a 1:1 chloroform-2,2,2-trifluoroethanol (TFE) solution at a
concentration of 15 mg mL™".

The lipid solution did not spread well on ultrasonic-cleaned
wafers and de-wetted during drying. The silicon substrates
were, therefore, cleaned in a piranha acid solution made of 98%
concentrated H,SO, and 30% concentrated H,O, at a ratio of
3:1 by volume. Wafers were placed in this solution, covered
with parafilm and kept at 298 K for 30 minutes. This treatment
removes all organic contamination and leaves the substrates in
a hydrophilic state. The 1 : 1 mix of chloroform-TFE, which was
used to dissolve lipids and chloroform, is a non-polar solvent. In
order for the solvent to spread well and cover the substrate
uniformly, the silicon wafers were made hydrophobic to match
the solvent properties. We used silanization to cover the silicon
surface through self-assembly with organo-functional alkox-
ysilane molecules (APTES). The organic part of the APTES
molecules was found to provide a perfect hydrophobic interface
for the formation of the biological tissue.***¢

A 1% (by volume) solution of APTES and 99% ethanol was
prepared. A 1 mL syringe was filled with 0.2 mL of dry nitrogen.
This nitrogen was ejected into 99% APTES, and 0.2 mL of APTES
was drawn into the syringe. This syringe is then submerged in
19.8 mL of ethanol before ejecting the APTES. The wafers were
immersed in the APTES solution and covered with parafilm,
kept at 298 K and placed on a tilting incubator (20 speed, 3 tilt)
for 12 hours. The tilting incubator creates a circular flow in the
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Fig. 1 (a) Lipid, ASA and cholesterol molecule. (b) Schematic diagram
of the X-ray scattering experiment. The in-plane and out-of-plane
structure of the membranes was determined from 2-dimensional
intensity maps. Highly oriented multi lamellar membranes were
prepared. 260 and 26, are the out-of-plane respective in-plane
diffraction angles.

beaker to ensure an even APTES distribution and prevent
buildup on the surface of the wafers. The wafers were then
placed in a clean Pyrex dish and annealed in vacuum at 388 K
for 3 hours to create a uniform coverage of the APTES molecules
on the surface.”

Each wafer was thoroughly rinsed three times by alternating
with ~50 mL of ultra pure water and methanol. The methanol
was cleaned using a 0.2 pm filter before use to avoid surface
contamination. The tilting incubator was heated to 313 K and
the lipid solution was placed inside to equilibrate. The wafers
were rinsed in methanol, dried with nitrogen gas and placed in
the incubator. 200 pL of lipid solution was applied on each
wafer and the wafers were covered with a Petri dish to let the
solvent evaporate slowly during a period of ~15 minutes. The
slow drying allows time for the lamellar membranes to form on
the substrate. Wafers were tilted during the drying process for
30 minutes (speed 15, tilt 1) such that the lipid solution spread
evenly on the wafers.

After drying, the samples were placed in vacuum at 313 K for
12 hours to remove all traces of the solvent. The bilayers were
annealed and rehydrated before use in a saturated K,SO,
solution which provides ~98% relative humidity (RH). The
hydration container was allowed to equilibrate at 293 K in an
incubator. The temperature of the incubator was then increased
gradually from 293 K to 303 K over a period of ~5 hours to
slowly anneal the multi lamellar structure.

This procedure results in highly oriented multi lamellar
membrane stacks and a uniform coverage of the silicon
substrates. About 3000 highly oriented stacked membranes
with a total thickness of ~10 pm are produced using this
protocol. The samples were stored in a refrigerator at 5 °C and
heated to 55 °C for 1 h before scanning to erase a possible
thermal history. This procedure in particular destroys possible
crystalline L¢ or sub-gel phases that may form during storage at
low temperatures and low hydration.*

The high sample quality and high degree of order is a
prerequisite to determine the in-plane structure of the
membranes and the arrangement of cholesterol and ASA
molecules. Table 1 lists all samples prepared for this study.
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2.2. X-ray scattering experiment

X-ray diffraction data was obtained using the Biological Large
Angle Diffraction Experiment (BLADE) in the Laboratory for
Membrane and Protein Dynamics at McMaster University.
BLADE uses a 9 kW (45 kV, 200 mA) CuKo rotating anode at a
wavelength of 1.5418 A. Both source and detector are mounted
on movable arms such that the membranes stay horizontal
during the measurements. Focussing multi-layer optics
provides a high intensity parallel] beam with monochromatic X-
ray intensities up to 10" counts per (s x mm?). This beam
geometry provides optimal illumination of the solid supported
membrane samples to maximize the scattering signal.

A sketch of the scattering geometry is shown in Fig. 1b). By
using highly oriented membrane stacks, the lateral in-plane (g)
and out-of-plane (g.) structure of the membranes could be
determined with sub-nanometer resolution. A point detector
was used in combination with slits and collimators in front and
after the samples to optimize the signal-to-noise-ratio. The
detector was moved along a spherical surface around the
sample, as defined by the two angles 26 and 26,. The result of
such an X-ray experiment is a 2-dimensional intensity map of a
large area (0.03A ' <g,<1.1A " and 0A™" < g <3.1A ") of the
reciprocal space, as sketched in Fig. 1b. This information was
used to develop the molecular structure of the membrane
samples.

All scans were measured at 20 °C and 50% RH, in the gel
phase of the bilayers.®>** Fully hydrated liquid-crystalline
samples are generally assumed to best mimic physiologically

Soft Matter

relevant conditions.>*' However, these disordered bilayers do
not diffract well (i.e. give rise to a limited number of quasi-Bragg
peaks), and as such do not lend themselves ideally to traditional
crystallographic analysis. In order to obtain high resolution
diffraction data, the membranes in this study were measured
below the gel-fluid transition temperature of T = 296.6 K in
multi-lamellar DMPC systems®*® and at a reduced hydration.
As high resolution structural data are needed to determine the
location of the different molecular components, this protocol
permits the measurement of high order Bragg peaks, and
thereby achieve a high spatial resolution, as demonstrated by
Hristova and White.”” Consequently, the membranes were in
their gel (Lg) phase.***>** All conclusions drawn, therefore, refer
to this phase state of the system.

2.3. The calculation of electron densities

The out-of-plane structure of the membranes was determined
using specular reflectivity, see, for instance ref. 31 and 54 for
recent reviews. The electron density, p(z), is approximated by a
1-dimensional Fourier analysis:*®

p(Z) = Pw +¥+% Z:F(qn)yn COS((]”Z)

B FOO) 2 2mnz
=pw + 4 IZ\/IM—%VH COS< d; ) (1)

- = n=1

Table 1 List of all the samples prepared for this study and their molecular composition. Unit cell dimensions, area per lipid and cholesterol

molecules and the lamellar spacings for lipid and cholesterol bilayers (d.

iPid and ") are given. See text for details

DMPC  cholesterol ASA Area per Area per

Sample  (mol%) (mol%) (mol%)  Unit cell lipid (A% diPid (A)  cholesterol (A%) d<M! (A)

1 100 0 0 Head groups: ay = 8.77 A, by =9.31 40.84 + 0.1 52.6 + 0.1 — —
A, yi = 90°; Lipid tails: ar = 4.97 A,
by = 8.25 A, yp = 94.18°

2 80 20 0 ar = 5.03 .&, vy = 120° 44 +1 50.1 £ 0.1 — —

3 70 30 0 ar=>5.12 A, yu = 120° 45.2 £ 2 50.5+ 0.1 — —

4 60 40 0 Lipid tails: ar = 4.48 ;\, yr = 120°% 34.8 £ 0.1 509 £ 0.1 44.83 £ 0.1 32,5+ 0.3
Chol monoclinic: a = 10.70 A,
b =8.60 A, y =103.0°

5 95 0 5 ar = 4.86 A, vy = 120° 4141 55.3 — —

6 80 15 5 ar = 4.90 A, vy = 120° 416 +1 49.1 — —

7 65 30 5 ar =5.10 A, vy = 120° 45.2 £ 1.5 48.89 — —

8 55 40 5 Lipid tails: ar = 4.45 10\, yr = 120°% 34.2 + 0.5 43.8 £ 0.3 42.44 +0.1 34.3 £ 0.1
Chol monoclinic: a = 10.37 A,
b=84A,y=103.0°

9 90 0 10 ar = 4.86 A, vy = 120° 4141 53 — —

10 75 15 10 ar = 4.91 A, vy = 120° 42+15 51.55 — —

11 60 30 10 ar = 5.06 A, vy = 120° 452 +2 44.5 — —

12 50 40 10 Lipid tails: ar = 4.58 A, yr = 120° 36.3 + 0.1 444401 42.0+0.1 344 + 1.7
Chol monoclinic: = 10.4 A,
b=8.27A,y=103.0°

13 62.5 30 7.5 ar=>5.15 A, yu = 120° 45.9 £ 1.5 50 — —

14 57.5 30 12.5 ar=>5.18 A, yu = 120° 46.5 £ 1.5 50 — —

15 52.5 40 7.5 Lipid tails: ar = 4.62 A, yr = 120°% 37.0 £ 0.1 43.1 £0.1 43.5+0.1 342 £ 0.1
Chol monoclinic: @ = 10.64 A,
b =844,y =103.0°

16 47.5 40 12.5 Lipid tails: ar = 4.83 A&, yr = 120° 40.5 £ 0.1 41.8+ 0.5 — 34.11+ 0.1
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N is the highest order of the Bragg peaks observed in the
experiment and pw the electron density of bulk water. The
integrated peak intensities, I,,, are multiplied by g, to receive the
form factors, F(g,).** The bilayer form factor F(q.), which is in
general a complex quantity, is real-valued in the case of centro-
symmetry. The phase problem of crystallography, therefore,
simplifies to the sign problem F(g,) = &+ |F(q)| and the phases,
vy, can only take the values +1. The phases v, are needed to
reconstruct the electron density profile from the scattering data
following eqn (1). When the membrane form factor F(g,) is
measured at several g, values, a continuous function, 7(g.),
which is proportional to F(g.), can be fitted to the data:***

T(q.) = Z /1,y sinc (%dzqz - 'n:n). (2)

Once an analytical expression for 7(g.) has been determined
from fitting the experimental peak intensities, the phases », can
be assessed from T(g.).

In order to put p, on an absolute scale, the electron densities
were scaled to fulfil the condition p(0) = 0.22 e A= (the electron
density of a CH; group) in the centre of the bilayer, and p(d,/2) =
0.33 e A~ (the electron density of water, py) outside the bila-
Up to 11 pronounced Bragg peaks were observed resulting in a
high spatial resolution.

The d,-spacing between two neighbouring membranes in the
stack was determined from the distance between the well
developed Bragg reflections (d, = 27/Ag;). The reflectivity peaks
were well fit by Gaussian peak profiles. To assign the peaks to
different phases, Bragg's law can be re-written as sin(f) = 1/(2d,)
x n. By plotting the sine of the Bragg angles versus the order of
the different Bragg reflections, sin(6(n)) vs. n, peaks which
belong to the same d,-spacing fall on a straight line through the
origin, whose slope is proportional to 1/d,. Note that not all
diffraction orders are necessarily observed for the different d.-
spacings as their scattering intensity depends on the form
factor of the bilayers and oscillates between zero and maximum
intensity as a function of g,.

