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Abstract

Phospholipid-based liposomes are abundantly studied in biomembrane research and
used in numerous medical and biotechnological applications. When dispersed in
water, lipids hydrate to form a variety of complex nanostructures. Despite our
knowledge of membrane nanostructure and its mechanical properties under various
environmental conditions, there is still a lack of understanding on interfacial lipid-
water interactions. In this work, we have investigated the nature of the confined
water layer for variety of lipids, focusing on the phosphatidylcholine (PC)
phosphatidylethanolamine (PE) species. The majority of the studies are conducted in
the fluid lamellar phase of multilamellar vesicles with and without the inclusion of
ions dissolved in the water phase. Additionally, a binary lipid mixture in the inverse
hexagonal (Hi) phase was also investigated. We are proposing a new model for
describing three different water regions, which have been characterised, using a
combination of Small Angle X-ray Scattering (SAXS) and volumetric data. The three
regions concern (i) ‘the headgroup water’, (ii) ‘perturbed water’ near the membrane
interface and (iii) a core layer of ‘free water’ (unperturbed water). The behaviour of
all three layers is discussed as a function of temperature, influences of chain
saturation, headgroup type and as a function of ion concentration, influenced by
mono- and divalent ions. Under temperature, the overall water layer and perturbed
water layer thickness increase, whilst the free water layer displays the opposite trend
for PCs and, remarkably, in PEs the free water layer is completely absent. This
behaviour in PEs is different when in the inverse hexagonal phase, where a free water
region develops and remains relatively unchanged as the micelle packing frustration
is alleviated. Most interestingly, the mechanical behaviour of the inverse hexagonal
phase is different orientated towards the corners and flat sides of the Wigner Seitz
cell. Understandably, the disorder is relatively enhanced within the hexagon’s
corners (decompression zones), concurrently with the amount of perturbed waters
in this region. The influence of ions onto the lamellar phase water layers is heavily
dependent on ion valency and also on a specific ions kosmotropic or chaotropic
potential. The trend of the cationic Hofmeister series is reflected in the perturbed

water layer, increasing from Mg?*, Na* to K*.
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Chapter 1. Introduction and Research Question

1.1 Oil and Water — The Structure of Life

Water is a ubiquitous molecule found across the earth, present within (and often in
large quantities) all living creatures. It has been a popular subject of art and literature
(3), synonymous with the incomprehensible faculty of nature. Ancient cultures
throughout history have recognised water’s mystique and worshiped it as a god (4).
Its life giving essence has captivated humanity since before recorded history. This
essentialness to life cannot be understated; the mysteries of waters’ unique and

impossible to mimic behaviour has puzzled the scientific community for decades (5).

A fascinating molecule consisting of two hydrogen molecules covalently bonded
to an oxygen molecule. There are many puzzling aspects of water which has secured
it as one of earth’s greatest mysteries. For example, water is densest in its liquid form,
in contradiction to most other materials; reaching a density maximum at 4 °C (above
its freezing temperature). Generally, most liquids are expected to decrease their
isothermal compressibility as the temperature decrease. However, water actually
increases its compressibility below 46 °C. Further to this it can be supercooled down
to -38 °C (5). By the time it reaches this temperature the compressibility has doubled
compared to 46 °C. The specific heat, cp, of most other liquids is also expected to
decrease with decreasing temperature, T, due to the decrease in entropy, S, however
waters specific heat (at constant pressure) actually increases slightly below 35 °C
(note, cp= (T/m)(dS/dT), where m is the mass). In its solid ice-form, it can tenant
numerus crystal structures. Its bond structure is formed of weak dipole interactions
between each molecule, which as an ensemble make water a staggeringly robust and
resilient material; incidentally is has one of the highest specific heat capacities of any

common substance (6).

Waters’ unique characteristics are often ascribed to its complex hydrogen
bonding (H-bond) structure. This H-bond network is constantly fluctuating with bonds
breaking and forming on the picosecond scale (7). Hydrogen bonds are attractive
dipole-dipole interactions between hydrogen atoms and a lone pair of electrons in a
neighbouring electro-negative atom. Within this interaction a single water molecule

can be hydrogen bonded to four other molecules forming a tetrahedral structure. In



ice (solid water), H-bonds orient the water molecules into the preferred tetrahedral
shape, with a crystalline structure. In the liquid state, this tetragonality is maintained
however, the structure is malleable and thus lacking crystallinity. The bond number
decrease slightly to 3.5 per molecule whilst the number of nearest neighbours

increases to five (8), causing the liquid state to be denser than the solid state.

Presently and throughout human history, water has been implemented in the
invention of the steam locomotive, in the manufacturing of textiles, as a reactant in
chemical processes and, of course, it is fundamental to agriculture, to mention just a
few key areas of impact. Most interestingly of all, is its presence and vital role within

virtually all forms of life.

Equally essential to life are lipids (9, 10). Lipid molecules form the plasma
membrane matrix of both prokaryotic and eukaryotic cells. They assist in the
meditation of cell function, acting as the primary barrier between the inter- and
extra-cellular medium. Also referred to as the ‘phospholipid membrane’. Proteins,
peptides and ions all must interrelate with the lipid membrane in order for the cell to
function and for life to flourish. In a broad sense the lipid membrane is an integral
part of cell mitosis (11) as well as cell fusion (12), which has formed the evolutionally

basis for all life on earth.

Unsurprisingly, the disposition of lipids and water to each other is observed
throughout nature. Lipids appear alongside water across a staggering amount of
different species, at a variety of length scales and located in, just about, any
conceivable environment. The intricacies of this unique and ubiquitous pairing may
contain the secrets of life itself; at the very least, the functional interaction of water
with any bio-polymeric material (lipid or otherwise) is a mysterious and potentially
bountiful field of research. It is through the elucidation of this elusive interaction that
we may gift ourselves a glimpse at the frenzied, chaotic and curiously balanced
dynamics of the microscopic world, where the very essence of all life, that is, living

cells reside.

Lipids are mostly amphiphilic molecules comprising of a molecular headgroup
and hydrocarbon tail. The amphiphilic characteristics of lipids allow them to form

structures in the presence of water, whereby the polar (hydrophilic) headgroups



aggregates around the water, whilst the apolar (hydrophobic) tail groups aggregate
with each other, shielded from the water by the headgroup/water interface (13).
Through this mechanism, lipids often form bilayers in water, whereby the tails point
inwards and the headgroups form the outer layers in contact with the water. The
arrangement into these structures is largely driven by the hydrophobic effect (14),
whereby it is entropically more favourable for the hydrophobic hydrocarbon chains
to aggregate together. The effect is entropic in nature as the presence of apolar
solutes disrupts the water’s tetrahedral hydrogen bond structure, which is
entropically unfavourable. Water molecules are then expelled back to the bulk phase
allowing the overall entropy of the system to increase (15) and the hydrocarbon tails
to aggregate together. This behaviour can be considered as an attractive force
between the hydrocarbon chains. The arrangement into these nanostructures is also
energetically favourable, since the hydrophilic headgroup dipole (discussed below)
induces electrostatic interactions with the polar water molecules at the interface. By
this effect, lamellar structures form into multilamellar vesicles (MLVs). It is also
important to note, that MLVs can be turned into unilamellar vesicles (ULVs) through

techniques such as sonication (16).

1.2 The Fluid Mosaic Model of the Biomembrane

Lipids constitute the core matrix of the cell membrane and are therefore an
inextensible tool for model membrane research. The ‘fluid mosaic model’ (17),
developed in the early 1970s, best describes the role the phospholipid membrane
plays in the wider body of biological functions. Other complex molecules such as
proteins and peptides exist in collaboration with the lipid membrane in order to
facilitate cell function. Thus, the fluid mosaic model describes the lipid membrane to
be in a fluid state, somewhat like an ocean, with proteins floating like icebergs in the
membrane. Sometimes penetrating into or even piercing the membrane through to
the inner-cell wall. Additionally, the extra-cellular medium also contains a diverse
ensemble of ions with sodium, potassium, magnesium and calcium being some of the
most prevalent. In addition to the salty there is also a sweet variety of sugars such as
glucose and sucrose. Throughout nature, several species of plants and amphibians

(18) have evolved traits which allow them to survive in some of the harshest



environments on earth. This includes the remarkable ability to undergo a complete
freeze and thaw cycle of the entire body, with apparently little damage to the cell’s
tissue and function; a process known as ‘anhydrobiosis’ (19). It has been suggested
that sugars, such as trehalose, within the amphibians biological make-up assist in
membrane preservation during this phenomena. These electrolytes replace the
interfacial water at the membrane surface so that when the bulk water within the
organism freezes, the membrane is excluded from the damaging freezing effects.
Proteins can form ion channels within the membrane as a gateway allowing specific
ions to enter and exit the cell, again arbitrating cell function and biological processes
(20). Naturally, across all these biological scenarios is the presence of water. Lipids
and water are essential components in our understanding of many biological
processes, such as membrane solute interactions, protein folding and cell fusion (21-

23).
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Figure 1.1 Fluid mosaic model, displaying the biomembrane matrix in orange-yellow
tones, while integrated membrane proteins are shown in blue. It is important to note
that the cytoskeletal structure shown is not in the fluid phase due to its non-zero
shear modulus. The scheme has been taken from LibreText (24).



1.3 Lipid Self-Assemblies and Model Membranes

The first evidence of biomolecular lipid structures was observed in 1925 by Gorter
and Grendel (25), demonstrating that chromocytes extracted from animal veins were
covered in a ‘lipoid’ layer two molecules thick. This was the first substantial evidence
of lipid self-assemblies, which have been studied extensively since the 1950s, owing
to the development of advanced experimental scattering techniques. The pioneering
work of Vittorio Luzzati (26-28) sought to understand these underlying structures,
which eventually led to classification of individual lipid phases.

Planar lipid bilayers in their fluid state, fall under the class of smectic A type liquid
crystals. Liquid crystals were first investigated in detail by de Gennes (29), who
categorised and developed the underlying physical properties of this unique phase of
matter. Smectic A liquid crystals are characterised by a macroscopic one-dimensional
layered order, but with a remarkable absence of long-range order within each layer.
The ability of lipids (as with most liquid crystal compounds) to display a variety of
polymorphs is of great interest, because of their occurrence throughout nature; these
polymorphs mostly occur in the presence of water. The most stable of these phases
in excess water (therefore the most biologically relevant), are the lamellar phase, the
inverse hexagonal phase, the bicontinuous cubic phase and micellar cubic phase (30).

The variety of lipid nanostructures that form are the result of the membranes
curvature. As the membrane bends to greater and greater extents, it allows the
structure to change from one mesophase to the next. During these transformations,
the membranous interface will curve more towards the water, confining it into
smaller and smaller compartments. As this mechanism occurs, the geometry of the
water confinement changes from planar to tubular to spherical (9, 31). An interfacial
curvature towards water is commonly defined as a negative curvature, whereas a
positive curvature is characterised by polar/apolar interface curving towards the
nonpolar medium (i.e., toward the membrane core). To characterise the possible
mesophases in terms of its curvature, it is useful to determine the mean interfacial
curvature, which the average of sum of the two principal curvatures, c: and c..
Considering the lipid surface as a pure mathematical object, a point P on the surface
will have two principal planes orthogonal to the surface in which the curvatures of

the surface intersects. The radii of these intersections are the inverse of the two



principal curvatures c: and ¢ (see Figure 1.2). It is also instructive to consider the
Gaussian curvature (32), which is the product of the two principal curvatures. The
Gaussian curvature indicates the overall geometric shape the curvatures create. For
example, spheres will have a positive Gaussian curvature, whilst flat planes or
cylinders will have a zero Gaussian curvature. Negative Gaussian curvature indicates

a hyperbolic or “saddle-like” geometry (33).
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Figure 1.2 A curved surface denoting the point P and the orthogonal planes to the
curved surface. The curved surface intersects the orthogonal planes as shown. The
two principal radii are equal to the inverse of the two principal curvatures. Image
adapted from (32).

As value of the mean interfacial curvature increases, driven by the lipids molecular
shape, phase transitions occur. Changing the temperature and pressure will have
individual effects on different regions of the lipid molecule, leading to different
changes in the interfacial curvature. Through this simple parameter, the phase
changes in the system can be understood and the emerging nanostructures are
classified. The changing molecular shape is the main driving force behind phase
transitions, indeed it also is the primary influence on the mean interfacial curvature.
A key parameter which defines the molecular shape of the lipid is the critical packing

parameter, also known as the shape parameter, CPP, first envisioned by Israelachvili



et al. (10). This is a dimensionless quantity, which relates the molecular volume to
the volume of the lipid headgroup multiplied the lipid length:

v

CPP = (1.1)

aolc

where v is the volume of the hydrophobic tail region, ao is the effective headgroup
area and I¢ is the effective lipid length. Different values of CPP denote different
molecular geometries, thus predicting which mesophase is likely to form (Figure 1.3).
Whilst the CPP is a useful tool for describing molecular shapes, it does not consider
shape anisotropy along an axis normal to the membrane (34). For example, shapes B
and D in Figure 1.3 may appear as wedges along one perspective but more akin to
cylinders along another. Shape anisotropy is an important concept, when describing
how lipids form nanostructures around their relative water cores. For this reason, the
local intrinsic curvature(s) around an individual lipid molecule must also be
considered. In general, lipids with differing intrinsic curvatures will tend to have
anisotropic shapes (32, 34). The signs of these intrinsic curvatures (being positive,
negative or zero) as well as the relationship between them, will determine if the lipids
shape is a wedge or inverted wedge as well as if the nanostructure is an inverse or

regular cylindrical micelle as described by the CPP (shapes B and D in Figure 1.3).
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Figure 1.3 The effective geometric shape of the lipid shown with which mesophase
each shape is likely to aggregate into. The head group shape/area is highlighted in
green. (A) Cone geometry CPP < 1/3 forms micelles. (B) Truncated cone or wedge 1/3
< CPP < 1/2 forms cylindrical micelles. (C) Cylindrical geometry CPP = 1 forms planar
bilayer. (D) Inverted wedge CPP > 1 forms inverse hexagonal phase. e) Inverted
truncated cone CPP > 1 forms inverse micelles. Image taken from (32).

There are many different lipid species which constitute the make-up of biological
material. Different molecular shapes allows the cell to adopt different curvatures.
Complementary to the numerous geometries of lipids and their self-assemblies, there
are varieties of molecular compositions, which can produce unique properties of the
lipid structure. Lipids chains can be saturated or (poly)unsaturated, influencing the
shape parameter, but also influence membrane compressibility and dynamics (35).
In addition to the hydrocarbon chain, the lipid headgroup is essential for interactions,
which take place at the interface. This includes the reciprocity between water, but
also with proteins, peptides and electrolytes. Some lipid headgroups have net

charges (36), but more often than not, lipids are zwitterionic (37-40). In other words,



having a net neutral charge. Phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) are two such lipid species with an electronegative phosphate (P) arrangement in
the headgroup. This phosphate forms a dipole with the nitrogen (N) in the choline or
ethanolamine along the P-N vector. This dipole allows the headgroup to interact with
other polar entities (such as water) in the vicinity. Across nature PC and PE lipids occur
frequently and are a crucial ingredient in mammalian cell membranes (41). For this
reason, they have become the focus of the presented studies.

As mentioned above, the fluid lamellar (also known as Lo- phase) is the lyotropic
analogue to the smectic A-phase liquid crystal (37, 42). When forming MLVs, the
lattice parameter d defines the repeat distance in the stacking direction of the
bilayers. This d-spacing further subdivides into the headgroup-to-headgroup
distance, dun, and the interlamellar water layer thickness dw (Figure 1.4). There are
several other important parameters to consider including the headgroup volume, V4,
the steric bilayer thickness, ds, the chain length, dc, and the area per lipid, A;. For PC
and PE lipids there is also the important partial headgroup thickness, which defines
the distance of the headgroup/chain boundary to the phosphate group. This distance
has been well resolved experimentally (43, 44) to a thickness of 0.49 nm (37),
denoted as Dui. All these parameters are also applicable to the inverse hexagonal

phase (for more details see Chapter 4).
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Figure 1.4 A multilamellar vesicle (MLV is shown) on the left. On the right, commonly
used structural parameters of phospholipid bilayer stacks are defined: the headgroup
extension Dy, the chain length dc, the phosphate to headgroup/chain boarder
distance Dyz, the water later thickness dw, the head-to-headgroup thickness duy, the
steric bilayer thickness dg, the area per lipid A;, and the lattice parameter d.

1.4 Intermembrane Forces

Across the confined water layer in lamellar crystals are different forces at work to
establish and maintain membrane stacking. The first force to consider is the attractive
van der Waals (VdW) force acting between two adjacent membranes. For a
membrane of thickness, ds, at an intermembrane water separation distance, dw, the

VdW force per unit area is (9):

fraw = — a (1 = __ 4 . ) (1.2)

127 \d2,  (dw+dp)? ' (dy+2dp)?

where H is the Hamaker constant. The Hamaker constant is dependent on the
dielectric permittivity of the intermembrane medium (in this case water) and its
contrast to the dielectric constant of the lipid headgroup region. Changes in water
density and structure can alter H and ultimately affect the attractive binding energy
of the VAW force. This force persists over long inter-membrane distances and is

balanced by several repulsive forces.
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The shortest ranged repulsive force is the steric repulsion between lipid
headgroups. The steric repulsion mediates the somewhat incomprehensible scenario
that lipid headgroups of opposing leaflets may overlap with one another, therefore
experiencing a repulsion which permits it from being so. Coming into play when
bilayers are at risk of ‘collisions’, the steric repulsion is only significant at very small
water separations, dw < 0.4 nm. At slightly larger distances of dw =~ 0.4-0.8 nm, the
repulsive hydration force predominantly opposes the VdW force. Although this force
is somewhat poorly understood (45), its existence is apparent in experiments, shown

to take the form (9):

fi = Pyrel=%) (1.3)
where A is the decay length of usually 0.1-0.3 nm. The prefatory, Py, is in the order of
10% Jm3. The final important repulsive force, which acts over very large water
separations, dw > 1 nm, is the Helfrich undulation force (46). This force accounts for
the out of plan bilayer fluctuations as the membrane bends. As undulations increase,
meaning the membrane deviates from its equilibrium position, the force increases

concurrently. The Helfrich force per unit area is given by (9):

(kpT)?
fu= %z (1.4)

where kp is the Boltzmann constant, T is the temperature (in Kelvin) and K¢ is the
membrane bending modulus. All these aforementioned repulsive forces oppose the
VdW force in order to keep the system balanced, acting as a function of
intermembrane distance, dw. These forces constitute the intermembrane potential,
which determines the free-energy landscape of the lamellar crystal. At a particular
distance the summation of these forces reside in an energy minima, which
determines the preferential water spacing distance dw. Factors such as temperature,
pressure and membrane hydration may alter at which distance this minima occurs.
The situation is further complicated when electrolytes are incorporated. Charged
moieties, such as ions, can be dissolved in the aqueous phase. Charges disperse in
the water but may also interact directly with the membrane interface, thus altering
the interfacial charge density. Such alterations produce electrostatic repulsions
between bilayers, which are mediated by their own decay lengths depending on the

ion type, intrinsic charge, but also the ion concentration. The measurement and
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stratification of such electrostatic forces is not trivial but they have been shown to

take the form (47):

f, = 2oston (os) (1.5)

Eo&r

IR

where oy is the membrane surface charge density, Apy is the Debye-Hiickel screening
length and g and g, are the permittivity of free space and relative permittivity of the
solution medium (in our case water). Additionally, the dipole moment of the lipid
headgroup creates an electrostatic interaction with the headgroup dipole of
neighbouring bilayers. The dipole potential is dependent on the headgroup
orientation (observed through apparent headgroup thickness D). This orientation is
strongly influenced by the water content (48) and therefore by the inter-lamellar
water spacing, dw. The dipole of the headgroup will tend to orientate water molecules
in the vicinity which also contributes to the surface dipole potential between

membranes.

1.5 Research Question

The hypothesis for this research project is that there is an interplay between lipids
and the water matrix, which may influence the structure and dynamics of both
entities. The behaviour of the lipid assembly influences the structure and dynamics
of the water molecules and vice versa. Understanding the subtleties of this proposed
interaction will form a deeper understanding of lipid self-assemblies as a whole by
producing a more holistic model of the water behaviour in conjunction with
membranes. There are many open questions surrounding the water-lipid hydration
mechanism. Some interesting examples include the phase alignment of cholesterol
rich domains. These so-called liquid ordered (L,) membrane rafts, which align in radial
direction of MLVs of supported lipid films, observed as a distinct set of diffraction
peaks next to the diffraction peaks of the liquid disordered phase (Lq) (49). A deeper
understanding of hydration inhomogeneity across the membrane may offer an
explanation. Additionally, the postulation of inter membrane water hydrogen bond
bridges (45), may explain the strangely close registry of PE membrane leaflets

compared to PC membranes. Whilst the obvious volumetric differences will influence
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hydration capability, this does not explain why the inter-lamellar water does not

swell, even under the influence of thermal fluctuations (1).

The aim of the project is to produce a deeper understanding of confined water
behaviour and its relationship to the lipid matrix in the hopes of producing a broader
model for lipid self-assemblies, where water and lipid are regarded as a single

inseparable entity.

The project objectives aim to understand the lipid/water structure and dynamics
in planar and tubular confinement, applying a new model for describing three
different water regions. The three regions concern (i) ‘the headgroup water’, (ii)
‘perturbed water’ near the membrane/water interface and (iii) a core layer of ‘free

water’ (unperturbed water). The objectives are the following:

e Objective 1: Demonstrate the confined water organisation model in planar
confinement under the influence of temperature and hydration properties (see
Chapter 3).

o Objective 2: Demonstrate the confined water organisation model in tubular
confinement under the influence of temperature and membrane curvature (see
Chapter 4).

e Objective 3: Demonstrate the confined water organisation model in planar
confinement under the influence of cations with chaotropic to kosmotropic

character (see Chapter 5).
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Chapter 2. Experimental Methods: X-Ray Diffraction of
Lipids Self-Assemblies

2.1 Introduction to X-ray Diffraction
As discussed in Chapter 1, lipids form self-assembled crystalline structures when
hydrated with water. X-ray scattering techniques are an invaluable, non-evasive tool
in understanding lipid self-assemblies formed in water similar to their natural
environmental conditions. Fundamental concepts of X-ray crystallography were
developed at the University of Leeds by William H. Bragg, winning the Nobel Prize for
Physics in 1915. This pioneering work explained the origin and occurrence of
diffraction peaks. X-ray scattering is now routinely used to categorise the atomic or
molecular structure of a variety of materials used across science and industry.

