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Abstract

Phospholipiebased liposomes are abundantly studied in biomembrane research and

used in numerous medical araiotechnological applications. When dispersed in

water, lipids hydrate to form a variety of complex nanostructures. Despite our

knowledge oimembrane nanostructure and its mechanical properties under various

environmental conditions, there is still a laok 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 thehosphatidylcholine (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 (i) phase was also investigated. We are proposing a new model for

describing three different water regions, which have been characterised, using a

combination ofSmall Agle Xray Sattering (SAXS) and volumetric data. The three

regionsconcef O A0 WOGKS KSFRAINRdzZLI 6F GSNDRZ 6AA0 WLISN
AYGSNFIOS YR OAAALD | O2NB @SN 2F WFNBS 41t
all three layers is discussed as a function of temperatiméuences of chain

saturation, headgraip type and as a function of ion conegration, 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 PCsand, remarkably,in PEsthe free water layer iscompletely absent. This

behaviour in PEs is different when in the inverse hexagonal phase, where a free water

region develops and remains relatively unchangethasnicelle packing frustration

is alleviated Most interestingly, the mechanical behaviour of the inverse hexagonal

phase is differenbrientated towards the corners and flat sides of the Wigner Seitz

cell. Understandably, kS RA&A2NRSNJ A4 NBftliA@Ste SyKIyoOS
corners(decompression zorsy, concurrently withthe amount of perturbed waters

in this region The influence of ions onto the lamellar phase water layers is heavily

dependent on ionvalencyand also on a specific ions kosmotropic or chaotropic

potential. The trend of the cationic Hbfmeister series is reflected in the perturbed

water layer, increasing from Mg Na to K.
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Chapter lintroduction and Research Question

1.1 0il and Water¢ The Structue of Life

Water is a ubiquitous molecule fouratross the earth, present withi@and often in

large quantitie}all livingcreatures. It has been a popular subject of art and literature

(3), synonymous with the incomprehensible faculty of nature. Ancient cultures
throughout history have recognisesaterQ @ystique and worshiped it as a go4).

Its life givingessencehas captivated humanity since before recorded history. This
essentialness to life cannot be understRtd (G KS Y@ alidSNASa 2F g1

impossible to mimic behaviour has puzzled the scientific community for de¢&yles

Afascinating molecule consisting of two hydrogen molecules covalently bonded
to an oxygen molecule. There are many puzzling aspeetatefr which has secured
AG a 2yS 2F SIENIKQa 3INBFGSad vyeaidSNaSao
in contradiction to most othematerials; reaching a density maximum at 4 °C (above
its freezing temperature). Generally, most liquids ar@ested to decrease the
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 °Q(5). By the time it reaches this temperature tlommpressibility has doubled
compared to 46 °C. The specific hegt of most other liquids is also expected to
decrease witldecreasingemperature T, due to the decrease in entrop$, however
waters specific heatat constant pressureqctually increases sligi below 35°C
(note, cp= (T/m)(dS/dT)where m is the mask In its solid icdorm, 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 specifat bapacities of any

common substancés).

2 | i S NB& Q chalattiritidedre often ascribed to its complex hydrogen
bonding (Hbond) structure. This#ond network is consintly fluctuating with bonds
breaking and forming on the picosecond scéd¢ Hydrogen bonds arattractive
dipole-dipole interactions between hydrogen atoms and a lone pair of electrons in a
neighbouring electranegative atomWithin this interaction a single water molecule

can be hydrogen bonded to four other molecules forming a tetrahedral stractar



ice (solid water), Hbonds orient the water molecules into the preferred tetrahedral
shape, with a crystalline struate. In the liquid statgthis tetragonality is maintained
however, the structure is malleable and thus lacking crystallinity. Timel namber
decrease slightly to 3.5 per molecule whilst the number of nearest neiglsbour

increases to fivé8), causing the liquid state to be denser than the solid state.

Presently and hroughout human history, water has beemplementedin the
invention of the steam locomotive, in the manufacturing of textiles, as a reactant in
chemical processeand, of course, it is fundamental to agricultur® mention just a
few key areas of impact. Mostterestingly of allisits presence andital role within

virtually allforms of life

Equally essential to life arépids (9, 10) Lipid moleculesform the plasma
membrane matrix of both prokaryotic and eukaryotcells. They assist in the
meditation of cell function, eting as the primary barrier between the inteand
extracellular medium. Also referred to as thghospholipid membran@Proteins,
peptides and ions all must interrelate with the lipid membramerder for the cell to
function and for life to flourish. In a broad sense the lipid membrane is an integral
part of cell mitosig11)as well as cell fusn (12), which has formed the evolutionally

basis for all life on earth.

Unsurprisingly, thedispositionof 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 atayt
conceivable environmeniThe intricacies of this unique and ubiquitopairingmay
contain the secrets of life itself; at the very least, the functional interaction of water
with any biepolymeric material (lipid or otherwise) is a mysterious and potemtiall
bountiful field of researchit is through the elucidation of thislusive 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 hydrocarbontail. The amphiphilic characteristics of lipids allow them to form

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



aggregates arounthe water, whilst theapolar (hydrophobic) tajroups aggregate
with each other, shielded from the water by the headgroup/water interft8).
Through this mechanism, lipids often form bilayers in watdrereby the tals point
inwards and the headgrogform the outer layers in contact with the water. The
arrangement into these structures iargely driven by the hydrophobic effe(i4),
wherebyit is entropically more favourable for the hydropholigdrocarbon chains

to aggregate togetherThe effect is entropic in nature as the presenceapblar
a2fdziSa RAA&ANMzZLIIE GKS g G§SNRa WhBh 8 KSRNJ
entropicallyunfavourable Watermolecules are theexpelled back to the bulk phase
allowing theoverallentropy of the systemto increasg15)and thehydrocarbon tails

to aggregate together This behaviour can be consideraed an attractive force
between the hydrocarbon chain¥he arrangement into these nanostructures is also
energetically favourablesincethe hydrophilicheadgroupdipole (discussed below)
induceselectrostatic interactions with the polar water molecules at the interfa8g

this effect lamellar structures form intanultilamellar vesicles (MLVs). It is also
important to note, that MLVs can be turned into unilamellar vesicles (ULVs) through

techniques such as sonicati¢i6).

1.2 The Fluid Mosaic Model of the Biomembrane

Lipids constitute the core matrix of the cell membrane and are therefore an
inextensible tool fN\J Y2 RSt YSYONIYyS NBE&SONIRRSE RS
developed in the early 1970s, best describes the role the phospholipid membrane
plays in the wider body of biological functions. Other complex moleculek as
proteins and peptidesxist in collabordbn with the lipid membrandn order to
facilitate cell functionThus, the fluid mosaic adel describes the lipid membrane

bein afluid state, somewhat like an oceawith proteinsfloatinglike icebergs in the
membrane Sometimes penetrating into or even piercing the membrane through to
the innercell wall. Additionally, the extraellular medium also contains a diverse
ensemble of ions with sodiurpptassium magnesium and calcium being some of the
most prevalent. In adtion to the salty there is also a sweet variety of sugars such as
glucoseand sucroseThroughout nature, several species of plants and amphibians

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



environmentson earth. Tis includes the remarkable ability to undergo a complete
FTNBESTI S yR GKIg OedtsS 2F GKS Sy(iANB o02Re:x
tissue and function; a process known'#shydrobiosi§(19). It has been suggested

that sugars, such as trehalose, within the @rbians bidogical makeup 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 freeziegteff
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 maimjodical
processes, such as membras@ute interactions, protein folding and cell fusi(il-

23).

Glycoprotein: protein with Glycolipid: lipid with
I carbohydrate attached / carbohydrate
.3 attached

Peripheral membrane Phospholipid
protein bilayer
holesterol g
Integral membrane Cholestero Brotiinchannel

protein
Cytoskeletal filaments

Figure 1.1Fluid mosaic model, displaying the biomembrane matrix in oraredew
tones, while integrated membrane proteins are showblire. It is important to note
that the cytoskeletaktructure shown is not in the fluid phase due to its raaro
shear modulus The scheme has bed¢akenfrom LibreTexi(24).
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1.3 Lipid SelfAssembliesand Model Membranes

The first evidence of biomolecular lipid structures was observed in 1925 by Gorter
and Grende(25), demonstrating that chromocytes extracted from animalns were

02 @GS NB R Jayer tivo mélechlesZhick’ This was the first substantial evidence
of lipid seltassemblieswhich have been studied extensively since the 196@sng

to the development of advanced experimental scattering techniques. The pioneering
work of Vittorio Luzzat{26-28) sought to understand th&e underlying structures
which eventually led to classificgah of individual lipid phases.

Planar lipid bilayers in their fluid statiall under theclass of mectic A type liquid
crystals. Liquid crystals were firstvestigated indetail by de Gennes(29), who
categorised and developed the underlying physical properties of this unique phase of
matter. Snedic A liquid crystals are characterised by a macroscopedimensional
layered order, but with a remarkable absencdmigrangeorder within each layer.

The ability of lipids (as with most liquid crystal compounds) to display a variety of
polymorphs is ofjreat interestbecause of their occurrence throughout nature; these
polymorphs mostly occur in the presence of water. The most stable of these phases
in excess watefthereforethe mostbiologically relevant are the lamellar phase, the
inverse hexagonal phase, the bicontinuous cubic phase and micellar cubiqp@pase

The variety of lipid nanostructures that form are the reswfiithe membranes
curvature. As the membrane bends to greater and greater extents, it allows the
structure to change from one mesophase to the next. During¢hi@nsformations,
the membranous interfacewill curve more towards the water, confining it into
smaller and smaller compartments. As this mechanism occurs, the geometry of the
water confinementchangedrom planar to tubular to sphericg®, 31) An interfacial
curvature towards water is commonly defined as a negative curvatuhereas a
positive curvature is characterisedy 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 usebd determine the mean interfacial
curvature, which the average of sum of the two principal curvatucesand c..
Considering the lipid surface as a pure mathematical object, a point P on the surface
will have two principal planes orthogonal to the sagé in which the curvatures of

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



principal curvaturesc: and ¢, (see kgure 12). It is also instructive to consider the
Gaussian curvaturé32), which is the product of the two principal curvatures. The
Gaussiarturvatureindicatesthe overallgeometricshapethe curvatures create For
example, spheres will have positive Gaussian curvature, whilst flat planes or
cylinders will have a zero Gaussian curvatitegativeGaussiarcurvatureindicates

I K& LIS ND 2 {-AX0] 24N B2 RRT B

First principal
4 normal plane
Curves Normal
of intersection
‘ Second principal
normal plane

>

Figure 12 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 areequal 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. Chamgithe temperature and pressure will have
individual effects on different regionsof the lipid molecule, leading to different
changes in the interfacial curvature. Through this simple parameter, the phase
changes in thesystem can be understood and the ergeng 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 igidecritical packing

parameter, also known as the shape paramet€R Pfirst envisioned by Israelachvili



et al. (10). This is a dimensnless quantity, which ratesthe molecular volume to

the volumeof the lipid headgroupnultiplied the lipid length
600 — (1.1)

wherev is the volume of the hydrophobic tail regioa, is the effective headgroup
area andlc is the effective lipid length. Different values of CPP denote different
molecular geometrieghus predicingwhich mesophase is likely to form (Figure 1.3).
Whilst the CPHs a useful tool for describing molecular shapes, it does not consider
shapeanisotropyalong an axis normal to theembrane(34). Forexample shapes B
and D inHgure 1.3 may appeaas wedges along ongerspectivebut more akin to
cylinders along another. Shape anisotropy is an important conedpn describing
how lipids formnanostructuresaround their relative water cores. Fthis reasonthe
local intrinsic curvaturés) around an individual lipid molecule must also be
considered In general, lipids with differing intrinsic curvatures will tend to have
anisotropic shape$32, 34) The signs othese intrinsic curvatures(being positive
negative or zerpas well as the relationship between thewill determine if the lipids
shape is avedge or inverted wedgas well asf the nanostructureis an inverse or

regular cylindrical micellas described by thEPRshapes B and D kgure 1.3).



Figure 13 The effective geometric shape of the lipid shown with which mesophase

each shape is likely to aggyate into. The head group shape/area is highlighted in

green.(A) Cone geometrg PR 1/3 forms micellegB) Truncated cone or wedge 1/3

<CPF 1/2 forms cylindrical micellegQ Cylindrical geometr¢PH ™M T2 Nl a LI | y I N
bilayer. (D) Inverted wedgeCPP> 1 forms inverse hexagonal phase. e) Inverted

truncated coneCPP> 1 forms inverse micelles. Image taken fr(38).

There are many different lipid spesiwhich constitute the makeip of biological
material. Different molecular shapes allows the cell to adopt different curvatures.
Complementary to th@umerousgeometriesof lipids and theiseltfassemblies, there
arevarietiesof molecular compositionsvhich canproduceunique propertiesof the

lipid structure. Lipids chains can be saturated or (poly)unsaturated, influencing the
shapeparameter but alsoinfluence membraneompressibility and dynamid85).

In addition to the hydrocarbon chain, the lipid headgroup is essential for interagtions
which take place at the interface. This includles reciprocity between water, but
also with proteins,peptides andelectrolytes. Some lipid headgroups have net

chargeq36), but more often than notlipids are zwitterioni¢37-40). In other words,



having a net neutral chargBhosphatidylcholingdPC) and phosphatidylethanolamine
(PE) are two such lipid species withedectronegative phosphate (P) arrangement in
the headgroup. This phosphate forms a dipole with the nitrogen (N) in the ehatin
ethanolaminealong the PN vector. This dipole allows the headgroup to interact with
other polar entities (such as water)time vicinity. Acossnature PC and PE lipids occur
frequentlyand are acrucial ingredient in mammaliacell membraneg41). For this
reason, they haveecome the focus of the presented studies

As mentioned above, the fluid lamell@so known a&s - phase is the lyotropic
analogue to the smectic-phase liquid crysta{37, 42) When forming MLVs,he
lattice parameter d definesthe repeat distancein the stacking direction of the
bilayers. This d-spacing further subdivides intdhe headyroupto-headyroup
distance,dnH, and the interlamellar water layer thicknedw (Figure 14). There are
several other importanparameters to consider includirige headyroup volume Wy,
the steric bilayer thicknesslg, the chain lengthdc, andthe area per lipidA. ForPC
and PE lipids there is alsoetimportantpartial headgroup thicknessvhich defines
the distance of thdeadgroup/chairboundaryto the phosphate groupThis distance
has been well resolved experimental$3, 44)to a thickness 0f0.49 nm (37),
denoted asDw1. All these parameters are alsapplicable to the inverse hexagonal

phase(for more detailssee Chapter 4)
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Figure 14 A multilamellar vesicle (MLV is ski) on the left. On the right, commonly
used structural parameters of phospholipid bilayer stacks are defined: the headgroup
extension Dy, the chain lengthdc, the phosphate to headgroup/chain boarder
distanceDny, the water later thicknesdw, the headto-headgroup thicknesgun, the
stericbilayer thicknesslg the area per lipidA, and the lattice parameted.