3. Results

Sixteen different samples were created containing varied
amounts of DMPC, ASA and cholesterol. Samples with up to
12.5 mol% ASA and 40 mol% cholesterol were prepared, as
listed in Table 1. Two-dimensional X-ray intensity maps were
gathered for all samples, with select samples displayed in Fig. 2.

Some qualitative conclusions can be drawn from the 2-
dimensional maps. As shown in Fig. 2a, a number of Bragg
peaks are scattered for pure DMPC along g, caused by long
range order of lipid tails and lipid head groups in the plane of
the membrane, as discussed for instance in ref. 46, 63 and 64.
However, as shown in Fig. 2b at 30 mol% cholesterol, long range
lateral order is suppressed and a single broad Bragg peak is
observed along g, indicative of a disordered system with a
range of nearest-neighbour distances due to the inclusion of
cholesterol.***%5
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At 40 mol% cholesterol in Fig. 2¢, additional Bragg peaks
were observed along the out-of-plane and in-plane axes, related
to the formation of immiscible cholesterol plaques, ie.,
cholesterol bilayers coexisting with the lamellar membrane
structure, as reported previously by Barrett et al.*® The intensity
of these peaks was found to increase in the presence of 5 mol%
ASA in Fig. 2d. Addition of 10 mol% ASA in part (e) led to a
decrease of the intensity of the cholesterol Bragg peaks indi-
cating a shrinking fraction of cholesterol plaques.

For a quantitative analysis of the diffracted intensity, the
2-dimensional data were cut along the out-of-plane and in-plane
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Fig.2 Two-dimensional X-ray intensity maps of: (a) 100 mol% DMPC,
(b) 30 mol% cholesterol, (c) 40 mol% cholesterol, (d) 5 mol% ASA + 40
mol% cholesterol, (e) 10 mol% ASA + 40 mol% cholesterol in DMPC.
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axes. As in-plane features are usually orders of magnitude
weaker than the pronounced out-of-plane reflections, slices 0.03
A < g, < 0.3 A were integrated to enhance the data quality.

3.1. Out-of-plane structure and electron densities

The position of ASA and cholesterol molecules along the
membrane normal, and the bilayer spacing, d,, were deter-
mined from the out-of-plane scans. Reflectivities for samples 1,
3 and 11 are shown in Fig. 3a-c. The peaks are pronounced and
equally spaced, indicative of a well-organized lamellar
membrane structure. The assembled electron density profiles
are shown in Fig. 3d and e, along with cartoons suggesting
approximate positions for the molecules along the membrane
normal.

Fig. 3d displays the electron density profiles for a pure DMPC
membrane as well as for a membrane prepared with 30 mol%
cholesterol. The profile for pure DMPC corresponds to a DMPC
molecule in the well ordered gel state with both chains in all-
trans configuration, as has been reported previously by the
Nagle group.***® The electron rich phosphorous group in
the head group region can easily be identified by the peak in the
electron density at ~22 A. p, monotonically decreases towards
the bilayer centre at z = 0 to p(0) = 0.22 e A%, the electron
density of a CH; group.*®®®

The electron density in the central region of the lipid tails
was found to increase in the presence of cholesterol, as shown
in Fig. 3d. As depicted in the figure, a cholesterol molecule can
be fitted at z values of 2 A < z < 19 A, with the hydrophilic,
electron-rich oxygen groups at a z position of ~18 A. This
orientation is compatible with the umbrella model***® and
“protects” the hydrophobic part of the cholesterol molecule
from the aqueous environment, as reported previously for

ol

Soft Matter

cholesterol in saturated phospholipid bilayers made of DMPC
and DPPC.**** The umbrella model suggests®®*® that choles-
terol molecules associate strongly with ordered hydrocarbon
chains (usually ones that are fully saturated) in such a manner
that they are shielded from contact with the aqueous environ-
ment by the lipid head group. The electron density in Fig. 3d
also demonstrates that the cholesterol molecules are not lying
flat between the two leaflets, as was reported recently for highly
unsaturated lipid bilayers.”**”

Fig. 3e shows the profile of the 30 mol% cholesterol sample,
along with a sample prepared with 30 mol% and 10 mol% ASA.
This mixture was found to still form homogenous, multi
lamellar structures. The sample prepared with ASA shows an
overall reduced electron density because more electron rich
lipid molecules were replaced by smaller ASA molecules. A
pronounced loss of electron density is observed near the head
group region at z values of ~21 A, as was shown previously by
Barrett et al.*® As depicted in the figure, an ASA molecule can be
fitted at zvalues of 16 A <z <21 A, with the hydrophilic, electron-
richer oxygen groups at a z position of ~21 A, pointing towards
the hydration water. This orientation “protects” the hydro-
phobic part of the ASA molecule from the aqueous environ-
ment. Fig. 3e also demonstrates that ASA and cholesterol
molecules coexist in lipid membranes, in particular at high
concentrations of cholesterol and ASA. While the cholesterol
molecules take an upright position in the hydrophobic
membrane core parallel to the lipid acyl chains, the ASA mole-
cules reside preferably in the lipid head group region.

The lamellar spacing, the distance between two bilayers in
the membrane stack, was determined from the position of the
out-of-plane peaks. When the data is presented as sin(f), the
Bragg angle of the lamellar peaks versus the order of the
reflection, n, the slope of the fitted line is a function of the

i
=

— 100% DMPC

— 100% DMPC
40 = 30% cholesterol

d)| —30% cholesterol ' e)
= 10%ASA, 30% cholesterol

pod

— 30% cholesterol b)
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Fig.3 Reflectivities and corresponding electron density profiles. (a) Reflectivity for a sample with 100 mol% DMPC, (b) 30 mol% cholesterol, (c) 30
mol% cholesterol and 10 mol% ASA. T(q.) is shown exemplarily for 30 mol% cholesterol as inset to part (a). (d) Electron density profiles for samples
with 100% DMPC (blue) and 70 mol% DMPC with 30 mol% cholesterol (red). (e) Electron profiles for a samples with 30 mol% cholesterol (red) and
30 mol% cholesterol with 10 mol% ASA (green). Approximate positions of the molecules are shown.
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lamellar spacing, d,. The corresponding data for samples 4, 8,
12, 15 and 16 for DMPC/40 mol% and ASA concentrations from
0 mol% to 12.5 mol% are shown in Fig. 4.

As was reported previously, two lamellar spacings are
observed at 40 mol% cholesterol due to the presence of
immiscible cholesterol plaques. As described by Barrett et al.,*®
these extra peaks are due to a coexisting, immiscible choles-
terol bilayer within the larger lipid structure.*® The data in
Fig. 4 were all well fit by two lines through the origin corre-
sponding to two distinct d,-spacings. Three lines could be
assigned to the 12.5 mol% sample in Fig. 4e, as will be dis-
cussed below. The different d,-spacing, labeled as d,, d, and d,,
were determined from the slopes and are given in the figures
as well as in Table 1.

3 2. Lateral membrane structure

Molecular order of lipids, cholesterol, and ASA molecules in the
plane of the membrane was determined from scattering
patterns observed along g, as shown in Fig. 5. As discussed in

+ 0% ASA a)

- 5% ASA b)

8 d,;=41.7A
£
+ 7.5% ASA Q) * 10% ASA d)
8 d,"=34.2A
£ d,"=34.4A
d=44.4A
+12.5% ASA e) 2 o ° ®
d,"=34.11A

‘@
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d=41.8A
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oyeoponedll || (11111117
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Fig. 4 Position of out-of-plane peaks, sin(f) vs. Bragg order n for (a)
40 mol% cholesterol, (b) 40 mol% cholesterol and 5 mol% ASA, (c) 40
mol% cholesterol and 7.5 mol% ASA, (d) 40 mol% cholesterol and 10
mol% ASA, (e) 40 mol% cholesterol and 12.5 mol% ASA. The slope of
the line is proportional to the lamellar spacing, d. The corresponding
bilayer distances are indicated next to the slopes. (f) Cartoons depict
two adjacent lipid bilayers, a lipid bilayer adjacent to a cholesterol
bilayer and two stacked cholesterol bilayers.
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ref. 46, 63 and 64, Bragg peaks of a pure DMPC sample are
indexed by an orthorhombic head group lattice, while the tails
form a monoclinic unit cell.

Only one peak was observed for samples up to 30 mol%
cholesterol, and up to 12.5 mol% ASA (for samples with 30 mol%
cholesterol or less). The presence of small amounts of ASA or
cholesterol inhibits long range order, as evidenced by the absence
of Bragg peaks as described previously.>**® This is likely due to a
stochastic distribution of ASA and cholesterol molecules in the
plane of the membrane. The lipid tails form a densely packed

cholesterol
bilayer

membrane
a=10.70 A
40 mol% cholesterol ,=103° b=8.60 A
8 &
g
lipid peak N —0% ASA
c)
10°
__,? —5% ASA
[72]
[
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i
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Tﬂ/ —7.5% ASA
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Fig. 5 (a) Cartoon depicting a cholesterol bilayer coexisting with a
DMPC bilayer. (b)-(e): In-plane scans for samples with 0 mol% ASA, 5
mol% ASA, 7.5 mol% ASA, and 10 mol% ASA all with 40 mol% choles-
terol. The vertical lines indicate the positions of the monoclinic Bragg
peaks associated with cholesterol molecules in the cholesterol bilayer,
with the appropriate Miller indices indicated in (b).
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structure with hexagonal symmetry.** In the absence of fluctu-
ations, the area per lipid molecule can be determined from the
position of the Bragg peak scattered in-plane at a g position of
gr. The area per lipid is calculated using 4;, = 1672/(v/3¢r?).
The distance between two acyl tails is determined to be
ar = 41/(v/3qr), with the area per lipid simplifies of
A = V/3ap?. The area per lipid for all samples are listed in
Table 1.

Additional in-plane Bragg peaks were observed at 40 mol%
cholesterol and were assigned to the structure of cholesterol
molecules in coexisting cholesterol bilayer plaques. A cartoon
depicting one of these plaques is shown in Fig. 5a. In-plane
intensity from the sample prepared with 40 mol% cholesterol is
shown in Fig. 5b, plotted as function of the in-plane scattering
angle 26,. The data show a broad Bragg peak at =20°, and a
number of additional, narrow peaks. The structure of the
cholesterol bilayers could be determined from the additional
narrow peaks. As detailed in ref. 39, for a sample with 40 mol%
cholesterol the additional in-plane Bragg peaks can be assigned
to a monoclinic unit cell, with parameters a = 10.7 A, b=86A,
a = =90° and v = 103°. Based on this model, the additional
Bragg peaks are labelled with their corresponding Miller indices
in Fig. 5.

In-plane peaks from Samples containing 40 mol% cholesterol
and between 5 mol% and 10 mol% ASA are depicted in Fig. 5c-e.
These samples also show additional, narrow Bragg peaks along
with the broad lipid tail peak. Additional Bragg peaks are located
at nearly identical positions along 26,, suggesting that the
structure of the cholesterol plaques is unchanged by the addition
of ASA. However, the intensity of these peaks was found to
drastically decrease with increasing ASA.