Diffraction of X-ray derives from the phenomena of crystalline atomic planes (or
molecular planes for the case of soft matter systems) to act as diffraction gratings,
producing interference patterns. X-rays are scattered in all directions from the
electron contrast within the atomic planes and display constructive or destructive
interference, depending on the phase difference of the incident waves compared to
the waves received at a detector at an angle, 6 from the scattering plane. Such
reflections are known as Bragg reflections, and the intensity peaks are recorded as a
function of scattering angle, 20. The relationship between the scattering angle and
the inter-atomic distance (also known as the lattice spacing), d, is expressed using
Bragg’s law:

nAd = 2dyy; siné (2.2)

where A is the X-ray wave length and dh is related to the lattice planes described by
the Miller indices h, k and / (for their definition refer to the text book of Kittel (50)). n
is the order of Bragg reflection, which must be an integer value for constructive
interference to occur and a diffraction peak to be observed. For centrosymmetric
crystals, such as lipid bilayer stacks, the condition for constructive interference to be
fulfilled only occurs, when the phase difference between detected and incident
waves is either 0 or 7. Such a situation will produce an intensity maxima, hence a

diffraction peak.
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In the recorded intensity pattern are two types of scattering present: the diffuse
scattering due to the electron contrast (originating from the building block in the
crystal unit cell, the membrane in our case) and the diffraction scattering arising from
the ordered crystal structure. In scattering theory the former is called the form factor
contribution, and the latter is referred to as the structure factor contribution (51),
referring to the crystal structure which, for instance, can take the form of 1D lamellar
stacks or 2D arrangements of rod-like micelles. The scattering intensity is a product
of both the form and structure factor as a function the scattering wave vector
modulus, g. The modulus of the scattering vector, g derives from Braggs law and is

expressed as:

47rsind 21
g=izin?_ 2 (2.2)

where A is the wavelength of incoming X-rays and 0 is half the scattering angle. d is

the lattice spacing. The overall scattering intensity is given by:

S(QIF(@)|?

Where S(qg) is the structure factor contribution and F(g) is the form factor
contribution (see Figure 2.1). Normalising by g? is known as the Lorentz correction
(52). This correction needs to be applied to account for two geometrical factors. The
first of which is resultant from the diffraction pattern to appear as Debye-Scherrer
rings for isotropic scatterers (Figure 2.2), where the total recorded intensity is
proportional to 2rrg (the circumference of the ring). The radius of the ring is related
to the scattering angle and therefore also related to the scattering wave vector, q.
From the convention that all 1D-scattering curves (see Figure 2.1) are displayed as if
recorded by a 1D-detector, only a constant part, dg, from each diffraction peak is
captured. dg represents a fraction of the total intensity of a given Debye-Scherrer
ring. Therefore, each diffracted intensity must be normalised by its g value, since the
total recorded intensity, I(h), is proportional to its wave vector, g(h). The second
correction, derives from the fact that at any given instrumental resolution dg, the
number of crystallites fulfilling Braggs law is inversely proportional to the scattering

vector g (52).
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Figure 2.1 The scattering contributions arising from multi-lamellar bilayer systems.
(A) The structure factor contribution as a function of q according to MCT. The inset
shows a double logarithmic scale of the structure factor decay normalised to the first
order Bragg peak. (B) The absolute square of the form factor. (C) The overall
scattering intensity. Arrows in (b) and (c) indicate the position of the Bragg peak.
Image taken from (53).

2.2 X-ray Scattering from Lyotropic Liquid Crystalline Systems

2.2.1 Lipid Bilayer Scattering Displaying Disorder of the Second Kind

For a single crystal, the diffraction peaks will appear as single points. For powders or
isotropically oriented liquid crystals (such as MLVs in solution) the diffraction pattern
appears as Debye-Scherrer rings on a 2D-detector. Due to the absence of any crystal
structure in ULV dispersions, they will produce diffuse scattering only. MLVs display

both diffuse scattering arising from the membrane and diffraction rings arising from



17

the radial 1D-stacking of the membranes. If our sample were to be supported, such
that the lamellar stack is aligned vertically like a film in grazing incidence scattering
(54), the scattering pattern would appear as a vertical set of diffraction peak points

(perfect stacking) or arcs, if the film displays orientational imperfections (Figure 2.2).

A B

Figure 2.2 Typical X-ray scattering cases from lipid-based membrane systems. (A)
Diffuse scattering from ULVs, (B) powder diffraction from MLVs, and (C) Grazing
incidence small angle X-ray diffraction from supported membrane films. This figure
has been taken from (9).

Lattice disorder is present in all crystals and is considered in the description of the
structure factor. If crystalline structures would contain absolutely no disorder, then
their diffraction peaks would be resemble delta functions. However, this case
practically does not exist. As such, crystal disorder manifests in two important ways,
namely, disorder of the first and second kind.

Disorder or the first kind, also known as thermal disorder, is regularly seen in
solid crystals, where motion about the lattice points (individual atoms) are localised
around an equilibrium position, maintaining the long-range order of the crystal
lattice. This allows the diffraction peaks of solid crystals to be sharp and well defined.
Here, the intensities will decays exponentially with the diffraction order, but the
diffraction peak width is conserved.

Disorder of the second kind is far more relevant to soft matter systems like

lyotropic liquid crystals. Here the motion of building block, in this case the membrane,
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is dictated by the position and motion of its neighbouring membranes. Therefore the
uncertainty in the equilibrium position of an individual membrane increases with the
number of membranes in the stack to such an extent that long-range order is lost
(51). Disorder of the second kind not only dampens the intensity of the diffraction
peaks, but also broadens the reflections as a function of the scattering angle. Indeed
at heightened fluctuation distances under the influence of increased in Helfrich
undulations (Equation 1.4), the diffraction peaks from the second order onwards can
become broad and weakly defined. For this reason, the long-range order in lyotropic
liquid crystals is actually only a quasi-long-range order.

Due to the typical length scales of lyotropic liquid crystals (5-10 nm), we have used
Small Angle X-ray Scattering (SAXS) in these presented studies. As the name suggests,
SAXS measurements take place in the small angle regime, resolving scales from 1-300

nm. This makes SAXS ideal for the study of lipid self-assemblies.

2.2.2 SAXS Data Reduction

The raw scattering data must undergo several important corrections before it is fit
for analysis. Firstly, the so called ‘zero position’ of the direct beam must be set. Most
important, when analysing several data sets for the system, this step essentially
assures that the g-axis origin coincides with the direct beam position.

Next the measured intensity should be corrected for incoming flux and the
different sample transmissions. The former correction ensures the measured
intensity is corrected for the incident flux lp. The latter normalises the scattered
intensity by its transmission, ensuring that all experimental curves are normalised
according to their X-ray absorption aptitude. Practically, both corrections can be
combined into one by dividing the recorded scattered intensity, /(g), by the
transmitted intensity, /7, which is measured after the sample position, for instance by
the attenuated direct beam intensity or by a diode placed in the instrument’s

beamstop (55):

I
leorr(@) = 5 = 1(@)/Ir 2.4)

Thirdly, the background scattering from the empty capillary and the solution

must be removed. This is done in two steps. First the measured empty capillary
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scattering is subtracted from both the recorded solution plus capillary scattering, as
well as the recorded dispersion plus capillary scattering. Second, the pure solution
scattering is subtracted from the pure dispersion scattering. However, the solution
scattering can only be directly subtracted from the dispersion scattering for very
dilute dispersions (< 1 vol%). Generally, the excluded solution volume in the
dispersion must be considered. For example, in a sample comprised of 40 wt% lipids
(which to a good approximation equals 40 vol%) only 60% of the solution scattering
should be subtracted. Simple though it seems, the reality is slightly more
complicated. Variations in capillary diameter and weighing errors can influence the
correct excluded volume fraction, causing it to deviate from the expected value. Thus,
this correction factor should be fine-tuned to match the intensity of the solution to
the zero-points of the form factor given in dispersion scattering (see Figure 2.1 b).
Practically speaking, the form factor zero-points of the dispersion and solution
scattering must be equal before subtracting the excluded volume solution scattering

contribution (in our case water).

2.3 Modelling of the Lamellar Fluid Lipid Bilayer from Scattering

After the data correction, analysis may begin, where the all-important physical
membrane parameters are calculated. Over the decades, various membrane models
have been developed. The first membrane model was suggested by Luzzati (27),
dividing the lattice spacing (d-spacing) into a bilayer thickness d;z and water layer
thickness dw. This model describes the lipid/water interface as a sharp boundary, also
known as the ‘Gibbs-Dividing Surface’ (56). Since we are considering the water
interface in detail throughout these studies, it is useful to keep the Gibbs-Dividing
Surface at the forefront of our interpretations.

The next important models to consider are the bilayer strip models and Gaussian-
based bilayer models (Figure 2.3), which simulate the electron density profiles across
the bilayer (57, 58). The simplest Gaussian bilayer model describes the electron
density profile across the bilayer with three Gaussian distributions, two positive
electron density contrasts for each headgroup, and one negative for the chain region.

For well-ordered fluid membrane stacks, the electron density profile (EDP) is directly
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obtainable from small angle X-ray diffraction experiments (57-59). However, to
produce an accurate EDP, at least four diffraction orders need to be recorded, which
is problematic for fully hydrated and quasi-ordered membrane stacks. The EDP is
useful to determine because it allows direct measurement of the approximate
membrane thickness. What is commonly referred to as the ‘headgroup-to-
headgroup’ distance, duw. This value is measured from the distance of the two given

maxima in the EDP (Figure 2.3B: note, dun = 2 z1).
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Figure 2.3 Phospholipid bilayer models. (A) A strip-model and (B) two different
Gaussian component models are presented. Two lipid molecules are depicted to
illustrate the bilayer electron density profiles. Figure taken from reference (57).

To actually calculate EDP of a bilayer systems model-free, Fourier analysis of the
diffraction pattern is required. The EDP is the result of the Fourier series analysis of

the recorded diffraction data. For centrosymmetric structures, only the cosine terms

need to be considered in the analysis:

Rmax anh)

p(x) = X,2¢ ahicos( - (2.5)
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where h is the diffraction order, F, are the form factor coefficients. Obtaining the
coefficients is achieved from the square root of the Lorentz corrected area for each
diffraction peak. d is the lattice spacing, obtainable from Equation 2.2. For SAXS
experiments of lamellar systems, the peak position scales linearly with the diffraction
order, i.e., the second peak is at twice the g value of the first peak, the third order at
three times the value and so forth. x denotes a position in real space. The ax
parameter in the formula refers to the phasing of each diffraction order. The ‘phase
problem’ arises from the nature of the recorded intensity, /(g), being proportional to
F(g)?, meaning the amplitude’s phase are unknown, since all intensities are naturally
recorded as positive values. Conveniently for centrosymmetric structures, the
phasing reduces to values of £m, resulting in phasing factors, o, = cos(xr) = £1 (60).
Various methods have been employed to solve the phasing problem (61, 62). Often
a priori knowledge of the bilayer structure is used, testing all possible phase
combinations to see which result most closely resembles the expected model (39,
63). For multilamellar phospholipid-based phases, the phase combination goes as: -
1,-1, +1, -1, -1 for the first five diffraction orders (57).

Alternatively to determining the EDP model-free with Fourier analysis, SAXS
curves can be fitted by applying models. Scattering measurements take place in
inverse space (50). As discussed above, in inverse space the scattering intensity is a
product of the form and structure factor, which refers in real space to a convolution
of the membrane profile and the 1D-lattice structural motif (or building block).
Applied fitting models must account for both contributions, form and structure
factor, which allows data fitting over the entire recorded g-range.

Although a calculated EDP provides structural details, it does not produce
information about membrane dynamics. For a fuller picture, we must implement
models that consider the 1D-lattice stacking including its disorder. The first model to
consider disorder of the 2" kind was the paracrystalline theory (64, 65). Whilst this
theory works well for various polymer applications and rigid membrane systems, it
does not consider membrane bending which frequently occurs for lyotropic liquid
crystals. It was in Caillé’s ground-breaking work (66) that, not only membrane
fluctuation, but also membrane bending was considered in the description of

disorder of 2" kind. Later Nagle and collaborators published a structure factor
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description known as the Modified Caillé Theory (MCT) (67), able to measure
membrane fluctuations from the tailing of the diffraction peaks. The mean square
separation of adjacent bilayers decays logarithmically according to MCT. The
intensity in the structure factor decays with a power law behaviour (see Figure 2.1
inset), influenced by the bending and bulk compressibility moduli of the membrane
system. The scope of fluctuation is summarised in the Caillé fluctuation parameter,

71, which is given by (68):
wkgT

- 2d2,/BK,

where kg is the Boltzmann constant, T is the temperature and d is the d-spacing. B

(2.6)

and K. are the bulk compressibility and bending moduli, respectively. Further, 7 is

related to the physical fluctuation distance, g, through the equation (69):

o= \/ﬁ% (2.7)

With these parameters, we are able to form a detailed picture of membrane
dynamics. As previously discussed, membrane fluctuation broadens the diffraction
peaks as a function of g. MCT therefore quantifies the peak broadening by the tailing
off of the peaks, such that peaks with longer tails suggest a higher degree of
fluctuation.

In the global fitting ansatz (56, 70), both form and structure factor are applied to
fit the entire SAXS diffraction curve. The bilayer model applied in this studies uses
three Gaussian distributions, one for each headgroup region and one for the
hydrocarbon core (cp. Figure 2.3 B, left). Each of the annotated lengths is used as a
fitting parameter to estimate the EDP, which serves to fit the diffuse form factor
scattering contribution.

Optimising the curve fitting leads equally to a refined structure factor calculation.
The fit result pertain the lattice parameter, d, and lattice disorder, which is related to
the mechanical parameters of the bending and bulk compression moduli (Equation
2.6). Fitting both form and structure factor contributions also means that disordered
samples can be analysed and accurate information about the membrane thickness
and fluctuations distances are obtained. Even in the case of broad or weakly defined

diffraction peaks.
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Chapter 3 Planar Confined Water Organisation in Lipid Bilayer
Stacks of Phosphatidylcholine and Phosphatidylethanolamine

Abstract

Phospholipid-based liposomes are abundantly studied in biomembrane research and
used in numerous medical and biotechnological applications. Despite current
extensive knowledge on membrane nanostructure and its mechanical properties
under various environmental conditions, there is still a lack of understanding on
interfacial lipid-water interactions. In this work, the nature of the confined water
layer for L-a-phosphatidylcholine (egg-PC), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dimyristoyl-sn-glycerol-3-phosphocholine (DMPC) and 1,2-dimyristoyl-
sn-glycero-3-phosphoethanolamine (DMPE) in the fluid lamellar phase of
multilamellar vesicles was investigated. A new model for describing three different
water regions is proposed, which have been characterised using a combination of
small angle X-ray scattering (SAXS) and densitometry. The three regions concern (i)
‘the headgroup water’, (ii) ‘perturbed water’ near the membrane/water interface
and (iii) a core layer of ‘free water’ (unperturbed water). The behaviour of all three
layers is discussed as a function of temperature, concerning influences of chain
saturation and headgroup type. While the overall water layer and perturbed water
layer thickness increase with temperature, the free water layer displays the opposite
trend for PCs, and in PEs is completely absent. Furthermore, an estimate of the
temperature dependent headgroup orientation is given for both, PCs and PEs. The
newly presented structural data deduced from the three-water region model will be
useful for future refined molecular dynamics simulations and allow a better
theoretical understanding of the attractive Van der Waals force between adjacent

membranes.
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3.1 Introduction

Amphiphilic lipid self-assemblies belong to the class of lyotropic liquid crystals, and
as such, they display a variety of complex mesophases and nanostructures,
depending on the environmental conditions, lipid type and molecular shape (9, 10,
71). In this study, we focus on the biologically most significant fluid lamellar phase of
phospholipids, which form the core matrix of plasma cell membranes (72-74). In
particular, we investigated the hydration behaviour of phosphatidylethanolamine
(PEs) and phosphatidylcholine (PCs) multilamellar vesicles (MLVs); two very
prominent biomimetic model membrane systems (37-40, 75). Generally, liposomes
of multilamellar and unilamellar vesicles are widely studied as model systems for
understanding the role of the biomembrane matrix in solute interactions, raft
formation and fusion processes (21, 23, 76, 77). Further to this, their importance is
fundamental in the design of nanoparticles for drug delivery (78-81), due to their low
toxicity, compatibility with cellular membranes as well as tuneable functionality.
More recently, membrane research is focussing on the understanding of essential
processes of life through modular reconstitution of artificial and minimal cells (82,
83), and the use of giant unilamellar vesicles (GUVs) as bioreactors for artificial cell
replication to take place (84). All these applications have been bolstered by the
information extracted from studying the fluid lamellar phase.

Biomembranes exist in excess of water and the extent of membrane hydration is
primarily dictated by the propensity of the headgroup to form hydrogen bonds with
interfacial water molecules (85). Elevated temperatures increase the area per lipid
due to enhanced chain splay (86), which increases the hydration as the headgroup
occupies a larger volume. Another factor influencing chain splay is the number of
double bonds along the chain, which dictates the chain disorder, and thus influences
in turn the area per lipid. Considering the membrane hydration in each case, PCs are
known to hydrate well, displaying a full hydration limit at around 43 wt% of water
(37,87), compared to about 25 wt% in PEs (31, 88). Further, molecular dynamics (MD)
simulations on PC membranes indicate, that a clathrate shell forms around the
choline moiety due to the hydrophobicity of the methyl groups (89-91), allowing a
greater number of water molecules to become associated with the headgroup of PCs.

Additionally, the PC headgroup’s greater volume and larger area per lipid provide a



25

greater physical space for interfacial hydration to take place (37). Hydrogen bonding
at the lipid/water interface primarily occurs at the oxygen atoms associated with the
phosphate of the lipid headgroup as well as at the carbonyl group of the ester linkage
in both PCs and PEs.(89, 92, 93) It has also been put forward that inter-bilayer
hydrogen bond bridges between adjacent PE membranes prevents the MLVs from
swelling.(43, 94)

Our understanding of membrane properties is based on several theoretical
aspects. Firstly, the formation of a lipid bilayer is driven by the hydrophobic effect
(14), whereby it is energetically more favourable for the polar headgroup to
aggregate in an aqueous environment, while the hydrophobic chains will prefer to
aggregate among each other (95). Thus, the headgroup interface forms protective
layers largely excluding water molecules from the hydrophobic core of the bilayer
(13). The first membrane model was suggested by Luzzati (27), dividing the lattice
spacing (d-spacing) into a bilayer thickness diz and water layer thickness dw. This
model describes the lipid/water interface as a sharp boundary, also known as the
‘Gibbs-Dividing Surface’ (96). In the fluid phase of PCs and PEs this boundary is close
to the position of the phosphate atom of the headgroup (37). Whilst this model is a
reasonable approximation, and works well for PCs and PEs to derive structural
parameters such as the membrane thickness, it does not reflect the true interfacial
details of the distribution of water at the polar/apolar lipid water interface. The next
membrane models to gain popularity were bilayer strip models and Gaussian-based
bilayer models, which simulate the electron density profiles across the bilayer (Figure
A1) (56, 70). The simplest Gaussian bilayer model describes the electron density
profile across the bilayer with three Gaussian distributions, two positive electron
density contrasts for each headgroup, and one negative for the chain region (97).
From well-ordered fluid membrane stacks (as a rule of thumb, at least four diffraction
orders need to be recorded (57)), the electron density profile (EDP) is directly
obtainable from small angle X-ray diffraction experiments (59), while for less-ordered
fluid lamellar systems their bilayer structure is commonly analysed by applying global
fitting procedures (51, 58). Once the refined bilayer EDP is obtained, it is possible to
determine the head-to-head distance, duy, from the positions of the two positive

electron density maxima. In order to take into account not only the form factor
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scattering contributions (arising from bilayer scattering), but also the structure factor
contributions (lattice scattering contributions), we applied a global fitting method in
this study described in more detail in the Material and Methods section and works of
Georg Pabst and colleagues (70, 98). Importantly, it allows us to additionally evaluate
membrane fluctuations in the MLVs resultant from the mechanical behaviour of the
bilayers.

As outlined above, great knowledge on the nanostructure of lipid self-
assemblies has been accumulated, however, there is still a lack of understanding of
membrane behaviour in conjunction with its confined water. Studies are scarce which
investigate how the lipid and the confined water layer interact, and rarely a holistic
view is applied, treating the lipid/water systems as a single inseparable unit.
Exceptions concern the work of Mezzenga and co-workers, who have focussed on the
confinement of water in various lipid self-assemblies (99). They have shown that low-
temperature crystallisation of molecules into a hexagonal structure is prevented and
only amorphous ice forms. Pabst and colleagues included in their latest bilayer
modelling also a fixed number of headgroup-bound waters next to an unbound water
distribution (100). More specifically, Kasson et al. have shown that water ordering
takes place at the membrane interfaces, when simulating the fusion of two vesicles.
This surprisingly leads to a form of hydrophilic confinement of non-bulk-like water
behaviour (101). More generally, in terms of the waters’ behaviour relative to the
planar lipid bilayer, Mclntosh and co-workers have published several studies on
membrane hydration and water depth penetration, which suggest vastly differing
hydration processes between PCs and PEs (43, 94, 102, 103). Within confined water
research, Wurpel et al. used coherent anti-Stokes Raman (CARS) techniques, showing
some evidence suggesting weakened hydrogen-bonds (H-bonds), when interlamellar
waters were confined in MLVs (104). These weakened H-bonds among interlamellar
waters was confirmed again with attenuated total reflection Fourier transform
infrared (TR—FTIR) (105). More recently it has been suggested in a NMR study that
‘bound water’ near the region of the lipid headgroup is more stable than bulk water,
having a more restricted motion and longer stability than that of the bulk (106). This

study also supports the idea of distinct water species within the confinement. In all
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these works, however, there is a lack of discussion on what consequences these
observations might have on the bilayer in return.

There remain many open questions regarding membrane behaviour, for
which it might be possible that water structuring around the bilayer could give some
answers. For example, the incorporation of cholesterol into the bilayer can induce
cholesterol-rich domains, so-called liquid ordered (Lo,) membrane rafts, which align in
radial direction of MLVs or supported lipid films, i.e., L-membrane domains register
in stacking direction, and are observed as a distinct set of diffraction peaks next to
the diffraction peaks of the liquid disordered phase (Lq) (49). Cholesterol imbeds itself
along the hydrocarbon chain, reducing its degrees of freedom (107), reducing the
area per lipid and increasing the membrane thickness, which in turn disrupts the
homogeneity of hydration across the membrane, in which Lg and L, stacked domains
coexist (108). To this end, it remains an open question (109), if these confined water
differences may have any effect on the stacking alignment of L, and Ly membranes,
respectively. The effect of interfacial water structure might be of great importance
for solving this poorly understood phenomenon. Secondly, whilst it is fairly well
understood that PEs hydrate poorer than PCs, it is comparatively less understood why
this should bring the adjacent bilayers in PEs into such a close separation distance of
0.4-0.5 nm only (45). It seems an additional attractive force contribution is missing to
fully understand the thin interlamellar water spacing. Hopefully, these and other
open questions can be better understood from more in-depth studies on the
confined water structure.