1.4Intermembrane Forces

Across the confined water layer in lamellar crystals are different forces at work to
establish and maintaimembrane stacking. Thegirforce to consider is thattractive

van der Waals @) force acting between two adjacent membraneBor a
membrane of thicknesglg, at an intemembrane water separation distancey, the

VdW force per unit area (®):

Q — — (1.2)

where H is the Hamaker constanfThe Hamaker constant dependent on the
dielectric permittivity of the intetmembrane medium(in this case watgrand its
contrast to the dielectric constant of the lipid headgroup regi@hanges in water
density and structure can altét and ultimately affect the attractive binding energy
of the VdWforce. This force persists ev long intermembrane distancesand is

balaned by several repulsive forces.
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The shortest rangedrepulsive force is the steric pelsion between lipid
headgroupsThe steric repulsion mediates the sewhat incomprehensible scenario
that lipid headgroups of opposing leaflets may overlap with one another, therefore
experiencing a repulsiowhich permits it from being soComing into pka when
oAf I @SNAR I NBE |tie sthkik sefulsienTs osyG@yriifitait ativery/singl
water separationsgdw < 0.4 nm. At slightly larger distances dfy © 0.4-0.8 nm, the
repulsive hydration force predominantly opposes the Viti¢e. Although this force
is somewhat poorly understoa@b), its existence is apparent in experiments, shown

to takethe form (9):

M 0_Q (1.3)

where/ is the decay length of usuallyl-0.3nm. Theprefatory, P4, isin the orderof

10° Jm®. The finalimportant repulsive force which acts over very large water
separationsdw > 1 nm, is the Helfrich undulation forcé6). 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 giver{Qy
QN — (1.4)

where ky is the Boltzmannconstant, T is the temperature (in Kelvin) ang is the
membrane bending modulus. All these aforementioned repulsive forces oppose the
VdW force in order to keep thesystem balancedacting as a function of
intermembrane distancegw. Theseforces constitutethe intermembrane potential,
which determineghe free-energy landscape of the lamellar crystal.aAparticular
distance the summation of these forces reside in an eme minima, which
determinesthe preferential water spacing distandg,. Factors such as temperature,
pressure andnembrane hydratiommay alter at wheh distance this minima occurs.

The situation is further complicateglhenelectrolytesareincorporated 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 interfaiteys altering
the interfacial charge density. Such alterations produce electrostatic repslsio
between bilayers, which are mediated by their own decay lengths depending on the

ion type, intrinsic chargebut 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
takethe form (47).

Q (1.5)

"0 e

where ssis the membrane surface charge densttyyis the DebyeHuckelscreening
length andep ande are the permittivity of free gace and relative permittivity of the
solution medium(in our case water)Additionally, the dipole moment of the lipid
headgroup creates a electrostatic interactionwith the headgroup dipole of
neighbouring bilayers.The dipole potential isdependent on the headgoup
orientation (observed throughpparentheadgroupthicknessDy). This orientation is
strongly influenced by the waterontent (48) and therefore bythe inter-lamellar
water spacingdw. Thedipole of the headgroup will tend to orientate water molecules
in the vicinity which alsacontributes to the surface dipole potential between

membranes.

1.5Research Question

The hypothess for this research project 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 andice versaUnderstandinghe subtleties of this proposed
interaction will form a deeper understanding of lipid saffsemblies as a whole by
producing a more holistic model of the water behaviour in conjunction with
membranes There are many open questions surrounding the wdiigd hydration
mechanism. Some interesting examples include the phase alignment of cholesterol
rich domains. Thesso-called liquid ordered ¢ membrane rafts, which align in radial
direction of MLVs bsupported lipid films, observed as a distinct setddfraction
peaks next to the diffraction peaks of the liquid disordered phagg4R). A deeper
understanding of hydration inhomogeneitgcross the membranenay 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 capabity, this does not explain why the intdmmellar water does not

swell, even under thenfluence of thermal fluctuationgl).

Theaim of the projectisto 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 seHassemblieswhere water and lipidare regarded as a single

inseparable entity.

Theproject objectivesaim to understand the lipid/water structure and dynamics
in planar and tubular confinementapplying a new model for describing three
RAFTFSNEBY G 41 GSNI NBIAZ2Yyad ¢KS GKNBS NB3IA:
WLISNI dZND SR 41 G SNISkSIINMINI KRS IB8FOMWS YR 6 A
g1 GSND 6 dzy LISThE abjsidiivBsRare ¢hke fdliSviNdgy: @

1 Objective T Demonstratethe mnfined water organisationmodel in planar
confinement under the influence of temperature and hydratioroperties (see
Chapter 3).

1 Objective 2 Demonstratethe confined water organisatiomodelin tubular
confinement under the influence of temperature and membrane curvature (see
Chapter 4).

1 Objective3: Demonstratethe confined water organisatiomodelin 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
LipidsSelfAssemblies

2.1Introduction to X-ray Diffraction
As discussed i€hapterl, lipids formselfassembledcrystalline structures when
hydrated with water. Xay scattering techniques are an invaluable, r@rasive tool
in understanding lipid selissemblies formed in water similar to their natural
environmental conditionsFundanental concepts of Xay crystallographywere
developed at the Uwersity of Leeds by Williaim. Braggwinningthe Nobel Prizéor
Physics in1915 This pioneering work explainedthe origin and occurrence of
diffraction peaksX-ray scatterings now routinelyused to categorise the atomar
molecularstructure of a variety of materials used across science and industry.

Diffraction of Xrayderives from the phenomena of crystalline atomic planes (or
molecular planes for the case of sofiatter systems) to act as diffraction gratings
producing interference patterns.-days are scattered in all directions from the
electron contrastwithin the atomic planes and display constructive or destructive
interference depending on the phase difference thie incident waves compared to
the waves received at a detector at an angiefrom the scattering plane. Such
reflections are known aBraggreflections and the intensity peaks are recorded as a
function of scattering angle,®® The relationship between the scattering angle and
the inter-atomic distance (also known as the lattice spacidg)s expressed using

NJ FadQ a

¢_ cQ OEL 2.1)
where/ is the Xray wave length andnu is related to the lattice planedescribed by
the Miller indicesh, k and| (for their definition refer to the text book of Kitt€b0)). n
is the order of Bragg reflection, which must be an integeuedbr constrictive
interference to occur and a diffraction peak to be observed. For centrosymmetric
crystals, such as lipid bilayer stacttee condition for constructiventerference to be
fulfiled only occurswhen the phase difference between detected and incident
waves is either 0 op. Such a situation will produce an intensity maxjrhance a

diffraction peak.
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In therecordedintensitypattern are two types ofcattering presentthe diffuse
scattering due tathe electron contrast (originating from thbuilding block in the
crystal unit cellthe membrane in our case) and the diffraction scatteanging from
the orderedcrystal structure In scatteing theorythe former is called théorm factor
contribution, and thelatter is referred to as thestructure factorcontribution (51),
referring tothe crystal structuravhich, for instance can take the form of 1D lamellar
stacksor 2D arrangements of rodike micelles.The scattering intensity is a product
of both the form and structure factoas a functionthe sattering wave vector
modulus g. The modulus of thescattering vectorq derives from Braggsw and is

expressed as:

= — (22)

where / is the wavelength of incoming-Pdys andg is half the scattering angled is

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

oy —= (2.3)

Where S(qg) is the structure factor contribution and=(q) is the form factor
contribution (seeFgure 2.1) Normalising by? is known as théorertz correction
(52). This correction needs to be applied to account for tygmmetricalfactors.The
first of which is resultant fronthe diffraction pattern to appear as Deby&cherrer
rings for isotropic scattererg(Figure 2.2), where the totalecorded intensity is
proportional toH ~ (jhe circumference of the ring)rhe radius of the ring is related
to the scattering angle and therefe also related to the scattering wave vectar,
From the convention that allLD-scattering curvegseeFigure2.1)are displayed as if
recorded by a 1lBletector, only a constant partdg, from each diffractiorpeak is
captured dgrepresents draction of the total intensity of a given Debygcherrer
ring. Therefore, each diffracted intensity must be normalised by islug sincethe
total recorded intensity I(h), is proportionalto its wave vector q(h). The second
correction derives from the fact that at any given instrumental resolutdp the
number of crystallites fulfilling Braggs law is invéyseoportional to the scattering

vectorq (52).
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Figure 2.1The scattering contributions arising from mtltimellar 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 factdiC) The overall
scatering intensity. Arrows in (b) and (c) indicate the position of the Bragg peak.
Image taken fron{53).

2.2 X-ray Scatteringfrom LyotropicLiquid Crystalline Systems

2.2.1 Lipid Bilayer Scatteringisplaying Disorder othe SecondKind

For a single crystal, the diffractigmeakswill appear as single pointBor powders or
isotropically oriented liquirystals (such agLVsin solution) the diffractionpattern
appearsasDebyeScherrer ringen a 2Ddetector. Due to the absence of amyystal
structurein ULVdispersions, thewill produce diffusescatteringonly. MLVsdisplay

both diffuse scattering asing from the membrane and diffraction rings arising from
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the radial 1Bstackingof the membraneslf our sample were to be supportedych
that the lamellarstackis aligned verticalljlike afilm in grazing incidence scattering
(54), the scattering pattern would appear as a vertical setiffraction peakpoints

(perfect stacking) or arcs, if the film displaygentational imperfections(Figure 22).
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Figure 22 TypicalX-ray scattering casesom lipidbased membrane systemgA)
Diffuse scattering fromULVs (B) powder diffraction fromMLVs,and (Q Grazing
incidence small angle-tdy diffraction from supported membrane film§hs figure
has been taken fron(9).

Lattice disorder is present iall crystalsand is considered in the description of the
structure factor If crystalline structuresvould contain absolutelyno disorder, then
their diffraction peaks would beesemble delta functions. However, this case
practically does not exisfAs suchgrystal disorder manifests in two important ways,
namdy, disorder of thefirst and secondkind.

Disorder or the first kindalso known ashermal disorderjs regularly seen in
solid crystals, where motion about the lattice points (individual atoms) are localised
around an equilibrim position maintaining the longange order of the crystal
lattice. This allowshte diffraction peaks of solid crystals to be sharp and well defined
Here the intensities will decay exponentiallywith the diffraction orde, but the
diffraction peakwidth is conserved.

Disorder of the second king far more relevant to sofimatter sysems like

lyotropicliquid crystalsHerethe motion ofbuilding block, in this caske membrane
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is dictated by theposition andmotion of its neighbouring membranes. Therefore the
uncertainty in the equilibrium position of an individual membranereases with the
number of membranes in the stack to such an extent that {oargge order is lost
(51). Disorder of the second kind not ordyampens the intensity of the diffraicn
peaks but alsobroadersthe reflections as a function of the scattering angle. Indeed
at heightenedfluctuation distancesunder the influence ofincreasedin Helfrich
undulatiors (Equation 1.4), the diffraction peakérom the second order onwardsan
become broad and weakly defined. For this regsbe long-range orderin lyotropic
liquid crystalds actuallyonly a quastlong-rangeorder.

Dueto the typical lengttscales of lyotropic liquid crystals-{® nm) wehave used
Small Angle Xray Scattering (SAX®) these presented studieé\s the name suggests,
SAX$neasurements take place in the small angle regimeolving scales from300

nm. This make SAX$dealfor the study oflipid selfassemblies.

2.2.2 SAX®Pata Reduction
The raw scattering data must undergo several important corrections before it is fit
for analysis. Firstly, the so calldéro positio? 2 ¥ (1 KS mBsihéBeORosto S | Y
important, when analysing several data sets for thgstem, this step essentially
assures that thej-axis origin coincides with the direct beam position.

Next the measured intensity should be corrected focomingflux andthe
different sample transmissios. The former correction ensure the measured
intensity is corrected forthe incident fluxlo. The latternormalises the scattered
intensity by its transmission ensuiing that all experimental curvesre normalised
according to theai X-ray absorptionaptitude. Practically both corrections can be
combined into oneby dividing the recorded scattered intensity(q), by the
transmitted intensity |1, which is measured after the sample posititor instance by
the attenuated direct beam intensity or by a diode & R Ay (KS Ay aid NYzy$S
beamstop(55).

0 N

~— 04 T0 (2.4)

Thirdly, the backgroundcattering from the empty capillary and the stbn

must be removedThis isdone in two steps. iFst the measuredempty capillary
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scattering is subtracted from both the recordedwwdn pluscapillary scatteringas
well asthe recorded dispersioplus capillary scattering. Second, the puredan
scattering is subtracted from the pure dispersiecattering. However, the sation
scattering can only béirectly subtracted from the dispersion scattering for very
dilute dispersios (< 1 vol%). Generally, thexcluded saition volume in the
dispersionmustbe consideredFor example, in a sample comprised of 40 Wiitls
(whichto agood approximation equals 40 B6)only 60%o0f the sdution scattering
should be subtracted. Simplethough it seems, the reality is slightly more
complicated.Variationsin capillarydiameter and weighing errorsan influencethe
correctexcluded volumé&action, causing it taleviate fom the expected valuerhus,
this correctionfactor should be finduned to match the intensity of the solution to
the zeropoints of the form factor given in dispersi@cattering(seeFgure 2.1 b)
Practically speaking, théorm factor zeropoints of the dispersion and solution
scattering must be equdlefore subtracting theexcluded volumsolutionscattering

contribution (in our case water)

2.3 Modelling of the Lamellar Fluid_ipid Bilayerfrom Scattering

After the datacorrection analysismay begin where the alimportant physical
membrane parameterare calculated. Over thdecadesyariousmembrane models
have been developedlhe first membrane model was suggested by LuzA2a)
dividing the lattice spacingl{spacing) into a bilayer thickneslsz and water layer
thicknesgdw. This model describes the lipid/water interface as a sharp boundary, also
known as theWibbsDividing Surfac®(56). Since we are considering the water
interface in detail throughot these studiesit isuseful to keep the GibbsDividing
Qurface at the forefront of our interpretations.