4. Discussion

4.1. Effect of aspirin

The impact of aspirin and its metabolites on the body are
usually studied with regards to their effects on the cyclo-oxy-
genase (COX) pathway. The COX pathway contributes to platelet
aggregation. The inhibition of COX-1 and COX-2 by higher dose
aspirin is understood to cause analgesic and anti-inflammatory
effects, whereas lower doses, enough to inhibit COX-1 activity,
are sufficient for anti-platelet activity.””* The anti platelet
activity leads to reduced blood clot formation and hence
reduced blockage of arteries and increased blood flow.
However, there is growing evidence for the influence of aspirin
beyond the COX pathway, and for an influence of aspirin and
other NSAID's on the lipid membrane.”””* Aspirin has been
shown to have a high affinity for phospholipids,*” and to per-
turb lipid bilayers in a concentration dependent manner.”
Suwalsky et al.”” found that ASA strongly perturbed model
membranes made of DMPC and DMPE, predominantly found
in the outer and inner monolayers of the human erythrocyte
membrane and observed that aspirin affects the human eryth-
rocyte shape. In addition, non-steroidal anti-inflammatory
drugs such as aspirin and ibuprofen have been shown to
increase membrane fluidity and the incidence of pores,
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decrease the hydrophobic surface barrier, leading to diffusion
of acid and cellular injury.**>7¢

There is also growing evidence for the effect of lipid orga-
nization on platelet function. Increased platelet aggregation has
been associated with decreased platelet membrane fludity,”””°
and platelet aggregation has been associated with lipid rafts. In
addition, B-carbolines were found to inhibit platelet activity by
modifying platelet membrane fluidity.*® Our results add to the
growing evidence for aspirin's effect on the lipid membrane,
and highlight the ability of aspirin to re-organize the
membrane.

4.2. The interaction of aspirin with membranes

Membranes containing ASA were previously studied using X-ray
diffraction.**”>** While cholesterol is known to reside in the
hydrophobic membrane core and to align parallel to the satu-
rated lipid tails (see, e.g:, ref. 8 and 67), in agreement with the
umbrella model, ASA is located among the head groups of the
lipid molecules. The formation of cholesterol plaques in model
membranes at high cholesterol levels was reported recently*®
and a model for initiation of atherosclerosis from cholesterol
crystal nuclei formed at the cell membrane interface has been
proposed.**

As reviewed recently by Pereira-Leite, Nunes and Reis,™*
studies are typically performed with NSAID concentration in the
range of uM, which is close to the plasma concentration of
NSAIDs, but also in the range of mM.”®

K, values of up to K, ~ 3200 were reported for different
NSAIDs in DMPC suspensions® (see the Appendix for a
conversion between K, and molar concentrations). These coef-
ficients correspond to molar concentrations on the order of ~10
mol%, i.e., concentrations of 1 ASA molecule per about 10 lipid
molecules in the bilayers. The ASA concentrations in Table 1 are
certainly elevated as compared to plasma concentrations of less
than 1 mol%, however comparable to ASA concentrations typi-
cally used in the literature. We note that the measurements in
this study were conducted in synthetic model membranes at
very high ASA concentrations. Despite the fact that our findings
are very conclusive, we can, at this point, not comment on their
physiological relevance.

The formation of cholesterol plaques depends on the solu-
bility limit of cholesterol in membranes, which is strongly
dependent on the lipid composition of the corresponding
bilayers. The solubility limits for model membranes made of
saturated DMPC and DPPC were recently reported to be 40 mol
% (ref. 39) and 37.5 mol% (ref. 35) cholesterol, respectively.
Plaques were observed already at physiological concentrations
of 30 mol% cholesterol in anionic lipid model membranes
consisting of 97 mol% DMPC/3 mol% DMPS* such that the
observed effect of ASA should be even more pronounced in
charged membranes. We can, at this point, not comment on the
relevance of the effect in unsaturated or poly-unsaturated lipid
membranes, which more closely mimic the composition of
plasma membranes, as the corresponding solubility limits have

not yet been reported in the literature. However,
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dimyristoylphosphatidylcholine  represents
classes in the human erythrocyte membranes.”

phospholipid

4.3.
ASA

Structure of the membranes containing cholesterol and

The lamellar spacings of the membrane complexes together
with the areas per membrane molecule were determined from
the analysis of the out-of-plane and in-plane diffraction data, as
listed in Table 1. The corresponding data are plotted in Fig. 6.
The area per lipid was found to increase from ~41 A2 to ~45 A>
with increasing cholesterol content until immiscible cholesterol
plaques formed at ~40 mol% cholesterol, in agreement with
Barrett et al** We then studied the effect of ASA on the
cholesterol plaques at a cholesterol concentration of 40 mol%,
close to the solubility limit of cholesterol in DMPC model
membranes. The area per lipid was found to increase with the
addition of ASA. Up to 12.5 mol% ASA were added to the DMPC/
40 mol% cholesterol membranes. The lamellar d,-spacing was
approximately constant with increasing cholesterol and drop-
ped from ~52 A to ~43 A when ASA was added. Increasing the
amount of ASA did not change the d,-spacing within the reso-
lution of this experiment. The increase in the lipid area at
constant d, in Fig. 6 is indicative of an increase in lipid volume
by ~20%, from ~1400 A® to 1700 A®. This increase in volume is
indicative of an increase in fluidity of the bilayers in the pres-
ence of ASA.

Given the high lipid : cholesterol ratio of about 1 : 1, where
precipitation was observed, different scenarios can be envi-
sioned. A given membrane in the stack can be adjacent to (1)

Solubility Limit
48 DMPC/40 mol % Cholesterol C) 1
& @
<
7
< 36 > b
30|
st b) i DMPC/40 mol % Cholesterol d) |
—~ 50
=
_cN
45 -
N
awf i E
0 20 30 5 75 0 125
Cholesterol ASA
(mol %) (mol %)
Fig.6 (a) Area per lipid, A, and (b) d_-spacing as function of increasing

cholesterol concentration in the DMPC bilayers. The red line indicates
the solubility limit of cholesterol in model DMPC membranes of ~37.5
mol%.* Parts (c) and (d) show the effect of addition of ASA to a DMPC/
40 mol% cholesterol membrane, where cholesterol plaques formed.
Addition of ASA leads to an increase in lipid area, while the lamellar
spacing did not change within the resolution of the present
experiment.
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another membrane, (2) a cholesterol bilayer or (3) two choles-
terol plaques stack, as pictured in Fig. 4f.

Three d,-spacings, d,, d, and d; were observed in the data in
Fig. 4e for the highest concentration of ASA of 12.5 mol%. The
larger dspacing agrees well with the distance between two
membranes in the stack. This d,-spacing is equivalent to the
thickness of a bilayer including the water layer that separates
neighbouring bilayers in the stack. The second, smaller d, (d; in
Fig. 4f and in Table 1) spacing was indicative of a coexisting,
smaller repeat distance. d;-spacing involved a bilayer and an

1 1
adjacent cholesterol bilayer such that o :Edupid +5dch01,

which gives dchol = 2 X d; — dpjlayer- The corresponding values
for d.no vary between 32.5 A and 34.2 A and are listed in Table 1.
Given the length of a cholesterol molecule of ~17 A, these
values are in excellent agreement with a cholesterol bilayer,
where the cholesterol molecules are oriented along the
perpendicular z direction, as sketched in Fig. 5a. The smallest
lamellar spacing, d,, was directly equivalent to the thickness of a
cholesterol bilayer, d.no1, as depicted in Fig. 4f. We note that
deno determined from d. and d,, are in excellent agreement,
which strongly supports the model in Fig. 4f.

Additional in-plane Bragg reflections were observed in
Fig. 5a when the immiscible cholesterol plaques formed. As
reported previously,**>*> the cholesterol molecules in the
cholesterol bilayer organize laterally in a monoclinic unit cell at
this concentration.

4.4. Effect of ASA on cholesterol plaques

The intensity of the corresponding Bragg peaks in Fig. 5 is
directly proportional to the volume fraction of the cholesterol
molecules participating in plaques. The corresponding area of
the monoclinic peaks was determined by fitting the peaks to
Lorentzian peak profiles and normalized to the total intensity
scattered into monoclinic and lipid peaks. The normalized area
is plotted in Fig. 7.

The fraction of cholesterol plaques initially increased when 5
mol% ASA molecules were included. The ratio between lipid
and cholesterol molecules increased from 40 mol% to ~42 mol
% as lipid and cholesterol molecules made only 95% of the
bilayers. However, despite the fact that the ratio between lipid
and cholesterol kept decreasing when increasing the amount of
ASA molecules, the volume fraction of cholesterol plaques
drastically decreased until no peaks could be detected at an ASA
concentration of 12.5 mol%.

From the data in Fig. 6 and 7, the inclusion of ASA molecules
in membranes containing cholesterol led to a re-fluidification
of the bilayers and to a decomposition of immiscible cholesterol
plaques. We note that signs of cholesterol plaques were still
detected in the out-of-plane scans in Fig. 4e while no in-plane
signals could be detected within the resolution of this experi-
ment. The lamellar Bragg peaks are usually orders of magnitude
stronger in highly-aligned stacked membrane systems than the
in-plane scattering. We can, therefore, not exclude that small
cholesterol plaques were still present at 40 mol% cholesterol
and 12.5 mol% ASA. We note that the cholesterol : lipid ratio
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Fig. 7 Normalized integrated area of the monoclinic cholesterol
Bragg peaks as function of ASA concentration. The volume fraction of
the immiscible cholesterol plaques shows an initial increase before
decreasing at higher ASA concentrations. No immiscible domains were
observed in the in-plane scans at 12.5 mol% ASA.

was increased to 46 mol% in this sample. However the volume
fraction of plaques was drastically reduced as compared to a
DMPC/40 mol% cholesterol system.

5. Conclusion

The molecular out-of-plane and in-plane structures of highly
oriented, solid supported membranes containing up to 12.5
mol% ASA and 40 mol% cholesterol were studied using high-
resolution X-ray diffraction. ASA and cholesterol were found to
coexist within saturated lipid membranes made from DMPC,
even at high levels of cholesterol and ASA of up to 40 mol%
cholesterol and 12.5 mol% ASA. The cholesterol molecules
partitioned in the hydrophobic membrane aligning parallel to
the lipid acyl chains, in agreement with the umbrella model,
while the ASA molecules were found to reside in the lipid head
group region.

High cholesterol concentrations above 40 mol% lead to the
formation of immiscible cholesterol plaques, in agreement with
previous studies. Increasing the amount of ASA in the
membranes resulted in a significant increase in fluidity of the
bilayers and dissolved the cholesterol plaques. These results
add to the growing evidence for aspirin's effect on the lipid
membrane and present experimental evidence for a potential
interaction between cholesterol and ASA on the level of the cell
membrane. Further investigations will clarify if the observed
effect is the result of a direct ASA-cholesterol interaction or a
general effect of the increased fluidity of the membranes due to
the presence of ASA.