In this study, using a combination of small angle X-ray scattering (SAXS) and
densitometry, we are proposing a new distinctive description of individual water
regions. Our model accounts for three water layers, namely concerning ‘headgroup

water’, ‘perturbed water’ and ‘free water’.
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3.2 Materials and Methods

3.2.1 Materials

L-a-phosphatidylcholine (egg-PC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
dipalmitoyl-sn-glycerol-3-phosphocholine  (DMPC), 1,2-dimyristoyl-sn-glycero-3-
phospho-ethanolamine (DMPE) were purchased from Avanti Polar Lipids (Alabaster,
AJ, USA) and used without further purification. All lipids had a purity of >99%, except
egg-PC >95%. All lipids were studied exclusively in their fluid phase, therefore all
measurements were carried out above their melting temperature Tm. The
experimental temperatures ranged from a few degrees above T, (note, melting

points are given in section 3.3.1) up to 80 °C.

3.2.2 Densitometry Measurements

Samples were prepared in concentrations of 10 mg/ml using ultrapure, distilled water
(resistance 18 MQ cm) and vortexed for at least 5 minutes until the lipid was fully
dispersed forming MLVs. Density measurements were taken using an Anton-Paar
DMA-4500M densitometer (Graz, Austria). The apparatus measures density via the
vibrating tube principal (110). We note that the formation of air bubbles within the
tube can affect the densitometry measurements quite significantly. Thus, air bubbles
were removed by placing the sample in a shaking water bath for 5 minutes and then
stirring it on a hot plate at 80°C for another 5 minutes.

Equation 3.1 converts the measured density values into the partial specific volume

per lipid (110, 111),

py = —(1 -5 (3.1)

Ps ¢

where py is the partial specific volume of the lipid, ¢ is the measured density of the
dispersion, @ is the density of the solvent (water), and cis the concentration of lipids.
The densities of water at each temperature were taken from the calibration charts of
the operating manual for the machine. Equation 3.2 is used to calculate the volume

per lipid,

M
V, = N_z. Py (3.2)

where M; and Na are the molecular weight of the lipid and Avogadro’s number,

respectively. It is important to note that DMPE proved to be problematic to measure
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with this technique, often a sedimentation of the DMPE liposomes was observed
inside the oscillating tube. Since we were not able to verify the exact reason for this
particular behaviour, the volumetric data for DMPE was taken from literature (112)

and used for further data analysis.

3.2.3 Small Angle X-Ray Scattering (SAXS)
All samples were prepared by suspending lipids in ultrapure water at differing weight
percentages (wt % of lipid) (Egg-PC at 40 wt%, DOPC at 40 wt%, DMPC at 25 wt% and
DMPE at 20 wt%), and vortexing them at room temperature for 5 minutes until a
homogenous dispersion formed. We note that all samples were prepared in excess
of water; in order to optimise the SAXS counting statistics of Egg-PC and DOPC MLVs,
higher weight percentages were chosen for these less ordered systems. Owing to the
PEs poorer hydration properties compared to PCs, the DMPE sample was kept at 80°C
for 2-3 minutes in order to facilitate full lipid hydration; upon cooling a homogenous
dispersion formed. The samples were then transferred by pipette into 1 mm reusable
quartz capillary holder and inserted into a temperature-controlled stage on the
SAXSpace instrument (Anton Paar, Graz, Austria).

The scattering intensity is a function of the form and structure factors of the

sample, expressed with the equation:

S(OIF()|?

q2
where S(g) and F(g) are the structure and form factor contributions, respectively, and

q is the scattering wave vector modulus expressed as:

q= 41r;in6 (3.4)

where A is the wavelength of incoming X-rays and 28 is the scattering angle.

All scattering curves were normalised by the sample transmission and incoming flux,
which was achieved by dividing each SAXS curve with the recorded attenuated direct
beam intensity. Secondly, the normalised scattering contribution of the empty
capillary was subtracted from all other normalised data sets. Thirdly, the pure water
SAXS pattern was subtracted from the dispersion SAXS pattern. In this last data

reduction step, the excluded water volume was considered (113).
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All fully corrected scattering patterns were analysed according to the modified Caillé
theory (MCT) (67, 68), considering both the bilayer nanostructure and membrane
fluctuation. The exact analysis model and underlying grounds have been described
elsewhere (70) (for an in depth review see Rappolt (58)). Parameters such as the
lamellar repeat distance, d, and the bilayer head-to-head distance, duy, are directly
obtainable from the global fits. The key mechanical fitting parameter, 1, known as
Caillé parameter or fluctuation parameter, defines the extent of membrane
fluctuation. This parameter is directly related to the mean membrane fluctuation

distance, o, via the equation (69):

d
o= .n - (3.5)
where d is the lamellar repeat distance. Global fitting examples of DMPC, egg-PC and

DOPC sample are shown in the Appendix A (Figure A2).

We note that this global fitting procedure worked well for fully hydrated PC samples,
however, it was difficult to obtain satisfactory global fits for DMPE without applying
stronger fitting constraints, most probably due to the less suitable structure factor
description in this case. Thus, a model free approach was applied. That is, a Fourier
analysis was used to obtain the EDPs for DMPE. For centrosymmetric structures such
as bilayer stacks, the Fourier summation reduces to only the cosine terms,(59) given

by the equation:

anh) (3.6)

p(x) = Epmex £ Fy cos (25
where h is the order of the Bragg-reflection, x is the distance is real-space, d is the d-
spacing, obtained from the peak positions, g(h), (g(h) = 27 h/d) by linear regression,
and Fn are the form factor values derived for each peak. dyy was deduced from the
positions of the two positive maxima in the EDP. 1 values for DMPE were taken from
previous synchrotron SAXS studies (40). Fn coefficients were obtained by measuring
the height of each peak relative to the baseline and performing the Lorentz
correction. We note that for the SAXS instrument used with a beam size of 0.2 x 20
mm (this beam profile can neither be considered a perfect point nor ideal line focus),
the Lorentz correction was given by the empirical value of g* (this specific correction
was derived from reproducing as close as possible published EDPs of DPPC in the gel-

phase (62, 97, 114); note powers of 1, 1.25, 1.5, 1.75 and 2 were tested). The
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corrected intensities were square rooted. All F(h)/F(1) values are reported in the

Appendix A (Table Al).

3.2.4 Definition of Three Distinct Water Layers

For our study, we introduce three different regions of water. Figure 3.1 shows a
schematic of a single lipid and outlines thicknesses of each of its water regions: (i) the
‘headgroup water’ (blue), (ii) ‘perturbed water’ (light blue), and (iii) the ‘free water’
regions (light green). Note, that these highlighted regions are shown per lipid. The
overall lipid length is divided into the chain length, dc (the occupied chain volume is
shown in light orange in Figure 3.1) and the headgroup thickness, Dy. The partial
headgroup thickness, Dy1, measures the distance between the phosphate and the
average hydrocarbon chain boundary. An experimentally scrutinized value was
published by Nagle and co-workers, reporting Dyz = 0.49 nm for both PCs and PEs (37,
43, 44), which enables the deduction of the lipid chain length from the experimentally
obtainable head-to-head distance, dux (i.e., the phosphate to phosphate distance).
Finally, introducing a second partial headgroup length, Dn2, the Luzzati bilayer
thickness can be expressed as a function of dun:

diz = duH +2(DH2-Dh1) (3.7)

For clarity, all parameters of Equation 3.7 are defined schematically in Figure 3.1
(note, since we display one lipid molecule only, diz/2 and dux/2 are shown). The three

water layer thicknesses per lipid, concerning the headgroup, perturbed and free
water regions are referred to as (i) Dy, (ii) dg, and (iii) d‘{,/Z. Note, dg, is defined to

be equal to o (Equation 3.5) and appears on either side of the free water core, d‘{,.
Finally, the total water layer thickness can be written as:
dy = d— dyz = 2d3 + 2(Dy — Dyp) + d7 (3.8)

We note, that dny and diz for PCs and PEs are not far off, i.e., they are equal to each
other within 0.1-0.2 nm (37), and for a first approach estimation can be set equal.
However, there is simple way to estimate this deviation 2(Dn2-Dn1). Since the water
volume in the headgroup region, Vi, can be described by the Luzzati method as well
as by using the excluded headgroup volumes, Vu, approach, we can write:

(DH - DHZ) A, =Dy A, — Vy (3.9)
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where A, is the headgroup area per lipid. From volumetric data and the EDPs it is
possible to determine the area per lipid, A;. Using the deviation of duy from diz one

arrives at the equation:

2V, 2Vp,
drz dyp+2:(Dy2—DHy)

A, (3.10)

Finally, inserting A, from Equation 3.10 into Equation 3.9, we are able to estimate Dy»

(see Appendix A).
— Vi (dHH=2DH1)
Drz = =5 50 (3.11)

We note that this ansatz can be used as an alternative approach for carrying out
tedious and long-lasting gravimetric measurements. Exemplary values on dus, dizand
A of this study are listed together with literature values in Table A2 and show very

good agreement.

N

Figure 3.1 The three-water region model. A simplified lipid model is depicted in
grey/black together with the distinct water layers associated with the (i) headgroup
(blue), (ii) perturbed (light blue), and (iii) free waters (light green). The chain region
is shown in light orange.

Specific numbers of waters per water region were calculated, dividing the partial
water volumes (A;- dg, and AL-d‘{V/Z) by the volume of a single water molecule (Vk2o
= 0.03 nm? (115)). The headgroup thickness Dy, was taken from literature to be 0.9

or 0.85 nm for PCs and PEs, respectively (37). Dy is dependent upon the averaged
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headgroup orientational angle, this idea is investigated in more detail in section 3.3.6.
Lastly, the headgroup volumes were derived from the gel-phase to be Vi =0.319 nm?

(37) and 0.252 nm3 (40) for PCs and PEs, respectively.

3.3 Results and Discussion

3.3.1 Volumetric Data

The volume per lipid, Vi, was determined from the density measurements and are
summarised in Figure 3.2. In all cases, a linear increase in the volume per lipid is
observed as the temperature increases. The behaviour of the membrane in the fluid
phase is relevant to this study, thus for Egg-PC and DOPC data were measured from
10 to 80 °C, whereas DMPC was investigated from 25 to 80 °C and DMPE from 57 to
80 °C. We note, that the melting points, Ty, for egg-PC, DOPC, DMPC and DMPE, are
-15°C, -17 °C (116, 117), 24 °C (116, 117) and 50 °C (116, 117), respectively. A higher
transition temperature for DMPE of 55 °C was reported by Koynova and Hinz (112).
Similarly, we observed in our SAXS experiments an abrupt lattice spacing change at
55 °C (in the heating direction the d-spacing decreases from 5.5 to 5.0 nm), which is
in agreement with previous X-ray scattering measurements (118). In order to ensure
that all samples were fully in the fluid phase, we have only included data above the

main transition.
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Figure 3.2 Volumetric data per lipid for each of the samples measured. Our results
are in good agreement with previous studies on egg-PC (119), DOPC (120) and DMPC
(121). Data for DMPE was taken from (112).

3.3.2 Overview of the Bilayer and the Three Water Regions

Data from the SAXS curves were analysed to decipher the thicknesses of the different
sub-layers of the interstitial water by using Equation 3.8. The behaviour of the
different layers with temperature is summarised in Figure 3.3 in schematic diagrams,
showing two opposed lipid monolayer leaflets. From top to bottom the layers of the

hydrocarbon chains, dc, the headgroup extension layer, Dy, the perturbed water layer

thickness, dJ,, and the free water layer thickness, d{v, are depicted. In all cases, a
thinning of the bilayer is observed with increasing temperature, reflecting the extent
of chain disorder. As the temperature increases, so does the thermal energy available
to the chains, which undergo increasingly trans to gauche conformations (122, 123),
thinning the bilayer monotonously with temperature. Whilst the bilayer itself thins,
the overall d-spacing increases due to the dominant water layer increase, reflecting
the swelling of MLVs for all PCs measured. Remarkably, for DMPE the water layer
thickness slightly shrinks. That is, the water uptake is greatly reduced, when
compared to the PC MLVs (the water uptake will be further discussed in Section

3.3.5). Membrane fluctuations also tend to increase with temperature as seen by the
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increase in dg, (its boundaries are given by green and blue lines). Interestingly as the

fluctuations increase, d,f, shrinks. This was observed in all PCs investigated. The case
is very different for DMPE, where the membranes are in such close registry that the
opposed perturbed water layers in fact slightly overlap; consequently, there is no free
water layer apparent. For this reason, the free water boundaries (green) have been
omitted in the DMPE structural data-based schematic. We note that for now we have
taken the headgroup thicknesses, Dy, to be constant over the entire temperature
regime; this simplification will be dropped in Section 3.3.6 and temperature

dependent estimates for Dy will be discussed.
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Figure 3.3 Diagrams showing the structural changes of the three water layers and two
opposed lipid leaflets (light orange) as a function of temperature. The solid black lines
indicate the position of the methyl trough region and the dashed black lines the
position of the phosphates. The blue lines indicate inner and outer headgroup
boundaries, and the light green lines indicate the boundaries between perturbed and
free water regions. The three water layers are colour-coded blue (headgroup water),
light blue (perturbed water) and light green (free water).

3.3.3 Headgroup Influence on the Interlamellar Water Regions
For a better understanding of the influence of the headgroup onto the planar-
confined water regions, we compare DMPE vs. DMPC in detail. Figure 3.4 summarises

the overall behaviour of the membrane and water layers as a function of
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temperature. The difference between these two lipids is the presence of a choline
group for DMPC and an ethanolamine group for DMPE, both conjugated to the
phosphate group. Both lipids form hydrogen bonds around the phosphate group, but
the hydration level in DMPC is clearly enhanced due to the three methyl groups being
associated to water clathrate shells (124, 125). Cleary, the behaviour of d,, is the
most apparent difference between these two lipids, and the influence of the
hydrogen bonding and hydration propensity influence this. Membrane fluctuations
further increase the water layer thickness in DMPC, as the repulsion between
bilayers, due to the Helfrich undulations (46), does increase with the mean
membrane fluctuation distance, ¢ (Equation 3.5). As seen in Figure 3.4b (middle
panel), the perturbed water layer thickness, d3,, of DMPE instead is very constrained,
not changing by more than tenth of a nanometre over the entire temperature range.
That is, the membrane fluctuations are far less noticeable, when compared to DMPC.
This is coupled with the diminished ability to retain water between the bilayer and
near the headgroup (125). Further to this, the perturbed water layer is relatively
small, leaving very little interstitial water between adjacent membranes, leading to
an extreme close registry of adjacent membranes. Most remarkably, is the apparent
absence of a free water layer in DMPE. This is markedly different for the case of PCs;
coupled to a greater repulsion force acting on DMPC membranes, the MLVs do swell
significantly at higher temperature. Nonetheless, the free water layer thickness
(Figure 3.4b, top panel) decreases with temperature for DMPC, since the water up-

take is greatly dominated by the ‘perturbed water’ layer increase.
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Figure 3.4 Structural parameters of DMPE and DMPC. a) Behaviour of the bilayer
thickness, dunn (top) and overall d-spacing (bottom) as a function of temperature. b)
The thickness of the free water layer (top) and perturbed water layer thickness
(middle) and the overall water layer thickness (bottom).

Taking a closer look to Figure 3.4a, we can clearly see that the bilayer, dun, shrinks
upon heating in both cases. This is expected as this is mainly dominated by the
hydrocarbon chains, which become more disordered as the temperature increases,
transferring from trans to gauche states (123). Both lipids have the same fully
extended, all-trans state chain length of 1.63 nm, as outlined by Seelig and Seelig
(123) (note, here dc is defined as (Nc - 1) - 0.125 nm, with N¢ being the number of
hydrocarbons and 0.125 nm being the chain-projected C-C bond length). At 80 °C this
value reduces by 0.39 nm and 0.53 nm for DMPE and DMPC, respectively, which
would amount to four effective gauche states per chain for DMPC and three effective
gauche states for DMPE. We note, as described in the common brush model (53,
126), the membrane bending modulus, K¢, is proportional to the squared membrane
core thickness, (2dc)?, as well to the area compression modulus, Ka (126),:
K. = K, (2d()?/24 (3.12)

Where the term 2d. represents the “deformable” membrane thickness. Equation

3.12 arises from the consideration of a simple elastic sheet (monolayer), the area
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expansion of a region within the sheet is related to the change of the arc lengths
based on the two principal curvatures as well as the regions distance from the mid-
plane. The volume expansion then, is related to the area expansion and the thickness
of the region of interest as well as the elastic properties represented by Kcand Ka.
Therefore, the energy of expansion across the entire thickness of the simple elastic
sheet is proportional to the elastic constants, Kcand Ka. For two simple elastic sheets
forming a bilayer, the energies are summed. It is important to note that the brush
model does not consider energetic contributions resultant from lipid headgroup
interactions. The model stipulates that changes in surface pressure derive from the
free energy changes in the chain region (see appendix in reference (126)). However,
more detailed elastic free energy models which consider headgroup interactions as
well as energetic cost of tilt elasticity have been developed (127). Never the less, we
apply the simple brush model in this case because of its effectiveness at predicting
the relationship between elastic constants and membrane thicknesses for the
lamellar phase (126). Hence, the influence of the bending modulus on the mean
fluctuation distance, ¢, is inversely proportional to the ‘deformable’ membrane
thickness (note, 02 o n o< 1/VK, o« 1/(2d.) (9, 69)). In simple words, thicker
membranes are expected to fluctuate less, leading to a thinner perturbed water layer
dg,. The results obtained for DMPE are understood through the brush model, where
the membrane is thicker compared to DMPC, therefore the fluctuation distance is
shorter. Studies to experimentally measure the bending modulus in DMPE and DMPC
have produced varying results(128-131), but a recent simulation study (132)
determined the bending modules, K¢, for DMPE at a value of 22 kgT compared to 14
ksT for DMPC, implying stiffer DMPE membranes. Considering the d-spacing, we see
that PC MLVs swell, whilst PEs slightly shrink as a function of temperature, which is
in this picture is generally understood on the basis of the differing mechanical
properties of the membranes.

The Helfrich undulation force depends on the membrane bending modulus as
well as the interstitial water layer thickness. However, at small water layer distances
(0.4 to 0.8 nm) the repulsive hydration force is dominant, which decays exponentially
with dw (133, 134). Across all bilayer separations, the Van der Waals (VdW) attractive

force competes with the two aforementioned repulsive forces, and ultimately, this
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balance of forces determines the adjacent membrane distance, dw. The attractive
VdW force is proportional to the Hamaker constant, which is related to the static
dielectric permittivity of the aqueous medium. Changes in the density across the
aqueous medium will influence the dielectric permittivity and therefore influences
the strength of attraction between adjacent membranes. In general, a decrease in
water density decreases the permittivity, which alters the dielectric contrast
influencing the Hamaker constant (for a review see chapter 13 in Israelachvili’s book
on ‘Intermolecular and surface forces’ (135)). Considering the density changes across
the water layer, it is plausible that the water density is slightly different in each of the
defined sub-layers (Figure 3.1), due to the influence of the membrane undulations
and the degree of headgroup hydration. The orientational ordering of water around
the headgroup dipole increase the strength of the interfacial electric field which also
contributes to the decrease in relative permittivity. These supposed water density
differences mean that the permittivity is non-uniform across dw, therefore, in a
refined description of the VdW force, the Hamaker constant should be considered to
change as a function of distance from the polar/apolar interface. The area per lipid
also needs to be considered in the strength of the Hamaker constant. For instance,
an increase in the area per lipid decreases the effective surface charge density
(deceasing the strength of the interfacial electric field) in the headgroup region.
Consequently this increases the (relative) dielectric permittivity in the interfacial
(headgroup) water region (136-138). Similarly, the ordering of water molecules close
to the membrane interface (within the Stern layer) will diminish as a result of the
weakened electric field, resulting in an increase in relative permittivity (139). This
increase in permittivity affects the strength of the VdW interaction allowing the water
spacing to increase, which is observed in the swelling of PC MLVs.

Similar arguments, but with opposite effect, apply for VdW force in DMPE. In
the absence of a free water layer (when only the perturbed, less dense water is
apparent) a relative decrease in dielectric permittivity of its interstitial water is
expected, hence a greater overall Hamaker constant. In contrast to PCs, the dominant
repulsive force is not the Helfrich undulation force; the water hydration force is
dominant at such small membrane to membrane distances (125, 140). Remarkably,

the very low dw in PE systems has long puzzled the scientific community (43, 45). In
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1982, Lis et al. considered an increase in the attractive VdW pressure explaining the
smaller equilibrium spacings in PE systems but actually reported on too large dw
values. This led to other research groups assuming other additional attractive forces
in order to overcome the repulsive hydration force in PE membrane stacks. The idea
of a solvent-mediated attraction force found some attraction (see references (45,
125) and therein). It has been argued that a small fraction of direct electrostatic
and/or indirect hydrogen-bonded water interactions between the NH3* group in one
membrane and the POs4 group in the opposing membrane could account for the

additional interaction in PE bilayers.

3.3.4 Hydrocarbon Chain Saturation Influence on the Interlamellar Water Regions

Figure 3.5 compares the effect of the hydrocarbon chain and degree of saturation for
DMPC, DOPC and egg-PC. All lipids possess the same choline-tipped headgroup.
DMPC is fully saturated (C14:0 chains), DOPC has monounsaturated chains (C18:1)
and egg-PC is a mixture of lecithins, both with saturated and unsaturated PCs (mostly
C16:0and C18:1) (141). In general, across all the parameters described, the hydration
behaviour is the same, in that water layer thicknesses increase with temperature as
the liposomes swell under the influence of the increasing Helfrich undulation force.
The unsaturated chains in DOPC and egg-PC make them more susceptible to chain
splay and hence chain disorder, however, their effective chain length is bigger than
for DMPC. Hence, the DMPC bilayers are actually thinner, while DOPC and egg-PC
bilayers display similar dunw values (Figure 3.5a, bottom). According to the brush model
(see Equation 3.12), the membrane rigidity is not only influenced by the chain fluidity
and hence its lateral compressibility modulus, Ka, but more strongly to variations in
the ‘mechanical’ membrane thickness. We note, that K4 does not vary much among
PCs containing C14:0, C18:0, C18:1 and C18:2 hydrocarbon chains (126), which are
predominantly also found in eggPC. Thus, with eggPC and DOPC having significantly
bigger bilayer thicknesses than DMPC (Figure 3.5a, top), one would expect this to be
reflected in a lower membrane rigidity of DMPC bilayers. However, Doktorova et al.
pointed out that the classical brush model is not equally applicable to fully saturated
lipids, when compared to lipids with unsaturated chains (35). Evidence is put forward

that the ‘mechanical’ or ‘deformable’ thickness is relatively bigger for saturated lipids
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(coming close to dun), whilst being close to 2dc for unsaturated lipids. Thus, similar
‘mechanical’ membrane thicknesses among eggPC, DOPC and DMPC would explain
similar values in dJ,. Indeed, our determined n values (Caillé fluctuation parameter)
for the studied PCs do not vary much and are in good agreement to literature values,
when comparing identical hydration conditions at 30 °C (DMPC: 0.080 compares to
0.077(129); DOPC: 0.081 to 0.095(120) and eggPC: 0.073 to 0.088(69)). Finally, the
deviation from a linear water layer thickness trend in DMPC (see 25-30 °C interval),
is explained by the effect of anomalous swelling just above the melting point of DMPC
(129, 142), where the coexistence of gel-like domains in the fluid lamellar bilayer lead
to a drop in both the bending rigidity and the bulk compression modulus. The
anomalous swelling regime in DMPC also explains the local minima in the recorded
d-spacing of DMPC at about 40 °C; while the bilayer thickness monotonously
decreases, the MLVs do swell near the melting point as well as at high temperature.