The next important models to consider are thigayer strip models and Gasian
based bilayer modeld-igure 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 witthree Gaussian distributions, two positive
electron density contrast®or each headgroup, and one native for thechain region

For wellordered fluid membrane stacks, the electron density profile (EDP) is directly
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obtainable from small angle-bay diffraction experimentg57-59). However, to
produce an accurate EDP, at least four diffractbotiers need to be recordedvhich

is problematicfor fully hydrated andquastordered membranestacks The EDP is
useful to determine because itallows direct measurement of the approximate
membrane thickness. Whah & O2VYY2yf & NBTSN@dmRo- (2
headgroupCdistance,dwn This value is measured from the distance of tiwe given

maxima inthe EDR(Figure 2.8: note, dun= 2z4).

A 1 T T T T
head-group 0.54 e/A3
oo < > |
dyy e >
dy |dw/2
o 04| d
< < >
< y
() B
o 03| |
‘\ hydrocarbon
0.30 e/A3
02 L water |
0.334 e/A° terminal methyls
£l 016 e/A3
| 1 | 1 1

Hgure 23 Phospholipid bilayer models. (A) A stnpdel and (B)two different
Gaussian component models are presented. Two lipid molecules are depicted to
illustrate the bilayer electron density profiles. Figure taken from refergb@e

To actually calculat&DPof a bilayer systemsodelfree, Fourier analysis of the
diffraction patternis required. The EDP is the result of the Fows@ies analysief

the recorded diffraction data-or @ntrosymmetric structurespnly the cosine terms

need to be considered in the analysis

"o B | 'OAT 66— (2.5
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where h is the diffraction orderf, are the form factor coefficients. Obtaining the
coefficients is achieveftom the square root of the Lorentz corrected area for each
diffraction peak.d is the lattice spacing, obtainable from Equatiéh2 For SAXS
experiments ofamellar systemghe peakposition scalslinearly with the diffraction
order,i.e., the second peak is at twice tltpvalue of the first peak, the third order at
three times the value and so forthx denotesa position in real space. The
parameterin the formula refers to the phasilg¥ S+ OK RATFTFNI OliAzy 2
LINE 6 &riSe¥ ffbm the nature ahe recorded intensityl(q), beingproportional to
F(qf, meaninghe amplitude® phaseare unknown sinceall intensitiesare naturally
recorded as positive values. ddiveniently for centrosymmetric structureghe
phasingreducesto values of® p, resulting in phasing factora, = cos{p) =°1 (60).
Various metods have been employed to solve the phasing probéiy 62) Often

a priori knowledge of the bilayer staiure is used testing all possible phase
combinationsto see which resultnost closely resembethe expected model39,
63). Formultilamellar phospholipiebased phaseghe phase combination goes as:
1,-1, 1, -1, -1 for the first five diffraction order¢57).

Alternatively todetermining the EDPmodeHree with Fourier analysis, SAXS
curvescan be fitted by applying model&cattering measuremesttake place in
inverse spacé50). As discussed above, imversespace the scattering iensity is a
productof the form and structure factqrwhich refers in real space tocanvolution
of the membrane profile and the ZX@ttice structural motif (or building block)
Applied fitting models mustaccount forboth contributions form and structure
factor, which allowsdata fittingover the entire recorded}-range

Although a calculated EDP provides structural details, it does not produce
information about membrane dynamics. For a fuller pictune mustimplement
modelsthat consider thelD-lattice stackingncludingits disorder. The firsinodel to
consider disorder of th@"d kind was theparacrystalline theory64, 65) Whilst this
theory workswell for various polymer applications and rigid membrane systems, it
does not consider membrane bendimghich frequently occurs folyotropic liquid
crystals.It was in Caillé @roundbreaking work(66) that, not only membrane
fluctuation, but also membranebending was consdered in the description of

disorder of 29 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 fluctuatios 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 behavi@ae Figure 2.1
inset), influenced by the bendingnd bulk compresgoility modui of the membrane
system The scope of fluctuation is summarised in ailléfluctuation parameter,
h, which is given bY68)

- — (2.6)
where kgis the Boltzmann constant; is the temperature andl is the dspacingB

and K. are the bulk compressibility and bending moduéspectively. Further/ is
related to thephysicafluctuation distances, through the equatio{69).

, - - (2.7)
With these parameters, we are able form a detailed picture of membrane
dynamics. As previously discussed, membrane fluinebroadens the diffraction
peaksas a function ofl. MCT therefore quantifies the peak broadening by the tailing
off of the peaks such that peaks with longer tails sugyea higher degree of
fluctuation.

In the dobal fittingansatz(56, 70) both formand structure factor are applied to
fit the entire SAXS diffraction curvdhe bilayer model applieieh this studiesuses
three Gaussian distributions, one fagach headgroup region and one for the
hydrocarbon core (cp. Figure 2B3 kft). Each of theannotatedlengths is used as a
fitting parameter toestimate the EDPwhich servesto fit the diffuse form factor
scatteringcontribution.

Optimising the curve fittingeadsequallyto arefinedstructurefactor calculation
Thefit result pertain thdattice parameterd, and lattice disorderwhichisrelated to
the mechanicaparametes of the bending and bulk compression moduli (Equation
2.6).Fittingboth formand structure factor contributionalso means thatdlisordered
samples can be analysed and accurate information about the membrane thickness
andfluctuationsdistancesare obtained Even in the case of broad or weakly defined

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

Abstract

Phospholipiebased 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 environmdal conditions, there is still a lack of understanding on
interfacial lipidwater interactions. In this work, the nature of the confined water
layer forL-" -phosphatidylcholine (egg§C).1,2-dioleoytsnglycere3-phosphocholine
(DOPC), 1:d@imyristoytsnglycerot3-phosphocholing(DMPC) andL,2-dimyristoyt
snglycere3-phosphoethanolamine (DMPE)n the fluid lamellar phase of
multilamellar vesicles was investigated. A new model for describing three different
water regions is proposed, which have been cheeased using a combination of
small angle Xay scattering (SAXS) and densitometry. The three regions concern (i)
WiKS KSIFRINRdzLI ¢F 6 SNDRT O6AAO0 WLISNI dzNb SR
YR O6AAAO I O2NB I &SN 2Fe bahdavieB & alldtreé S NI
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 layerldigpthe 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 threater region model wilbe

useful for future refined molecular dynamics simulations and allow a better
theoretical understanding of the attractivéan der Waals force between adjacent

membranes.
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3.1 Introduction

Amphiphilic lipid selassemblies belong to the classlpbtropic liquid crystals, and

as such, they display a variety of complex mesophases and nanostructures,
depending on the environmental conditions, lipid type and molecular st{@pé&o0,

71). In this study, we focus on the biologically most significant fluid lamellar phase of
phospholipids, which form the core matrix ofagma cell membrane&/2-74). In
particular, we investigatedthe hydration behaviour ophosphatidylethanolamine
(PEs) and phosphatidylcholine (PCs) multilamellar vesicles (MLVs); two very
prominent biomimetic model membrane syster(&7-40, 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 process€81, 23, 76, 77)urther to this, their importance is
fundamental in the design of nanoparticles for drug delig&381), due to their low
toxicity, compatibility with cellular membranes as well as tuneable functionality.
More recently, membrane research is focussing on the understandirggsential
processes of life through modular reconstitution of artificial and minimal ¢8#s

83), and the use of giant unilamellar vesicles (GUVS) as bioreactors for artificial cell
replication to take placg84). 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 theeadgroup to form hydrogen bonds with
interfacial water molecule¢85). Elevated temperatures increase the area per lipid
due to enhanced chain spl¢§6), which increases thaydration as the headgroup
occupies a larger volume. Anoth&ctor 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 lipidCmsidering the membrane hydration in each case, PCs are
known to hydrate well, displaying alfdnydration limit at around 43 wt% of water
(37, 87)compared to about 25 wt% in PE4., 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 groui@@8-91), allowing a
greater number of water molecules to become associated with the headgroup of PCs.
Il RRAGAZ2Y I ff @3 (iekt& vaume aidSlargeang pil lfidiprovide a
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greater physical space for interfacial hydration to takace(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 PEB9, 92, 93)Iit has also been put forward that intdzilayer
hydrogen bond bridges between adjacent REmbranes 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 oth€®5). 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 LuZ2&i dividing the lattice
spacing @-spacing) into a bilayer thicknestsz and water layer thicknesdw. This
model describes the lipid/water interface as a sharp boundary, also known as the
WDABD® @A RA Y M6){ndaNFuld Pra® of PCs and PEs this boundary is close
to the position of the phosphate atom of the headgro(8Y). 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 pat/apolar lipid water interface. The next
membrane models to gain popularity were bilayer strip models and Gaubased
bilayer modes$, which simulate the electron density profiles across the bilayer (Figure
Al) (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 régin
From wellordered fluid membrane stacks (as a rule of thumb, at least four diffraction
orders need to be recorded57)), the electron density profile (EDP) is directly
obtainable from small angle-pay diffraction experiment§s9), while for lessordered
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 heaeo-head distancednn from the positions of the two positive

electron densiy 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 contributia), 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 colleagu@®, 98) Importantly, it allows us to additionally evaluate
membrane fluctuations in the ML\fesultant fromthe mechanical behaviour of the
bilayers.

As outlined above, great knowledge on the nanostructure of lipid- self
assemblies hasden accumulated, however, there is still a lack of understanding of
membrane behaviour in conjunction with its confinedtesa 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 anavookers, whahave focussed on the
confinement of water in various lipid seifsemblie$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 headgrebpund waters next tomunbound 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-bolk-like water
behaviour(101)a 2 NB 3ISYySNI ffe&x Ay GSN¥Ya 2F (GKS 41l 0

planar lipid bilayer, McIintosh and aworkers have publisked several studies on

(0p))

membrane hydration and water depth penetration, which suggest vastly differing

hydration processes between PCs and @8s94, 102103) Within confined water

research, Wurpel et al. used coherent aStokes Raman (CARS) techniques, showing

some evidence suggesting weakened hydregends (Hbonds), when interlamellar

waters were confined in ML(404). These weakened-Honds among interlamellar

waters was confirmed again with attenuated total reflection Fourier transform

infrared (TRFTIR)Y105) More recently it has been suggested in a NMR study that

Wo2dzy R ¢ SN ySIFENI §KS NB3IA2Y 2F GKS fALAR K
having a more restricted motion and longer stability than that of the §L06) 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 bilayerrgturn.

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
cholesterolrich domains, saalled liquid ordered ¢ membrane rafts, which align in
radial direction of MLVs or supported lipid films, i.e-nhembrane domains register
in stacking direction, and are observed as a distinct set of diffraction peaks next to
the diffraction peaks of the liquid disordered phaseg) (49). Cholesterol imbeds itself
along the hydrocarbon chain, reducing its degrees of freedd@v) reducirg the
area per lipid and increasing the membrane thickness, which in turn disrupts the
homogeneity of hydration across the membrane, in whighnd L, stacked domains
coexist(108) To this end, it remains an open questi@®9) if these confined water
differences may have any effect on the stacking alignmeng ahd Ly membranes,
respectively. The effect of interfacial watdructure might be of great importance
for solving this poorly understood phenomenon. Secondly, witilss fairly well
understood that PEs hydrate poorer than PCs, it is comparatively less understood why
this should bring the adjacent bilayers in PEs suoh a close separation distance of
0.4-0.5 nm only45). 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 moredepth studies on the
confined water structure.

In this study, using a combinatiasf small angle Xay scattering (SAXS) and
densitometry, we are proposing a new distinctive description of individual water
NEIA2yad hdz2NJ Y2RSE | OO02dzyida F2NJ 0KNBS g1
gl GSNDT YIS dzNIRS RVFNBE 6 § SN @



28

3.2 Materials and Methods

3.2.1 Materials

L-h -phosphatidylcholine (eg§C),1,2-dioleoytsn-glycera3-phosphocholine (DOPC),
dipalmitoyksnglycerot3-phosphocholine (DMPC), 1,2-dimyristoytsnglycerc3-
phospheethanolamine (DMPEyere purchased from Avanti Polar Lipids (Alabaster,
AJ, USA) and used without further purification. All lipids had a purity of >99%, except
eggPC >95%All lipids were studied exclusively in their fluid phase, therefore all
measurements were carried outbave their melting temperatureTm. The
experimental temperatures ranged from a few degrees abdwe(note, melting

points are given in sectioB.3.1) up to 80 °C.

3.2.2 Densitometry Measurements

Samples were prepared in concentrations of 10 mg/ml usltygpure, distilled water
ONBaraily0S my am OYOL YR @2NISESR F2NJ 4 f
dispersed forming MLVs. Density measurements were taken using an-Raton

DMA-4500M densitometer (Graz, Austria). The apparatus measures geanaithe

vibrating tube principa{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 sgle in a shaking water bath for 5 minutes and then

stirring it on a hot plate aB0°C for another 5 minutes.

Equation3.1 converts the measured density values into the partial specific volume

per lipid(110, 111)
—p — (3.1)

where” is the partial specific volume of the lipid,is the measured density of the

dispersione is the density of the solvent (water), and the concentration of lipids.
Thedensities of water at each temperature were taken from the calibration charts of
the operating manual for the machine. Equati®2 is used to calculate the volume
per lipid,
w —O (3.2)
where MLandNak NB G KS Y2t SOdzf F NJ ¢SAIKEG 2F GKS £ AL

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. Sia we were not able to verify the exact reason for this
particular behaviour, the volumetric data for DMPE was taken from literaii@)

and used for further data analysis.

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

The scattering intensity is a function of the form andusture factors of the

sample, expressed with the equation:

<

o —= (3.3)
where S(g)andF(q)are the structure and form factor contributions, respectively, and

g is the scattering wave vector modulus expressed as:
n —— (34)
GKSNE < Aa GKS gI-MISEBYyIRYIK 2F Ay ORI y&AO!I G

All scattering curves weneormalised 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 athnormalised 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 considgfEB)
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All fully corrected scattering patterns were analysextording tahe modified Caif
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 Rappdh8)). Paameters such as the
lamellar repeat distanced, and the bilayer heatb-head distancegnn are directly
obtainable from the global fits. The key mechanical fitting parame:eknown as
Caillé parameter or fluctuation parameter, defines the extent ofembrane
fluctuation. This parameter is directly related to the mean membrane fluctuation

distance ", via the equation(69).

, - - (3.5)
whered is the lamellar repeat distance. Global fitting examples of DMPCRPE€gand
DOPC sample are shown in thppendix A (Figure2).
We note that this global fitting procedure worked well for fully hydrated PC samples,
however, it was difficult to obtain sesfactory 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 ED&*<DMPE. For centrosymmetric structures such
as bilayer stacks, the Fourier summation reduces to only the cosine (&8)given
by the equaton:

© B OAl 6— (3.6)
wherehis the order of the Braggeflection, x is the distance is reapaced is thed-
spacing, obtained from the peak positiomgh), (q(h) = 2 h/d) by linear regression,
and F, are the form factor values derived for each pedi was deduced from the
positions of the two positive maxima in the EFRalues for DMPE were taken from
previous synchrotron SAXS stud{é8). k., 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 pdrfesnt nor ideal line focus),

the Lorentz correction was given by the empirical valug'8{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, 1.5.75 and 2 were tested). The
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corrected intensities were square rooted. A(h)/F(1)values are reported in the
Appendix A (TablelA.