6. Appendix: calculation of
partitioning coefficients

The molar coefficient of ASA partitioning into lipid bilayers, Kp,
is defined as K, = n‘f,‘?d ASA 1, Where X’ﬁf,‘?d and XA54 are the
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mole fractions of ASA in lipid and water phases, respectively.

K, can also be expressed wusing molar ratios
677.933 . AS . .
= Tgors < molar ratiofioy /molar ratio}se,,, with Mypia =

677.933 g mol " the molar weight of a DMPC molecule and
Myater = 18.015 g mol " the molar mass of water.
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4.2 Paper II: Aspirin Inhibits Formation of Cholesterol Rafts
in Fluid Lipid Membranes

Richard J. Alsop, Laura Toppozini, Drew Marquardt, Norbert Kucerka, Thad A. Harroun, and
Maikel C. Rheinstadter. (2015). Aspirin Inhibits Formation of Cholesterol Rafts in Fluid Lipid
Membranes. BBA-Biomembranes. 1848, 805-812

4.2.1 Preface to Paper 11

Paper I observed cholesterol plaques using X-ray diffraction in gel phase membranes. Plaques are
relevant cholesterol structures, that contribute to atherosclerosis. However, they are believed to
nucleate from cholesterol rafts [44]. Therefore, we theorized that aspirin may impact rafts as well.
As alluded to in the introduction, rafts are functionally important domains in membranes that are
enriched in cholesterol and high in molecular order [7, 8]. To observe an effect on cholesterol raft
structure, we needed to use neutron diffraction.

The reason X-ray diffraction is inadequate is the long coherence length of X-rays. Understanding
the importance of coherence length requires a return to scattering theory. The picture of an X-ray or
neutron impinging on a material is as a wavefront, as in Fig. 2.5. However, the particle wave-packet
is not an infinitely coherent wavefront. The packet only scatters from an area proportional to the
neutron coherence length [71].

If the structure the particle scatters from contains domains that are much smaller than the
particle coherence length, then the domain will be coherently averaged with the surround. X-
rays typically have coherence lengths of ~1000 nm, so raft structures that are ~10 nm are not
distinguishable. If the coherence length is smaller than domain size, then the measured neutron
signal is an incoherent sum of coherent averages over both domain and non-domain structure, thereby
granting representation to the raft structure. Neutrons have coherence lengths of ~1-10 nm, which
span the speculated size of lipid rafts [72].

Armstrong et al. measured the in-plane structure of fluid phase DPPC bilayers with 32.5 mol%
cholesterol using neutrons with different coherence lengths [72]. At low coherence length, and only
at low coherence, peaks appeared that were indexed by a monoclinic lipid lattice. These peaks are
associated with domain structures in the membranes. In this experiment, the tails were deuterated
such that the lipid structure was most pronounced. The result was verified by Toppozini et al. using
deuterated cholesterol [73].

Therefore, we knew that deuterated DPPC bilayers with cholesterol/DPPC ratio of 32.5 mol%
contained ordered domains measurable with neutrons. We therefore prepared this system and added
10 mol% aspirin, hypothesizing that it would diminish or alter the domain structure. We performed
a neutron diffraction experiment using the N5 Triple Axis Spectrometer at the Canadian Neutron
Beam Centre, Chalk River, Ontario, with the help of instrument scientist Dr. Norbert Kucerka.
The membranes were hydrated using a customized humidity chamber as detailed in Chapter 3. In

the triple-axis setup, the coherence length (£) is a function of the wavelength resolution (A\) as
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well as the wavelength of the neutrons (), by 522—1. A is determined by the monochromating
crystal, while A\ is a function of the instrument properties and the columnation used. Therefore,
coherence length could be varied by simply changing A\ (rotating the monochromating crystal),
without changing anything on the sample stage.

As expected, at low neutron coherence, sharp peaks appeared that were not present at high
coherence. The peaks, based on their position in g, indicated lipid organization into a repeating
unit with structure on length scales of ~20 A or a lipid superlattice.

Such a structure had never been observed before. To gain additional insight, we performed
additional experiments in collaboration with Drew Marquardt and Dr. Thad Harroun at Brock
University. First, Langmuir trough experiments were conducted using lipid monolayers on a water
surface. The isotherm measurements measure surface tension of the lipid monolayer. Aspirin was
dissolved in the lipid subphase and, as predicted, decreased the surface pressure. In addition,
differential scanning calorimetry (DSC) measurements on multi-lamellar vesicles observed changes
in the lipid phase behaviour. Membranes with 32.5 mol% cholesterol show no temperature transition
[72]. However, when aspirin is present, peaks do appear in the thermogram that change with time.
This indicates that new, transient structures form when aspirin is present [17].

There was one other unique feature observed in neutron scattering. A broad peak was found at
q ~1.26 A-1 implying lipid-lipid correlations 10% larger than without cholesterol, likely caused
by interactions with aspirin. We combined the neutron, Langmuir, and DSC results to form a
picture of how aspirin fluidifies the ¢, phase. We proposed that aspirin creates hyperfluid patches
that spontaneously organize. Similar results have been reported in simulations with melatonin and
cholesterol. These hyper-fluid patches frustrate cholesterol organization and therefore eliminate
rafts, and in turn, the plaques. This is in agreement with Paper I, which saw a global increase in
Aj, with aspirin. The experiment confirms that, in addition to plaques, aspirin dissolves cholesterol

rafts.
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Aspirin and other non-steroidal anti-inflammatory drugs have a high affinity for phospholipid membranes, alter-
ing their structure and biophysical properties. Aspirin has been shown to partition into the lipid head groups,
thereby increasing membrane fluidity. Cholesterol is another well known mediator of membrane fluidity, in
turn increasing membrane stiffness. As well, cholesterol is believed to distribute unevenly within lipid mem-
branes leading to the formation of lipid rafts or plaques. In many studies, aspirin has increased positive outcomes
for patients with high cholesterol. We are interested if these effects may be, at least partially, the result of a non-

Keywords:

Lip);d membranes specific interaction between aspirin and cholesterol in lipid membranes.

Cholesterol We have studied the effect of aspirin on the organization of 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine
Aspirin (DPPC) membranes containing cholesterol. Through Langmuir-Blodgett experiments we show that aspirin in-

Cholesterol rafts
Aspirin-cholesterol interaction

creases the area per lipid and decreases compressibility at 32.5 mol% cholesterol, leading to a significant increase
of fluidity of the membranes. Differential scanning calorimetry provides evidence for the formation of meta-
stable structures in the presence of aspirin. The molecular organization of lipids, cholesterol and aspirin was
studied using neutron diffraction. While the formation of rafts has been reported in binary DPPC/cholesterol
membranes, aspirin was found to locally disrupt membrane organization and lead to the frustration of raft forma-
tion. Our results suggest that aspirin is able to directly oppose the formation of cholesterol structures through
non-specific interactions with lipid membranes.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction liquid ordered (l,) phase [15-18]. Small, transient cholesterol domains

in binary lipid bilayers at physiological levels of cholesterol were recent-

Lateral heterogeneity in lipid composition in membranes permits
the existence of so-called lipid rafts: regions of the membrane believed
to contain elevated cholesterol composition and increased molecular
order [1-4]. Domains serve a functional purpose as they are thought
to take part in membrane-associated events such as lipid/protein
sorting and signal transduction, among other roles [5-10]. Experimental
observation of rafts has been challenging as they are believed to be both
small and short lived [11-14].

Cholesterol is suggested to drive domain formation through lipid in-
teractions with cholesterol's stiff ring structure leading to the so-called

Abbreviations: DPPC, dipalmitolyphosphatidylcholine; ASA, acetylsalicylic acid; DSC,
differential scanning calorimetry; L-B, Langmuir-Blodgett; PG, pyrolytic graphite; TFE,
trifluoroethanol; RH, relative humidity; COX, cyclooxygenase
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ly reported from computer simulations and experiments [18-23]. At
high concentrations of cholesterol, above ~40 mol%, immiscible
cholesterol bilayers were reported to form spontaneously in model
lipid bilayers [24-28].

There is growing evidence for an influence of various pharmaceuti-
cals on lipid membrane organization and stability [29]. In particular,
non-steroidal anti-inflammatory drugs (NSAID's) have been shown to
disturb bilayer structures in real and model membranes [30,31]. Aspirin
(acetylsalicylic acid, ASA) is the most common NSAID and has been
shown to have strong interactions with bilayer structures [30,32]. Aspi-
rin strongly perturbs model membrane structures in a concentration
dependent manner and influences human erythrocyte shape [33]. As
well, aspirin decreases the hydrophobic surface barrier in mucosal
membranes, leading to a diffusion of acid and gastrointestinal injury
[34] and has an effect on protein sorting [35]. Recently, a direct interac-
tion between aspirin and cholesterol was reported as aspirin was
observed to reduce the volume of cholesterol plaques in model
membranes with elevated cholesterol concentrations of 40 mol% [36].
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However, an influence of aspirin on membranes with physiological
levels of cholesterol has not been explored.

We examined the effect of aspirin on membranes composed of DPPC
and physiological levels of cholesterol. The molecules are depicted in
Fig. 1. By combining Langmuir-Blodgett isotherms, calorimetric
measurements and neutron diffraction, we present evidence that the
presence of 10 mol% ASA leads to a significant re-fluidification of
DPP(/32.5 mol% cholesterol bilayers. The neutron diffraction patterns
are indicative of ASA super-structures in the fluid bilayers, which
seem to frustrate the formation of cholesterol rafts.

2. Results
2.1. Langmuir-Blodgett monolayer compression isotherms

Pressure versus area isotherms were recorded for DPPC monolayers
with and without cholesterol in order to determine molecular areas and
compressibility. ASA was dissolved in the aqueous sub-phase at concen-
trations of 0 mM and 3 mM. All experiments were performed with a
sub-phase temperature of 50 °C. Fig. 2a) shows the compression iso-
therms for all experiments. The addition of 32.5 mol% cholesterol to
the monolayer shifts the isotherm towards lower pressures and lower
area per lipid compared to a monolayer composed of pure DPPC. How-
ever, with the addition of 3 mM ASA into the water sub-phase, the com-
pression isotherm shifted to higher pressures and higher area per lipid,
for both pure DPPC monolayers and monolayers containing 32.5 mol%
cholesterol. To best capture trends observed in the compression iso-
therms, a pressure of 27 mN/m was chosen to compare the changes in
the monolayer area per molecule as well as in the compressibility
modulus due to the incorporation of cholesterol and ASA.