As mentioned before for DMPC, the trend in the free water layer spacing
(Figure 3.5b top panel), is opposite to the dominant increase in the perturbed water
layer for all PC samples. At lower temperatures the equilibrium distance between
adjacent bilayers, dw, ranks in the order of DMPC > egg-PC > DOPC, most probably
reflecting the reverse order of deformable membrane thickness, which in turn
dominates the strength of the Helfrich undulation forces. The same ranking in

thickness is found for the free water layer thickness.
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Figure 3.5 Structural parameters of DMPC, egg-PC and DOPC. a) Temperature trend
of the bilayer thickness, dux (top), and d-spacing (bottom). b) Thickness of the free
water layer (top), the perturbed layer (middle) and overall water layer thickness
(bottom) as a function of temperature.

3.3.5 Number of Water Molecules in the Three Water Regions

The area per lipid shows a general increase with temperature (Figure 3.6a). DOPC
obtained the largest area, owing to the relatively highest disorder in the hydrocarbon
chain, arising from the two monounsaturated oleic acid chains (C18:9). DMPE has the
lowest area per lipid, which is understood due to its relatively small headgroup, and
coupled to it, the relatively lowest disorder in the hydrocarbon chain region caused
by the lowest number of gauche conformers per saturated myristic acid chains (see
discussion in Section 3.3.3). Another major difference of DMPE MLVs is the fact that
they do not swell as compared to PC MLVs. An entirely different balance of forces
and poor hydration does explain this exceptional behaviour of the fluid lamellar
phase of PEs (see discussion in Section 3.3.4). In this section, we take a closer look
onto the number of waters in the different water regions.

First, the total number of waters per lipid for DOPC, egg-PC, DMPC (nw = 33, 32 and
24 at 30 °C, respectively) and DMPE (nw =12 at 60 °C) are in excellent agreement with

literature values (37, 143) (see Table A2 in Appendix A). Second, a recent small angle
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scattering model, introducing a fixed hydration shell to the headgroup for improving
the quality of fits at lower scattering angles, report on waters per headgroup to be
10-13 of saturated PCs and 16 for loosely-packed monounsaturated PCs (100). More
specific values are reported by John Nagle’s lab (see reference (87) and therein) for
DMPC (nw! = 7 at 30 °C), egg-PC (nw = 10 at 30 °C), DOPC (nw/' = 11 at 30 °C), and for
dilauroyl phosphatidylethanolamine, DLPE (nw! = 6 at 35 °C). Note, to the best of our
knowledge, there is no published literature value of nw/ for DMPE available, but
having the same headgroup and being only two hydrocarbon chains shorter, DLPE
nw! values are expected to very similar to those of DMPE. Thus, all published nw/
values are in excellent agreement with obtained values in this study (Figure 3.6b). In
further detail, the (i) number of headgroup waters, the (ii) number of perturbed

waters, and the (iii) number of free waters all depend on the trend of A; and their

layer thicknesses, Dy-D2, dw® and d{v/z (Figure 3.6b-d). Noteworthy, the number of
total water molecules per lipid, the water molecules per headgroup and per
perturbed regions do display all the same trend, i.e., DOPC > egg-PC > DMPC > DMPE.
That is, they are dominantly influenced by the area per lipid, A;.. However, the number

of free waters displays the opposite order and are - as noted above - dominated by

their extension, d‘{v/z, which decreases from DMPC > egg-PC > DOPC. For DOPC, the
free layer does not change its number of water molecules by a significant amount
(less than 1), when compared to egg-PC and DMPC. DOPC also has the lowest
gradient for n,/ against temperature; -0.0048 °C! compared to -0.011 and -0.025 °C
! for egg-PC and DMPC, respectively. These imply that the free layer of DOPC remains
essentially constant over the whole temperature range. This interpretation, as well
as the apparent lack of a free layer in DMPE, are used in the next section to roughly
estimate the temperature dependent headgroup extension Dp.

A final remark shall be given with respect to confined water in non-planar lipid
self-assemblies. While this study focusses on planar confined water, the three-water
layer model is also applicable to confined water near curved membranes interfaces.
Indeed, we have completed a study on the inverse hexagonal phase in greater detail
(see Chapter 4) and would like to herald that it is feasible to introduce the distinction

between ‘perturbed’ and ‘free’ water regions in this case. Nonetheless, the situation
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is more complex, since the mechanical behaviour along the membrane/water
interface is not constant in the inverse hexagonal phase, but depends on the locally
varying membrane stress (compression vs. decompression zones), which do induce

local changes in the thickness of the perturbed water layer.
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Figure 3.6 Hydration properties of DMPC, egg-PC, DOPC and DMPE. a) Area per lipid.
b) Number of waters in the headgroup region. c) Number of waters within the
perturbed water region, and d) number of free waters.

3.3.6 Refining the Headgroup Extension

From the estimation of the number of water molecules present in each sub-layer of
the confined water strip, a picture of each sub-layers behaviour begins to form.
Equation 3.8 can be further utilised for the cases of DMPE and DOPC. Here we actually
observe that the free water layer thickness in DMPE is practically zero (we note,
occurring negative values make no physical sense) and in DOPC the free water layer

thickness is constant within error. Thus, our hypothesis is that the apparent trend

seen in d‘f,/z may actually be caused by a temperature dependent headgroup
extension, Dy, instead. Our reasoning for this is that the glycerol backbone of the
headgroup is commonly assumed to be of constant thickness (144-147), however,

the region between the phosphate and tip of the headgroup is more likely to flex and
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reorient as demonstrated with NMR measurements(148, 149) as well as shown
theoretically and by MD simulations (137, 150).

Starting with DMPE after setting the free water layer to 0 (indicative of the results
from SAXS, Figure 3.3) and rearranging Equation 3.8 for Dy, we can see that the
vertical headgroup extension thins as the temperature increases due to an increase
in the tilt angle of phosphate to tip of the headgroup moiety (see Figure 3.7). At the
onset of the melting temperature, Dy is equal to 0.86 nm, which is in good agreement
with previously reported values (37). This value then decreases to 0.82 nm at 80°C.
This thinning of the headgroup extension is understandable, when considering the
trend of A, that increases with temperature, meaning the headgroup would need to
occupy a larger surface area. The headgroup therefore reduces the apparent
thickness of Du-Dxi by reorientation of the phosphate to tip of the headgroup

extension towards the membrane plane.
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Figure 3.7 Estimation of the temperature dependent headgroup extension Dy for a)
DOPC and b) DMPE, respectively.

In a similar manner, we have set the free water layer for DOPC to a constant value,
averaged from high temperature data values obtained in Figure 3.5b (top panel). The
first values for Dy are slightly higher than 0.9 nm, but this is never the less in good
agreement with the previously reported values (37). The reduction of headgroup
thickness is explained in the same way as for DMPE, whereby the increase in area per
lipid is compensated with a thinning of the apparent headgroup thickness, Dy. The
assumed temperature dependence of Dy, slightly alters the number of headgroup
waters, which in this scenario do not change by more than a single water molecule.

The refined hydration changes are summarised in the Appendix A (Figure A3).
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3.3.7 Estimation of the Headgroup Tilt

Having obtained a linear regression for the headgroup extension, we can now
attempt to estimate its tilt angle. Note, we follow the same assumption as before
that the glycerol backbone thickness, Dy, is constant, leaving the portion between
the phosphate and the tip of the headgroup to flex and re-orientate. The headgroup
thickness, Dy, is a projection of the physical extension of the headgroup to the bilayer
normal. Thus, to calculate the headgroup tilt angle, it requires the knowledge of the
reference length given by the physical distance from the phosphate to the tip of the
headgroup, Dx ref. For PC and PE we use the literature value of 0.47 nm as the
phosphate to nitrogen distance (151) and known bond lengths (152) as well as bond
angles (153), concerning the N-C, C-H and N-H bonds found in the choline and
ethanolamine headgroups. This results in Dy ref = 0.68 nm and 0.63 nm for PC and PE,

respectively (Figure 3.8b). The tilt angle, &, is then given by:

Ori;r = cos™1 (M) (3.13)

DH Ref
Utilising the obtained headgroup thickness, Dn(T) (Figure 3.7), we are able to
calculate the tilt angle as a function of temperature, and further able to illustrate how
much of the area per lipid, A;, is occupied from the precession of the headgroup. The

results are summarised in Figure 3.8.
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Figure 3.8 Temperature dependent headgroup orientation. a) Tilt angle as function
of temperature for PCs and PEs. b) Orientation of the headgroups (P-N axis) of PCs
and PEs with respect to projected extensions of A, (red -DOPC; green — egg PC, blue
— DMPC; black DMPE). As shown from left to right the tilt angle increases with
temperature, with the P-N axis orientation coming closer to the membrane plane.
Molecular models were made with MolView (http://molview.org). All schemes are
referring to the same scale bar of 0.2 nm.

From Figure 3.83, it is clear that the tilt angle increases with temperature, implying

that the headgroup tends towards a more horizontal position relative to the bilayer.
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This result is unsurprising, considering that the area is expanding, whilst the bilayer
is thinning and the volume per lipid increases. Theoretical studies and MD simulations
confirm that the lipid headgroups tend to a more horizontal position due to thermal
movements (rotation), which is more intense at higher temperatures.(137, 150) The
pink line in Figure 3.8a represents the averaged linear regression from all the PCs
studied; note, all the data points display the same linear trend, since only one linear
regression of Dy was applied. DMPE displays a stronger tilt angle, which is to be
expected, when considering the proximity of adjacent PE bilayers. Figure 3.8b,
illustrates how the headgroup tilt angle goes hand in hand with the trend in A;. The
planar projection of the headgroup length, D4 ref, superimposes well with the lateral

radius per lipid, V(A,/m).

3.4 Conclusions

We have introduced a three-water region model, while commonly only two water
regions are considered, i.e., headgroup and interlamellar water. In our model, the
interlamellar water region is further divided into free and perturbed water regions,
which can be forthrightly determined, when the bilayer nanostructure as well as
membrane fluctuations are known. Applying this approach, we have revisited the
fluid lamellar phase of PCs and PEs, and particularly chosen these two key lipid
species, since they are displaying an extremely different hydration behaviour.
Applying this new three-water region model, the following achievements have been

made:

e We are able to estimate the ‘Gibbs dividing surface” without the need of
gravimetric measurements. That is, we are able to estimate the Luzzati

bilayer thickness, d;~.

e We are providing all standard structural membrane parameters, such as duy,

dc, AL, and V.

e We give a detailed description of three-water layers and the water numbers

per region.
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e We provide a rough estimate of the temperature dependent headgroup

extension, Dy, and its tilt angle.

The presented three-water region model will help to refine existing membrane force
descriptions, in particular when revisiting existing models on the attractive Van der
Waals forces. Note, we expect that the Hamaker constant, H, to be different in the
perturbed and free water layer extensions, with Hperturbed being greater as Hjree. The
latter notion is in agreement with the extreme differences found for the equilibrium
distance of adjacent membranes in PC and PE MLVs, respectively. Finally, due to the
refined description of the confined water regions and their temperature behaviour,
(‘headgroup’ and ‘perturbed’ water numbers increase with T, while ‘free’ water
numbers display a small decreasing temperature dependence), we are able to
provide more detailed lipid/water data sets for future refined molecular dynamics

simulations.
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Chapter 4 From Angular to Round: In Depth Interfacial
Analysis of Binary Phosphatidylethanolamine Mixtures in the
Inverse Hexagonal Phase

Abstract

Packing stress in the lipidic inverse hexagonal H; phase arises from the necessity of
the ideally cylinder-shaped micelles to fill out the hexagonally-shaped Wigner-Seitz
unit cell. Thus, hydrocarbon chains stretch towards the corners and compress in the
direction of the flat side of the hexagonal unit cell. Additionally, the lipid/water
interface deviates from being perfectly circular. To study this packing frustration in
greater detail, we have doped 1-palmitoyl-2-oleoyl-sn-phosphatidylethanolamine
(POPE)  with  increasing molar  concentrations of 1,2-palmitoyl-sn-
phosphatidylethanolamine (DPPE: O to 15 mol%). Due to its effectively longer
hydrophobic tails, DPPE tends to aggregate in the corner regions of the unit cell, and
thus, increases the circularity of the lipid/water interface. From small angle X-ray
diffraction (SAXD) we determined electron density maps. Using those, we analysed
the size, shape and homogeneity of the lipid/water interface as well as that of the
methyl trough region. At 6 and 9 mol% DPPE the nanotubular water core most closely
resembles a circle; further to this, in comparison to its neighbouring concentrations,
the 9 mol% DPPE sample has the smallest water core area and smallest number of
lipids per circumference, best alleviating the packing stress. Finally, a three-water
layer model was applied, discerning headgroup, perturbed and free water,
demonstrating that the hexagonal phase is most stable in the direction of the flat
faces (compression zones) and least stable towards the vertices of the unit cell

(decompression zones).
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4.1 Introduction

Hexagons represent an omnipresent class of polygons throughout nature: on the
nanoscale, hexagonal close packed crystal structures are present for many different
elements with Mg and Co coming the closest to the ideal cell axial ratio c/a of 1.633
(154). On a slightly larger scale, lipid self-assemblies display various pathways for
formation of hexagonally closest packed cylindrical micelles (155-157), on the
macroscale it has been the shape of choice in the construction of beehives. Larger
still are the rock formations, which adopt hexagonal columns at the Giants Causeway,
and even larger, is the hexagonal storm situated at Saturn’s north pole (158, 159).
The major intrinsic property of regular hexagons, which allows them to be used so
seamlessly and efficiently throughout the natural world, is the hexagons’ proclivity
for closest packing in two dimensions. Already two millenniums ago, Pappus of
Alexandria (~290 to 350 A.D.), a Greek mathematician, expressed this in the
honeycomb conjecture that ‘any partition of the plane into regions of equal area has
a perimeter at least of that of a regular hexagonal grid’, but it took until 2001 until

this conjecture could be finally proved (160).

Focussing on self-assembled lipid aggregates, particularly phospholipid-based
membranes, the fluid lamellar Ly phase is the biologically most relevant for modelling
and understanding the behaviour of the cell wall (37, 58). Nonetheless, non-lamellar
phases are of interest due to the formation of cubic membranes in biological systems,
which can develop under protein alterations, drug intervention or stress (161, 162),
and due to their importance in fusion-related processes (for a review see(163)).
Cylindrical-shaped membranes play a crucial role in local and transient steps of
membrane fusion (164, 165). It has been proposed that cylindrical-shaped micelles
form within the Ly phase, either by fusion of inverted spherical micellar intermediates
(IM1) (166), or alternatively, apposing IMIs may seed line-defects (167), inducing the
formation of inverted micellar rods (for a review see (163)). Furthermore, tubular

intercellular connections could be identified in cell-to-cell communication (168).

Aside from possible biological implications this system delivers, e.g., using lipid

extracts (26), the inverted hexagonal phase is widely studied for drug delivery of
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antivirals and other bioactives (169-174). Practical use has been made from the
inverted hexagonal phase for the determination of the spontaneous monolayer
curvature of various amphiphilic molecules (175) as well as a detailed structural
model now allows for the global fitting of small angle scattering patterns of the Hj

phase (176).

The inverted hexagonal Hj phase as a model system has been widely studied (63,
71, 164, 177-179), and is characterised by a high lipid/water interfacial curvature
perpendicular to the long axis of the cylinder-shaped micelles arranged on a
hexagonal lattice (Figure 4.1A). Non-lamellar lipids with relatively small interfacial
head-group areas (Figure 4.1B), such as phosphatidylethanolamines (PE) with a non-
zero spontaneous curvature, induce membrane curvature towards the water phase,
which constitutes the driving force for the Ly to Hj transition. Comparing the critical
packing parameters at a given temperature of various PEs (31, 63, 156), demonstrates
that the formation temperature, Ty, for the inverse hexagonal phase decreases
linearly with the degree of chain splay (Figure 4.1C). Furthermore, the packing of the
lipid nanotubes on a hexagonal grid allows for the closest packing of the inverse lipid
cylindrical micelles. Considering the crystallographically used oblique unit cell
description for the hexagonal lattice (a = b and y = 120°), it is helpful to also employ
the hexagonal Wigner-Seitz unit cell, when describing the packing frustration within
the Hy phase (Figure 1A). As can be easily demonstrated (180), an inscribed circle to
the Wigner Seitz cell only covers 91% of the area, that is, 9% of interstitial area is
unaccounted for. Thus filling out the hexagon with inverted columnar micelles is
accomplished firstly by a deformation of the ideally circular lipid/water interface, and
secondly, the lipid chains must stretch and compress around the quasi-circular water
core in order to fill the unit cell, leaving no void space in the interstitial regions
(decompression regions). Note, the radius defining the position of the phosphates,
Rp, is the longest, when pointing towards the vertices of the hexagon and the
shortest, when oriented perpendicular to the flat side. This stretching and
compression of the hydrocarbon chains (Figure 4.1A, top right), as well as the
deformation of the lipid/water interface, comes at an energetic cost known as the

‘packing frustration’ (181-183). Interestingly, only when lipid-shape anisotropy is
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taken into account (Figure 4.1B), the overall correct interfacial shape can be
simulated, hereby determining the appropriate relationship between the bending

deformation and stretching of hydrocarbon chains (71, 184, 185).
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Figure 4.1 (A) Illustration of the hexagonal lattice with unit vectors a and b. The
Wigner Seitz cell is shown in red. Monolayers of lipids align around the water cores
(grey circles). The lattice planesin the <10> direction (green) and in the <11> direction
(blue) are shown (B) A schematic of a single lipid encased in a wedge geometry. The
black dotted line indicates Ap,. The volume encased by the two blue planes depicts the
headgroup region. The green plane indicates the fluctuation distance, c. Ruy is the
radius related to the free water region. Note, the wedge has a depth of VA (C)
Critical packing parameter (CPP) compared for different PEs (data were retrieved
from the references (31, 63, 156) are compared to this studies POPE/DPPE mixtures).

The alleviation of packing frustration is achievable with the addition of host
molecules. Here, alkanes such as tetradecane are well-studied, aggregating within
the hydrophobic region and essentially filling the interstitial void spaces (186).
Reducing the packing stress in this way has been shown to lower the transition
temperature at which the Hj; phase occurs. This additional ‘padding’ along the methyl
trough region allows the packing stress to relax and the water core interface to

become more circular. Dodecane has also been studied, similarly demonstrated to
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aggregate within the hydrophobic regions, i.e., mainly in the corners of the Wigner-
Seitz cell (187), reducing the need for lipid-chain compression towards short length
(flat side) and increasing the effective maximum lipid length, Imax. Overall, alkanes not
only relieve the extension stress but concomitantly relax the compression stress at
the flat sides of the hexagon. Conversely, alpha-tocopherol (vitamin E) aggregates
within the short lipid-length regions, allowing the lipids to stretch to their natural
length in the corner regions (188), leading to a reduction in Imax. Any stress reducing
additives serve to lower the free energy of the Hy phase, as much of the energetic
cost arises from the distortion of the cylindrical water core into a quasi-cylindrical
shape. This energy cost is intrinsically linked to the stretching and compression of the

lipid chains.

In this study, we scrutinised the shape of the water core by how closely it
resembles a perfect circle after adding a host lipid akin to the main building block.
That is, SAXD measurements were performed on 1-palmitoyl-2-oleoyl-sn-
phosphatidylethanolamine (POPE) with increasing molar concentrations of 1,2-
palmitoyl-sn-phosphatidylethanolamine (DPPE). DPPE is a phospholipid with two fully
saturated C16 hydrocarbon tails, whereas POPE has one monounsaturated C18
hydrocarbon tail. Due to its effective longer chain length (note, at 75 °C the steric
membrane thickness of DPPE is 4.6 nm compared to 4.3 nm of POPE (40)), DPPE is
thought to aggregate orientated towards the vertices of the Wigner-Seitz cell, while
POPE will aggregate mainly in the flat side regions. In this way, packing stress is
released as each lipid will tend to locate where it can assume its natural length.
Therefore, the energy loss associated with the interstitial void regions is accounted
for by the longer-chained DPPE lipids. Our aim of this study was to find the critical
DPPE concentration at which the packing stress is minimised and the water core will
adapt a nearly perfect circle in order to understand the interplay of packing and
curvature frustration within the inverse hexagonal unit cell. Furthermore, we are
presenting the local membrane hydration differences in the flat and corner zones of
the hexagonal unit cell and demonstrated how the lipid compression and

decompression alter the hydration properties locally.
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4.2 Materials and Methods

4.2.1 Materials and Sample Preparation

1-Palmitoyl-2-oleoyl-sn-phosphatidylethanolamine (POPE) and 1,2-palmitoyl-sn-
phosphatidylethanolamine (DPPE) were used as supplied from Avanti Polar Lipids,
Alabaster, AL (purity >99%). Lipid stock solutions were prepared by dissolving
weighted amounts of dry POPE or DPPE powder in chloroform. DPPE concentrations
of 3, 6, 9, 12 and 15 mol % within the lipid bilayer were obtained by mixing
appropriate amounts of the stock-solutions. The organic POPE/DPPE mixture was
vortexed for 2 min and the solvent was evaporated in a vacuum oven for 24 h at 30
°C at 2-103 mbar to secure that all traces of chloroform were removed. The thin lipid
films on the bottom of the glass vials were subsequently suspended in 18 MQ cm
water (MilliQ). To ensure complete hydration, the lipid dispersions were shock-frozen
in liquid nitrogen, thereafter thawed for 15 min, reaching a final temperature of 75
°C (about 15 °C above the main transition of DPPE), and finally vigorously vortexed
for 2 min. For further annealing of the multilamellar vesicles, the above procedure
was repeated six times. For the X-ray scattering experiments a final lipid

concentration of 20 wt% was used.