3.2.4 Definition of Three Distinct Water Layers
For our study, we introduce three different regions of water. FigBfeshows a
schematic of a single lipid and outlines thicknesses of each of its watensegiothe
WKSFRANRdAzLI 61 SN 60t dzS0E O6AA0 WLISNI dzNb S
regions (light green). Note, that these highlighted regions awenshper lipid. The
overall lipid length is divided into the chain lengtla,(the occupied chain volume is
shown in light orange in Figui®l) and the headgroup thicknesBn. The partial
headgroup thicknesdi, measures the distance between the phosghand the
average hydrocarbon chain boundary. An experimentally scrutinized value was
published by Nagle and amorkers, reportingx:= 0.49 nm for both PCs and RES,
43, 44) which enables the deduan of the lipid chain length from the experimentally
obtainable heaeto-head distancednH (i.e., the phosphate to phosphate distance).
Finally, introducing a second partial headgroup lenddhy, the Luzzati bilayer
thickness can be expressed as a functiod-ef

diz=dun+2OH2-DHa) (3.7)
For clarity, all parameters of Equati@®i/ are defined schematically in Figusel
(note, since we display one lipid molecule ouly2 anddnw+2 are shown). The three

water layer thicknesses per lipid, concerning the headgroup, perturbed and free
water regions are referred to as @, (i)Q , and (iii)Q 7¢. Note, Q is defined to

be equal to' (Equation3.5) and appears on either side of the free water cdde,
Finally, the total water layer thickness can be written as:

Q Q0 Q ¢ O © Q (3.8)
We note, thatdwnandd.zfor PCs and PEs are not far off, i.e., they are equal to each
other within 0.20.2 nm(37), and for a first approach estimation can be set equal.
However, there is simple way to estimate this deviatioBH2(D11). Since the water
volume in the headgroup regioM!, can be described by the Luzzati method as well
as by using the excluddwadgroup volumesyh, approach we can write:

O 0 & 06 (3.9)
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where AL is the headgroup area per lipid. From volumetric data and the EDPs it is
possible to determine the area per lipid,. Using the deviation adi+from dizone

arrives at the equation:

0 — 5 (3.10)

Finally, inserting\. from Equatior3.10 into Equatior8.9, we are able to estimat®.

(see Appendix A

0 2 (3.11)

We note that this ansatz can be used as an alternative approach for carrying out
tedious and londasting gravimetric measurements. Exemplary valuegd+pnd.zand

AL of this study are listed togetherith literature values in Table2Aand show very

goodagreement.

N

Figure 3.1 The threewater 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 gre@ime chain region

is shown in light orange.

Specific numbers of waters per water region were calculated, dividing the partial

water volumes AL 'Q and A-Q 7¢) by the volume of a single water moleculéifo
=0.03 nn? (115). The headgroup thickne&%, was taken from literature to be 0.9
or 0.85 nm for PCs and PEs, respecti{8f). Dy is dependent upon the averaged
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headgroup orientational angle, this ideansestigatedn more detail insection 3.3.6.
Lastly the headgroup volumeserederived from the gephase to bevi= 0.319 nrm
(37)and 0.252 nm (40)for PCs and PEs, respectively.

3.3 Results and Discussion

3.3.1 Volumetric Data

The volume per lipidy, was determined from the density measurements and are
summarised in Figur8.2. In all cases, a linear increase in the volume per lipid is
observed as the temperature increases. THedaviour of the membrane in the fluid
phase is relevant to this study, thus for HyG@ 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 °CWe note, that the melting pointsiu, for eggPC, DOPC, DMPC and DMPE, are
-15 °C;17 °116, 117) 24 °Q116, 117)and 50 °¢116, 117)respectivelyA higher
transition temperature for DMPE of 5&was reported by Koynova artdinz(112)
Similarly, we observed in our SAXS experiments an abrupt lattice spacing change at
55 °C (in the heating direction tltespacing decreases from 5.5 to 5.0 nwich is

in agreement with previous-Ky scatteing measurement$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 measufedr results
are in good agreement witprevious studies on eggC(119) DOPE120)and DMPC
(121) Data for DMPE was taken frqiil2)

3.3.20verview of the Bilayer and the Three Water Regions

Data from the SAXS curves were analysed to decipher the thicknesses of the different
sublayers of the interstitial water by using Equati@&8. The behaviour of the
different layers with temperature isummarised in Figurg3 in schematic diagrams,
showing two opposed lipid monolayer leaflets. From top to bottom the layers of the

hydrocarbon chainglc, the headgroup extension laydd, the perturbed water layer

thickness,Q , and the free wate layer thicknessQ , 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, whichndergo increasinglyransto gaucheconformations(122, 123)
thinning the bilayer monotonously with temperature. Whilst the bilayer itself thins,
the overalld-spacing increases due to the dominant water layereaase, reflecting

the awelling 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 fluctations also tend to increase with temperature as seen by the



35

increase i) (its boundaries are given by green and blue lines). Interestingly as the

fluctuations increaseQ) shrinks. This was observed in all PCsdtigated. 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 boundafggsen) have been
omitted in the DMPE structural dataased schematic. We note that for now we have
taken the headgroup thicknesseBy, to be constant over the entire temperature
regime; this simplification will be dropped in Secti®@B.6 and temperature

dependentestimates forDy will be discussed.
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Figure3.3Diagrams 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 metyl 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 amour-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 regios, we compare DMRE.DMPC in detail. Figuf4 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 levein DMPC is clearly enhanced due to the three methyl groups being
associated to water clathrate shell$24, 125) Cleary, the behaviour & is the

most apparent difference between these two lipids, and the influence of the
hydrogen bonding and hydration propensity influence this. Membrane flucinat
further increase the water layer thickness in DMPC, as the repulsion between
bilayers, due to the Helfrich undulationg46), does increase with the mean
membrane fluctuation distance] (Equation3.5). As seen in Figurgé4b (middle
panel), the perturbed water layer thickne&, hof 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 tetain water between the bilayer and
near the headgroug125) Further to this, the perturbed water layer is relatively
small, leaving very little interstdl water between adjacent membranes, leading to

an extreme close registry of adjacanembranes. 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 forcetang on DMPC membranes, the MLVs do swell
significantly at higher temperature. Nonetheless, the free water layer thickness
(Figure3.4b, top panel) decreases with temperature for DMPC, since the water up
GFr1S Aa 3IAINBFGEE R2YAYihy@rmBeaseed (GKS WLISNI dzZNb SR
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Figure 3.4 Structural parameters of DMPE and DMPC. a) Behaviour dbikiger
thickness dnH (top) and overalb-spacing (bottom) as a function of temperature. b)
The thickness of the free water layer (top) and perturbed water ldafie@kness
(middle) and the overall water layer thickness (bottom).

Taking a closer look to FiguBeta, we can clearly see that the bilaydrq, 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 fromtrans to gauche states (123) Both lipids have the same fully
extended,all-trans state chain length of 1.68m, as outlined by Seelig and Seelig
(123)(note, heredcis defined asNc- 1) - 0.125 nm, withNc being the number of
hydrocarbons and 0.125 nm being the chpnojected GC bond length). At 80 °C this
value reduces by 0.39 nm and 0.53 nm for DMPE and DMPC, respedtikiij
would amount to four effectivgauchestates per chain for DMPC and three effective
gauchestates for DMPE. We noteas described in the common brush modbB,
126), the membrane bending modulukg, is proportional to the squared membrane
core thickness, @)?, as well to the area compression modulls(126):

0 0 ¢Q T¢rt (3.12)
Where the term2d; represens 1 KS G RS&F 2 XBY 0 NISy SEqiakoh O] y S a ¢

3.12 arses from the consideration of simple elastic sheefmonolayer) the area
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expansionof a regionwithin the sheetis related to thechange of the arc lengh
based on thdwo principal curvatures as well éise regionsdistance from the mid
plane The volume expansion theis related to the area expansi@md thethickness

of the region ofinterestas well as the elastic properties representediaand Ka.
Therefore the energyof expansionacross theentire thicknessof the simpleelastic
sheetis proportional to the elastic constantscandKa For two simple elastic sheets
forming a bilayer, the energies are summdidis important to note that the brush
model does not consider energetic contributionssultant from lipid headgroup
interactions The model stipulatesthat changes irsurface pressure derive from the
free energychanges in the chain regigeee appendix ineference(126). However,
more detailedelastic free energy models which consider headgroipractions as

well as energetic cost ailt elasticityhavebeen developed127) Never the less, we
apply the simple brush model in this case because ddffectivenessat predicting

the relationship between elastic constants amdembrane thicknessesfor the
lamellar phasg126) Hence the influence of the bending modulus on the mean
fluctuation distance, 22 A& AYOSNESt & LINRPLIR2NIAZ2YI §
thickness (note,, & —8 pAO © pT¢Q (9, 69). In simple wads, thicker
membranes are expected to fluctuate less, leading to a thinner perturbed water layer
'Q . The results obtained for DMPE are understood through the brush model, where
the membrane is thicker compared to DMPC, therefore the fluctuation distasic
shorter. Studies to experimentally measure the bending modulus in DMPE and DMPC
have produced varying resu{i28131) but a recent simulationstudy (132)
determinedthe bending modules(, for DMPE at a value of Z&T compared to 14

keT for DMPC, implying stiffer DMPE membran@ensidering thel-spacing, we see
that PC MLVs swell, whilst PEs sligbtlyink 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 Wa&l§\) attractive

force competes with the two aforementioned palsive forces, and ultimately, this
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balance of forces determines the adjacent membrane distadge,The attractive
VdW force is proportional to the Hamaker constant, which is related to the static
dielectric permittivity of the agueous medium. Changegha density across the
agueous 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 permittivitywwhich alters the dielectd contrast
influencingthel I Y+ 1 SNJ O2yaidlyd o6F2NI I NBOASE &asSs
2y WLy GSN)Y2(t SOdz (L3N). ConsieridgdaN FehsiyShaiachssS a Q
the water layer, it is plausible that the water density is slightly different in each of the
defined sub-layers (Figure.1), due to the influence of the membrane undulations
and the degree of headgroup hydratiohhe orientational ordering of watearound
the headgroupipoleincreasethe strength of theinterfacialelectric fieldwhich also
contributesto the decrease in relativpermittivity. These supposed water density
differences mean that the permittivity is namiform acrossdw, therefore, in a
refined description of th&/dWforce, the Hamaker constant should be considered to
change as a function of distance from the polar/apolar interface. The area per lipid
also reeds to be considered in the strength of the Hamaker constant. For instance,
an increase in the area per lipicecreases the effective surface charge density
(deceasing the strengtlof the interfacial electric field)n the headgroup regian
Consequentlythis increases the(relative) dielectric permittivity in theinterfacial
(headgroup)vater region(136-138) Similarlythe ordering of water molecules close
to the membrane interface (within th&ern layel) will diminish as a result of the
weakened electric fieldresulting in a increase inrelative permittivity (139) This
increase in permittivityffectsthe strength of the/dWinteractionallowingthe water
spacing to increase, which is observed in the swelling of PC MLVs.
Similararguments, but with opposite effect, apply foldWforce in DMPE. In
the absence of a free water layer (when only the perturbed, less dense water is
apparent) a relativedecrease in dielectric permittivity of its interstitial water is
expectedhencea greater overall Hamaker constant. In contrast to PCs, the dominant
repulsive force is nothe Helfrichundulation force the water hydration force is
dominant at such small membrane to membrane distand&s, 140) Remarkably,

the very lowdw in PE systemisas long puzzled the scientific communi#g, 45) In
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1982, Lis et al. considered an increase in theaattve VdWpressure explaining the
smalkr equilibrium spacings in PE systems but actually reported on too thage
values. This led to other research groups assuming other additional attractive forces
in order to overcome the repulsive hydration forceHE membrane stacks. The idea

of a solvetrmediated attraction force found some attraction (see referen¢4s,

125) and therein). It has been argued that a small fraction of direct electrostatic
and/or indirect hydrogerbonded water interactions between the NHyroup in one
membrane and the POgroup in the opposing membrane could account the

additional interaction in PE bilayers.

3.3.4 Hydrocarbon Chain Saturation Influence on the Interlamellar Water Regions
Figure3.5 compares the effect of thieydrocarbon chain and degree of saturation for
DMPC, DOPC and eBg. All lipids possess the same chalipped headgroup.

DMPC is fully saturated (C14:0 chains), DOPC has monounsaturated chains (C18:1)
and eggPC is a mixture of lecithins, both with seited and unsaturated PCs (mostly
C16:0 and C18:1)41) In general, across all the parametetescribed, the hydration
behaviour is the same, in that water layer thicknesses increaitetemperature as

the liposomes swell under the influence of the increasing Helfrich undulation force.
The unsaturated chains in DOPC and-Bggmake them more stesptible 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 aR@ egg
bilayers display similaiinvalues (Figur8.5a, bottom). According to the brush model

(see Equatior3.12), the membrane rigidity is not only influenced by the chain fluidity

and hence its lateral compressibility modulls, but more strongly tovariations in

0KS WYSOKIYAOIf Q Yoty thatKsgoss notkKaryOriuch Sriicagd 2 S
PCs containing C14:0, C18:0, C18:1 and C18:2 hydrocarbon @2&hsvhich are
predominantly also found in eggPC. Thus, with eggPC and DOPC having significantly
bigger bilayer thicknesses than DMPC (Fi@.ba, top) one would expect this to be
reflected in a lower membrane rigidity of DMB{layers. 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 chai@s). Evidence is put forward

GKFG GKS WYSOKIYAOFEQ 2NJ WRSTF2NXIo6fSQ GKAOLY
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(coming close talhH), whilst being close t@dc for unsaturated lipids. Thus, similar
WY SOKLI y A Ohefthizkn&s&ey @meig eggPC, DOPC and DMPC would explain
similar values ifQ . Indeed, our determined 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
0.077129) DOPC: 0.081 to 0.0@20)and eggPC: 0.073 to 0.088)). Finally, the
deviation from a linear water layer thickness trend in DMPC (se802%C interval),
is explained by the effect of anomalous sweljungt above the melting point of DMPC
(129, 142)wherethe coexistence of gdike 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-spacng of DMPC at abou#O0 °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
(Figure3.5b 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 bilayersgw, ranks in the order of DMPC > eg§ > DOPC, most probably
reflecting the revese 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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Figure3.5 Structural parameters of DMPC, eB§ and DOPC. a) Temperature trend
of the bilayer thicknesgn+ (top), andd-spacing (bottom). b) Thickness of the free
water layer (top), the perturbed layer (middle) and overall water layer thickness
(bottom) as a funtion of temperature.