The mean molecular area for all isotherms at a pressure of 27 mN/m
is plotted in Fig. 2b). At this pressure, a DPPC monolayer has a mean area
of A, = 71.9 + 0.5 A%, The addition of 32.5 mol% cholesterol to the DPPC
monolayers decreases A, significantly to 38.6 + 0.2 A2 Inclusion of
3 mM ASA in the sub-phase leads to an increase of the area per lipid
to 74.4 + 0.7 A%, The same effect is observed in the presence of choles-
terol: the addition of 3 mM ASA in the sub phase leads to a significant
increase of the area per lipid in DPPC/32.5 mol% cholesterol from
386 + 02 A*t0 443 + 0.3 A

The compressibility of the monolayers is determined by the slope of
the isotherms (as detailed in the Materials and methods section,
Section 4). The addition of ASA to the water sub-phase decreases the
elastic compressibility modulus, Cs™ !, from 84 + 1 mN/M for pure
DPPC to 63 4+ 1 mN/M for DPPC/3 mM ASA as depicted in Fig. 2c), ata

Qo

Q o
PSS
P
o/XH\o ] o~
o

pressure of 27 mN/m. This is in strong contrast to cholesterol, which
increases the compressibility modulus when added to the monolayer
from 84 + 1 mN/M to 89.8 + 0.3 mN/M, as reported previously
[37,38]. Addition of ASA to the DPPC/32.5 mol% cholesterol monolayers
reduces the compressibility from 89.8 4 0.3 mN/M to 80.6 + 0.5 mN/M.

A decreased compressibility modulus is indicative of membranes,
which are softer and more compressible. The increase in molecular
area and decrease in compressibility for a pure DPPC bilayer in the pres-
ence of aspirin points to a general increase in fluidity of the membranes.
The increase in molecular area and decrease in compressibility for
DPP(C/32.5 mol% cholesterol bilayers is strong evidence for a re-
fluidification of the bilayers at a physiological cholesterol concentration
with ASA.

2.2. Differential scanning calorimetry

The effect of ASA on the phase behavior of membranes was exam-
ined using differential scanning calorimetry. Multi-lamellar vesicles
(MLVs) of different composition were prepared for these experiments.
Heating thermograms are plotted in Fig. 3a). A thermogram taken
from a pure DPPC sample shows two endothermic transitions. There is
a pre-transition from the gel to ripple phase (Lg—Pp ) at T ~ 308 K.
The main transition to the fluid phase (L) occurs at 314 K, in agreement
with literature values [39]. Addition of ASA resulted in a decrease in the
main transition temperature and broadened the main transition peak
(and eliminated the pre-transition). Similar results have been reported
when ASA is added to DMPC liposomes [33]. A reduction or suppression
in transition temperatures and transition enthalpy is evidence that ASA
reduces the cooperativity of the main and pre-transitions, indicative of a
more fluid structure.

As expected, thermograms of samples composed of DPPC with
32.5 mol% cholesterol in Fig. 3b) show no transitions, as was reported pre-
viously for the [, phase [20,40]. The absence of a transition proves that a
cholesterol concentration of 32.5 mol% is high enough to induce the I,
phase in DPPC bilayers. No change was observed after addition of 1 mM
ASA (data not shown). However, as shown in Fig. 3b), addition of 6 mM
ASA led to the appearance of an exothermic transition at T = 313.6 K.

The bilayers were then cooled and the heating thermogram was re-
peated. After this second cycling the transition peak shifted to T = 308 K
and significantly broadened. The temperature cycling was repeated, and
a third thermogram shows no transition peak. We note that no peak
was observed upon cooling, regardless of cycle number. The depen-
dence of the thermogram upon temperature cycling indicates the
presence of inhomogeneities and kinetically trapped states existing on

\/\/\/\/\/\/\/\n/

o

1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC)

O; ;OH

Acetylsalicyclic acid (ASA)

Pt

Cholesterol

Fig. 1. Schematic representations of the 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), cholesterol, and acetylsalicylic acid (ASA, aspirin) molecules used in this study.
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Fig. 2. Langmuir-Blodgett experiments were performed on DPPC monolayers with and without cholesterol. a) Compression isotherms of monolayers of DPPC (blue), DPPC with 3 mM
ASA in the subphase (green), DPPC/32.5 mol% cholesterol (red) and DPPC/32.5 mol% cholesterol and 3 mM ASA in the subphase (purple). b) Area per lipid molecule for isotherms at
I1 =27 mN/m for all samples. c¢) Compressibility modulus (Cs~") for all samples, measured at IT = 27 mN/m.

timescales comparable to the rate of cycling [41-43]. The caloric data
point, therefore, to the existence of meta-stable structures in cholesterol
bilayers in the presence of ASA, as will be discussed below.

2.3. Neutron diffraction

Lateral molecular order of chain perdeuterated DPPC bilayers con-
taining 32.5 mol% cholesterol and 10 mol% ASA was studied using in-
plane neutron diffraction. Rafts have been reported at this concentration
of cholesterol in DPPC bilayers from computer simulations and experi-
ments [18-23]. Highly oriented, solid supported membranes were
prepared and placed in a humidity chamber at T = 50 °C and a D,0 rel-
ative humidity of ~100%, ensuring full hydration of bilayers. Bilayers
made of DPPC/32.5 mol% cholesterol were previously studied using
this setup by Armstrong et al. [20] and d,-spacings of 64 A were ob-
served, in good agreement with lamellar spacings reported by Gallova
et al. [53] in multi-lamellar DPPC liposomes with 33.3 mol% cholesterol.

6 . . . . .

[ DPPC+6mM ASA

2} DPPC+1mM ASA

—
= DPPC
S
= -2t a) 1
= + + + + +
) + + + + +
2
Dc_> 2t DPPC+32.5mol% chol+6mM ASA, cycle 3 1
DPPC+32.5mol% chol+6mM ASA, cycle 2
1+ 1
r DPPC+32.5mol% chol+6mM ASA, cycle 1 1
DPPC + 32.5mol% chol b)
306 308 310 314 316 318

31‘2
T(K)

Fig. 3. Differential scanning calorimetry studies of multi-lamellar vesicles with cholesterol
and ASA. a) Heating scans of pure DPPC membranes with different ASA concentrations in
the aqueous phase. b) Heating scans of DPPC membranes with 32.5 mol% cholesterol. With
no ASA in the sub-phase, a heating scan shows no feature indicating membranes with
32.5 mol% cholesterol are in the [, phase. However, addition of 6 mM ASA leads to the ap-
pearance of an additional feature, which is unstable upon repeated heating scans.
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This proves that fully hydrated bilayers can be prepared using our
technique.

Two different neutron scattering setups were used: (1) a conven-
tional high energy and momentum resolution setup and (2) a low ener-
gy and momentum resolution setup, which permits greater spatial
resolution for detecting small structures and weak signals, as reported
previously [20,23,44,45]. The two setups were achieved by changing
the incoming neutron wavelength, A, without any need to re-align the
sample or change the hydration state of the bilayers. By using chain
perdeuterated DPPC-d62, our experiment was predominantly sensitive
to molecular structure and arrangement of the lipid acyl chains. The
sample was aligned in the neutron beam such that the scattering vector,

6. was always in the plane of the membranes. This in-plane component
of the scattering vector is referred to as q;.

Data taken using the conventional setup is shown in Fig. 4a). Sharp
peaks occur at g = 1.1 A~ " and 1.65 A=, which are assigned to scatter-
ing from silicon (in higher orders) and are highlighted in gray. The

80
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Fig. 4. In-plane neutron diffraction profiles of DPPC-d62 membranes containing 32.5 mol%
cholesterol and 10 mol% ASA. a) An in-plane profile recorded with a typical low spatial res-
olution setup. The sharp gray peaks at g = 1.1 A~" and 1.65 A~ originate, respectively,
from 3rd and 2nd order scattering of silicon. The single feature, typically observed in dif-
fraction patterns, is a broad correlation peak due to the packing of the lipid tails in the hy-
drophobic membrane core. b) An in-plane profile recorded with a high spatial resolution
setup. Additional, narrow and pronounced features appear with change in resolution, as
explained in the text.
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diffraction pattern shows a single broad peak centered at g ~ 1.36 A",
indicated in blue. The broad correlation peak was well described by a
Lorentzian peak profile, and was previously assigned to a hexagonal
packing of the lipid acyl chains in the hydrophobic membrane core
with parameters ajpig—i, = bjipig—1, = 5.58 Aand y = 120° [20,23]. The
data in Fig. 4a) show a diffraction pattern typical of a fluid, liquid-
ordered (l,) membrane.

The diffraction pattern obtained using a high spatial resolution is
shown in Fig. 4b). In addition to a broad correlation peak and sharp
peaks originating from silicon, three narrow and pronounced correla-
tion peaks are visible, indicating a coexisting and well-ordered lateral
structure. The broad correlation peak at q; ~ 1.36 A=1is no longer
well described by a single distribution. Rather, two Lorentzian profiles
were required to fit the observed scattering: (1) a peak located at
q ~ 137 A= (in agreement with part a)); and (2) a weaker peak at
q~1.28 A~1. The latter is highlighted by the green profile in Fig. 4b).
The observation of two peak profiles suggests the presence of two envi-
ronments for the lipid tails in the presence of ASA. The integrated area of
the green Lorentzian at smaller q;-values in Fig. 4b) is ~ 1/3 the integrat-
ed area of the blue profile. The concentration of ASA and DPPC in the bi-
layers is 10 mol% and 60.75 mol% respectively, resulting in a ratio
between ASA and lipid molecules of ~1/6. The ratio between the inte-
grated intensities is then indicative that one ASA molecule interacts
with two lipid molecules leading to a lipid environment with a larger
tail spacing.

The position of the sharp peaks (q; = 0305A~",q;=041A"", g =
0.705 A=) are best indexed by the [100],[110] and [020] reflections, re-
spectively, of a monoclinic unit cell with parameters agypeaice = 21.2 A
bsupertattice = 18.2 A, v = 104°. The dimensions of the unit cell suggest
the formation of a super-lattice-type structure, containing several lipid
and cholesterol molecules. The corresponding molecular structure is
depicted in Fig. 5. We note that the diffraction pattern in Fig. 4b) does
not show evidence for the highly ordered, monoclinic lipid raft struc-
ture, which was observed previously by Armstrong et al. in DPPC/
32.5 mol% cholesterol bilayers through neutron diffraction.

3. Discussion and conclusions

When introduced into the body, aspirin and its metabolites are
understood to interact through specific biochemical reactions. Aspirin
is known to interact with the cyclo-oxygenase (COX) pathway. The in-
hibition of both COX isoforms, COX-1 and COX-2, by higher dose aspirin
is believed to lead to analgesic and anti-inflammatory effects, while
lower doses, sufficient to inhibit COX-1 activity, leads to anti-platelet ac-
tivity [46,47]. However, there is evidence for the role of platelet mem-
brane composition and fluidity in determining platelet cell function
[48-50]. Platelet aggregation has also been associated with lipid rafts
[51]. As discussed in the Introduction, there is growing evidence for an
interaction of aspirin with lipid membranes through non-specific
effects.

As a prerequisite for such non-specific interactions, aspirin was re-
ported to partition into lipid bilayers and position itself in the lipid
head group region [32,36]. Our experiments suggest that aspirin is
able to directly interact with model lipid membranes and oppose the
molecular level organization induced by cholesterol.