4.2.2 X-ray scattering Measurements and Analysis

Diffraction patterns of multilamellar vesicles were recorded on the Austrian SAXS
beamline at the Synchrotron of Trieste(189, 190), using a one-dimensional Gabriel
detector(191) covering the corresponding g-range (q = 4t sin(6)/A) of interest from
about 2m/450 A to 2m/12A. The angular calibration of the detector was performed
with silver-behenate (192). The lipid dispersions were measured in a thin-walled, 1-
mm diameter quartz capillary in a steel cuvette (Anton Paar, Graz, Austria), which
was inserted into a brass block, being in thermal contact with a water bath circuit
(Unistat CC, Huber, Offenburg, Germany). The entrance and exit windows of the
sample cell have been covered with a thin polymer film in order to avoid air
convection at the capillary. The temperature was measured in the vicinity of the

capillary in the sample holder block with a Pt-element (100 Q). Before exposure, the
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sample was equilibrated for a period of 10 min for a given temperature. Exposure

times was set to 30 s.

The electron density maps of the H) phase were derived from the small-angle X-
ray diffraction pattern by standard procedures (31, 156). Briefly, after the raw data
had been corrected for detector efficiency and the background scattering arising
from the water and the capillary had been subtracted, all Bragg peaks were fitted by
Lorentzian distributions (see fitting examples in Figure B1 in the Appendix B). The
fittings were carried out with the software package Origin Pro 9.0 (OriginLab
Corporation, Northampton, MA). Second, the intensities were normalised for their
multiplicity. Thereafter, a Lorentz correction was applied by multiplying each peak
intensity (peak area) by its corresponding squared wave vector modulus, g°. Finally,
the square root of the corrected peak intensity was used to determine the form factor
F of each respective reflection (for details see ref. (59)). The electron density contrast

relative to water was calculated by the Fourier analysis:

Dp(x,y) = TpE T qy ) - Foy - cos(qx(h k) x) - cos(qy, (h, k) y),  (4.1)

where Fr is the amplitude of the peak at the position g(h,k) and h,k are the Miller
indices of each reflection. Note, for centrosymmetric electron density maps the
phase information for each amplitude is either positive or negative, i.e., an« takes the
value of +1 or -1. The best phase choice combination (+1 -1 -1 +1 +1 +1 +1) for the
recorded (1,0), (1,1), (2,0), (2,1), (3,0), (2,2) and (3,1) reflections were taken from
literature(31, 39). Due to experimentally reported zero-crossing of the form factor
near the (21) reflection(63), its best phase choice has been checked for all electron
density map calculations. Additionally, the two weakest reflections (22) and (31)
reflections were checked for their best phase choices as well (for further details see

Figure B2 in the Appendix B).

After Fourier analysis, the real space electron density map can be plotted for
each molar fraction of DPPE defined as f = DPPE/(POPE+DPPE). Using a MatlLab
programme, 2D images of the electron density map were plotted (x, y), where the
height in the z-axis represents the electron density contrast, 4p. The centre of the

nanotube, which resides in the water core, rests on the origin (see Figure 4.1 and
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Figure 4A). Thus, the nanotube long-axis is parallel to the z-axis. The lattice
parameter, a, is the distance from the centre of one nanotube to the centre of an

adjacent nanotube.

The y-axis passes through the origin and intersects with the centre of the flat side
of the Wigner-Seitz cell, which is referred to as the zero position, denoted by an
orientation angle y = 0°. An electron density profile (EDP) along y(0°) (the short
length) was determined. Using the MatLab programme, the line y(0°) is rotated by y
=30° to create an EDP, which intersects with the corner of the Wigner-Seitz cell, the
longest distance that the lipids need to fill (Figure 4.1 and Figure 4.4A). Further, EDPs
along two interfacial lines were calculated, i.e., concerning the maximum density at
the position of the phosphate group and the minimum density in the methyl-trough
region as a function of the rotation angle y (Figure 4.4A). Finally, using these two
orientation angles, the radial position, Rp, of the phosphate group can be determined
as a function of y using the electron density profiles along the two interfacial lines.

However, in this study, we solely report on Rmax and Rmin.

To calculate the circularity of the water core, it is necessary to first calculate its
circumference and area. Starting from the zero position, R, as a function of y was
calculated. The angle, y, was varied in steps of 1°, leading to two subsequent radii,
which we shall refer to as R,, and R,,, 1. The corresponding points of the phosphate
group positions are defined as H,(x,y) and H,,,(x,y), respectively. These two
positions are observable from the maximum in electron density. The distance,
m, between these two consecutive points, was then calculated using
Pythagoras’ theorem. By rotating y in 1° steps within a 30 ° segment, the arc length
around the water core was then calculated from the summation of 30 segments:
Yn=30H,H,.,. The arc length of one 30° segment multiplied by 12 results in the
water core circumference (Figure B3 in the Appendix B). The area of the water core
was calculated from the summation of each of the small triangles enclosed by the
lengths of R,, R,.; and the distance H,H, .. The lengths of R, and R,,,; were
calculated from the distance of their respective phosphate group positions from the

origin. The area of a single triangle was given by the formula:
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1 .
ATriangle = ERan+1 sin(Ay) (4.2)

where Ay was set 1°, the angle between the two subsequent radii. A 30° segment will
include 30 individual areas, which were summed together and multiplied by 12 to
approximate the area of the water core. Once circumference and area are known,

the circularity can be calculated using the equation:

4TTA

c=" (4.3)

where A and P are the approximate water core area and circumference, respectively.

We note that a perfect circle will have a circularity value of 1.

Calculation of the maximum and minimum lipid length requires the average
water core radius Rawe. For this study we have averaged the radius from each
measurement within the 30° segment. The minimum, maximum and average lipid

length can then be calculated from:

lmin = g_ Rave (4.4)
_ a2 _
lmax - COS(TL’/6) Rave (4'5)
lave = (5= Rave) <1.1084 +0.0572 (_’_'; - 1)) (4.6)
2 ave

where ais the lattice parameter. Note, the Equation (6) was derived in reference (39),
while Equation (4.4), (4.5) and (4.7) follow from simple geometrical relationships,
where the latter was used to calculate the apparent area per lipid, Ap, at the

phosphate position (see Figure 4.1):

2 Rave
AP = Vave (\/gazﬂ—> (4.7)

2
U TRgpe
Vave is the averaged lipid volume, which was calculated from:

Vave = (1 - f) *Vpore + f *VpppE (4.8)

where f is the molar fraction of DPPE and the temperature dependent volumes of

POPE and DPPE were taken from references.(156, 193) From the linear behaviour of
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the molecular volumes as a function of temperature, we found by linear regression:
Vrore (nm?3) = 0.0008016 - T + 1.152 (R? = 0.9867) and Vppre (hm3) = 0.0014692 - T +
1.058 (R? = 0.9968).

Further, the number per lipids along the circumference, n;, the area per lipid at the
steric lipid/water interface, Aw (see Figure 4.1), and the molecular wedge angle, 6

(see Figure 4.3) were determined according to reference.(31)

n, = 27 Ry ave/\/ Ay (4.9)
Ay = Ap =, with Rw=Rp- 0.55 nm (4.10)
P
0=2- arctan(ﬁ) (4.11)
2Rp

To examine the influence of DPPE on membrane stability, we have investigated the
type of disorder in two directions, i.e., oriented to the vertex and flat side of the
Wigner-Seitz cell as a function of DPPE concentration. For this, the two corresponding
sets of diffraction peaks with the Miller indices (1 0), (2 0), (3 0) and (1 1), (2 2),
respectively, have been analysed. These two families refer to the <1 0> and <1 1>
directions, respectively (Figure 4.1A). Since the peak width progression of the (1 0),
(2 0) and (3 0) clearly displays disorder of 2" kind (Figure B4 in the Appendix B), we
applied, in a zero order approach, the Modified Caillé Theory (MCT) (194) to this set
of planes. Note, while this set of planes is strictly not resembling a planar smectic
phase, still the water channels are aligned coplanar and are stacking in an alternating
fashion with lipid-bilayer regions. After background subtraction this set of diffraction
peaks were analysed with MCT in order to retrieve the fluctuation parameter, 7,
which then can be related to a mean square fluctuations between layers through the

equation (69):

o= % (4.12)

where o is the fluctuation distance and d is the d-spacing. Note, each diffraction peak
was fitted individually and the resulting 77 values were averaged to retrieve one ¢

value referring to the <1 0> direction.
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Following the recently published three-water layer model (195), and having
estimated the membrane-fluctuation distance, o, allows us to divide the water core
into three distinct regions: (i) the “headgroup region” associated with the water
volume around the headgroup, (ii) the “perturbed region” defined by the
fluctuation distance o, and (iii), the “free water region”, which is unperturbed by
the fluctuating lipid monolayer. For the calculation of the total water volume, we

used the approximation (31):

G, = 2 (4.13)

Note, this estimation sets the net water-lipid interface at the height of the phosphate
group. This artificial net interface is also known as Gibbs dividing surface (58). Also
the perturbed and free water volumes are based on the geometry of the molecular
wedge-shape model depicted in Figure 4.1B (cp. Equation 13). In this model, the radii
and their corresponding areas are proportional since the wedge depth is constant.
For instance, we deduced the area Awsfrom the relationship: Rws/Rp = Aws/Ap. Specific
number of waters per water region were calculated, dividing the partial water
volumes by the volume of a single water molecule (Vuzo = 0.03 nm3 (115)). The
headgroup extension, Dy, in radial direction was taken from literature to be 1.1

nm;(63) accordingly Rp = Rws+ G + 0.55 nm.

All errors given in the Results and discussion section are referring to standard
deviation for directly-retrieved parameters, e.g., d-spacings that were determined by
fitting their corresponding diffraction peak positions. All other derived parameters

errors were determined by standard error propagation.
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4.3 Results and Discussion

4.3.1 Fluid lamellar to Inverse Hexagonal Phase Transition

Transition temperatures were obtained from the fractional formation plots of the H
phase, f(Hu), which were derived from the fitted total intensities of the first order
diffraction peaks of the Ly and Hy phase with f(Hy) = I(Hu)/[I(Hi) +I(Ls)] (Figure 4.2B-D;
see Figure B5 in the Appendix B for an overview of all transition plots). The inflection
point determines the transition temperature, Ty (Figure 4.2A). The data were fitted
with a logistic function, setting f(H)) at the beginning and the end of the transition to
0 and 1, respectively. For the best comparison, all inverse hexagonal phases were
analysed in this study 5 °C above Ty, ensuring the systems had developed a fully
stable Hj phase. We note that this choice meant that traces of the Ly, phase are
coexisting with Hj phase, but even so, avoiding the onset of dispersion instabilities
that we observed closer to the boiling point of water.

The observed increase in Ty (Figure 4.2A) is in agreement with the linear relationship
of the critical packing parameter (the CPP) with Ty (Figure 4.1C). The addition of DPPE
causes the overall degree of chain splay to decrease which leads to an increase of Ty
of about 11 °C. Interestingly, we observe a local minimum in the transition width at
9 mol% DPPE, which means that this particular sample displays the highest transition
cooperativity. Generally, the cooperativity in a given transition increases with its
crystallinity, or in other words, with the degree of structural order. The following
section on the fine structural analysis of the different POPE/DPPE mixtures will
explain the exceptional good degree of order for the 9 mol% DPPE sample in more

detail.
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Figure 4.2 Formation of the inverse hexagonal of POPE/DPPE mixtures. (A) The
transition temperature from the Ly to Hy phase, Tx (squares) and the FWHM of the
transitions (circles) are plotted as a function of the molar DPPE content. (B-D)
Turnover curves as a function of temperature are plotted for 0, 9 and 15 mol% DPPE
samples. Best logistic fits are given as red lines. Note, the inflection point of the
logistic function defines Ty, while the FWHM of the corresponding logistic distribution
defines the transition widths, ATy.
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Figure 4.3 Stack plot of the SAXD pattern of the POPE/DPPE mixture with 3 mol%
DPPE. The temperature was increased in constant steps from 78 to 95 °C. The
midpoint of the transition from the L, to Hy phase is at 84 °C.

The stack plot of the small angle X-ray diffraction patterns (SAXD) displays Ly to Hy
phase transition of the POPE/DPPE mixture with 3 mol% DPPE (Figure 4.3). The
temperature-range spans from 78 to 95 °C with Ty = 84 °C. From the Ly phase, the
first three diffraction orders were recorded, while the (31)-reflection was the highest
recorded diffraction peak for the H, phase. In order to analyse the effect of the host
molecule concentration of DPPE on the packing frustration within the Hy phase,
electron density maps of all mixtures with DPPE concentrations of 0, 3, 6, 9, 12 and
15 mol% were determined at T= Ty + 5 °C. This included all recorded reflections from
(10) to (31). For an overview on the experimental conditions and the determined
intensities Inx and amplitudes Fp« of all experiments refer to Table S1 in the ESI.
Further note, given the similar molecular volumes of POPE and DPPE, the
corresponding vol% values at Ty + 5 °C are close to the mol% values, i.e., 2.9, 5.8, 8.8,

11.7 and 14.6 vol%.
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4.3.2 Fine-structural analysis of the inverse hexagonal phases

Nanostructural analysis conducted on the electron density maps is shown in Figure
4.4 (see also the overview graph Figure B6 in the Appendix B). In panel A, two key
orientations within the Wigner-Seitz unit cell (red dotted line) are shown, concerning
y = 0° being congruent with the y-axis (red dashed line), as well as the orientation for
v = 30° (blue dashed line). The first orientation shows the shortest radial distance in
the Wigner-Seitz cell, whilst the second orientation shows the longest radial distance.
Thus, these are the two orientations of the maximum hydrocarbon chain
compression (y = 0°) and decompression (y = 30°), respectively (see also Figure 4.1A).
The Hy phase structure has a 6-fold symmetry, therefore the lipid compression and
decompression is the same in the orientation of any corner or flat side, meaning that
it is sufficient to analyse all structural details over a 30° segment as pictured in Figure
4.4A. Maximum electron density is colour-coded with dark-red and minimum
electron density with dark blue; correspondingly, the red-dotted line indicates the
methyl trough region of the lipid matrix, and the blue-dotted line indicates the
apparent position of the phosphate groups. The radial position of the phosphate
group, Rp, as a function of y was calculated as the distance from the origin to the
maximum density. Whilst some structural differences are already seen by the naked
eye in the electron density maps (Figure 4.4 and Figure B6 in the Appendix B), finer
details are revealed through investigation of the different structural parameters as a
function of the rotational angle, y. A first overview of the structural results is given in

Table 4.1.

From Table 4.1 it can be seen that the averaged radius, Re ave, increases after the
addition of DPPE, gradually at first, but it appears to plateau after 6 mol%. This is to
be expected since the addition of fully saturated DPPE lipids reduces the effective
chain splay. This is best observed in the averaged molecular shape: the molecular
wedge-angle (see Figure 4.1B) drops from initially 19.9° to 17.8° (Table 1; Equation
4.11). As this occurs, the added DPPE reduces the need for stretching and
compression of lipids around the water core, since both POPE and DPPE are allowed
to reside in regions where they can best adopt their natural length. This is confirmed

by the local minima of the lattice spacing, a, at 9 mol% DPPE, which is dominated by
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the phosphate position radius Rrave. We also observe for 9 mol% the smallest water
core area (mtRy%) and lowest number of lipids around its circumference with respect
to its neighbouring DPPE concentrations. Note, the average lipid length, the
headgroup area and the chain splay change significantly only once DPPE is added, but
these parameters remain within errors constant from 3 to 15 mol% DPPE (Table 4.1).
Since the interstitial regions in the inverse hexagonal phase account for about 9 vol%
(180), it is plausible that 3 mol% DPPE (equal to 2.9 vol% DPPE) is not sufficient to fill
out the corners of the unit cell. Beyond the ideal concentration of 9 vol%, it is
plausible that DPPE again starts to inhibit the ideal packing of POPE, causing the lipid
chains to stretch/compress beyond their natural state. Interestingly, for 9 mol% DPPE
the water core area is the smallest compared to adjacent concentrations; although
the headgroup area per lipid remains, within errors, the same. Indeed, the number
of lipids per water core circumference, n;, also displays accordingly, a local minimum.
This means, adding too little DPPE most probably leads to an accumulation of
relatively more POPE in the vertices (decompression zones) to overcome the packing
frustration, whereas adding too much DPPE leads to packing stress in the
compression zones of the hexagon. This is then compensated by accumulating
relatively more POPE in the compression zones. Last, we note that average chain
splay — which is directly observed in the wedge angle — increases linearly with
temperature for pure lipid/water systems (31). However, the wedge angle in our
study does actually decrease when DPPE is added, although the mixtures are
analysed at slightly increasing temperatures. This is understandable, due to the lower
chain splay caused by the added DPPE lipids. Concluding, the lowest water core area
and smallest number of lipids per circumference imply that the packing stress is the
lowest at 9 mol% DPPE; further to this, the 9 mol% mixture displays the best
circularity of the water/lipid interface (Table 4.2), which is discussed in more details

in the next paragraphs.
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Figure 4.4 Electron density maps of POPE/DPPE for 0, 9 and 15 mol% DPPE. (A) The
head-group interface (blue dotted line), the methyl trough region (red dotted line;
note this defines also the Wigner-Seitz cell of the Hy phase), the radius Rp, the
orientational angle y and with it two pathways for calculating the electron density
profiles are defined. Rmin and Rmax as well as Imin and Imax are illustrated in (B) and (C).

Table 4.1 Structural parameters of the Hy phase as a function DPPE concentration.

DPPE a(nm) Rpave Water lave (M) Vave | Ap(nm?) ny Wedge
(mol%) (nm) core area (103 angle (°)
@ (nm?) nm?)

T(°C)

o@ 7.12+0.007 | 1.9840.01 | 12.4+0.02 | 1.77+0.01 | 121545 | 0.48+0.1 | 18.0+0.2 | 19.9+0.2
80.0

3@ 7.66+0.008 | 2.13+0.01 | 14.2+0.02 | 1.91+0.01 | 1222+5 | 0.45+0.1 | 20.0+0.2 | 17.8+0.2
89.5

6@ 7.73+£0.008 | 2.17+0.01 | 14.8+0.02 | 1.90+0.01 | 1221+5 | 0.45+0.1 | 20.3+0.2 | 17.6%0.2
89.5

9@ 7.66+0.008 | 2.14+0.01 | 14.4+0.02 | 1.90+0.01 | 1221+5 | 0.45+0.1 | 20.0+0.2 | 17.8+0.2
90.5

12 7.72£0.008 | 2.16+0.01 | 14.7+0.02 | 1.91+0.01 | 1221+5 | 0.45+0.1 | 20.2+0.2 | 17.7£0.2
@91.5

15@ 7.70£0.008 | 2.15+0.01 | 14.6+0.02 | 1.91+0.01 | 122045 | 0.45+0.1 | 20.2+0.2 | 17.7+£0.2
91.5
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As seen in Figure 4.5A, the EDP curves as a function of y smoothen out at 9 mol%
DPPE in the head group region. In the methyl trough region (Figure 4.5B), it is the
15mol% DPPE sample instead, which shows the least disparity between its minimum
and maximum electron density values. Nonetheless, 9 mol% DPPE promotes the
greatest homogeneity of the lipid packing around the water core itself. From Figure
4.5C, 4.5D, 4.5E comparing the EDPs along Rmin and Rmay, it is shown that the electron
density is closest to uniformity at 9 mol% DPPE, as opposed to the two extremes of 0
and 15 mol% DPPE. Similarly low are the electron density fluctuations for the 6 mol%
(see Figure B8 in the Appendix B). This interpretation is further illustrated in Figure
4.6C, where the ratio of the phosphate electron density values given for the <10> and
<11> direction, is close to unity at 9 mol% due to a more even distribution of the lipid
headgroups around at the water/lipid interface. Conversely for the 0 and 15 mol%,
which display about 8% lower pmin/pmax Values (Figure 4.6C), where the phosphate
electron density ratio is much lower, it suggests lipid headgroups are not

homogenously spread out at this interface compared to 9mol%.
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Figure 4.5 Electron density profiles. (A) Electron density fluctuation along in the head-
group regions and (B) the methyl trough interfaces. (C-E) Radial electron density
profiles with orientation of y = 0° (red) and y = 30° (blue). The interfaces and y
orientations are defined in Figure 4.4A. Comparisons of all concentration are shown

in Figure B7 and B8 in the Appendix B.
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Table 2 summarises the characteristics of the phosphate interface and its circularity.
The data show that the system is at near equilibrium at 9 mol%, because the values
for Rmax and Rmin are not only the lowest (Figure 4.6A), but display the smallest
deviation from each other (Figure 4.6B). This is plausible from the alleviation of
packing stress, meaning the lipids do not have to compress/decompress as much as
compared to the neighbouring concentrations of DPPE. This is further supported by
the value of the circularity being closest to 1 at this concentration. For pure POPE we
observe the smallest Imax and Imin values due to the strongest chain splay given (Table
1). This is also reflected in the fact that POPE lipids in the fluid state are about 0.15
nm shorter than DPPE lipids(40) (see also lave in Table 1). Furthermore, for pure POPE
the circularity is relatively low, clearly displaying non-ideal lipid packing. The same is
true of 3 mol% DPPE, which in fact has the lowest circularity all around. It can be
inferred that after the introduction of 3 mol% of DPPE, the packing efficiency may
have worsened in this respect. The DPPE is therefore acting here essentially as an
impurity, not yet at the threshold concentration to provide packing frustration relief.
The 6 and 9 mol% DPPE mixtures appear to be the most homogenously packed
aggregations, given their values for circularity. At the highest DPPE concentrations, a
subsequent decrease of the circularity is observed. This is reflected in the increase of
differing Rmin and Rmax values, mirroring the behaviour at 0 and 3 mol% of DPPE
(Figure 4.6B). The notion that the 9 mol% DPPE sample is reducing packing frustration
the best, is further illustrated in Figure 4.6C. The ratio of the phosphate electron
densities given for y = 0° and 30°comes close to unity. In contrast, the 0 and 15 mol%
DPPE mixtures display a significantly lower the electron density ratio, which suggests
that lipid headgroups are less homogeneously packed. However, the 6 and 9 mol%
DPPE samples display a slightly bigger chain packing frustration as compared to 12
and 15 mol% DPPE, with their pmax/pmin Values being about 2% smaller (Figure 4.6D).
These subtle homogeneity improvements in the methyl trough region are most likely
caused by a smoother and broader distribution of DPPE around the vertices as can be
seen in the EDPs in Fig 4.5B. Summarising, while 3 mol% of DPPE does not induce any
apparent chain packing frustration release (pmax/pmin = 0.81), a sudden improvement
in the chain packing order is achieved for concentration for 6 mol% and greater (0.85-

0.87).
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Overall, the 9 mol% DPPE sample parameters confirm close to ideal lipid packing
within the hexagon. From the geometric considerations of the Wigner-Seitz cell, the
interstitial void regions constitute 9% of the overall area, so it is volumetrically
plausible that 9 mol% DPPE (8.8 vol%) best accounts for this interstitial region to be
occupied with the lowest packing frustration, and hence leading to a minimum in
hydrocarbon chain compression/decompression within the vertex and flat areas.
Predominant locations of DPPE in corner zones and POPE in the flat zones of the
Wigner-Seitz cell, are therefore likely to be driven by releases in chain stretching
energy (71, 179, 184). Indeed, free energy model calculations based on the theory of
Igli¢ and colleagues (71), display a shallow local minimum in the free energy around
6-9 mol% DPPE with a value of about -0.06 kT per lipid, in which the bending energy
accounts for -0.47 kT per lipid and the stretching energy with 0.41 kT per lipid (Figure
B9 in the Appendix B).