3.3.5 Number of Water Molecules in the Three Water Regions

The area per lipid shows a general increase with temperature (Fgj6eg. 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 eagp, and
coupled to it, the relatively lowest disorder in the hydrocarbon chain region caused
by the lowest number ofjlaucheconformers per saturated myristic acid chains (see
discussion in Sectid®3.3). Another major difference of DMPE MLVs is the tfzat

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 Se@®iBm). 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,-B§yy DMPGyy = 33, 32 and

24 at 30 °Qespectively) and DMPBy = 12 at 60 °C) are in excellent agreement with

literature valueg37, 143)see Tablé2 in Appendix A. Second, aecent 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 loospcked monoundarated PC¢100) More
ALISOATAO @I fdzSa | NB NB LR NI @BRandtereyZokKy b | 3
DMPCiiwH= 7 at 30 °C), eggC fw = 10 at 30 °C), DOR&/(= 11 at 30 °C), and for
dilauroyl phosphatidylethanolamine, DLR&/{= 6 at 35 °C). Note, to the best of our
knowledge, there is no published literature valueref” for DMPE available, but
having the same headgroup and being only two hydrocarbon clslioger, DLPE
nw values are expected to very similar to those of DMPE. Thus, all publisied
values are in excellent agreement with obtained values in this study (FRdibg 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 trendyadnd their

layer thicknesse€)-Di, dw and’Q /2 (Figure3.6b-d). Noteworthy, the numbeof
total water molecules per lipid, the water molecules per headgroup and per
perturbed regions do display all the same trend, i.e., DOPC-PE€ggDMPC > DMPE.
That is, thg are dominantly influenced by the area per lipdd, However, the number

of free waters displays the opposite order and a®es noted above dominated by

their extensionQ /2, which decreases from DMPC > €@ > DOPC. For DOPC, the
free layerdoes not change its number of water molecules by a 8aamt amount
(less than 1), when compared to eB§¢ and DMPC. DOPC also has the lowest
gradient forn.' against temperature:0.0048 °€ compared t0-0.011 and-0.025 °C
Lfor eggPC and DMPC, resgtively. Thesanply 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 headgroegtensionDh.

A final remark shall be given with respect to confined water in-plamar lipid
selfassemblies. While this study focusses on planar confined water, the-tiaéer
layer model is also applicable to confined water near curved membraneasaoés.
Indeed, we have completed a study on the inverse hexagonal phase in greater detail
(see Chapter Yand would like to herald that it is feasible to introduce the distinction
0SG6SSY WLISNI dzNb SR Q thiscase. WandiiRIBsg, thg sitidatoN] NI 3 |
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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 gomkgh do induce

local changes in the thickness of the perturbed water layer.
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Figure3.6 Hydration properties of DMPC, e, DOPC and DMPE. a) Area per lipid.
b) Number of waters in the headgroup region. c) Number of waters withén
perturbed wate 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 eachaydr of

the confined water strip, a picture of each slayers behaviour begins ttorm.
Equation3.8 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 seasd)in DOPC the free water layer

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

seen iNQ /2 may actually be caused by a temperature dependent headgroup
extension,Dy, instead.Our reasoning for this is that the glycerol backbone of the
headgoup is commonly assumed to be of constant thickn@sg+147), however,

the region between the phosphate and tip of the headgroup is more likely to flex and



45

reorient as demonstratedvith NMR measuremen($48, 149)as well as shown
theoretically and by MD simulatior{¢37, 150)

Starting with DMPE after setting the free water layer to O (indicative of the results
from SAXS, Figur8.3) and rearranging duiation 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 ofphosphate to tip of the headgroup moiety (see Fig8r@. At the
onset of the melting temperaturdd+is equal to 0.86 nm, which is in good agreement
with previously reported value§7). This value then decreases to 0.82 nm at@0
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 ofDw-Dh1 by reorientation of the phosphate to tip of the headgroup

extension towards the membrane plane.
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Figure3.7 Estimation of the temperature dependent headgroup extendipifor 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 obtainedigufe3.5b (top panel). The

first values forDy are slightly higher than 0.9 nm, but this is never the less in good
agreement with the previously reported valué37). The reduction of headgroup
thickness is explained in the same way@adIMPE, whereby the increase in area per
lipid is compensated with a thinning of the apparent headgroup thickri®ssThe
assumed temperature dependence Df, 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 inAppendix A (Figure3).
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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 thickned3,s, is constant, leaving the portion between
the phosphateand the tip of the headgroup to flex and-cgientate. The headgroup
thicknesspDw, 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 legth given by the physical distance from the phosphate to the tip of the
headgroup,Dx ret For PC and PE we use the literature value of 0.47 nm as the
phosphate to nitrogen distanc@51)and known bond lengthgl52)as well as bond
angles(153) concerning the MC, GH and NH bonds foad in the choline and
ethanolamine headgroups. This resultfirer= 0.68 nm and 0.63 nm for PC and PE,
respectively (Figur&.8b). The tilt anglegrit, is then given by:

— Al O

(3.13)

Utilising the obtained headgroup thicknesBy(T) (Figure 3.7), we are able to
calculate the tilt angle asfanction of temperature, and further able to illustrate how
much of the area per lipidy, is occupied from the precession of the headgroup. The

results are summarised in FiguBe.
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Figure3.8 Temperature dependent headgroup orientation. a) Tilt &g function

of temperature for PCs and PEs. b) Orientation of the headgroupksaf&s) of PCs
and PEs with respect to projected extensiong\ofred cDOPC; greeqegg PC, blue

¢ DMPC; black DMPE). As shown from left to right the tilt angle increagles w
temperature, with the PN axis orientation coming closer to the membrane plane.
Molecular models were made with MolViewt{p://molview.org). All schemes are
referring to the same scale bar of 0.2 nm.

From Figure8.8a, it is clear that the tilt angle increases with temperature, implying

that the headgroup tends towards a more horizontal position relative toltiteyer.


http://molview.org/
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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 positioe ¢l thermal
movements (rotation), which is more intense at higher temperatyd/, 150)The

pink line in Figure.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 ofDy was applied. DMPE displays a stronger tilt angle, which is to be
expected, when considering the proximity of adjacent PE bilayers. FRj8bg
illustrates how the headgroup tilt angle goes hand in hand with the trerl.iThe
planar projection of the Badgroup lengthDx res superimposes well with the lateral
radius per lipidK(A/ ™).

3.4Conclusions

We have introduced a threwater region model, while commonly only two water
regions are considered, i.e., headgroup and interlamellar water. Inmmmdel, the
interlamellar water region is further divided into free and perturbed water regions,
which can be forthrightlydetermined, 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 thresvater region model, the following achievements have been
made:

T Weareath (2 SaGAYIFIGS (GKS WDAOGOA RAODGARAY3

gravimetric measurements. That is, we are able to estimate the Luzzati

bilayer thicknessj z

1 We are providing all standard structural membrane parameters, sudatas

dc A, andW.

1 We givea detailed description of thregvater layers and the water numbers

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

extensionDy, and its tilt angle.

The presented threavater region model will help to refine existing memhbeaforce

descriptions, in particular when revisiting existing models on the attrasteder

Waals forces. Note, we expect that the Hamaker constiantp be different in the

perturbed and free water layer extensions, witerurnedbeing greater askree. 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 behayi
OWKSFRINRAzLIQ | YR WLIS NI dzND 3R Qg KA {15 NW F/NIBrSS N& |
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 4From Angular to Round: In Depth Interfacial
Analysis of Binary Phosphatidylethanolamine Mixtures in the
Inverse Hexagonal Phase

Abstract

Packing stress in the lipidic inverse hexagonglhtdse arises from the necessity of
the ideally cylindesshaped micelles to fill out the hexagonadliyaped WignefSeitz

unit cell. Thus, hydrocarbon chains stretch towards the corners and compress in the
direction of the flat side of the hexagonal unit lceAdditionally, the lipid/water
interface deviates from being perfectly circular. To study this packing frustration in
greater detail, we have doped-palmitoyt2-oleoytsnphosphatidylethanolamine
(POPE) with increasing molar concentrations of -dgBnitoyl-sn
phosphatidylethanolamine (DPPE: 0 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 anglkey X
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 regionAt 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 fimallest water core area and smallest number of
lipids per circumferencebest alleviating the packing stress. Finally, a thweer

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/a38 1.6

(154) On a slightly larger scale, lipid safsemblies display various pathways for

formation of hexagonally closest packed cylindrical mice{lEs5157) 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,

YR S@Sy fINHSNE A& G(GKS KSELl 3158 159ai2NY &aAl
The major intrinsic property of regular hexagons, which allows them to be used so
aSkhytSaate YR STFAOASylfe GKNRdAK2dzi GKS yI
for closest packing in two dimensions. Already two millenniums ago, Pappus of
Alexandria(~290 to 350 A.D.), a Greek mathematiciaxpressed this in the
K2aySeo2Yo 02y2SO0da2NF G(KFG Wrye LINIAGAZ2Y 27

I LISNAYSGSNI G €SHad 2F GKIFIG 2F F NB3IdA | NI K

this conjecture ould be finally proved160)

Focussing on se#fssembled lipid aggregatesanicularly phospholipiebased
membranes, tle fluid lamellar Lphase is the biologically most relevant for modelling
and understanding the behaviour of the cell w@l¥, 58) Nonetheless, noslamellar
phases are of interest due to the formation of cubic membranes in biological systems,
which can develop under protein alterations, drug intervention or st{@égd, 162)
and due to their importance in fusierelated processes (for a review g&63).
Cylindricalshaped membranes play a crucial role in local arahgrent steps of
membrane fusion(164, 165) It has beerproposed that cylindricadhaped micelles
form within the L phase, either by fusion of inverted spherical micellar intermediates
(IMI) (166) or alternatively, apposing IMIs may seed Hihefects(167) inducing the
formation of inverted micellar rods (for a review s€E63). Furthermore, tubular

intercellular connections could be identified in ewtcell communicatior{168)

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

extracts (26), the inverted hexagonal phase is widely studied forgldelivery of
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antivirals and other bioactive€l69-174) Practical use has been made from the
inverted hexagonal phase for the determination of the spontaneous monolayer
curvature of various amphiphilic moleculét75) as well as a detailed structural
model now allows for the global fitting of small angle scattering patterns of the H

phase(176)

Theinverted hexagonal ifphase as a model system has been widely stu(G8d
71, 164, 177179), and is characterised by a high lipid/water interfacial curvature
perpendicular to the long axis of the cylinggtaped micelles arranged on a
hexagonal lattice RKigure4.1A). Nonrlamellar lipids with relatively small interfacial
headgroup areasKigure4.1B), such as phosphatidylethanolamines (PE) with a non
zero spontaneous curvature, induce membrane curvature towandsaater phase,
which constitutes thalriving force for the Lto H; transition. Comparing the critical
packing parameters at a given temperature of various(BE$3, 156)demonstrates
that the formation temperature,Tn, for the inverse hexagonal phase decreases
linearly with thedegree of chain splayigure4.1C). Furthermore, the packing of the
lipid nanotubes on a hexagonal grid allows for the closest packing of the inverse lipid
cylindrical micelles. Cormgring the crystallographically used oblique unit cell
description for he hexagonal latticea(=bl YR ' [ MuHncO0OX AG AA&
the hexagonal WigneBeitz unit cell, when describing the packing frustration within
the H, phase FigurelA). As can be easily demonstratdd0) an inscribed circleo
the Wigner Seitz cebinly 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 lipidltains must stretch and compress around the giesiular 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 phosphate
Ry, is the longest, wén pointing towards the vertices of the hexagon and the
shortest, when oriented perpendicular to the flat side. This stretching and
compression of the hydrocarbon chainBiqure 4.1A, top right), as well as the
deformation of the ibid/water interface,comes at an energetic cost known as the

WLI- O1 Ay 3 (TBMIBEA) (nketesting®,yofly when lipidhape anisotropy is

€N
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taken into account Kigure 4.1B), the overall correct interfacial ape can be

simulated, hereby determining the appropriate relationship between the bending

deformation and stretching of hydrocarbon chai74, 184, 185)

decompression
zone

compression
zone

1.52
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Figure 4.1(A) lllustration of the hexagonal lattice with unit vectoesand b. The
Wigner Seitz cell is shown in red. Monolayers of lipids align around the water cores
(greycircles). The lattice planes in the <10> direction (green) and in the <11>alrect
(blue) are showr{B) A schematic of a single lipid encased in a wedge geometry. The
black dotted line indicate8,. The volume encased by the two blue planes depicts the
headgroup region. The green plane indicates the fluctuation distasicB,s is the
radius related to the free water region. Note, the wedge has atldeg K b. (C)
Critical packing parameter (CPP) compared for different PEs (data were retrieved
from the referenceg31, 63, 156are compared to thistudies POPE/DPPE mixtures).

The alleviation of pdgéng frustration is achievable with the addition of host

molecules. Here, alkanes such as tetradecane aresulied, aggregating within

the hydrophobic region and essentially filling the interstitiedid spaces(186)

Reducing the packing stress in this way has been shown to lower the transition

temperature at whichthe LK &S 2 OOdzNE ® ¢ KA &

FRRAGAZ2Y €

trough region allows the packing stress to relax and the water core interface to

become mae circular. Dodecane has also been studied, similarly demonstrated to

WL
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aggregate within the hydrophobic regions, i.e., mainly in the corners of the Wigner
Seitz cel(187) reducing the need for lipighaincompression towards short length

(flat side) and increasing the effective maximum lipid lenlgth, Overall, alkanes not

only relieve the extension stress but concomitantly relax the compression stress at
the flat sides of the hexagon. Conversaiphatocopherol (vitamin E) aggregates
within the short lipidlength regions, allowing the lipids to stretch to their natural
length in the corner regiongl88), leading to a reduction itimax. Any stress reducin
additives serve to lower the free energy of the phase, as much of the energetic
cost arises from the distortion of the cylindrical water core into a qaglndrical
shape. This energy cost is intrinsically linked to the stretching and compression of the

lipid chains.