We studied the interaction between DPPC bilayers containing
32.5 mol% cholesterol and ASA using three different techniques, namely
Langmuir-Blodgett experiments, differential scanning calorimetry and
neutron diffraction. At this physiological cholesterol concentration, the
DPPC bilayers are in their liquid-ordered phase. The [, phase in binary
DPPC/cholesterol bilayers was recently reported to form rafts [18-23]
from experiments and simulations.

In order to use the different experimental techniques, different sys-
tems were prepared: monolayers were used in the Langmuir-Blodgett
experiments, fully hydrated multilamellar vesicles in the calorimetric

a) Lipid z Cholesterol

® Aspirin

Fig. 5. Cartoon of a DPPC membrane containing 32.5 mol% cholesterol and 10 mol% ASA, as
deduced from the neutron diffraction data in Fig. 4a). A depiction of a bilayer containing
cholesterol and ASA. b) A cartoon of the super-lattice as imaged by the high spatial reso-
lution setup. The black arrows highlight a super-lattice cell, determined from the diffrac-
tion pattern in Fig. 4b). The different lipid environments are highlighted by the green
and red parallelograms.

experiments and highly oriented solid supported multilamellar bilayers
hydrated through the vapor phase in the neutron diffraction experi-
ments. We note that the area per molecule in the lipid monolayers of
~72 A? is larger than the area per lipid reported for multilamellar
DPPC bilayers of ~64 A2 [52]. The lamellar spacing that we determine
at ~57 A is significantly lower than the d,-spacing of ~65 A reported
for fully DPPC/32.5 mol% cholesterol bilayers [20,53]. While we attribute
the reduction in d,-spacing mainly to the presence of ASA in the bilay-
ers, we cannot exclude that the bilayers in our study did not achieve
full hydration, as no reference values are published in the literature.
Nevertheless, qualitatively similar results were observed when ASA
was added to each of the systems: the bilayers showed an increase in
fluidity and the effects of cholesterol are countered. We, therefore, can
argue that the conclusions we draw below are robust and supported
by the experiments.

10 mol% ASA was added to the membranes, i.e., 1 ASA molecule per
10 lipid molecules. This ASA concentration is elevated as compared to
plasma concentrations of less than 1 mol%, however, comparable to
ASA concentrations typically used in the literature [54]. Floating mono-
layers were used to determine the area per molecule and compressibil-
ity in the presence of ASA. Multi-lamellar vesicles were studied in the
calorimetric experiments to determine the effect of ASA on the phase
behavior. Finally, solid supported bilayers were used for neutron diffrac-
tion experiments to study arrangement of the molecules in the plane of
the membranes.

Several conclusions can be drawn from this combination of
techniques and systems. ASA interacts with monolayers, vesicles and
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supported bilayers, independent of whether membranes were formed
first and ASA was added to the aqueous phase (monolayers and vesi-
cles) or included in the membranes at the time of the bilayer formation
(solid supported bilayers). From the trough experiments, ASA leads to
an increase in the area per molecule and a decrease in compressibility
in pure DPPC and in DPPC/32.5 mol% cholesterol systems, indicative of
a significant fluidification of the membranes. We note that ASA was re-
ported previously by Alsop et al. [36] to dissolve cholesterol plaques,
which form at higher cholesterol concentrations above ~40 mol%.

This increase in fluidity is also seen as a loss of cooperativity in the
calorimetric experiments as broadening of the endothermic main tran-
sition in DPPC bilayers [41]. As a fingerprint of the [,-phase, the main
transition is suppressed in DPPC/32.5 mol% cholesterol bilayers. Howev-
er, addition of 6 mM ASA to the aqueous phase led to the formation of a
meta-stable phase in DPPC/cholesterol bilayers, as evidenced by an exo-
thermic peak in the thermogram upon heating, which was shifted and
eventually disappeared upon temperature cycling. Similar results were
found when a quinoline antibiotic was studied with DPPC membranes
[55], and it was suggested that the inclusion interaction of the drug
with membranes led to the formation of meta-stable structures in the
bilayers. Similar behavior can be observed in orientational glasses
caused by a dynamic domain pattern and often related to aging and
memory effects [56,57].

Neutron diffraction of oriented bilayers, using deuterium labeled lipid
molecules, was used to study potential lateral structures in the presence
of aspirin. Neutron measurements were taken at a constant temperature
of 323 K, as continuous temperature cycling was not possible given the
long counting times required for data collection. At low spatial resolution,
the in-plane neutron diffraction pattern is indicative of a membrane in a
uniform, disordered fluid state as reported previously [20,58,59]. The
broad correlation peak in Fig. 4a) is the result of the hexagonal packing
of the lipid acyl chains in the hydrophobic membrane core (planar
group p6), as reported from, e.g., neutron diffraction [20].

With an increase in spatial resolution the lipid correlation peak is
best described by two Lorentzian peak profiles, suggestive of two
short-ranged lipid correlations and corresponding environments. A
small, broad peak at g, ~ 1.28 A~ equivalent of an increased tail spac-
ing, is associated with lipids interacting with aspirin molecules. The ad-
ditional narrow and pronounced monoclinic super-lattice peaks are also
driven by the presence of aspirin in the membrane. The corresponding
molecular structure is depicted in Fig. 5. The ASA molecules, and the
interacting lipid molecules, organize in a regular pattern throughout
the membrane. Based on the ratio between the lipid chain peaks in
the neutron data, each ASA molecule associates with two lipid mole-
cules. This structure was observed with a neutron setup, which mea-
sured q; with g, = 0. We can, therefore, not comment on whether the
observed in-plane superlattice is possibly correlated across bilayers in
the membrane stack.

This structure is different from the structure typically observed in bi-
nary DPPC/cholesterol membranes. While rafts were reported from
computer simulations [19,21,22] and experiments [20,23], the presence
of the ASA molecules in the bilayers seems to frustrate the formation of
locally ordered cholesterol domains. While correlation peaks corre-
sponding to raft structures were reported from neutron diffraction by
Armstrong et al. [20] and Toppozini et al. [23] in DPPC/32.5 mol% choles-
terol, these peaks were not observed in the diffraction data in Fig. 4,
indicative that raft formation is inhibited in the presence of ASA.

In summary, the effect of aspirin (acetylsalicylic acid, ASA) on
the structure of fluid lipid membranes made of DPPC containing
32.5 mol% cholesterol was studied at a concentration of 10 mol% ASA.
Langmuir-Blodgett experiments suggest that ASA interacts with DPPC
monolayers from the aqueous phase and leads to a fluidification of
DPPC and DPPC/cholesterol membranes. Signatures of meta-stable pat-
terns were observed in differential scanning calorimetry experiments.
The corresponding molecular structure was determined from neutron
diffraction. The observed diffraction pattern indicates that the presence
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of ASA leads to the formation of a super-lattice and the frustration of
highly ordered cholesterol domains that were reported in binary
DPPC/cholesterol membranes previously.

Although an interaction between aspirin and cholesterol was stud-
ied using three different membrane systems, the results in all systems
suggest that ASA is able to counteract the effects of cholesterol when
interacting with fluid lipid membranes. ASA induces changes to both
the domain structure and the mechanical properties of DPPC mem-
branes. These results add to the growing evidence for the potential of
ASA to have a profound influence on the properties of membranes
through non-specific interactions.

4. Materials and methods

Lipids and cholesterol were purchased from Avanti Polar Lipids (Al-
abaster, AL) and used without further purification. Acetylsalicylic acid
(>99% crystalline) was purchased from Sigma Aldrich (Mississauga,
ON).

4.1. Preparation of Langmuir monolayers and measurement of isotherms

Langmuir isotherms were performed on a KSV NIMA Minitrough
(50 mm x 155 mm) and delrin barriers. Barrier control and data acqui-
sition were achieved using the LB measurement system provided by
KSV NIMA (Biolin Scientific, Linthicum Heights, Maryland USA). The
balance was calibrated using a 264.9 mg calibration standard provided
by the manufacturer prior to the commencement of the experiments.

Surface pressures were measured using pre-wetted paper Wilhemy
plates at temperatures of 50 °C. Ultrapure (18.2 MQ cm) water per-
formed the role of the sub-phase. The sub-phase pressure was kept
below 0.1 mN/m prior to spreading the lipid. If the pressure exceeded
0.1 mN/m, the surface was re-cleaned and the procedure repeated.
Phospolipid films were spread by careful deposition of 2 pL volumes of
chloroform solution containing 3 mg/mL lipid solution. After deposition,
10 min was allotted for solvent evaporation. The compression rate was
5 cm?/min. Two lipid solutions were prepared: a pure DPPC solution,
and a solution composed of DPPC/32.5 mol% cholesterol, both with con-
centrations at 3 mg/mL. Sub-phase solutions with two different concen-
trations of ASA were prepared: 0 mM ASA and 3 mM ASA.

The elastic compressibility can be determined from the pressure ver-
sus area isotherm, by calculating the corresponding slope:

G '=-A (Z—Z), 1)

with Cs~ ! being the compression modulus, A the area in the trough and
 the pressure.

4.2. Differential scanning calorimetry

Solutions of DPPC and DPPC with 32.5 mol% cholesterol were pre-
pared in chloroform, then dried. Mixtures were placed under vacuum
for ~6 h to ensure that all residual solvent was removed. Samples
were then hydrated with ultrapure water (18.2 MQ cm), with ASA con-
centrations of 0 mM, 1 mM and 6 mM to final DPPC concentrations of
125 mg/mL. Samples were put through 5 freeze/thaw cycles with
vortexing, ensuring during the thaw step the solutions reached 50 °C.
25 L of solution was loaded into Shimadzu Aluminum Hermetic Pans
and crimp sealed. Thermograms were collected at 1 °C/min and a
sampling rate of 1 s using a Shimadzu DSC-60 and a TA-60WS Thermal
Analyzer.

4.3. Supported bilayer preparation

Highly oriented bilayers of 1,2-dipalmitoyl-sn-glycero-3-
phosocholine (DPPC) containing cholesterol and acetylsalicylic acid
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Fig. 6. Neutron reflectivities measured simultaneously with the in-plane data. Results
from the typical setup are shown in blue, and results from the high spatial resolution
setup are shown in green. The reflectivity shows a series of equally spaced and pro-
nounced reflections, indicative of a well-ordered multi-lamellar membrane structure.

(ASA) were prepared by lipid deposition onto silicon wafers. The
coherent scattering of lipid hydrocarbon chains was enhanced using
chain perdeuterated lipids, DPPC-d62. A solution of 16.67 mg/mL of
DPPC-d62 with 32.5 mol% cholesterol and 10 mol% ASA in 1:1 chloro-
form and 2,2,2-trifluoroethanol was prepared. 2 inch circular silicon wa-
fers with a thickness of ~300 um were cleaned with 12 min alternate
sonications in methanol and ultrapure water (18.2 MQ cm) at 310 K.
This process was repeated twice. Clean, dry wafers were individually
placed on a 4 in. x 4 in. marble block. The marble block was heated to
323 K, well above the main transition temperature of DPPC, ensuring
that lipids were well in the fluid state during deposition. 1.2 mL of the
lipid solution was deposited on the silicon wafer. Immediately after de-
position, the marble block was manually lifted and gently rocked while
the bulk of the solution evaporated (~1-2 min), to ensure even cover-
age of material.