Table 4.2 Structural parameters concerning the circularity of the phosphate position
in the Hy phase.

DPPE Imin (nm) Imax (NM) Rmin (Nm) Rmax (nm) Circularity
(mol%)
0 1.58+0.01 2.12+0.01 1.9740.01 2.00+0.01 0.993+0.005
3 1.70+0.01 2.30+0.01 2.11+0.01 2.14+0.01 0.982+0.005
6 1.69+0.01 2.29+0.01 2.16+0.01 2.18+0.02 0.997+0.005
9 1.69+0.01 2.28+0.01 2.1340.01 2.15+0.01 0.997+0.005
12 1.70+0.01 2.29+0.01 2.15+0.01 2.18+0.01 0.994+0.005
15 1.70+0.01 2.29+0.01 2.13+0.01 2.17+0.01 0.994+0.005
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Figure 4.6 Probing the circularity the water core as a function of DPPE concentration.
(A) Rp orientated towards the corner (red; Rmax) and normal to the edge (blue; Rmin),
(B) ARp equals Rmax minus Rmin, (C) electron density ratio p(0°)/p(30°) determined at
the phosphate position, and (D) electron density ratio p(0°)/p(30°) determined at the
methyl trough region.

Figure 4.7A and B display schematic models of the POPE-only and POPE/DPPE 9 mol%
mixture. Note, the Wigner Seitz cells are drawn in scale, refering in their heights to
the lattice parameters, a, equal to 7.12 and 7.66 nm, respectively. Further, the circles
with the radius Rp plus Igve of the POPE-only case are shown in both models with a
dashed line, indicating that the average lipid length in the pure POPE sample comes
closer to the minimum length, Imin, of the 9 mol% DPPE sample. These models confirm
the notion that the POPE lipids are dominating the flat side locations, while the

relatively longer DPPE lipids concentrate in the vertices of the hexagon.

4.3.3 Anisotropy of Disorder — Thermal versus Disorder of Second Kind

Finally, we have analysed the dynamic behaviour of the inverse hexagonal phase for
3, 9 and 15 mol% of DPPE samples. Of special interest is the local membrane
fluctuation behaviour of the inverse hexagonal phases in the <10> and <11>
directions (Figure 4.1 and Figure 4.7), which refer to the direction of Rmax (towards

the vertices) and Rmin (towards the flat sides) within the hexagonal unit cell. As clearly
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demonstrated in the Figure B4 (Appendix B), the peak shape progression in the <10>
direction shows an increase in width as a function of the diffraction order, which
reveals disorder of 2" kind with strong undulations within this set of planes. In
contrast, the peak shape progression in the <11> direction displays a constant width
as function of the diffraction order, which demonstrates dominating thermal disorder
instead. Thus, there is a clear anisotropy of disorder given in the inverse hexagonal
phase. At this point, we have to stress once more that the MCT analysis that we
applied to the (10), (20), (30) peaks (Figure B4 in the Appendix B) can strictly only be
applied to smectic liquid crystals in the fluid phase (68) however, the purpose here is
to gain an approximate value of the local layer fluctuations in this direction. The value
of the fluctuation distance, G, being in the order of 0.3 nm compares very well to the
o published for 1,2-dimyristoyl-sn-glycero-3-phospho-ethanolamine (DMPE) in the
smectic phase at 80 °C (1, 40).

Table 4.3 Results concerning the fluctuation distance and number of water molecules
per lipid in each water region.

DPPE G (nm) Total Headgroup Core Perturbed Free
(mol%) . Waters waters waters waters waters
? (averaged) <10>
<10>
3 0.26x0.05  16.7+0.8 8.0+0.6 8.7+0.7 2.620.3 6.1+0.5
9 0.30+0.06  17.0+0.9 8.1+0.6 8.9+0.7 3.0£0.3 5.9+0.5
15 0.28+0.06  16.9+0.9 8.0£0.6 8.910.7 2.940.3 6.2+0.5

Given the fact that the disorder in the <11> direction is dominated by thermal
disorder (Figure B4 B), we interpret the (10) planes to fluctuate more than the (11)
planes at all concentrations of DPPE. Interestingly, this mechanical behaviour of the
hexagonal aggregate being more compressible in the <10> directions, is also reflected
in the electron density maps (Figure 4.4 and Figure 4.7C). The headgroup thickness
apparently stretches over a wider region in the <10>, and subsequently the inner
water core reduces in diameter in this direction. Thus, the water core can roughly be
described as a rounded hexagon, but rotated by 30° relative to the hexagonal Wigner-

Seitz unit cell (Figure 4.7C). While no clear DPPE concentration-dependent trend was
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observed in the fluctuation parameter, we deduce the compressed lipid zones (flat
sides) are mechanically more stable than the decompressed lipid zones around the

vertices (see Figure B4).

4.3.4 Hydration properties of the inverse hexagonal phase
Concerning the number of water molecules in each defined water region, the
headgroup waters are constant within errors for all mixtures (Table 4.3), which aligns
with the small changes in the area per lipid, Ap. Indeed, A, does not vary more than
1% from 3 to 15mol% DPPE (Table 4.1). For our DPPE/POPE mixtures, we find 8 water
for the headgroup region, which compares to 7 waters per headgroup found in 1-
stearoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (SOPE) (31). Also the total
numbers of about 17 waters per lipid are within error margins constant and compare
well to the 16 waters per lipids found in SOPE. Second, the number of perturbed
waters per lipid is expected to be larger in the <10> direction as mediated by the
larger fluctuation distance, . This consequently leads to a relatively smaller number
of free waters per lipid in the vertices regions, when compared to the flat regions. In
Figure 4.7D, we have graphically summarised our model for the extension of the
headgroup water region, the perturbed water layer and the free water core.
Comparing the water distribution in the inverse hexagonal phase to the three-
water layer model applied to the fluid lamellar phase of PEs (195), some remarkable
differences become clear: First, the fluid lamellar phase of PEs has no free waters per
lipid, while the inverse hexagonal phase displays 6.5 free waters per lipid in the <10>
direction and most probably displaying an even greater number in the <11> direction
(Table 4.3). Second, while the perturbed water layer thickness is constant along the
lipid/water interface (o = 0.3 nm for DMPE at 80 °C (1)), the membrane undulations
in the inverse hexagonal phase differ in the vertices (o ~ 0.3 nm) from those in the
flat regions (disorder of 2" kind versus thermal disorder). Third, the number of waters
in the headgroup region are slightly smaller in the inverse hexagonal phase. Here 8
waters compare to 8.5 waters in the lamellar phase of DMPE at 80 °C (1). The same
accounts for number of perturbed waters per lipid (about 3 waters compare to 6

waters in DMPE at 80 °C (195)). The latter differences are explained by the smaller
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area per lipid in the inverse hexagonal phase (Ap = 0.45 nm? in the Hy-phase compares

to Ap=0.64 nm?in DMPE at 80 °C (195)) and its molecular wedge shape (Figure 4.1B).
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Figure 4.7 (A) Structural Model for POPE only and (B) the POPE/DPPE 9 mol% mixture.
Note, for best comparison both models refer to the same scale. (C) Electron density
map of the 9 mol% DPPE mixture, indicating stronger interfacial fluctuations in the
<10> directions symbolically with a bigger double arrow (blue) and less dominant
fluctuations in the <11> direction with a smaller double arrow (blue). Noteworthy,
the resulting water/lipid interface resembles roughly a hexagon (green), being
rotated by 30° with respect to the unit cell (red dotted lines). (D) Three different
water regions are highlighted in blue (‘headgroup’ water), light blue (‘perturbed’
water) and light green (‘free’ water).

The observed anisotropy in the mechanical behaviour of the inverse hexagonal phase,
and concomitantly, the change of local hydration properties has implications that go
beyond this study. It can indeed be expected that any curved membrane contains a
curvature-dependent mechanical stress distribution (23), which in turn will lead to
local variations in hydration properties of lipid/water interface. Noteworthy, local

variations in hydration properties go hand in hand with changes in repulsive
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undulation and attractive Van der Waals forces (1) which might be decisive for a

deeper understanding of biomembrane interactions with its extracellular world (73).

4.4 Conclusion

In this study, POPE was investigated in the H;, phase with increasing molar
concentration of DPPE. The circularity as a function of DPPE concentration was
determined to illustrate the alleviation of packing stress around the quasi-cylindrical
outline of the phosphate positions. It was found that adding 6 and 9 mol% DPPE
produced polar/apolar interfaces, which most closely resembled a perfect circle.
Concerning the methyl trough regions, clearly the 9 mol% DPPE sample delivered the
most homogeneous electron density distribution. Most likely, the longer
hydrophobic chains of DPPE lead to its aggregation in the corner areas of the
hexagonal Wigner-Seitz cell, and thereby reducing packing frustration in these
interstitial regions. In particular, at 9 mol% of DPPE the smallest water core area and
lowest number of lipids per circumference is given with respect to its neighbouring
concentrations of 6 and 12 mol%, supporting the hypothesis that DPPE allows the
lipids to aggregate more homogenously around the water core and ultimately
reducing the energetic cost of chain stretching. Finally, we have shown that interfacial
fluctuations are not significantly influenced by the addition of DPPE, but we have
shown that the inverse hexagonal phase is mechanically most stable in the <11>
direction (thermal disorder), and least stable in the <10> direction (disorder of 2™
kind). The compression and decompression zones within the lipid monolayer also

lead to a variation of hydration behaviour along the membrane/water interface.
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Chapter 5. Membrane Dynamics and Confined Water Layer
Classification in the Presence of lon-Rich Solutions

Abstract

lons intercalate in and around the plasma membrane of cells in order to facilitate cell
function. The interaction of ions with the membrane interface influences inter-
membrane forces, which determine membrane stability and dynamics.
Understanding this interaction is beneficial for the improvement of models which
utilise model membranes in order to replicate biological processes. In this study,
multilamellar vesicles (MLVs) consisting of dipalmitoylphosphatidylcholine (DPPC)
hydrated with ion solutions, at molar concentrations ranging from 0 to 1 M. The ions
tested were monovalent sodium chloride (NaCl) and potassium chloride (KCl) (both
monovalent), as well as magnesium chloride (MgCl,) which is divalent. It was found
that the monovalent salts continuously swell the inter-lamellar water spacing, with
apparently little effect on the bilayer thickness. This is in contrast to the divalent
MgCl,, which at low salt concentrations displayed a degree of membrane unbinding.
This behaviour eventually re-stabilises as the salt concentration increases and
actually shrinks the inter-bilayer water spacing. This study also produced evidence to
suggest that at high salt concentrations, the order of increasing membrane
fluctuations does follow the cationic Hofmeister series. We have categorised out
results according to a three-water-layer model, which accounts for water in the
vicinity of the lipid headgroup, water perturbed by the membrane fluctuation, and a
layer of free water which does not directly interact with the membrane. The influence
of different ions at a range of concentrations is categorised according to this model,

and the water molecules contained therein have also been calculated accordingly.
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5.1 Introduction

Amphiphilic lipid molecules are present across many facets of nature making up the
core matrix of cell membranes. Consisting of two hydrophobic chains and a
hydrophilic headgroup, lipid molecules dispersed in water form a variety of liquid
crystalline nanostructures with the lamellar phase most closely resembling the
plasma biomembrane core (72, 73). An emerging field of research employing planar
synthetic membranes relates to the design of artificial cells (82-84), which aims to
mimic biological functions, using a minimalistic setup. The vast majority of model
membrane systems are still used for studying biological interfaces under various
environmental conditions (9, 37, 74, 134). In particular, phosphatidylcholine (PC) is a
very well-studied phospholipid species, since it is frequently found in biomembranes

(72).

When dispersed in water, phospholipids form bilayers where their hydrational
state and nanostructure are closely related. Hydration is primarily dictated by the
propensity of the headgroup to form hydrogen bonds (H-bonds) with interfacial
water molecules (85). Here, the oxygen molecules of lipid headgroup function as H-
bond acceptor, whilst the water molecule serves as the donor. For PCs, the focus of
this study, the oxygen atoms at the phosphate group constitute the majority of
hydrogen bonding, which occurs at the lipid/water interface. To a lesser extent, the
oxygen atoms located at the ester linkages of the glycerol also contribute to hydrogen
bond hydration (89, 92, 93). However, because of the ample hydrogen bonding at the
phosphate, this region is commonly ascribed as the border between lipid and water,
which to a very good approximation, coincides with ‘Gibbs Dividing Surface’ (96). PC
lipids are zwitterionic, meaning they have a net neutral charge. Whilst the
hydrocarbon core is apolar, the headgroup resembles a dipole along the phosphate
(P) to nitrogen (N) vector. Here the oxygen atoms of the phosphate facilitate
hydrogen bonding as acceptors due to their relative negative charge. The nitrogen
atom of the choline group has a relative positive charge, thus cannot form hydrogen
bonds with proximal waters. Water association at the choline moiety takes place via
the hydrophobic effect, whereby waters from an ice-like clathrate shell around the

choline group (89-91). This shell is loosely bound compared to the hydrogen-bonded
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waters of the phosphate, but nonetheless, is linked to the choline and therefore the

headgroup as a whole.

In our recently published study (1), the confined water layer in multi-lamellar
vesicles (MLVs) was categorised into three distinctive sub-layers. Supported by small
angle X-ray scattering (SAXS) results, a ‘headgroup region’, a ‘perturbed water region’
(directly adjacent to each headgroup region), and a single ‘free water regions’ have
been proposed. A similar description of the confined water layer has been supported
by quasi-elastic neutron scattering study (196), describing ‘tightly bound’ water
(close to the glycerol and phosphate), ‘loosely bound’ water (close to the tip of the
headgroup) and ‘free water’ (exclusive from the aforementioned classifications and
yet different to the bulk water). Both studies emphasised the effect of water
confinement on the behaviour of their respective sub-layer definitions. The
behaviour of these sub-layers are intrinsically linked to the different hydration
properties as well as to the inherent membrane mechanics given by the membrane

bending and bulk compression moduli (134).

Contributing to our understanding of membrane hydration are the direct
measurement of forces between adjacent bilayers and investigations on the adjacent
membrane distances under applied osmotic stress (43, 94, 133, 197, 198), identifying
vastly different hydration regimes between PCs and other lipid varieties (199, 200).
Short-range forces concern the steric repulsion force at membrane distances below
0.4 nm and the repulsive hydration force from 0.4 to 1.0 nm (9). For membrane
distances beyond 1.0 nm, long-range forces are facilitated by the attractive Van der
Waals (VdW) and the repulsive Helfrich undulation force (201, 202). When the
membrane surfaces hold a net charge, additionally electrostatic repulsion occurs (47,
203). The hydration properties of the different water regions becomes further
complicated under the influence of added salts. Biological cells contain variety
electrolytes, in the form of ions, with sodium (Na*), potassium (K*) and chloride (CI")
being the most commonly present. lons within the intra and extra cellular medium
play an important role in cell signalling (204), fusion (205), protein interactions (206,
207), and ion channel formation (20), which are essential to life across all organisms

present on earth.
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The intrinsic charge of an ion influences polar moieties like water. The effect of
ions on water structure can be described as kosmotropic, hereby inducing water
ordering and increasing the water-water hydrogen bond interaction. lons of this
nature are termed ‘structure makers’. Conversely, ions can have ‘structure breaking’
characteristics that destabilise the water hydrogen bond network. Such ions are
termed as chaotropic. Lipids themselves may also behave kosmotropically or
chaotropically. For example, the relative positive charge of the choline group in PC
membranes induces water ordering into an ice-like clathrate shell via the
hydrophobic effect, which is chaotropic in nature. The extent to which a given salt
ion has kosmotropic or chaotropic effects follows a frequently reoccurring trend

across chemistry and biology known as the Hofmeister series.

The Hofmeister series is based on the ability of a salt to precipitate a protein in
solution (208), originating from an anionic salt series, with chlorine (Cl") in a middle
neutral position. Kosmotropic anions are protein stabilising (salting out), whilst
chaotropic anions are protein destabilising (salting in) (207, 209, 210). Noteworthy,
ClI- hardly binds to the membrane, but is more likely to disperse in the water phase
(211), where it is able to screen positive membrane surface charges (202). In fact, all
ions, absorbed onto the membrane or dissolved in solution, will influence the charge

density through the formation of an electric double layer.

Cations follow an inverse series with sodium Na* (roughly) at the central position,
K* slightly chaotropic and Mg?* being kosmotropic. That is, the ability to salt out
proteins from solution is ranked K* > Na* > Mg?*. Though Franz Hofmeister did
observe this phenomena over a century ago (208), there is yet to be a conclusive
explanation for its exact mechanism. Nonetheless, the Hofmeister series has been
observed in a variety of biological processes, including lipid phase transition changes

(210), vesicle swelling (212) and ion absorption (213).

Binding of an ion to the membrane interface occurs at the oxygen atomes, in this
way dehydrating the membrane. Simulation and experimental studies on PC bilayers
(214, 215) indicate that cations with an increasing ionic potential, as reflected in the
increase of its radius with hydration (216), have a stronger binding affinity to the

membrane. For instance, Na* and Mg?* binds to the phosphate group. Whilst Ca?*,
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with a lower ionic potential, binds at the glycerol group. Simulation studies of NaCl
and KCl solution hydrated membranes revealed that Na* has a much higher binding
affinity to the membrane compared to K* (214, 217). The effect of NaCl on water
structure has also been linked to the swelling of dimyristoylphosphatidylcholine
(DMPC) bilayers (218). Some evidence suggests this swelling effect in PC MLVs is
slightly stronger for KCI (219). The cation Mg?* is a kosmotrope with a strong affinity
to the negatively charged phosphate group (215). MgCl, is expected to behave
similarly to CaCl,, leading to strong swelling of the MLVs at low salt concentrations
due to unscreened electrostatic repulsion forces, whereas it will stabilise the bilayers
at high salt concentration (203), leading to closer equilibrium distance of adjacent

bilayers.

In this study, the lipid dipalmitoylphosphatidylcholine (DPPC) has been hydrated
with solutions containing NaCl, KCl and MgCl, at molar concentrations ranging from
0to 1 molar (M). Using SAXS, we have investigated MLVs in the liquid crystalline state
in order to categorise membrane swelling under the influence of different ions, as
well as trying to understand the effect ions have on membrane fluctuation and
dynamics. Using these observations, we have also delineated the confined water
layer into three distinct sub-regions defined by the three-water layer model (1) in

order to shed further light on the complex salt ion, water and lipid interactions.

5.2 Materials and Methods

5.2.1 Materials and Sample Preparation

Dipalmitoylphosphatidylcholine (DPPC) was purchased from Avanti Polar lipids as a
lipid powder dissolved in chloroform (25mg/ml). Sodium chloride (NaCl), potassium
chloride (KCl) and magnesium chloride (MgCl;) were purchased from Merck as a
powder and used without further purification. 1M stock solutions were prepared
using MilliQ water and then diluted down to form individual solutions with
concentrations: 0.05, 0.15, 0.3, 0.6 M. These concentration as well as a OM and the
1M solution were used to hydrate the lipid powder, which had been dried by

evaporating the chloroform under a N, stream and dried further under vacuum for
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30 minutes. All dried lipid films were hydrated resulting in 5 wt% lipid dispersions.
Multilamellar vesicles (MLVs) were formed by vigorous vortexing and intermittent
heating to 60 °C (see further explanations below).

When hydrating dried lipid films under the influence of salt ions, the risk of
osmotic stress caused by a salt gradient inside and outside of the vesicles is well-
known (220, 221). This commonly leads to the coexistence of osmotically stressed
and non-stressed vesicles. In order to negate the effects of osmotic stress, ensuring
an even distribution of salt ions in the intra- and extra-vesicular medium, a phase
transition cycling method was used. The hydrated vesicles are heated to 50 °C (the
chosen measurement temperature) and vortexed vigorously, then allowed to cool
back down to below the melting transition temperature, for DPPC this transition
occurs at 41.5 °C (37). Once cooled to room temperature the sample was vortexed
again. This procedure is similar to a freeze thaw cycle (203, 222, 223), where ion
diffusion is improved through vesicles rupture. This cycle was repeated 10 times for
each salt at each concentration. The heat cycling method guarantees evenly
distributed ion, because when approaching the main transition temperature, defects
in the membrane start to form. This strong ion permeability of PC membranes around
its melting point (224) allows the salt ions to penetrate through the membrane
lamellae and distribute homogenously.

The dispersions were then transferred into 1.5 mm quartz capillaries and stored
in a fridge (4 °C) for up to five days before X-ray measurements were performed. To
avoid the anomalous swelling regime of DPPC near the main transition temperature
(142, 225), all SAXS measurements were performed at 50 °C (this is roughly 7 °C above
the anomalous swelling regime). Before the SAXS measurement was executed, each
sample was equilibrated for 10 mins in 3-degree intervals from its transition
temperature to the experimental temperature at 50 °C. At each interval a short X-ray
exposure of 5 mins was performed and the resultant scattering curve was observed
until it resembled a pure lamellar structure (meaning no peak splitting or diffraction
peak shoulders apparent). This ensured that no osmotic stress effects were present.

After the osmotic stress check, the final diffraction pattern was recorded.
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5.2.2 Small Ange X-ray Scattering (SAXS) Experiments and Analysis

SAXS experiments were conducted at the Diamond Leeds SAXS Facility at the
Diamond Light Source in Didcot using the Xeuss 3 instrument (Xenocs, Grenoble,
France) equipped in with a molybdenum micro source with a wave length of 0.071
nm (Xenocs, Grenoble, France). The instrument is equipped with 2D Eiger R1M
(Dectrix, Baden-Daettwil, Switzerland) and a sample to detector distance of 80 cm
was used. The 1.5 mm wax-sealed capillaries were placed after leak tests under
vacuum into the multiple capillary holder that controls the temperature with a Peltier
element with a precision of 0.1 °C (Xenocs, Grenoble, France). All measurement

were performed under vacuum and the exposure was set to 1 hour.

The scattering intensity of multilamellar bilayers is expressed with the equation:
S@IF@I?

I() = *250 (5.1)
where S(g) and F(q) are the structure and form factor contributions, respectively, and
q is the scattering wave vector modulus expressed as:

4msiné

q=— (5.2)

where A is the wavelength of incoming X-rays and 20 is the scattering angle.