In this study, we scrutinised thshape 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 tpalmitoyl2-oleoyksn
phosphatidylethanolaming(POPE) with increasing molar concentrations 1¢#-
palmitoytsnphosphatidylethanolaminéDPPE). DPPE is a phospholipid with two fully
saturated C16 hydrocarbon tails, whereas POPE has one monounsaturated C18
hydrocarbon tail. Due to its effective longehain length (note, at 75 °C the steric
membrane thickness of DPPE is 4.6 nm compared to 4.3 nm of BORBDPPE is
thought to aggregate orientated towards the vertices of the Wig8eitz cell, while
POPE will aggregate mainly in the flat side regions. In this way, packing stress is
released as each lipid Wwilend to locate wmere it can assume its natural length.
Therefore, the energy loss associated with the interstitial void regions is accounted
for by the longerchained DPPE lipids. Our aim of this study was to find the critical
DPPE concentration at which the packing srissminimised 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 hydian differencesm 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 andVethods

4.2.1 Materials and SamplerBparation

1-Palmitoyt2-oleoytsnphosphatidylethanolamine (POPE) and -fgmitoytsn
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 DpBivder in chloroform. DPPE concentrations

of 3, 6, 9, 12 and 15 mol % within the lipid bilayer were obtained by mixing
appropriate amounts of the stoekolutions. The organic POPE/DPPE mixture was
vortexed for 2 min and the solvent was evaporated in auuat oven for 24 h at 30

c /I dmbaritonsecure that all traces of chloroform were removed. The thin lipid
FAfYAa 2y GKS o620G2Y 2F (GKS 3Ifl aa GOAlfa o66SNB
water (MilliQ). To ensure complete hydration, the lipid dispersiaere shockrozen

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, dbeve procedure

was repeated six times. For the-r&y scattering experiments a final lipid

concentration of 20 wt% was used.

4.2.2 Xray scatteringMeasurements and Aalysis

Diffraction patterns of multilamellar vesicles were recorded on the AustriarSSAX

beamline at the Synchrotron of Trie$i89, 190) using a onalimensional Gabriel
detector(191)covering the correspondingrange ¢ =n -~  @/A) Yfanterest from

Fo2dzi W knpn ) G2 H ™ kmMmH) detectok\&as pesforda | NJ OF £ A 0 |
with silverbehenate(192) The lipid dispersions were measured in a {wialed,

mm diameter quartz capillary in a steel cuvette (Anton Paar, Graz, Austria), which

was inserted into a brass block, bgiin 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 meas in the vicinity of the

capillary in the sample holder block with a®f SYSy G omnn mood . STF2NB S
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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 phase were derived from the smalhgle X
ray difraction pattern by standard procedurg81, 156) Briefly, after the raw data
had been corrected for detector efficiency atite background scattering arising
from the water and the capillary had been subtractaetl, Bragg peaks were fitted by
Lorentzian distributions (see fitting examplesHigureB1 in the Appendix)BThe
fittings were carried out with the software packaderigin Pro 9.0 (OriginLab
Corporation, Northampton, MA). Second, the intensities werenmadised for their
multiplicity. Thereafter, a Lorentz correction was applied by multiplying each peak
intensity (peak area) by its corresponding squared wave vectatums,g?. Finally,
the square root of the corrected peak intensity was used to deterrthisdorm factor
Fof each respective reflection (for details see (D). The electron density contras

relative to water was calculated by the Fourier analysis:

¥ oofto B i 500 AT X0 AT Fow, (4.1)
where Fk is the amplitude of the peak at the positiaith,k)and h,k are the Miller
indices of each reflection. Note, for centrosymmetric elentrdensity maps the
phase information for each amplitude is either positive or negative hixgtakes the
value of +1 orl. The best phase choice combination ¢(+11 +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 zexossing of the form factor
near the (21) reflectiof63), 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

FigureB2 in the Appedix B.

After Fourier analysis, the real space electron density map can be plotted for
each molar fraction of DPPE defined fas DPPE/(POPE+DPPHE3Iing a MatLab
programme, 2D images of the electron density map were plotied)( where the
height in the zaxis represents the electron density contrast,. The centre of the

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

adjacent nanotube.

The yaxis passes through the origin and intersects with the centre of the flat side
of the WignerSeitz cell, which is referred to as the zero position, denoted by an
2NASYdGFGA2y Fy3atS + T ncd ! yl0O)8HeSHOid NPy RSy aA
length) was determined. Using the MatLab programme, the V(@A & NR Gl 6 SR o6&
=30° to create an ED®hich intersects with the corner of the Wign&eitz cell, the
longest distance that the lipids need to fHigure4.1 andFigure4.4A). 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 metifoglgh

NEIA2Y & | Fdzy Ol A 2R0uret 3A). Fikafly, uNiBgithese awvdy | y 3 S
orientation angles, the radial positioRs, of the phosphate group can be determined
Fa | FdzyOtAzy 2F 1+ dzaAy3d GKS St SOGNRY RSyYyaahil

However, in this study, we solely report 8iaxand Rmin.

To calculate the circularityfahe water core, it is necessary to first calculate its
circumference and area. Starting from the zero positiBnas a function of was
calculated. The anglg, was varied in steps of 1°, leading to two subsequent radii,
which we shall refer to a¥ and’Y . The corresponding points of the phosphate
group positions are defined d® G andO i hrespectively. These two
positions are observable from the maximum in electron density. Thtardis,
‘00 , between these two consecutive points, was then calculated using
t @0KIF3I2NF &aQ O Kwr2IRSepsdwithin@ 30NRBdgheintAtyezrc length
around the water core was then calculated from the summation of 30 segments:
B ‘OO0 . The ardength of one 30° segment multiplied by 12 results in the
water core circumference (Rige B3 in the Appendix)BThe area of the water core
was calculated from the summation of each of the small triangles encloséieby
lengths of'Y , 'Y  and the dstance’©OO . The lengths ofY and’Y  were
calculated from the distance of their respective phosphate group positions from the

origin. The area of a single triangle was given by the fitam
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\,

o Y'Y 0¥ (4.2)

6 KSNB K 11° the-adgle Hednieen 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 cor@nce circumference and area are known,

the circularity can be calculated using the equation:
6 — 4.3)

where AandPare 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 radiusRwe 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 calculatddom:

a % (4.4)
. 7 :

a — Y (4.5)
a - Y ODppmyPrdiuoX€— P (4.6)

whereais the lattice parameter. Note, thequation(6) was derived in referen¢89),
while Equation(4.4), @.5) and 4.7) follow from simple geometrical relationships,
where the latter was used taalculate the apparent area per lipidy, at the

phosphate position (seEigure4.1):
5 © @ — @)

Vaveis the averaged lipid volume, which was calculated from:
W p QI " (4.8)

where f is the molar fraction of DPPE and the temperature dependent volumes of
POPE and DPPE were taken from refereit®8, 193From the linear behaviour of
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the molecular volumes as a function of temptire, we found by linear regression:
Veore(NM®) = 0.0008016 T+ 1.152 (R= 0.9867) and/pppe(nm?) = 0.0014692 T +
1.058 (R= 0.9968).

Further, the number per lipids along the circumferencg,the area per lipid at the
steric lipid/water interface Aw (seeFigure4.1), and the molecular wedge anglg,

(seeFigure4.3) were determined according to referen&l)

¢ ¢OY TO (4.9)
0 0 —, withRv=Re-0.55 nm (4.10)
qg=c A OA&AT 4.11)

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
WignerSeitz 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, respectivelyHigure4.1A). Since the peak width progression of the (1 0),

(2 0) and (3 0) clearly displays disorder ®fkind (FigureB4 in the Appendix B, we
applied, in a zero order approach, the Modified Cdilieeory (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 lipidbilayer regions. After backgroundtstraction this set ofliffraction

peaks were analysed with MCT in order to retrieve the fluctuation paraméter,
which then can be related to a mean square fluctuations between layers through the

equation(69).
» h - 4.12)

wheres is the fluctuation distance andlis the dspacing. Note, each diffraction peak
was fitted individually and the resulting values were averaged to retrieve ose

value referring to the<1 0> direction.
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Following the recently published thregater layer mode(195) and having

estimated the membrandluctuation distances, allows us to dividehe water core

Ayi2 GKNBS RAAIGAAQRIANBEBBEAYRY 0K 64208 K&
@2t dzyYS | NRPdzyR 0KS KSIFR3INRdzZLIE O0AAL GKS aLJ
fluctuation distancesX YR OAAA 0TI (GKS GFNBS 41 G§SNI NB:
the fluctuating lipid monolayer. For the calculation of ttutal water volume, we

used the approximatio31).

o — (4.13)

Note, this estimation sethe net waterlipid interface at the height of the phosphate
group. This artificial net interface is also known as Gibbs dividing suB8re\lso

the perturbed and free water volumes are based on the geometry of the molecular
wedgeshape model depicted iRigure4.1B (cp Equationl3). In this model, the radii
and their corresponding areas are proportional since the wedge depth is constant.
For instance, we deduced the ar@a from the relationshipRui/ Ry = Awt/ Ap. Specific
number of waters per water region were calculatatlyiding the partial water
volumes by the volume of a single water moleci&2§ = 0.03 nn¥ (115). The
headgroup extensionDy, in radial direction wasaken fromliterature to be 1.1

nm;(63)accordinglyR, =Ryt +s + 0.55 nm.

All errors given in the Results and discussion section are referring to standard
deviation for directlyretrieved parameters, e.gd-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 andiscussion

4.3.1 Fluid lamellar to Inverse Hexagonal PhasariEition

Transition temperatures were obtained from the fractional formation plots of the H
phase,f(Hi), which were derivedrom the fitted total intensities of the first order
diffraction peaks of thesLand H phase withf(Hi) = [(H)/[I(Hi) +1(k)] (Figure4.2B-D;
seeFigureB5 in theAppendix Bor an overview of all transition plots). The inflection
point determines the transition temperaturdy (Figure4.2A). The data were fitted
with a logistic function, settinf(Hy) at the beginning and the end of the transition to

0 and 1, respectivelyror the best comparison, all inverse hexagonal phases were
analysed in this study 5C aboveTn, ensuring the systems had developed a fully
stable H phase. We na that this choice meant that traces of the phase are
coexisting with kiphase, but everso, avoiding the onset of dispersion instabilities
that we observed closer to the boiling point of water.

The observed increase Ta (Figure4.2A) is in agreement with the linear relationship
of the critical packing parameter (the CPP) Wiil{Figure4.1C). The addition of DPPE
causes the overall degree of chain splay to decrease which leads to an incrdase of
of about 11 °C. Interestingly, we observe a local minimum in the transition width at
9 mol% DPPE, which means that this particular sample gisstiia 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 BEOPPPE 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 temperatue from the kL to H, phase,Tn (squares) and th&WHMof the
transitions (circles) are plotted as a function of the molar DPPE conteid) (B
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. Notejnitection point of the
logistic function define3y, while theFWHMof the corresponding logistic distribution
defines the transition widthgy .
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Figure4.3 Stack plot of the SAXD pattern of the POPE/DPPE mixture with 3 mol%
DPPE. fie temperature wasncreased in constant steps from 78 to 95 °C. The
midpoint of the transition from therLto H; phase is at 84 °C.

The stack plot of the small angleray diffraction patterns (SAXD) displaygd.H;

phase transition of the POPE/DPPE mixture with 3 mol% DR@§ie4.3). The
temperaturerange spans from 78 to 95 °C with= 84 °C. From the Iphase, the

first three diffraction orders were recorded, while the (3&flection was the highest
recordeddiffraction peak for the kphase. In order to analyse the effect of the host
molecule concentration of DPPE on the packing frustration within theHdse,
electron density maps of all mixtures with DPPE concentrations of 0, 3, 6, 9, 12 and
15 mol% werealetermined atT=Ty+ 5 °C. This included all recorded reflections from
(10) to (31). For an overview on the experimental conditions andd#étermined
intensities Inx and amplitudesk k 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 &i+ 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 Finestructural analysis of the inverse hexagonal phases

Nanostructural analysis conducted on the electron density maps is showigune

4.4 (see also the overview graphigureB6 in the Appendix)BIn panel A, two key
orientations within the WignefSeitz unit cell (red dotted line) are shown, concerning

1 = 0° being congruent with thgaxis (red dashed line), as well as the orientation for

1 =30° (blue dashed line). The first orientation shoWws shortest radial distance in
the WignerSeitzcell, whilst the second orientation shows the longest radial distance.
Thus, these are the two orientations of the maximum hydrocarbon chain
O2 YLINB &34 2y B RS O 2=¥30INBspeitivedy YseatsoFigured.1A).

The H phase structure has af®ld 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 pictufFeglure
44A. Maximum electron density is colecoded with darkred and minimum
electron density with dark blue; correspondingly, the Jgatted line indicates the
methyl trough region of the lipid matrix, and the bhdetted line indicates the
apparent position othe phosphate groups. The radial position of the phosphate
group,Re, & | Fdzy OGA2y 2F + gl & OFf OdzZ I SR
maximum densityWhilst some structural differences are already seen by the naked
eye in the electron density nps Figure4.4 andFigureB6 in the Appendix B finer
details are revealed through investigation of the different structural parameters as a
function of the rotational angle,. A first overview of the structural results is given in

Tabled.1.

From Tablet.1 it can be seen that the averaged radiBs 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 spl&. This is best observed in the averaged molecular shape: the molecular
wedgeangle (sed-igure4.1B) drops from initially 19.9° to 17.8° (TableEfuation
4.11). As this occurs, the added DPPE reduces the need for stretching and
compression of lipids atmd 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 spaciray,at 9 mol% DPPE, which is dominated by
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the phosphate position rads Rrave. We also observe for 9 mol% the smallest water
02 NB I, AN&nt lowkest mumber 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 wiin errors constant from 3 to 15 mol% DPPE (T4ulg

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, fao®6 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 circumferenca,, also displays accordingly, a locahimium.

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 thevedge angleg increases linearly with
temperature for pure lipid/water systemg&1). However, the wedge angle in our
study does actually decrease when DPPEdded, 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 ynihhat the packing stress is the
lowest at 9 mol% DPPE; further to this, the 9 mol% mixture displays the best
circularity of the vater/lipid interface (Tabletl.2), which is discussed in more details

in the next paragraphs.
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Figure4.4 Electron density maps of POPE/DPPE for 0, 9 and 15 mol% DPPE. (A) The
headgroup interface (blue dotted line), the methyl trough region (red dottiee;
note this defines also the Wign&eitz cell of the iHphase), the radiuds, the
orientational angb
profiles are definedRmin and Rnaxas well admin andImaxare illustrated in (B) and (C).
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Table4.1 Structural parameters of the Hbhase as a function DPPE concentration.

DPPE a (n m) Reave Water lave (n m) Vave Ap (n mz) no Wedge
(mol%) (nm) core area (108 angle (°)
@ (nn??) nm?)