The wafers were kept under vacuum overnight at 310 K to remove
all traces of solvent. Nineteen such wafers were then stacked with
0.6 mm alumium spacers placed in between each wafer, to ensure prop-
er hydration control. This “sandwich” sample was then placed inside a
sealed container with a beaker of heavy water and placed in an incuba-
tor. The temperature of the incubator was increased in discrete steps
from 300 K to 323 K over a period of 24 h, then held at 323 K and incu-
bated for additional 24 h. Following this procedure, each wafer
contained ~3000 highly oriented stacked membranes with a total thick-
ness of ~10 um.

During the neutron experiment, the sample was sealed in a temper-
ature controlled aluminium chamber (CNBC, Chalk River, Canada).
Hydration of the membranes from the vapor phase was achieved by
separately controlling the temperature of a heavy water bath, the sam-
ple, and the walls of the chamber. Temperature sensors were installed
close to the sample. A circulating water bath was used to control the
temperature of the reservoirs and peltier elements were used to control
the temperature of the sample and chamber. The sample was mounted

vertically in the neutron beam such that the scattering vector, Q, could

Table 1

Peak parameters of the correlation peaks observed in Fig. 4a) and b) and the association
with the observed structures, such as the I, phase, lipids associated with ASA molecules
and the super-lattice driven by the presence of ASA molecules. T; denotes the unit cell
of the lipid tails in the [, regions of the membrane. T, denotes the peak assigned to corre-
lations between lipid molecules when influenced by ASA. Peaks were fitted using
Lorentzian peak profiles and the corresponding widths are listed as Lorentzian widths
(HWHM), y,.

Amplitude Center Yo Iy ASA bound Super-lattice
(counts) (A™Y (A lipids phase
Fig. 4a) 48 136 0.14 T
Fig. 4b) 85 0306  0.01 [100]
89 0.406 0.014 [110]
50 0.705 0.011 [020]
14 1.26 0.14 Tar
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Table 2

Instrumental parameters of the triple-axis spectrometer.
A (A) E (meV) AE (meV) AQ (AT
237 14.6 0.757 0.020
1.49 373 3.239 0.032

either be placed in the plane of the membrane (g;;) or perpendicular to it
(q2). The out-of-plane and in-plane structures could be measured
simply by rotating the sample by 90°.

The lamellar spacing, i.e., the distance between membranes in the
stack, d,, was determined from reflectivity scans. The corresponding
out-of-plane or reflectivity scans are shown in Fig. 6, and show a series
of pronounced and evenly spaced Bragg peaks indicative of uniform and
well developed membrane stacks. Scans were performed with different
wavelengths and over the duration of the experiment of two weeks.
During the experiment, the bilayer spacing stayed within the range
55.8 A and 57.9 A. This setup has been used before to produce fluid
DPPC bilayers [20,44] with d,-spacings in agreement with literature
values for fully hydrated bilayers of ~64 A [20,58]. The observed de-
crease in lamellar spacing is most likely the effect of the incorporation
of ASA in the bilayers, in agreement with the increased fluidification
found in the trough and calorimetric experiments. The main transition
of DPPC-d62 is reported as 313 K [60,61]. All scans were done with a
sample temperature of 323 K, well above the main transition, in the
fluid phase of the bilayers.

4.4. Neutron experiment

Experiments were conducted using the N5 triple axis spectrometer
at the Canadian Neutron Beam Centre (Chalk River, Canada). The
three axis of the spectrometer refer to the axis of rotation of the mono-
chromator, the sample and the analyzer. The incident and final wave-
lengths were defined by Bragg reflections from pyrolytic graphite (PG)
crystals. The divergence of the beam was controlled by Soller collima-
tors. The energy and momentum (Q) resolution, AE and AQ, of a neutron
triple axis spectrometer are determined by: (1) the incident energy of
the neutron beam; (2) the divergence of the neutron beam; (3) the
wavelength resolution of the monochromator and analyzer crystal.
Collimation of the beam was held constant during the experiment and
set to (c1-c2-c3-c4): 30-18-28-60 (in minutes). Small and large AE
setups were achieved by varying the incident energy and corresponding
neutron wavelength selected by the monochromator.

monochromator analyzer
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Fig. 7. A diagram of the setup used for the neutron scattering experiment. The orientation

of the sample was chosen such that the scattering vector, 6 lies in the plane of the mem-
brane and is designated gy,. k; and krare the incident and final neutron wave vectors. The c's
indicate the collimation of the neutron beam at various stages. The resolution of the
experiment is changed by rotating the monochromating crystal and selecting a different
neutron wavelength.
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The instrumental parameters for the two setups used in this experi-
ment are listed in Table 2. Energy and Q-resolution (given as FWHM)
were calculated using the ResLib software package by A. Zheludev [62]
adapted to the N5 spectrometer. The longitudinal coherence length of
the neutron beam, €, is defined by € = A%/A\.

While small collimation was used, the beam size was set to 2 in. by
2 in. to optimally illuminate the silicon wafers, leading to a significant
scattering contribution at small Q-values, close to the direct beam.
This background was accounted for by a Lorentzian peak centered at
q; = 0A~"including a constant. In contrast to coherent scattering, inco-
herent scattering is isotropic, Q-independent and well accounted for by
a constant background at larger Q-values of Q = 0.45 A~ . After back-
ground subtraction, the observed peaks were fit with Lorentzian pro-
files using a least squares method, and the results plotted in Fig. 4,
with the fitting parameters presented in Table 1.

Switching between the high and low energy resolution setups was
done by simply changing A. A smaller neutron wavelength leads to
strongly relaxed AQ and AE. In addition, the longitudinal coherence
length of the neutron beam decreases. The most significant changes be-
tween the high and low energy resolution setups are: (1) a more effi-
cient integration over larger q; ranges to enhance small signals; and
(2) a reduction of the coherently added scattering volume. A diagram
of the scattering geometry for the in-plane measurements is depicted
in Fig. 7.
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4.3 Paper III: Aspirin Locally Disrupts the Liquid Ordered
Phaser

Richard J. Alsop, Sebastian Himbert, Karin Schmalzl, and Maikel C. Rheinstadter. Aspirin Locally
Disrupts the Liquid Ordered Phase. Submitted.

4.3.1 Preface to Paper 111

Papers I & II demonstrated that aspirin eliminates structural evidence for cholesterol plaques and
rafts, homogenizing membranes with cholesterol. Neutron diffraction suggested that aspirin creates
highly localized disorder that frustrates cholesterol organization. Our own Langmuir and DSC
experiments, in combination with literature reports, provided evidence that the drug influences bulk
dynamical properties. However, what is not clear is if the local structural distortions influence
nanoscale collective lipid motions.

Collective motions in lipid membranes are believed to be important for the various membrane
functions [74]. Collective fluctuations in membranes encourage passive diffusion of small molecules.
Collective motions of proteins and lipids are likely relevant for protein organization and raft formation
[75].

Inelastic scattering experiments are required to measure collective motions. Neutrons interact
with the phonon-like collective fluctuations of the lipid tails and scatter with a change in energy
that can be measured by, e.g. a triple axis spectrometer. Neutrons used for inelastic scattering
experiments can be tuned to have low coherence length (~30 A), and are therefore sensitive to
small-scale structure. Our group has measured phonons in membranes with raft concentrations
of cholesterol using inelastic neutron scattering [76]. Phonons measured by a set of constant-g|
and constant-fw scans are placed on a hw vs q||, plot known as a dispersion. A membrane has a
characteristic dispersion, as detailed in the paper and e.g. [77, 78]. When Armstrong et al. measured
phonons in membranes with cholesterol, they found that not all observed excitations could be placed
on a single dispersion [77]. Three dispersions were necessary, two of which were characteristic of gel
and fluid phases, and the third represented the ¢, phase. The ¢, phase was more ordered than the
fluid phase, but softer than the gel phase.

We prepared an analagous system with deuterated DMPC, 29 mol% cholesterol, and 10 mol%
aspirin, and measured the corresponding dispersion relation. A membrane with only DMPC-d54 and
32.5 mol% cholesterol was also prepared and measured. Experiments were conducted on the IN12
triple-axis spectrometer at the Institut Laue Langevin, with assistance from instrument scientist Dr.
Karin Schmalzl and masters student Sebastian Himbert. Three dispersions were measured that were
fit to gel, fluid, and /¢, phases. No change to the dynamic properties was observed in gel and fluid
phases within the resolution of our experiment. However, two significant changes were detected for
the ¢, phase: the phonons were seen to be more damped, and required more energy to excite. This
indicates the aspirin is suppressing collective motions, but in the ¢, phase only.

Molecular Dynamics (MD) simulations were performed to gain an atomistic picture of what
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aspirin is doing to the £, phase. All-atom simulations were performed in-house using MacSim on a
united-atom DMPC membrane. Aspirin, in the simulated system caused increased lipid disorder, as
expected. It also caused very local increases to Ar, in agreement with the the neutron scattering
experiments in Paper II. Interestingly, MD also provided support for the in-plane, superlattice-like
ordering of the aspirin in the membrane also observed in Paper II. Finally, there was a hydrogen
bonding interaction between aspirin and cholesterol, which presents a truly unexpected finding.

To summarize papers I-I11, aspirin has an affinity for the ¢, phase and causes local disruptions
to the structure that frustrate collective motions. These disruptions alleviate the segregation of
cholesterol into dense ordered phases, and this increases cholesterol solubility. The evidence for
local disruptions comes from scattering of neutrons with ~20 A coherence lengths. This case study
presents a testimony for how molecules can influence the functional purpose of a membrane. In a
phyisological system, eliminating rafts would theoretically impact protein function.

Paper IIT observed an affinity for the ¢, phase specifically. This demonstrates that membrane
composition matters for what effects are observed for aspirin. The drug would have different con-
sequences for membranes with cholesterol than without. The membrane therefore tunes the drug’s

effect. This topic is explored in more detail in the next chapter.

Author Contributions:

e FExperimental Concept: Richard Alsop, Maikel Rheinstadter

e Sample Preparation: Richard Alsop, Maikel Rheinstédter

Neutron Experiments: Richard Alsop, Sebastian Himbert, Karin Schmalzl, Maikel Rheinstéddter

MD Simulations: Richard Alsop
e Data Analysis: Richard Alsop, Maikel Rheinstadter

o Manuscript Preparation: Richard Alsop, Maikel Rheinstadter
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Aspirin Locally Disrupts the Liquid Ordered Phase

Richard J. Alsop,! Sebastian Himbert,! Karin Schmalzl,2 and Maikel C. Rheinstédter® *

! Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, Canada
2JCONS, Forschungszentrum Jilich GmbH, Outstation at Institut Laue-Langevin, Grenoble, France
(Dated: October 23, 2017)

Local structure and dynamics of lipid membranes play an important role in membrane function.
The diffusion of small molecules, the curvature of lipids around a protein, and the existence of
cholesterol-rich lipid domains (rafts) are important examples for the membrane to serve as a func-
tional interface. The collective fluctuations of lipid tails, in particular, are relevant for diffusion
of membrane constituents and small molecules in and across membranes, and for structure and
formation of membrane domains. We studied the effect of aspirin (acetylsalicylic acid, ASA) on
local structure and dynamics of membranes composed of dimyristoylphosphocholine (DMPC) and
cholesterol. Aspirin is a common analgesic, but is also used in the treatment of cholesterol. Using
coherent inelastic neutron scattering experiments and Molecular Dynamics simulations; we present
evidence that ASA binds to liquid ordered, raft-like domains and disturbs domain organization and
dampens collective fluctuations. By hydrogen bonding to lipid molecules, ASA forms ‘superfluid’
complexes with lipid molecules that can organize laterally in superlattices and suppress cholesterol’s
ordering effect.