The data reduction steps were processed with the DAWN software (DAWN is
funded primarily by the Diamond Light Source and works within the Eclipse Science
Working Group). After the scattering data is imported into the programme, several
important corrections must be performed before the data analysis. Here these steps
will be briefly summarised, but a more detailed description can be found in reference
(55). Firstly, a masking step is performed excluding invalid pixels, so they do not
influence any further corrections. The next step concerns the determination of the
counting uncertainty, which given by the square root of total counts in each detector
pixel. Then the common incoming flux and transmission correction is performed by
dividing the recorded intensity by the transmitted intensity (the transmitted intensity
was determined in 25 x 25 pixel area around the direct beam position). Next is the
angular efficiency correction, which accounts for the increase in photon detection
probability at angles oblique to the detector. This previous correction marks the end
of amendments arising from detector imperfections. A solid angle correction is

performed to correct for the angle subtended by each pixel. An azimuthal correction
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is done to reduce the 2D detector image into 1D-data. Finally, both the capillary and
solution scattering is subtracted from the overall scattering signal of the dispersion
(113), in which the excluded volume of the MLVs is considered when subtracting the

solution scattering.

After the data reduction is completed, the resulting scattering curves were analysed
using global fitting analysis (70). This method uses the structure factor according to
the modified Callie’ theory (68) and also is able to fit the form factor arising from
membrane structure (here a simple 3 Gaussian model was applied (58)). Analysis of
the data using this method yielded values for the lattice repeat distance, d, and
bilayer head-to-head distance dun. The latter of these two distances is calculated from
the distance of the positive maxima of the electron density profile.

The fitting parameter, 1, known as Caillé parameter or fluctuation parameter,
defines the extent of membrane fluctuation. This parameter is directly related to the

mean membrane fluctuation distance, o, via the equation (69):

o= \/ﬁ% (5.3)

where d is the lamellar repeat distance. In our discussion, o is set equal to the
thickness of the perturbed water region dw?°.

The Luzzati bilayer thickness (commonly defined by the ‘Gibbs Dividing Surface’
(56)) is reliant on the distance of the water/lipid interface from the lipid chain
boundary. We define this distance as Dn2. The derivation of Dy2 can be found in

reference (1). Here, it is given by the equation:

_ Vy(dyy—2Dpyy)
Dy, = YA (5.4)

where Vyand Vi are the headgroup and overall lipid volume respectively. Dy is the
partial head group thickness, or the distance from phosphate to chain boundary. In
this study we use Dy1 = 0.49 nm as an reliant estimate for PC bilayers (37, 43, 44). A
constant volume of 1.232 nm3 (37) was used for further calculations, as previous
studies indicate that the volume per lipid does not change significantly within the salt
concentration range used in this study (203, 223). A headgroup volume derived from

the gel-phase was shown to be V;;=0.319 nm?3 (37) and used in this study.
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The Luzzati bilayer thickness, dizis then calculated from the equation:

diz = duy +2(DH2-Dh1) (5.5).
Having all key parameters of the water layer defined (for graphical definition see
Figure 5.2), we can then classify the overall water layer thickness dw into its sub-

layers via the equation:

where Dy is the headgroup thickness, shown to be 0.9 nm PCs (37) and dw/ is the
thickness of the free water layer (see Figure 5.2).

Finally, we are able to calculate the area per lipid A;, which is required to calculate
the number of water molecules in each water sub-layer. A; is defined by the equation:

_ 2V

A, (5.7)

T diz
which also defines the area of each water sublayer associated with a single lipid

molecule. The number of water molecules in each layer was estimated by dividing

the partial water volumes (A;- dJ, and AL'd{V/Z) by the volume of a single water
molecule (V420 = 0.03 nm?3 (115)). For the headgroup region, we define the excluded
volume (Dy - Dyy) as the region containing water molecules. This region is defined by

the water/lipid interface following the concept of the ‘Gibbs Dividing Surface’.

5.3 Results and Discussion

Figure 5.1 displays the scattering curves for each sample and the best fit curves, using
the global fitting method (56, 70). In general, we observed a slight increase of the
diffraction peak tailing with increasing salt concentration, with the exception of
MgCl;, which actually exhibits peak sharpening, particularly at the higher salt
concentrations. In this case, clearly three diffraction peaks are observed. Conversely
at low salt concentrations, the influence of MgCl, demonstrates strong vesicle
swelling, whereby the bilayers within the MLVs repel each other due to electrostatic
repulsion. Overall, the increased peak tailing can be ascribed to an increase in
membrane fluctuations due to an enhancement of the crystalline disorder of the 2"

kind (51). Disorder of 2" kind also leads to a peak broadening as a function of
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diffraction order, which can be seen in the dampening of the peak intensity of the 3™
diffraction order; observed by the diffraction peak being smoothened out into a
broader distribution. We note, that any structure factor contribution beyond the 3™

order only displays as a diffuse scattering.

KCI

P

Figure 5.1 Diffraction pattern of DPPC MLVs under influence of salt ions. All
diffraction pattern have been recorded at 50 °C and salt concentration have been
varied from 0 to 1 M. From left to right, the influence of NaCl, KCl and MgCl; is
illustrated. The experimental intensity data are depicted with blue circles, while best
global fits are shown with red solid line.

Figure 5.2 summarises the overall findings on the behaviour of the confined water as
a function of salt concentration. For NaCl and KCl, the water layer increases gradually
with salt concentration, which is the main influence on the increasing d-spacing. At
lower salt concentrations, the water layer thickness remains constant, but begins to
increase approaching 1 M. The same is observed for the perturbed layer thickness in
the presence of NaCl and KCl. Remarkably, the increase of the perturbed layer
thickness as function of KCl concentration is more pronounced. For MgCl; an entirely
different behaviour is eminent: At low salt concentrations a strong vesicle swelling is
observed, due to a repulsion between bilayers by divalent cation adsorption to the

bilayer surface (226, 227). At low salt concentrations, the shielding power of Cl" ions
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is too low to screen the electrostatic repulsion of the locally induced positive charge
densities. With increasing Mg?* concentrations, the charge density will approach its
saturation in the membrane and concomitantly the charge density of Cl" in the water
phase increases linearly, at one point balancing the maximum charge density of Mg?*
in the membrane. This point is reached at about 0.5 M (Figure 5.2), therefore only at
concentrations of 0.6 and 1.0 M the electrostatic repulsion is entirely screened, which

is given at salt to lipid ratio of about 1 to 4 (Table 5.1).

Returning to the monovalent salt ions, simulation and experimental studies on
K* and PC bilayers indicate that potassium ions do not penetrate and bind as closely
to the membrane interface as Na* (201, 228). This reflects the slightly chaotrope
character K*. Pertaining to the swelling behaviour at 1 M, we observe a higher
swelling in the presence of KCl when compared to NaCl (Figure 5.2, top row).
Korreman and Posselt made the same observation in their study on the anomalous
swelling in PC multilamellar vesicles in the presence of salts, which increases by 0.17
nm at 100 mM of NaCl and by 0.35 nm for 100 mM of KCI (219). The driving force for
this lies in decrease of the Van der Waals (VdW) force in the presence of salt ions. For
a better understanding, it is instructive to consider the Hamaker constant. The net
strength of the Hamaker constant is proportional to the dielectric contrast between
lipid headgroups and the aqueous solvent (8). Now, both NaCl and KCl do reduce the
static dielectric constant from 80 (0 M) to about 65 at 1 M salt concentration (229).
However, while Na*is placed in the midpoint of the Hofmeister series and K* is a weak
chaotrope, the dielectric constant at the headgroup reduces in the presence of Na*
ions, but is hardly influenced by the presence of potassium. We note, that simulations
have shown the headgroup dielectric constant strongly varies with the hydration
state of the headgroup, e.g., at 8 water per headgroup, the dielectric constant in PCs
was simulated to be 8, while at full hydration it rises to 30 (230). That is, kosmotropes
being in concurrence with the interfacial water do increase the overall dielectric
contrast by lowering the headgroup dielectric constant, which explains the less
weakened VdW force in the presence of NaCl. We note, while the static dielectric
contrast reduction can account for a Hamaker constant penalty of 50% due to a

spatial redistribution of ions (201), at high salt concentrations the optical (high
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frequency) dielectric responses becomes dominant due modified ionic polarization in
response to spontaneous charge fluctuations. As a consequence of a reduced VdW
force (weakened bilayer attraction), entropic mixing contributions to swelling have
also been proposed (see Petrache et al. (201)), but primarily the swelling is driven by

an decrease in the dielectric contrast by lipid headgroup and the solution.

NaCl KCI
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Figure 5.2 Adjacent monolayer and the confined water regions under the influence
of NaCl (top left), KCl (top right) and MgCl, (bottom left). The solid black lines indicate
the position of the methyl trough region and the dashed black lines the position of
the phosphates. The blue lines indicate inner and outer headgroup boundaries, and
the light green lines indicate the boundaries between perturbed and free water
regions. The three water layers are colour-coded blue (headgroup water), light blue
(perturbed water) and light green (free water).The three water layer model is
displayed in the bottom right (scheme taken from our recent publication (1)).

Figure 5.3 presents the determined structural layer thicknesses in detail. As
mentioned, d-spacing increases due to the screening of the VdW attractive force
proportional to increasing salt concentration. However, MgCl, displays a different
behaviour. At low salt concentration, membrane unbinding is nearly achieved due
electrostatic repulsion. At high salt concentrations, when the electrostatic repulsion

is entirely screened, the vesicles contract and concomitantly the d-spacing decreases.
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We also observe a practically constant Luzzati membrane thickness, diz, for the
monovalent salts, which is consistent with previous studies on PC membranes (201,
203, 223, 231). As ions require a polar entity to bind to, provided by the lone electron
pairs of the headgroup’s oxygen atoms, the affinity to bind at the headgroup is
predominant (232). The hydrocarbon chains are in contrast apolar; ions therefore do
not bind to the tail region and cannot reduce chain splay in a direct manner. Cations
can only interact on the chain packing indirectly by changing the hydrational state of
the headgroup. Observing the influence of the divalent cation Mg?*, within errors,
the membrane bilayer thickness remains constant up to 1 M salt. This was also found
for Ca?* at lower salt concentrations. However, from 0.6 to 5 M a significant
rigidification of the bilayer was observed (203). This membrane rigidification in turn
reduces the repulsive Helfrich undulations force and does in part explain a reduced
water layer thickness going hand in hand with reduced membrane fluctuations. Our
data up to 1 M salt concentration does not allow such conclusion because a
significant drop in the bending modulus is not confirmed. Thus, the repulsive
fluctuation forces are not significantly changed by the addition of NaCl, KCl or MgCl,
uptol1l M.

Despite the unchanging bilayer thickness, membrane fluctuations, dw?, do
increase. We note, that the modified Caillé theory measures fluctuation through the
n parameter, which is dependent not only on the bending modulus, K¢, but also the
compression modulus, B. What we observe here in the increasing fluctuation distance
is likely caused by an increase in the bulk compressibility of the MLVs. Following the
theoretical model for calculating the free energy profiles of DPPC in the presence of
CaCly (233), we are similarly arguing that weakened VdW forces will lead to a
shallower free energy minimum. Therefore, whilst the membrane rigidity does not
significantly change when compared to the 0 M case, adjacent bilayers deviate to
larger distances and are kept less strictly bound in place, as per the increase in

disorder of the 2" kind being mainly influenced by the bulk compression modulus.

At higher salt concentrations of MgCly, i.e., once the electrostatic repulsion force is
entirely screened, the membrane fluctuations, dw?, decrease with respect to the

pure DPPC behaviour at 50 °C. As the polar interface becomes more saturated with
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Mg?* ions it is also becoming more dehydrated, since water molecules at the
headgroup are now replaced with ions. This dehydration goes hand in hand with an
increase in the VAW force as is observed for poorly hydrated
phosphatidylethanolamine bilayers (1), and DPPC membranes under the influence
kosmotropic humectants (138). As discussed above, the Hamaker constant is
primarily influenced by the dielectric contrast between the lipid and solution. Thus,
due to the strong kosmotropic character of Mg?* it expected that the VdW force
increases due to the dominant decrease the dielectric constant of the lipid headgroup
(230). However, we would like to remark that we are not excluding the possibility
that that the multilamellar membrane stack is influenced by a change in both the
VdW and Helfrich force. An increase in the VdW force (due to an increased dielectric
contrast), as well as slight reduction in the Helfrich undulation force caused by an
increase in bending rigidity of the membrane, would indeed explain a decrease in dw®
observed for MgCl,. That is, in our experiments, an increase in diz might have been

obscured by experimental errors.
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Figure 5.3 Structural parameters of DPPC under influence of addition of NaCl, KCl and
MgCl. (A) Trend of the bilayer thickness, diz (top) and overall d-spacing (bottom) as
a function of salt concentration is given. (B) The thickness of the free water layer (top)
and perturbed water layer (middle) and the overall water layer (bottom) is displayed.
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Above 0.3 M salt concentration, the overall water layer thickness, dw, and fluctuation
layer thickness, dw?, rank in the order of MgCl, < NaCl < KCI. Interestingly, this order
also follows the cationic Hofmeister series, with K* displaying the weakest ionic
potential and Mg?* the strongest. The affinity of membrane binding can be explained
by an ions increase in ionic potential which is reflected in the increase of the bare ion
radius to the hydrated ion radius. These radii increase by 2.49, 3.76 and 5.94 times
for K*, Na* and Mg?*, respectively (216). As discussed above, an increasing binding
affinity to headgroup is confirmed in the same order, both experimentally and by
simulations (214, 215). Therefore, it becomes plausible that the binding of salt to the
membrane is influencing fluctuations in a manner consistent with the Hofmeister

series.

Concerning the free water layer, dw/, under the influence of the monovalent salts
a slight decrease is observed initially when compared to the pure DPPC. Thereafter
its value remains within errors constant. This trend is inverted for the divalent salt
MgCly, chiefly due to the strong electrostatic repulsion at low salt concentrations.
Nevertheless, once restabilized above 0.3 M, the trend is clearly decreasing. For the
monovalent salts, we can summarise that both the overall water layer increase is
dominated by the increase in the perturbed layer thickness, but hardly influenced by
the free water layer thickness. For MgCl, the picture is starkly different, where
progressive electrostatic screening causes the free layer to shrink as the entire
multilamellar systems contracts under the increase of the VdW force and a possible
reduction of the fluctuation forces. All the observed structural trends are further
elucidated by the consideration of the number of water molecules in each of the

discerned water regions.

As alluded to by the unchanging membrane thickness (Figure 5.3A), also the area
per lipid does not change within the studied salt concentrations (Figure 5.4A). Only
at small MgCl, concentrations (0.05 and 0.15 M), we do observe a slight decrease in
the bilayer thickness, diz, and accordingly an increase in the area per lipid. Although
these changes are not very significant, a slight increase in membrane fluidity

(decrease in K¢) can be interpreted as an impurity effect. At low Mg?* concentrations,
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a strong heterogeneity of ordered patches (lipid-salt complexes) within the fluid
bilayer phase might actually cause a decrease in membrane rigidity. Similarly,
cholesterol is known to enhance bilayer fluidity at low concentrations in the
membrane (1-5 mol%), while inducing bilayer rigidification at concentrations above
10 mol%, which was explained through cholesterol’s impurity effect at low
concentrations (234). As expected the headgroup waters, ny/’ (Figure 5.4 B), follow
the same behaviour as the area per lipid. The most interesting results come from the
perturbed water numbers, which above 0.3 M coincide with the cationic Hofmeister
series (Figure 5.3 C). Despite the overall water layer thickness increasing slightly for
the monovalent salts (Figure 5.3 B), the number of free waters do remain constant
(Figure 5.4 D), i.e., being mostly unaffected by the salt concentration. As ever, MgCl,
exhibits vastly different behaviour compared to the monovalent salts. All its waters
consistently decrease in each of the distinguished layers. Indeed, at 1 M salt
concentration the free layer is so constrained that the number of waters has reduced
by over 50% compared to the lowest salt concentration, and roughly only 60% of the
overall waters are left, when compared to pure DPPC system. As mentioned above,
the reduced number of waters at higher MgCl, concentration does confirm our
interpretation, that likely both the VdW force increase and Helfrich force decrease
lead to the mechanical stabilisation of the MLVs, similarly to the salt-induced

membrane rigidification as observed in the presence of CaCl, (203).

Table 5.1 Number of salts per lipid under the assumption that the salt concentration
of interlamellar water and the excess water regions is the same.

Xc (M) NacCl KCl MgcCl:
0.05 0.026 0.025 0.062
0.15 0.078 0.079 0.128
0.3 0.156 0.160 0.160
0.6 0.318 0.338 0.270
1 0.562 0.588 0.428
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Figure 5.4 Hydration properties of DPPC at 50 °C under the influence of NaCl, KCl and
MgCl. (A) Area per lipid (B) Number of waters in the headgroup region (C) Number
of waters within the perturbed water region (D) number of free waters.

In Figure 5.5 we are comparing the four DPPC systems at 0 and 1 M salt
concentration, respectively. As observed in the electron density profiles (EDPs; Figure
5.5 A), the overall water layer decreases under the influence of the strong
kosmotrope Mg?* and slightly increased in the presence of the neutral Na* and even
more so under the influence of the weak chaotrope, K*. The latter vesicle swelling is
primarily driven by a reduction of the dielectric constant of the water (decrease in
VdW force). As clearly shown in the comparison of the structural layer thicknesses
diz, dw, dw®, dw/ (Figure 5.5 B), the main contribution to changes in the d-spacing
arises from the overall water layer thickness and is hereby mostly dominated by
changes in the perturbed water layer thickness. Although hardly any change is
observed in number of headgroup waters (figure 5.4), it must be remarked that in its
calculation no replacement of headgroup water by cations has been taken into
account. Thus the given water numbers are likely too high, in particular for the MgCl,,
with the Mg?* having a strong binding constant towards DPPC. The binding constant,

K, for Mg?* is; Kumg = [lipid Mg2+]/([lipid] [Mg2+]) was experimentally found to be 2.5
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+ 0.7 M (232). In Table 5.1 the number salt ions per lipid are listed for all salt
concentrations. For the 1 M solution of MgCl,, for each lipid 0.428 cations are found
in total water volume per lipid. That is, we can estimate the [lipid Mg2+]/[lipid] ratio
is about 1:1. Hence the number of waters per headgroup reduces at least by one or
even greater, depending the coordination number of Mg?* within the headgroup
region (cp. Figure 5.4 B). The reduction of ny/'is expected to be roughly twofold lower
for Na* (note, the a binding constant Kno = 1.25 M has been reported (235)), i.e.,
having roughly half the potential to replace water at the interface, and for K* we

expect nu!’ to be nearly unchanged, since K* hardly binds to the headgroup (214).
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Figure 5.5 Structural comparison of DPPC with 0 M salt and 1M of MgCl2, NaCl and
KCI. (A) Electron density profiles from bottom to top: 1 M MgCl,, 0 M salt, 1 M NaCl
and 1 M KClI. (B) Structural parameters of diz, dw, dw®, dw' and for 1 M MgCl,, 0 M
salt, 1 M NaCl and 1 M KCI.

5.4 Conclusion

DPPC was investigated with SAXS in the fluid lamellar phase of multilamellar vesicles
at 50 °C. Hereby the influence of two monovalent salts (NaCl and KCl) and one
divalent salt (MgClz) on the hydrational state and structure of the PC bilayer stacks
has been studied with salt concentrations varying from 0 to 1 M. It was found that
the influence of the monovalent salts onto the bilayer rigidity is not significant over

the studied salt range. This is slightly different for divalent salts, where the influence
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of MgCl, is onto the bilayer rigidity is subtle, displaying a slight membrane fluidisation
at low salt concentrations (0.05 and 0.15 M). The strong vesicle swelling at low MgCl,
concentrations is due to unscreened electrostatic repulsion forces, whereas the
vesicle stabilisation at high salt concentration (0.6 and 1 M) is interpreted as an
increase in both the membrane bending and bulk compression moduli. The swelling
effect at low salt concentrations is interpreted as an impurity effect given at low [lipid
Mg?*]/[lipid] ratios. The stabilisation of the MLVs at high salt concentration is most

likely a combination of increased VdW forces and decreased Helfrich forces.

The swelling of vesicle upon increased monovalent salt concentration is understood
throughout the reduction of dielectric constant of the solution in the presence of salt.
That is, the dielectric contrast between lipid and aqueous solution decreases, leading
to a decrease in VdW forces coinciding with an increased bulk compressibility of the
MLVs.

The Hofmeister series is reflected in the membrane binding affinity of the three salts
studied. The key structural parameter reflecting this trend is the perturbed water
layer thickness. Under the influence of the kosmotropic Mg?* ions the membrane
perturbation decreases, while the water structuring neutral Na* and slightly
chaotropic K+ ions induce an increase in the perturbed water layer thickness. The
studied cations are more dominantly influencing the bulk compressibility of the
vesicles, and less so the membrane rigidity. None the less, these findings do suggest

that membrane fluctuation does somewhat follow the cationic Hofmeister series.
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Chapter 6 General Conclusion and Outlook

6.1 General Conclusion

The interaction of lipids with water, in particular interfacial water, is of great interest
because of its prevalence in various biological scenarios, but also in several industrial
applications. A deeper understanding of this interaction will aid in the improvement
of models which simulate biological processes. The extent of hydration at the
membrane interface plays an important role in cell dynamics, and cell fusion (101).
Therefore, the main objective of this research was to establish a methodology to
define the water confined between lipid bilayers as given in lyotropic liquid crystals.
Two such liquid crystals were analysed, namely the lamellar and inverse hexagonal
phase. We have primarily focused on the most biologically relevant lamellar phase.
The novelty of the this project at large is the introduction of the three-water-layer
model, which has been applied to each system studied in chapters 3-5, primarily using

small angle x-ray scattering for the nanostructural characterisation of the systems.

Chapter 3 derives this model and defines its parameters all of which can be
obtained using SAXS. Volumetric data may be used to supplement the SAXS data; in
the case of chapter 3, volumetric data was used to estimate to position of the Gibbs
diving surface through the newly introduced parameter Dx2. The method outlined in
appendix A shows that this distance can be calculated without the need for time
consuming gravimetric measurements. The three-water-layer model categorises the
inter-lamellar water into three distinct layers associated with each lipid. These layers
tend to increase with the swelling of vesicles, with the notable exception of DMPE,
which apparently constricts as a function temperature. Applying the three-water-
layer model, it was found that the free layer is absent in DMPE, suggesting a
diminished hydration compared to the PC lipids studied. This lack of inter-lamellar
waters likely has an influence on the dynamics of the DMPE membrane which was
seen to fluctuate to smaller distances as a function of temperature. The smaller
headgroup volume of PEs is also reflected in the lower number of waters in the
headgroup regions, which diminishes the dielectric constant significantly in the lipid

headgroup region, leading to an enhanced attractive VdW force due to an overall
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enhanced dielectric contrast between lipid and the water phase. However, the
overall interplay with repulsive hydration force is still not entirely understood.
Nevertheless, our observation also suggest a more significant role water plays in

inter-membrane interactions but also in membrane dynamics at large.