T (°C)

0@ | 7.12+0.007| 1.98+0.01| 12.4+0.02| 1.77+0.01| 1215+5| 0.48+0.1| 18.0t0.2 | 19.%+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| 20.3t0.2 | 17.6+0.2
89.5

9@ | 7.66t0.008| 2.14+0.01 | 14.4t0.02 | 1.90+0.01| 1221+5| 0.45+0.1| 20.0£0.2 | 17.8t0.2
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| 1220+5| 0.45+0.1| 20.2+0.2 | 17.70.2
91.5

T2 NJ
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As seen irFigure4.5A, the EDP curves as a function' @moothen out at 9 mol%
DPPE in the head group region. In the methyl trough rediigu(e4.5B), it is the
15mol% DPPE sample instead, which shows the least disparity between its minimum
and maximum electron ehsity values. Nonetheless, 9 mol% DPPE promotes the
greatest homogeneity of the lipid packing around the water core itself. Ffmmre
45C,4.5D,4.5E comparing the EDPs aldRg» and Rnax, it is shown that the electron
density is closest to uniformity at 9 mol% DPPE, as opposed to the two extremes of O
and 15 mol% DPPE. Similarly low are the electron density fluctuations for the 6 mol%
(seeFigureB8 in the Appendix)BThis interpretations further illustrated inFigure

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 interfac€onversely for the 0 and 15 mol%,

G KAOK RAA&LX I & mik favdhies Bgure4b@),avexd 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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Figured.5 Electron density profiles. (A) Electron density fluctuation along in the-head

group regions and (B) the methyl trough interfacesEjCRadial electron density
LINEFAESE 6AGK 2NRASYdGFdA2y 2F + I nc O6NBRO
orientations are defined ifrigure4.4A. Comparisons of albncentration 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 edpuilim at 9 mol%, because the values

for Rnax and Rnin are not only the lowestKigure4.6A), but display the smallest
deviation from each otherHigure4.6B). 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 closestlat this concentration. For pure POPE we
observe the smallestaxandlmin 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 lipid®) (see alsdavein Table 1). Furthermore, for pure POPE
the circularity is relatively low, clearly displaying Adeal lipid paking. 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 of3 mol% of DPPE, the packing efficiency may
have worsened in this respect. The DPPE is therefore acting here iaigeas an
impurity, not yet at the threshold concentration to provide packing frustration relief.
The 6 and 9 mol% DPPE mixtures appearedhe 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 Rnin and Rnax values, mirroring the behaviour at 0 and 3 mol% of DPPE
(Figure4.6B). The notion that the 9 mol% DPPE sample is reducing packing frustration
the best, is further illustrated irrigure4.6C. The ratio of the phosphate electron
RSyaAidArsSa Ink @EygmeFdodeltounity. Incantrast, 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 slighilyger chain packing frustration as compared to 12
YR Mp Y2 5k SnXalugsheing abibuk 6 shallEigured 6D).
These subtle homogeneity improvements in the methyl trough region are most likely
caused by a smoother and broader disttion of DPPE around the vertices as can be
seen in the EDPs in E&B. Summarising, while 3 mol% of DPPE does not induce any
I LILIF NBy i OKIFAY LI O hdkyhid= 0BNBrdudded improReynenNB S |-
in the chain packing order is achieved ¢oncentration 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 Wigedtz cell, the
interstitial void regions constitute 9%f dhe 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/decompressioithim the vertex and flat areas.
Predominant locations of DPPE in corner zones and POPE in the flat zones of the
WignerSeitz cell, are therefore likely to be driven mleases in chain stretching
energy(71, 179, 184)indeed, free energy model calculations based on the theory of
L3It A |y 1) digplay sSshaflodz®é&al minimum in the free energy around
6-9 mol% DPPE with a value of abeD6 kT per lipid, in which the bending energy
accounts for0.47 KT per lipid and the stretching enengigh 0.41 KT per lipidHigure

B9 in the Appendix)B

Table4.2 Structural parameters concerning the circularity of the phosphate position
in the Hiphase.

DPPE lmin (NM) [max (NmM) Rmin (NmM) Rmax (NmM) Circularity

(mol%)
0 1.58+0.01 2.12+0.01 1.97+0.01 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 | 0.99#0.005
9 1.69+0.01 2.28+0.01 2.13:0.01 2.150.01 | 0.9940.005
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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Figure4.6 Probing the circularity the water core as a function of DPPE concentration.
(A) R orientated towards the corner (red®naxy) and normal to the edge (blu&min),

(B)n wequalsRnax minus Rnin, (C) electron density ratio 6 n ¢ U detedmnadcat)

the phosphate position, and (D) electron density rati@ n1 ¢ 0 detetminedatithe
methyl trough region

Figure4.7A and B display schematic models of the R@#zand POPE/DPPE 9 mol%
mixture. Note, the Wigner Seitz cells are drawn in scale, refering in their heights to
the lattice parametersa, equal to 7.12 and 7.66 nm, respectively. Further, the circles
with the radius R plus lave Of the POPNly 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 lengthgin, 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 ofDisorderq Thermal versusDisorder of Secondikd

Finally, we have analysed the dynarb@haviour 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 Figure4.1 andFigure4.7), which refer to the olection of Rnax (towards

the vertices) andRnin (towards the flat sides) within the hexagonal unit cell. As clearly
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demonstrated in theFigureB4 (Appendix B the peak shape progression in the <10>
direction shows an increase in width asunction of the diffraction order, which
reveals disorder of @ 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 denstrates 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) peakksdureB4 in the Appendix Bcan strictly only be
applied to smectic liquid crystals in the fluid ph#&68)however, thepurpose here is

to gain an approximate value of the local layer fluctuations in this direction. The value
of the fluctuation distances, being in the order of 0.3 nm compares very well to the

s published for 1,Aimyristoytsngf & OBINR2 aBIKR I y2f I YAYS 65at 90
AaYSOGAO LKMES ntnd yn c/f

Table4.3 Results concerning the fluctuation distance and number of water molecules
per lipid in each water region.

DPPE s (nm) Total Headgroup Core Perturbed Free
(mol%) <10> Waters waters  waters waters waters
(averaged) <10>
<10>
3 0.26x0.05 16.70.8 8.0+0.6  8.7+0.7 2.6¢0.3 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 16.2+0.9 8.0+0.6  8.9+0.7 2.9+0.3 6.2+0.5

Given the fact that the disorder in th€ll> direction is dominated by thermal
disorder FigureB4 B), we interpret the (10) planes ftuctuate more than the (11)
planes at all concentrations of DPPE. Interestingly, this mechanical behaviour of the
hexagonal aggregate being more compressible irkth@> directions, is also reflected

in the electron desity maps Figure4.4 andFigure4.7C). The headgroup thickness
apparently stretches over a wider region in the <10>, and subsequ#rglynner
water core reduces in diameter in this direction. Thus, the water core can roughly be
described as a rounded kagon, but rotated by 30° relative to the hexagownagner

Seitzunit cell Figure4.7C). While no clear DPPE concentrati@pendent trend was
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observed in the fluctuation parameter, we deduce the compressed lipid zones (flat
sides) are mechanically moreble than the decompressed lipid zones around the

vertices (sed-igureB4).

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 (T4k3% which aligns
with the small changes in the area per lipid, Indeed,A, does not vary more than
1% from 3o 15mol% DPPE (Tald). For our DPPE/POPE mixtures, we find 8 water
for the headgroup region, which compares to 7 waters per headgroup found in 1
stearoyt2-oleoytsnglycere3-phosphoethanolamine (SOPKE31). Also the total
numbers of about 17 waters per lipid are within error maggconstant 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 fuctuation distances. This consequently leadsto arel&i¢ @ & Yl £ € SNJ y d:
2F FTNBS 4l GSNE LISNIfALAR Ay (KS OSNIAOSaA
CAIgaBE ¢S KF@PS 3IANI LKAOFEf& adzyYFNAaAaSR 2
KSI RINFRINI NBEIA2Y I GKS LISNI dzNDORRNBad G SNI £ |
/I 2YLI NAY3I (GKS 41 GSNI RAaAUNROdzAAZ2YTAY (K
g GSNI f1F&@SNJ Y2RSE | LILJX A SROap FIKBS TNRIMIRNJIE H
RATFSNBYyOSa 6S02YS Of SFNXY CANBRGEZ (GKS Tt dz
fALILWRSE 6KAfS (KS AYyOSNBRS KSEFI2y Il tHLKI &S
RANBOGAZY YR Y240 LINPOHADENRAFLIKEAYBMB)
6¢mabiSP { SO2YyRX gKAES GKS LISNIdZNBSR gt GSN
f ALIAMRK 6 GANIWYNISBSRNI 68 v W & i kgl WY dzy Rdzf | (7
Ay GKS Ay@SNAS KSEI 32 yolot0.3n8 franShode mThe SNJ Ay
FelLd NBIA2YVRAPEBNBRARGING 2FA 32 NRSND ® ¢ KANRZ
Ay GKS KSIFRINRdMzZLI NBIA2Y | NB2wiENA JKKE 2SS & Yl
g GSNE O2YLINB G2 yodp 41 GSNA AWl KS dH WS
I OO02dzyia F2NJ ydzYo SINS NI Ff ALUSAN daNDboS2Rdz(4 | ol SN G
g GSNER Ay Daut@Pul¢ik Sy nf Fci/G SNJ RATFFSNBYy OSa 1
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Figure4.7 (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, indicatstigpnger interfacial fluctuations the

<10> directios 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 resped the unit cell (red dotted lines). (D) Three different
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4 4 Conclusion

In this study, POPE wansvestigated in the K phase with increasing molar
conantration of DPPE. The circularity as a function of DPPE concentration was
determined to illustrate the alleviation of packing stress around the gogsadrical
outline of the phosphate positionst Wwas found that adding 6 and 9 mol% DPPE
produced polafapolar 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 ite aggregation in the corner areas of the
hexagonal WigneSBeitz cell, and thereby reducing packing frustration in these
interstitial regions. In particular, at 9 mol% of DPPEstinallest water core area and
lowest number of lipids per circumferencegven with respect to its neighbouring
concentrations of 6 and 12 mo|%upporting 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, axetshown that interfacial
fluctuations are not significantly influencda 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> direcfidisorder 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 thd’resence of lofRich 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 inteaction is beneficial for the improvement of models which
utilise model membranes in order to replicate biological processes. In this study,
multilamellar vesicles (MLVs) consistingdgbalmitoylphosphatidylcholine (DPPC)
hydrated with ion solutions, anolar concentrations ranging from 0 to 1 M. The ions
tested were monovalent sodium chloride (NaCl) and potassium chloride (KCI) (both
monovalent), as well as magnesium chloride (Mg®hich is divalent. It was found
that the monovalent salts continuoussell the interlamellar water spacing, with
apparently little effect on the bilayer thickness. This is in conttaghe divalent
MgCb, which at low salt concentrations displayed a degree of membrane unbinding
This behavioureventually restabilises a the salt concentration increases and
actually shrinks the intebilayer water spacinglhis study also producediglence to
suggest that at high salt concentrations, the order of increasing membrane
fluctuations does follow the cainic Hofmeister sees. We have categorised out
results according to a threwater-layer model, which accounts for water in the
vicinity of the lipidheadgroup, water perturbed by the membrane fluctuation, and a
layer of free water which does not directly interact with tmembrane. 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 acsarany facets of nature making up the
core matrix of cell membrarse Consisting oftwo hydrophobic chains and a
hydrophilic headgrouplipid molecules dispersed in water form a varietyliguid
crystalline nanostructures with the lamellar phase most closely resembling the
plasma bionembranecore (72, 73) An emerging field of resear&@mployingplanar
syntheticmembranes relates tothe designof artificial cels (82-84), which ains to
mimic biological functionsysing aminimalistic setup.The vast majority of wdel
membrane systems arestill used for studying biologicalinterfaces under various
environmental condition$9, 37, 74, 134)in particular, phosphatidgholine (PCis a
very wellstudiedphospholipidspecies sinceit isfrequently foundin biomembranes
(72).

When dispersed in watephospholipidsform bilayerswhere their hydrational
state and nanostructureare closely relatedHydration is primarily dictated by the
propensity of the headgroup to form hydrogen bondskéhds) with interfacial
water moleculeq85). Here, the oxygen molecules of lipid headgroup function-as H
bond acceptor, whdt the water molecule serves as the donor. For,Btsfocus of
this study, the oxygen atoms at the phosphate group stitute the majority of
hydrogen bondingwhich 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 amgigdrogen bonding at the
phosphate, this region is commonly ascribed as the border between lipid and,water
whichto avery good approximationcoincides withibbs Dividing Surfat96). PC
lipids are zwitterionic, meaning they have a net neutral charge.|dVthe
hydrocarboncoreis apolar, the headgroupesemblesa dipole along the phosphate
(P) to nitrogen (N) vectorHere the oxygen ators of the phosphate facilitate
hydrogenbonding as acceptors due to their relatimegativecharge. The nitrogen
atom of the choline group has a relatipesitivecharge, thus cannot form hydrogen
bonds with proximal waters. Water association at the choline moiety takes place via
the hydrophobiceffect, whereby waters from an idée clathrate shell around the

choline group89-91). This shell is loosely bound compared to tiyelrogenbonded
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waters of the phosphate, but nonetheless, is linkedhe choline and therefore the

headgroup as a whole.

In our recently published studyl), the confined water layer in mutamellar
vesicles (MLVs) was categorisetb three distinctive sudayers. 8pported bysmall
angleX-ray scattering (SAX@sults, heddgroup regioQa ‘Perturbed water regiof
(directly adjacent to each headgroup regipahd a singléftee waterNBE I A 2 y &4 Q
been proposedA similar description of the confined water layer has bsapported
by quastelastic neutron scatteringtudy (196) describing#ghtly boundwater
(close to the glycerol and phosphat&hosely boun@water (close to thdip of the
headgroup) ad Wee waterQQexclusive 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 slalyer definitions. The
behaviaur of these suHayers are intrinsically linked to thedifferent hydration
propertiesas well ago the inherentmembranemechanics given bihe membrane

bending and bulkompressiormoduli (134)

Contributing to our understanding of membrane hydration dree direct
measurement of forcebetween adjacent bilayers andvestigationsonthe adjacent
membrane distances under appliedmotic stres$43, 94, 133, 197, 198)entifying
vastly differenthydration regimes between PCs and other lipid varieti9,200)
Shortrangeforces concerrthe steric repulsiorforce at memtrane distances below
0.4 nm andthe repulsive hydration force from 0.4 to 1.0 n{8). For membrane
distances beyond 1.0 nm, lomgnge forces ardacilitated by the attractiveVan der
Waals (VdW) and the repulsive Helfrich undulation forc€01, 202) When the
membrane surfacehold a net charge, additionally electrostatic repulsamturs(47,
203) The hydration properties of the differentvater regions becomesfurther
complicatedunder the influence of added salt®iological cellscontain variety
electrolytes, in the form of ions, with sodium (Napotassium (K and chloride (Ql
being the most commonly present. lons within the intra and extra cellular medium
play an importantole in cell signallin@204) fusion (205) protein interactiong206,
207) andion channel formatior{20), which are essential to life acrossll organisms

present on earth.