Keywords: Lipid Membranes, Cholesterol, Aspirin, Liquid Ordered Phase, Membrane-Drug Interactions

McMaster University - Physics and Astronomy

1. INTRODUCTION

Membrane research progresses with ever-increasing
levels of granularity. Initial models of the membrane as
an inert, physical barrier were revised with the discovery
of membrane-embedded proteins. Singer and Nicholson
devised their famous “fluid mosaic” model to describe a
system where proteins float in a featureless soup of var-
ious lipid types [1]. Most-recently, membrane research
has focussed on membrane details on the level of indi-
vidual lipids and proteins. The lipid environment in the
specific region around a protein, such as the hydropho-
bic thickness or spontaneous curvature of the lipid tails,
is now believed to be crucial to proper protein function
[2]. Lateral diffusion of membrane constituents [3-7] and
transmembrane diffusion of small molecules are believed
to involve the local, collective motion of lipid tails [8-11].

Lipid rafts are an example of function arising from
nano-scale structure. Rafts are small lipid heterogeneities
in plasma membranes [12, 13]. Rafts are typically de-
scribed as structures that are enriched in cholesterol
and exist to chaperone proteins from the golgi appa-
ratus to the plasma membrane surface [14]. Although
their existence in biological membranes is still a matter
of debate [15], various raft-like structures have been ob-
served in model membranes, and from studies on model
membranes, plasma membrane rafts are believed to be
manifestations of the so-called liquid-ordered (I,) phase
[12, 16-27]. The I, phase is unique in that it is char-
acterized by elevated cholesterol concentrations as well
as high lipid positional and chain order, however, at the
same time low viscosity [28] and high surface tension. It
is soft and stiff at the same time by being more rigid

* rheinstadter@mcmaster.ca
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3 than a gel-state membrane, but less viscous than a fluid
« membrane.

sn The effect of drug molecules on lipid membranes is
# typically characterized by their effect on bulk membrane
3 properties, such as mechanical properties and area per
4 lipid head group [29-31], which affect for instance perme-
s ability. Drug-membrane interactions can also indirectly
s influence the function of membrane proteins through
4« their membrane effects, and they also effect membrane
s heterogeneities [30, 32, 33]. For example, there are
s numerous reports that the common analgesic aspirin
so (acetylsalicylic acid, ASA) interacts with the lipid mem-
s1 brane and makes it softer and more fluid, and also im-
s2 pacts the formation of lipid raft structures [34-39]. Neu-
s3 tron scattering experiments recently presented evidence
s« that aspirin creates local structural distortions in the [,
ss phase in model membranes [30], suppressing the forma-
s tion of cholesterol clustering.

s In this paper, we performed inelastic neutron scat-
ss tering experiments and molecular dynamics (MD) sim-
so ulations on membranes containing cholesterol and as-
e pirin. The cholesterol concentration was chosen such
&1 that cholesterol rafts form, but well below the solubility
6 limit of cholesterol [40]. We observed that aspirin cre-
ates local increases in area per lipid, causing a decrease
s in positional order and a damping of collective lipid tail
fluctuations. We find evidence for ‘superfluid” ASA-lipid
complexes that organize in the membranes and impact
cholesterol’s effect on the bilayers. We also present ev-
idence for a direct ASA-cholesterol interaction in mem-
branes through hydrogen bonding of ASA to cholesterol
molecules.
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FIG. 1. a) Sketch of the scattering geometry. b) Sample

constant-g| scans for the CHOL sample at ¢=1.37 A1
Data was fit using a Gaussian instrumental resolution, a
Lorentzian peak centred at ¢ = 0 to capture incoherent
scattering contributions, and three phonon excitations. The
Gaussian instrumental resolution was fixed to values based on
resolutions calculated using the ResLib package. The position
of the incoherent peak was fixed at w = 0 meV; all other
parameters are free. The inset shows that three phonon ex-
citations (P1, P2 and P3) in more detail. ¢) Constant-energy
scan for the ASA sample at an energy of hw=2.5 meV. All
parameters are free in the constant-energy scans.
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FIG. 2. Dispersion relations for (a) the CHOL sample and (b)
the ASA sample, as determined from constand ¢|| and energy
scans in Fig. 1. Three dispersion branches were observed,
related to lipid molecules in gel (Pg), fluid (Ls) and liquid
ordered (l,) patches. The CHOL dispersion in part a) is in
good agreement with previous reports on the collective short-
wavelength dynamics in cholesterol-rich lipid membranes [41].
The meaning of the parameters o and hw in Eq. (2) are dis-
played in part a). The direction of constant-¢); and constant
energy scans is shown in part b).

Coherent, inelastic neutron scattering experiments
were performed on oriented DMPC-d54 (1,2-dimyristoyl-
sn-glycero-3-phosphocholine) bilayers containing choles-
terol and ASA. The lipid chains were selectively deuter-
ated, enhancing the contribution of collective tail dy-
namics to the signal. In addition, the bilayers were
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7 hydrated with D3O to reduce incoherent contributions.
s Two membrane systems were prepared: bilayers with
a 32.5 mol% cholesterol (CHOL sample), and bilayers with
22 29 mol% cholesterol and 10 mol% ASA (ASA sample).
ss This cholesterol concentration has been shown to form
a rafts before and is well below the solubility limit of choles-
s terol in DMPC of ~40 mol% [40]. Membranes were pre-
s pared by dissolving DMPC, cholesterol, and aspirin in
& a 1:1 solution of trifluoroethanol/chloroform, at the ap-
s propriate molar ratios, and depositing the solution on
w 1 x 1 cm? silicon wafers. Following drying in vacuum
and incubation at 100% relative humidity for 48 hours,
highly oriented bilayers are formed [30, 34, 36, 42]. 20
such wafers were prepared and aligned with respect to
each other to create a “sandwich sample” with a total
mosaicity of <0.5° and a total mass (lipids, cholesterol,
95 aspirin) of 34 mg.

os  Neutron measurements were performed on the IN12
cold triple-axis spectrometer at the high flux reactor of
the Institut Laue-Langevin (ILL) in Grenoble, France.
oo All experiments were conducted at a temperature of
30°C, in the fluid phase of the membranes. The scatter-
ing vector @ was placed in the plane of the membranes
(g))) to measure the static (S(g))) and dynamic structure
factors (S(q)|,w)). A sketch of the scattering geometry is
shown in Fig. 1la).

We note that IN12 was recently upgraded and was used
in focussing mode, which significantly increases the neu-
tron intensity at the sample position, however, at the cost
of @ and energy resolution. When comparing our results
to previous experiments in similar systems by Armstrong
et al. [41] using a parallel beam configuration on IN12,
signals in () and energy appear slightly broader. In previ-
ous experiments, however, 400 mg of material was needed
to conduct inelastic experiments while only 34 mg was
sufficient to see a clear signal in this paper.

Typical constant-q); scans, taken from the ASA and

ns CHOL samples at ¢ = 1.37 A-Tare shown in Fig. 1b).
u7 The constant-g scans were well fit by analytical func-
us tions described by three contributions: the energy reso-
no lution of the spectrometer described by a Gaussian peak
10 centred at iw = 0 meV. The corresponding Gaussian
1 width was calculated using the ResLib software using
122 the geometry of the IN12 spectrometer [? |. Secondly, a
123 Lorentzian peak, arising from incoherent molecular mo-
124 tions in the sample, centred at hiw = 0 meV. The re-
s Mmaining scattering contributions were fit by three phonon
126 peaks, positioned. at fw # 0. The width of these peaks
127 is proportional to the damping experienced by the col-
128 lective motions. The overall fitted analytic function also
129 includes a linear background and can be written as:
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130 Fixed values were used for the position and width of the
experimental resolution. The position of the incoherent
peak was fixed to fuv = 0 meV. The ration of the ampli-
tudes Ay and A_ was determined by detailed balance.

A constant-energy scan at an energy of 2.5 meV is
shown in Fig. 1c) as an example. Constant-FE scans were
fit with an empirical exponential background;as well as a
broad background Lorentzian peak at g ~2.5 A=1. The
background peak arises from convolution of dynamics at
higher ¢ values (see Fig. 9 in the Materials and Meth-
ods Section). The position of the phonon branches are
determined by the positions of the Lorentzian signals.
The positions of phonons observed in both' constant-g;
and constant-F scans were combined to determine entire
dispersion relations, shown in Fig. 2.

Lipid dispersions have been measured previously in
inelastic X-ray and neutron scattering experiments [9—
11, 41, 43-47] and using MD simulations [46, 48, 49]. All
dispersions show similar features: at low-q||, the disper-
sion increases linearly with the slope related to the speed
of sound. After reaching a maximum, the dispersion de-
scends into a minimum at g = qr, where gr typically
agrees well with the position of the chain correlation peak
(the maximum in the static structure factor). Finally, the
dispersion increases with increasing g to form a plateau.

The dispersionin the region of the minima can empir-
ically be described by a quadratic function [41]:
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134
135
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hw = a(q) — q0)* + hwo, (2)
where hwy is the minimum energy in the dispersion, and
ais the width of the dispersion. hwq is related to lipid
order, as a lower value indicates better ordered, more
“crystal-like” bilayer. « is an empirical measure of the
“softness” of the bilayer [41].

As previously observed by Armstrong et al., DMPC
membranes containing cholesterol generate collective ex-
citations belonging to three dispersions [41], related to
coexisting gel, fluid, and [, phases. FEvidence for this
phase coexistence was also observed in the long wave-
length fluctuations from neutron spin-echo measurements
[28]. Armstrong et al. and Toppozini et al. later
used neutron diffraction and demonstrated that [, phases
coexist in DMPC and DPPC bilayers with cholesterol
[26, 27, 41, 50, 51].

Phonons were, therefore, assigned to three different
phases. In the CHOL membranes shown in Fig. 2a), the
gel phase (green) reaches fiw >5 meV at ¢ = 1 A1,
then decreases to an energy minimum of iw ~1.2 meV
at q ~1.4 A~1. A second of the phases is observed, with
a wider minimum at Aiw ~1.5 meV (blue), and is assigned
to the fluid phase. Finally, a third dispersion is recorded
at lower energies, with a minimum /w ~0.6 meV. Arm-
strong et al. assigned the dispersion at low-energy, that
is only observed in the presence of cholesterol, to the [,
phase (red).

With the phonons assigned to specific phases, the ef-
fect of ASA on the collective motions of each phase is
examined. First of all, the damping of the phonons can
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