Also in chapter 3, it was demonstrated how the three-water-layer model might
be used to better estimate membrane structure. Here, the model was used to
estimate headgroup tilt, which was calculated to decrease relative to the bilayer
normal as a function of temperature. Whilst this result is unsurprising, this is the first

instance of the behaviour being observed using purely SAXS data.

Chapter 5 progresses in a similar manner, from studying pure lipid/water systems
to studying lipid/ion solution systems. The effect of water on membrane dynamics is
best observed for the divalent MgCl,. Being a strong kosmotrope, having high affinity
for membrane binding, the Mg?* ions replace interfacial water at the lipid
headgroups. Incidentally, the perturbed water region decrease to the smallest value
of all salts studied at the highest salt concentration (1M). Again, alluding to the role
water plays on lipid dynamics. However, the effect of ions on the VdW attractive force
cannot be excluded as having a significant influence also. The increase in VdW force
(observed by the water layer shrinking) apparently goes hand in hand with a
diminishing fluctuation distance. This interpretation applies to both a pure
DMPE/water system and DPPC with the addition of MgCl,. Potassium ions on the
other hand, are weakly chaotropic and as discussed in Chapter 5, do not have as
strong an affinity for the membrane interface. They therefore will be dispersed in the
water phase, leaving a surplus of waters at the interface. This may cause a slight
increase in membrane fluidity, which is somewhat apparent for KCl at low salt
concentrations, although the experimental errors in this case are too large for this
interpretation to be conclusive. It is likely a more detailed investigation of the lipid

volume under the influence of specific ions is needed.

What was most interesting about the results in Chapter 5 was the comparative
behaviour of all salts in the higher concentration range (> 0.3 M). This regime
proceeded the effects of enhanced fluidity and swelling observed for MgCl,. Here we

observe a pattern for membrane fluctuation which coincides with a cationic
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Hofmeister series. Whilst is already established that ion binding does also follow a
Hofmeister series, the implication that this also influences membrane dynamics is
interesting. Similarly to what was observed in Chapter 3, the incorporation of ions
into the water phase is clearly having an effect on intermembrane forces. What is
unique in the case of ions is the apparently unchanging membrane thickness, yet with
an apparentincrease in the Helfrich undulation force, observed from the membranes
fluctuating to larger distances. This is in contrast to the pure lipid/water systems in
Chapter 3, where an increase in Helfrich undulation forces occurs accordingly with a
thinning of the membrane thickness (the main influence arising from the bending
modulus). Whereas in chapter 5, the main influence is given by changes in the bulk
compressibility, which increases under the influence of chaotropic cations. This
influence on membrane dynamics with the addition of ions may also relate to the

number of lipids a single ion binds to (see Table 5.1).

Chapters 3 and 5 were the application of the three-water-layer model to lamellar
systems with and without the presence of ions. Chapter 4 is an investigation into the
water core shape and stability in the inverse hexagonal phase. In particular, how the
shape is related to membrane dynamics, according to the three-water-layer model.
Remarkably, the hexagonal crystal lattice apparently fluctuates to greater distances
the more circular the confined water core is (this may also be interpreted as a higher
membrane fluidity when the water core is most circular; at the same time, the error
margins are too big to ascertain this finding conclusively). The addition of longer chain
DPPE to the POPE host lipid maximised the circularity of the water core at a
concentration of 9 mol% DPPE. At higher or lower concentrations, the value of
circularity deviated from being perfect circular. This value of 9 mol% also
conveniently matched the 9% excess surface area coverage of a circle inscribed onto
a hexagon. Volumetrically, it is plausible that 9 mol% DPPE accounts for the area

excess in the packing frustration.

What is of key interest in Chapter 4 is the relationship between confined water
geometry and its influence on membrane dynamics and stability. Concerning the
waters confined to each classified sub-layer, there is little change to be seen across

the concentration range, although the 9 mol% does display a very slight increase in
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its perturbed waters. This behaviour in the hexagonal phase is remarkably different
to what is observed in the lamellar phase, where the interplay of volumetric changes
between the perturbed and free layers are inversely proportional to each other.
Further, we observed the shape of the apparent free water region resembling a
smaller hexagon rotated 30° relative to the Wigner-Seitz unit cell. This observation is
apparent in the electron density distribution (see Figure 5.7 and Appendix B). Here,
we see a broadening of the phosphate distribution orientated to the direction of the
corner of the unit cell, which does constrain the distribution in the water region to a
shape resembling a well-rounded hexagon. Naturally, this observation goes hand in
hand with the calculated fluctuation distances in that direction. Although the
representation of the inverse hexagonal phase as an EDP contour map has been quite
common, there has seldom been an interpretation of water core pattern in this

profound manner.

These results from Chapters 3-5 can be useful for industrial formulations which
employ lipid membranes and water, such as those self-assemblies used in cosmetics,
pharmaceuticals and the food industry. These investigation have scrutinised lipid
membranes under different environmental conditions, but also with additives in the
water phase. In particular, ions which are frequently found in human biology were
studied. Special attention was given to the understanding and behaviour of the
membrane dynamics and stability in each case. For this reason, the information
garnered from this thesis would be useful in product formulations which incorporate
water and emphasise the membrane or vesicle stability in conjunction with it. From
Chapter 4, we have also developed a novel and interesting way to probe the size and
shape of the cylindrical water core. This may be of particular interest to
pharmaceuticals, because of the role the inverse hexagonal phase plays in the

therapeutic delivery of, for instance, mRNA applied in COVID vaccines (236).
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6.2 Outlook

For future research there are several interesting areas to investigate. The first
concerns more ionic studies, but with an emphasis on ions which will have an affinity
to the water as opposed to the membrane. As is well known, the anionic Hofmeister
series is better resolved than the cationic series (237). Cations also have a preference
for binding to the lipid headgroup leaving the anion to be dispersed in the water
phase (217). Currently, we have conducted a study of altering the membrane
interface and observing the effect this has on the water layer. For this reason, it would
be interesting to observe how specifically altering the water structure will influence

the membrane dynamics, if at all.

Concerning the behaviour of water in confinement, differential scanning
calorimetry (DSC) is a useful method to measure the freezing behaviour of water
confined between membranes (238). In particular, DSC studies have observed
distinct water freezing events (239) relating to the intra and extra-vesicle water. In
one particular study three classes of water (240), including a regime of water that
never froze, has been observed for water confined between membranes. The design
of an experiment to observe different freezing regimes could support the hypothesis
in this study about distinct water species. It is likely that these measurements would
need to be performed at minimum water hydration for the specific lipid. This would
negate as much as possible, the influence of bulk water freezing, focusing more on
the confined water. A slow cooling ramp (< 1 °C min™) would also be beneficial to

allow subtle signals from waters of different dynamics to be recorded.

Finally, in order to form a fuller picture of water dynamics, nuclear magnetic
resonance (NRM) experiments may be performed to further support the SAXS
experiments. NMR studies are able to investigate water dynamics near the
membrane interface (196). Combining SAXS with NMR would form a model of the
membrane structure and dynamics (from SAXS) as well as the dynamics of the water

(from NMR).

In addition to the real world industrial applications discussed above, the studies

conducted within this thesis would be a useful tool in studying models which mimic
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biological processes. Molecular dynamics simulations of the phospholipid membrane
is an exciting field of research and a deeper understanding of the confined water layer
region would better inform simulation studies. In particular, studies which measure
intermembrane forces may be improved by detailed descriptions of the water sub-
layers, according to the three-water-layer model. Since water is the key propagation
medium for all intermembrane forces, consideration of the differences in water
density, structure and its relationship with the membrane will improve our

understanding and replication of biological processes, involving the cell membrane.
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Appendix A: Supporting Information for Chapter 3

Content

Figure A1: Common bilayer electron density profile (EDP) models.

e Figure A2: Examples of global fitting of SAXS data of DMPC, egg-PC and DOPC.

e Table Al: Lattice spacings and form factor values of DMPE.

e Table A2: Structural parameters of DMPC, egg-PC and DOPC (30 °C) and DMPE
(60 °C).

e Derivation of the parameter Dus,.

e Figure A3: Refined membrane hydration.
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Figure A1 Common bilayer electron density profile (EDP) models. (A) A strip model
and (B) two different Gaussian component models. The figure has been taken with
permission from reference (57).
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Figure A2 Global fitting of SAXS data of DMPC, egg-PC and DOPC at 30 °C (shown
from top to bottom). Solid red lines give best fits.



Table Al: Lattice spacing and form factor values of DMPE.
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Fourier Coefficients F(h)/F(1)
Temperature | d-spacing (hm) F(1)/F(1) F(2)/F(1) F(3)/F(3) F(4)/F(1)

(°c)

57 4.935 -1.000 -0.227 +0.220 -0.276
60 4.902 -1.000 -0.231 +0.217 -0.268
62 4.87 -1.000 -0.244 +0.222 -0.259
65 4.839 -1.000 -0.243 +0.223 -0.255
67 4.815 -1.000 -0.234 +0.223 -0.262
70 4,785 -1.000 -0.240 +0.221 -0.261
72 4,765 -1.000 -0.237 +0.221 -0.254
75 4.736 -1.000 -0.232 +0.211 -0.230
80 4.69 -1.000 -0.240 +0.211 -0.248

Table A2: Structural parameters of DMPC, egg-PC and DOPC (30 °C) and DMPE (60
°C). Parameters are compared to literature values given in brackets.

Parameter DMPC (30 DOPC (30 Egg-PC (30 DMPE (60
oc) oc) oc) oc)
d-spacing (nm) 6.27 6.27 6.35 490
(6.27 B7) (6.31?) (6.632) (4.833)
duu (nm) 3.44 3.63 3.66 3.61
(head to head) (3.602) (3.692?) (3.692?) (3.393)
diz(nm) 3.49 3.53 3.56 3.49
(bilayer thickness by (3.69?) (3.592?) (3.63?) (3.41(40))
Luzzati)
A (nm?) 0.619 0.723 0.694 0.582
(0.5962) (0.7252) (0.6942) (0.596 (40))
ny, total 24.1 33.0 31.8 12.2
(per lipid) (25.62) (32.82) (34.7?) (11(243))
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Derivation of the parameter D2
Dp2 can be derived from setting the water volume in the headgroup regions equal,
using the excluded headgroup volume expression and Luzzati ansatz (27),

respectively:

_ 2 _ 2V
A= drz dpp+2(Dp2— DH1) (A1)
DyA,— Vy = Ay (DH - DHZ) (A2)

Inserting (A1) in (A2):

2DyVy _ _ 2V (Dy—Dy2)
dun+2(Dy2— DH1) H dyn+2(Dy2— DH1)

DH2 ZVL

2 V, =
H dyp+2(Dy2— DH1)

= VHdHH + ZVHDHZ - ZVHDHl = ZDHZVL
= Vu(duy — 2Dy1) = 2Dy (Vy, — Vi)

Vh(dyg—2Dy1)
2(V—Vy)

= DHZ -
Alternatively, one may set the area per lipid expressions equal that derive from

Mcintosh (43) and Luzzati (27) ideas, respectively:
2(V—Vy) 2V,
AL = =
dyp—2Dp1 dun+2(Dg2— DH1)

= 2VLdHH + 4VLDH2 - 4VLDH1 - ZVHdHH - 4VHDH2 + 4VHDH1 = ZVLdHH -
4V, Dy

(A3)

= 4V, Dy, — 4VyDyy = 2Vydyy — 4Vy Dy
= ZDHZ(VL - VH) = VH(dHH - ZDHl)

Vy(dyy— 2Dy1)

= Dz = =50, v
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Figure A3 Refined membrane hydration. a) The refined free water layer thickness for
the PCs is presented, using the linear regression of Dy (T) obtained from DOPC and
DMPE data, respectively. b) Refined number of waters in the headgroup region, and
c) the refined number of water molecules in the free water layer are shown. Note,
the perturbed water layer remains unchanged, when applying Dy (T) instead of Dy =

constant.
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Appendix B: Supporting Information for Chapter 4

Contents

e Figure B1 Fitting of the diffraction pattern.

e Figure B2 Best phase choices for F(21), F(22) and F(31)

e Figure B3 Schematic of the encasing triangle used in circumference and area
calculation.

o Figure B4 Peak-shape progression in <10> and <11> direction and MCT fits.

e Figure B5 Fraction of the inverse hexagonal phase as function of the DPPE
concentration.

e Table B1 Structural parameters for the calculation of the electron density maps.

e Figure B6 Electron density maps of all POPE/DPPE mixtures as function of mol%
DPPE.

e Figure B7 Electron density fluctuation along the head-group and methyl trough
interface.

e Figure B8 Radial electron density profiles with orientation of y =0° and y = 30°.

e Figure B9 Free energy, bending energy and stretching energy per lipid.
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Fitting of the diffraction pattern
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Figure B1 SAXS diffraction pattern of POPE with 12 mol% of DPPE. (A) Higher intensity
peaks (10), (11) and (20) are shown, and in (B), the lower intensity peaks (21), (30),
(22) and (31) are displayed. All peaks are fitted by Lorentzian distributions (red-lines),
the diffuse background was fitted with a polynomial of second order (green lines) and

the overall resulting fits are shown with blue lines. All experimental results are

summarized Table B1.
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Best phase choices for F(21), F(22) and F(31)

Figure B2 Demonstration of best phase combination for the POPE sample with 9
mol% of DPPE. Due to experimentally reported zero-crossing of the form factor near
the (21) reflection (63), its best phase choice has been checked for all electron density
map calculations. Additionally, the two weakest reflections (22) and (31) reflections
were checked for their best phase choices. All these alternative phase choices led to
an enhanced kurtosis (peakedness) within the unit cell and hence have been
excluded. This phase choice method has been originally developed by Luzzati and co-
workers (241), and follows the idea to identify electron density map, displaying the
smoothest interfaces. Moreover, the best phase choice for F(21), F(22) and F(31) (all
positive), leads also to the lipid/water interface with the highest circularity.
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Schematic of the encasing triangle used in circumference and area
calculation

Y (nm)

X (nm)

Figure B3 Schematic representation method used to calculate the circumference and
area of the water core, with the phosphate position denoted by the light blue dotted
line. Aywas set at 1°. The summation ¥*=3° H, H, .., produces the approximate arch
length of a 30° segment with the area of the encasing triangle used to calculate the
total area of the water core (note, Ayis not to scale).
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Peak-shape progression in <10> and <11> direction and MCT

fits
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Figure B4 (A) The peak shape progression in the <10> direction shows an increase in
width as function of the order (peak (10) — black, (20) —red, (30) — blue, instrumental
width — dashed line), which demonstrates disorder of 2" kind with strong
undulations within this set of planes. (B) The peak shape progression in the <11>
direction displays a constant width as function of the order (peak (11) — black, (11) -
red), which demonstrates dominating thermal disorder instead (all lines in panel A
and B display Pearson VIl fits, helping to guide the eye). (C-D) Modified Caillé Theory
based fits in the <10> direction: from left to right the (10), (20) and (30) peaks were
fitted, resulting mean square fluctuations o = 0.3 nm. As an example, the sample
POPE with 9 mol% DPPE is presented.
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Turnover curves: Lq to Hi phase transition
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Figure B5 Fraction of the inverse hexagonal phase as function of the DPPE
concentration. Mixtures of POPE/DPPE ranging from 0 to 15 mol% DPPE were heated
from Ly to Hy phase. The intensity of the first order peaks was used to calculate the
fraction of the inverse hexagonal phase according to Fraction Hy = I(Hu)/[I(Hu) +I(Ls)].
Best fits using the logistic function with setting the minimum and maximum values to
0 and 1, respectively, are shown in red. Panel A data is taken from Rappolt et al. (156).
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Table B1 Structural parameters for the calculation of the electron density maps in
Figure B5.

Sample Temperature (°C) Lattice spacing, a Miller indexes: Ini/110° Fni/F10®
(nm) h, k
0 mol% DPPE 80.0 7.12 1,0 1.0000 +1.00
1,1 0.3608 -1.04
2,0 0.1752 -0.84
2,1 0.0069 +0.22
3,0 0.0058 +0.23
2,2 0.0036 +0.21
3,1 0.0019 +0.16
3 mol% DPPE 89.5 7.66 1,0 1.0000 +1.00
1,1 0.3168 -0.97
2,0 0.1457 -0.76
2,1 0.0054 +0.19
3,0 0.0058 +0.23
2,2 0.0028 +0.18
3,1 0.0015 +0.14
6 mol% DPPE 89.5 7.73 1,0 1.0000 +1.00
1,1 0.3376 -1.01
2,0 0.1540 078
2,1 0.0066 +0.22
3,0 0.0072 +0.26
2,2 0.0018 +0.15
3,1 0.0011 +0.12
9 mol% DPPE 90.5 7.66 1,0 1.0000 +1.00
1,1 0.3265 0.9
2,0 0.1544 -0.79
2,1 0.0060 +0.20
3,0 0.0070 +0.25
2,2 0.0020 +0.15
3,1 0.0013 +0.13
12 mol% DPPE 91.5 7.72 1,0 1.0000 +1.00
1,1 0.3319 -1.00
2,0 0.1548 -0.79
2,1 0.0068 +0.22
3,0 0.0061 +0.23
2,2 0.0029 +0.19
3,1 0.0012 +0.12
15 mol% DPPE 91.5 7.70 1,0 1.0000 +1.00
1,1 0.3201 -0.98
2,0 0.1521 -0.78
2,1 0.0063 +0.21
3,0 0.0059 +0.23
2,2 0.0027 +0.18
3,1 0.0011 +0.12

2 All I21 and 131 intensities were divided by 2 due to their 2-fold higher multiplicity.
b Amplitudes Frc/F1o = V(In/I10) Lore, i.e., the Lorentz correction (Lorc) was 1, V3, 2, V7, 3, V12 and V13
applied.
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Electron density maps of POPE/DPPE mixtures
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9 mol% DPPE
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Figure B6 Electron density maps of all POPE/DPPE mixtures as function of mol% DPPE.
All experimental conditions and parameters are summarized in Table B1.



115

Interfacial electron density fluctuation
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Figure B7 Electron density fluctuation along the head-group (A) and methyl trough
interfaces (B). Note, these interfaces are defined in Figure 4.3A.
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Radial electron density profiles
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(blue). Note, y orientations are defined in Figure B3A.
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Free energy, bending energy and stretching energy per lipid

In the derivation of the free energy of lipid monolayers, Igli¢ and colleagues (71)
assume that lipid molecules are anisotropic in shape in the inverse hexagonal phase
(see molecular wedge model in Figure 1B) with respect to the axis perpendicular to
the membrane plane. In their model for the lipid monolayer free energy two energy
contributions are considered: the bending energy, which involves also a deviatoric
curvature term, D, which is an additional term to the mean curvature, H, and second,
the interstitial energy, which describes the deformation energy due to stretching of
the phospholipid molecule chains. Note, that the classic description of the bending
energy of monolayers assumes only molecular shapes with axis rotational symmetry,
which has been shown to oversimplify the description of bending energies in the
inverse hexagonal phase (see also references (179, 184)). On the basis of the derived
expression for the lipid monolayer free energy (equation 58 in reference (71)), the
authors predict optimal geometry and physical conditions for the stability of the

inverted hexagonal phase.
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Figure B9 Free energy, bending
energy and stretching energy
per lipid following the theory of
Ales Igli¢ and colleagues (71)
with the stretching modulus t=
13.5 kT, the bending modulus
Kc = 11 kT, the mean curvature
H = -1/(Rp ave+0.5 Dy) nm™ with
the headgroup extension Dy =
1.1 nm, the deviatoric
curvature D = [H/, the intrinsic
mean curvature Hm = 0.1 nm™?,
the intrinsic deviatoric
curvature Dm = [Hm/, the chain
length, dc = lave-Dn/2 and the
area per lipid at the
polar/apolar interface, Ay = Ap
(Rp avet0.5 Dn)/Rp ave. Best
estimations of the model
constants for POPE (given in
bold above) were taken
literature (71), all other
parameters were derived from
Rp ave and Ap values from this
study (see Table 4.1).
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Appendix C: Supporting Information for Chapter 5

Table 1C Global fitting parameter results, displaying the d-spacing, the number of
lamellae N, the fluctuation parameter n, the headgroup position zy, the headgroup
standard deviation oy, the membrane core standard deviation oc, the relative
electron density pgr, the weighing factor for uncorrelated bilayer scattering Naif, the
scale and offset. The table refers to the fits given in Figure 5.1.

NaCl (M) | d (nm) N n zy(nm) | on(nm) | oc(nm) | pr(a.u.) | Nag Scale Offset
0 6.513 20 | 0.055 1.90 0.30 0.49 1.00 1E-05 | 1.21E-12 | 3.91E-12
0.05 6.497 20 | 0.070 1.90 0.30 0.49 1.00 1E-05 | 1.26E-12 | 3.33E-12
0.15 6.462 20 | 0.071 1.90 0.30 0.58 1.00 1E-05 | 1.94E-12 | 3.37E-12
0.3 6.469 20 | 0.071 1.90 0.30 0.58 1.00 1E-05 | 1.67E-12 | 3.39E-12
0.6 6.520 20 | 0.072 1.90 0.30 0.60 1.00 1E-05 | 1.70E-12 | 3.40E-12
1 6.681 20 | 0.088 1.90 0.30 0.67 1.00 1E-05 | 1.98E-12 | 3.28E-12

KCI(M) | d(nm) | N n zy (nm) | oy (nm) | oc(nm) | pr(a.u.) | Nags Scale Offset
0.05 6.353 | 20 | 0.058 1.90 0.3 0.59 1.00 1E-06 | 1.50E-12 | 4.62E-12
0.15 6.498 | 20 | 0.072 1.90 0.3 0.59 1.00 1E-06 | 1.66E-12 | 4.78E-12
0.3 6.512 | 20 | 0.082 1.90 0.3 0.56 1.00 1E-06 | 2.51E-12 | 3.50E-12
0.6 6.698 | 20 | 0.098 1.90 0.3 0.60 1.00 1E-06 | 1.78E-12 | 4.35E-12
1 6.816 | 20 | 0.106 1.90 0.3 0.69 1.00 1E-06 | 1.98E-12 | 3.45E-12

MgCl> (M) | d(nm) | N n zy(nm) | oy (nm) | oc(nm) | pr(a.u.) | Nag Scale Offset
0.05 10.00 2 | 0.420 1.88 0.32 0.59 1.00 0.30 | 3.10E-06 | 7.29E-07
0.15 8.06 0.182 1.88 0.30 0.66 1.00 1E-05 | 2.47E-06 | 7.89E-07
0.3 6.545 20 | 0.075 1.90 0.30 0.68 1.00 1E-05 | 1.83E-12 | 5.40E-12
0.6 6.113 20 | 0.037 1.90 0.30 0.87 1.00 1E-06 | 7.01E-12 | 9.00E-12
1 5.990 | 20 | 0.039 1.90 0.30 0.85 1.00 1E-06 | 5.01E-12 | 5.01E-12

Note, fitting errors are given by the last digit displayed, e.g., d = 6.513 + 0.005.
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