KT
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The intrinsic charge of an ionfluences polar moietiedike water. The effect of
ions on water structurecan bedescribed akosmotropic hereby inducing water
ordering and increasing the watevater hydrogen bond interaction. lons of this
nature are termedstructure makerQ@onversely, ions can hatBtructure breakngQ
characteristics that destabilise the water hydrogen bond network. Such ions are
termed as chaotropic. Lipids themselves may also behave dtospically or
chaotropically. For example, the relative positive charge of the choline group in PC
membranes iduces water ordering into an idé&ke clathrate shellvia the
hydrophobic effect, which ishaotropicin nature The extent to which a given salt
ion has kosmotropic or chaotropic effects follows a frequently reoccurring trend

across chemistry and biologmown as theHofmeister series

The Hofmeister series is based on the ability of a sgtrézipitatea protein in
solution (208) originating from an anionic salt series, with chlorine)(idla middle
neutral position. Kosmotropic anions are protein stabilising(salting out) whilst
chaotropic anionsre protein destabilising(salting in)(207, 209, 210)Noteworthy,
Ct hardly binds to the membrane, bug more likely to disperse in the water phase
(211) where it is able to screen positive membrane surfdtarges(202) In fact, all
ions, absorbed onto the membrane or dissolved in solution, will influémeeharge

densitythroughthe formation of an electric double layer.

Cations follovan inverse seriewith sodium N&(roughly) at the central positign
K* slightly chaotropic and Mg being kosmotropic. That is, the ability to salt out
proteins from solution is ranked*K> N& > Mg*. Though FranHofmeister did
observe this phenomena over a century a@08) there is yet to be a conclusive
explanation for its exaamechanism Nonethelessthe Hofmeisterseries has been
observed in a variety of biological processes, including lipid phase transition changes
(210) vesict swelling212)and ion absorptior{213)

Binding ofanion to the membrane interface occurs at the oxygen atoms, in this
way dehydrating the membrane. Simulatiand experimentastudies on PGilayers
(214, 215)ndicatethat cations wih an increasing ionic potentiasreflectedin the
increase of its radius with hydratiof216) havea stronger bindirg affinity to the

membrane. Forristance, Naand Mg binds to the phosphate groupWhilst C&,



80

with a lower ionic potentif binds at the glycerol grougsimulation studies oNaCl
and KCI solution hydrated membranes revealed thatiNe a much higher binding
affinity to the membrane compared to*K214, 217) The effect of NaCl on water
structure has also been linked to the swelling difnyristoylphosphatidylcholine
(DMPCilayers(218) Someevidence suggestdis swelling effect in PRILVSis
slightly stronger for KE219) The cationMg?*isa kosmotropewith a strong affinity

to the negativey chargd phosphategroup (215) MgCt is expected to behave
similarly to Cag|leading to strong swelling of the MLVs at low salt concentrations
due tounscreenecklectrostatic repulsiofiorces whereasit will stabilie the bilayers

at high salt concentratiori203) leading to closer equilibrium distance of adjacent

bilayers

In this study, the lipidlipalmitoylphosphatidylcholiné€DPPChas been hydrated
with solutions contaimg NaCl, KCl and MgGit molar concentrations rangg from
0 to 1molar (M) UsingSAXSwve havenvestigatedMLVsn the liquid crystallinetsite
in order to categorise membrane swelling under the influence of different ions, as
well astrying to understandthe effect ions have on membrane fluctuation and
dynamics. Using these observations, we have also delineated the confined water
layer into three distinct suiegionsdefined by the threewater layer model1) in

orderto 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 fwanti Polar lipids as a
lipid powder dissolved in chloroform (25mg/ml). Sodium chloride (NaCl), potassium
chloride (KCIl) and magnesium chloride (Mp@lere purchased from Merck as a
powder and used without further purificatiorlM 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 wellGM and the

1M solution were used to hydrate the lipid powder, whichdhlaeen dried by

evaporating the chloroform under a>i$tream and dried furtheunder vacuum for
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30 minutes. All dried lipid films were hydrateesultingin 5 wt% lipid dispersions.
Multilamellar vesicles (MLVs) were formed by vigorous vortexing and intermittent
heating to 60 °Csee further explanations below)

When hydrating driedlipid films underthe influence of salt ions, theisk of
osmotic strescaused bya salt gradient inside and outside of the vesiciesvelt
known (220, 221) Thiscommonlyleads to the coexistence obsmotically stressed
and nonstressed vesicledn order to negate the effects of osmotic stresasuring
an even distribution of salt ions in the intrand extravesialar medium a phase
transition cycling method was used. The hydrated vesicles are heated 16 G@e
chosen measurement tempenate) and vortexed vigorously, then allowed to cool
back down to below the melting transition temperature, for DPPC this transition
occurs at 41.83C(37). Once cooled to room temperature the sample was vortexed
again. This procedure is similar to a freeze thaw c{208, 222, 223)where ion
diffusion is improved through vesicles rupguiThis cycle was repeated 10 times for
each salt at each concentratiormhe heat cyclingnethod guaranteeseveny
distributed ion,because when approaching the main transition temperature, defects
in the membrane start to form. Thetrong ionpermeabilityof PC membranes around
its melting point(224) allows the salt ions to penetrate throughthe membrane
lamellae and distribute homogenously

Thedispersionsvere then transferred into 1.5 mm quartz capillariesdatored
in a fridge(4 °C)or up to five days befor&-ray measurements were performedo
avoidthe anomalous swelling regimaf DPPC near the main transition temperature
(142, 225)all SAXS measurements were performed at 5@fi€is rougply 7°C above
the anomalous swelling regimeBefore theSAX$neasurement was executed, each
sample was equilibrated for 10 mins ind8gree intervals from its transition
temperature to the experimental temperaturat 50 °CAt each interval a shortpay
exposure of 5 mins was performed and the resultant scattering curve was observed
until it resembled a pure lamellar structuemeaningno peak splitting or diffraction
peak shoulders apparentThisensurel that no osmoticstress effectsvere present.

After the osmotic stress chegckhefinal diffraction pattern was recorded
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5.2.2 Small Ange-Kay Scattering (SAXS) Experimeatsd Analysis
SAXSexperimentswere conducted at the Diamond.eeds SAXS Facility at the
Diamond Light Source Didcot using theXeuss 3 instrumengXenocs, Grenoble,
France)equipped in with anolybdenummicro sourcewith a wavelength of 0.071
nm (Xenocs, Grenoble, Francéhe instrument is equipped with 2D Eiger R1M
(Dectrix, Badefaettwil, Switzerland) and a sample to detectdistance of 80 cm
was used. The 1.5 mm waealed capillaries were placed aftlrak tests under
vacuuminto the multiple capillaryholder that controls the temperature with a Peltier
element with a precision 0£0.1 °C (Xenocs, Grenoble, France). All sueanent

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

The scattering intensitgf multilamellar bilayerss expressed with the equation:

o] —= (5.1)
whereS(qlandF(qg)are the structure and form factor contributions, respectively, and
g is the scattering wave vector modulus expressed as:

n — (5.2)
GKSNBE < A& GKS gI-MISEByIAYK 2F MY ORI yaHOK G0 SNA

The data reduction stepswere processedwith the DAWN softwardDAWN is
funded primarily by the Diamond Light Source and works within the Eclipse Science
Working Groupp After the scattering data is imported into the programme, several
important corrections must bperformed beforethe dataanalysis. Heréhese steps
will be briefly summarised, but a more detailed description can be found in reference
(55). Firstly, a masking step is performedcludinginvalid pixels so they do not
influenceany further corrections. The nexdtep concernsthe determination of the
counting uncertaintywhich given by the squareabof total counts in each detector
pixel. Then thecommonincomingflux and transmission correction is performbg
dividing the recordedntensity bythe transmitted intensity(the transmitted intensity
was determined in 25 x 25 pixel area around the dil@Eam 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 édlingle correction is

performed to correct for the angle subtended by each piRalazimuthal correction
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is done to reduce the 2D detectonage irto 1D-data. Finally, both the capillary and
solution scattering is subtracted from theverall scattering ginalof the dispersion
(113) in which the excluded volume of the MLVs is considered when subtracting the

solution scattering.

After the datareductionis completedthe resuling scattering curvewere analysed
using global fitting analys{¥0). This method uses the structure factor according to
0KS Y2RATA S R68)ardfalboiisSable tatikhs siEfactor arising from
membrane structurghere a simple8 Gaussian model &s applied58)). Analysis of
the data using this method yielded values for the lattice repeat distadcend
bilayer headto-head distance&lnx The latter of these two distances is calculated from
the distance of the positive maxima of the electron density profile.

Thefitting parameter,—, known asCailléparameter or fluctuation parameter,
defines the extent of membrane fluctuation. This parameter is directly related to the
mean membrane fluctuation distance, via the equation(69).

, - - (53)

where d is the lamellar repeat distance. In our discussienis set equalto the
thickness of the perturbed water regiaf®.

The Luzzati bilayer thicknessO2 YY2yft & RSTAYSR o6& (KS
(56)) is reliant on the distance of the water/lipid interface from the lipid chain
boundary. We define this distance &> The derivatin of D2 can be found in

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

o (54)

where Vhand \( are the headgroup and overall lipid volume respectivBly. is the
partial head group thickness, or the distance from phosphate to chain bouniary.
this study we usédy1 = 0.49 nmas an reliant estimate for PC bilay€8y, 43, 44)A
constant volume of 1.232 nin(37) was used for further calculationas previous
studiesindicate that the volumeer lipid does not change significantly within the salt
concentration range used in this stu(®03, 223)Aheadgroup volume derived from

the gelphase was shown to bé= 0.319 nm(37)and use in this study.

WL
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The Luzzati bilayer thickneskzis thencalculated from the equation:

diz= dun+2OnH2-Dha) (55).
Having all key parameters of the water layer defiéat graphical definition see
Figure 5.2) we can then classify the overall water layer thickngsgsnto its sub

layers via the equation:

Q Q Q ¢cQ ¢O © Q (56)

where Dy is the headgroup thickness, shown to B nm PC$37) and dw' is the
thickness of the free water layésee Figure 5.2)
Finally we are able to calculate the area per ligid which is required to calculate

the number of water molecules in each water dalper.A_is defined by the equation:
o — (5.7

which also definesthe area of each water sublayer associated with a single lipid

molecule. The number of water molecules in each layer was estimatelividing

the partial watervolumes AL Q and A-Q 7¢) by the volume of a single water
molecule Yh20=0.03 nn? (115). For the headgroupegion,we define the excluded
volume Dk - Di2) as the region containing water molecules. This region is defined by

the water/lipid interfacefollowing theconcept of thessibbsDividing QurfaceQ

5.3 Results and Discussion

Figure 5.1 dglays the scattering curves for each sample andabe fit curves using
the global fitting method(56, 70) In generalwe observe a slightincreaseof the
diffraction peak tailing with increasing salt concentration, with the exception of
MgCh, which actually exhibits peak sharpening, particularly at the higbedt
concentrationsin this caseclearly three diffraction peaks are observétbnversely
at low salt concentrationsthe influence ofMgCh demonstratesstrong vesicle
swelling whereby thebilayerswithin the MLVs repel each other due to electrostatic
repulsion. Overall, thencreasedpeak tailing can be ascribed to an increase in
membranefluctuations dueto anenhan@ment ofthe crystalline disorder of the™

kind (51). Disorder of 2" kind also lads to a peak broadening as function of
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diffraction order, which can be seen in the dampeningioé peak intensity of the's
diffraction order, observed by the diffraction peak beirgmoothered out into a
broader distribution. We note, that anystructure factor contributiorbeyond the 3
order only displays as a diffuse scattey.

KCI

P

I (a.u)

3 4
q (hm™)

Figure 5.1Diffraction pattern of DPPC MLVs under influence of salt ions. All
diffraction pattern have been recorded at 50 °C and salt concentration have been
varied fromO to 1 M. From left to righ the influence of NaCl, KCI| and Mgis
illustrated. The experim#al intensitydata 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 increadisgacing. A

lower saltconcentrations, the water layer thickness remagmnstant but begins to
increase approachingl. The samés observedor the perturbed layer thicknessa

the presenceof NaCland KCIRemarkab}, the increase of theperturbed layer
thicknessas functionof KClconcentrationis more pronounced For MgGlan 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

bilayersurface(226, 227)At low salt concentrationghe shielding power of Abns
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is too low to screen thelectrostatic repulsiorof the localy inducedpositive charge
densities.With increasing Mgf concentratiors, the charge density withpproachits
saturationin the membrane andancomitantly the charge density of @ the water
phase increasd#early,at one pointbalanchgthe maximum charge density of ¥y
in the membraneThis point is reached at about 0.5 M (Figure 3trefore only at
concentration®f 0.6and 1.0M the electrostaticrepulsion is entiely screened, which

IS given at dato lipid ratio of about 1 to 4Table 5.}

Returning to the monovalent salt iongpailation and experimental studies on
K"and PC bilayers indicate that potassium ions do not penetrate anddsiratosely
to the membrane interfaceas Na (201, 228) This reflects the slightly chaotrope
characterK'. Pertainingto the swelling behaviour at 1 M, we observe a higher
swellingin the presence of KCI when compared to NaCl (Figure 5.2, top row).
Korreman and Posselt made the same observaitiotineir study onthe anomalous
swelling inPC multilamellar vesicles the presence of saltsvhichincreases by 0.17
nm at 100 mM of NaCl and by 0.35 nm for 100 mM of(KT¥) The driving force for
this lies in decrease of théan der WaalgVdW)force in the presence of salt iorfsor
a better understandingiiis instructive toconsiderthe Hamaker constanfThe net
strength of the Hamaker constant is proportional to ttlielectric contrasbetween
lipid headgroups and the aqueous solvéBt Now, both NaCl and KCI do reduce the
static dielectric constant from 8® M)to about 65 at 1 M saltoncentration(229)
However, while Nais placed in the midpoint of the Hofmeister & and Kis aweak
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 tiéhhydration
state of the headgroup, e.g., at 8 water per headgroine dielectric constant in PCs
was simulated to be 8, while at full hydration it rises to(280) That is, kosmotropes
being in concurrence wh the interfacial water do increase the overall dielectric
contrast by lowering the headgroup dielectric constant, which explains the less
weakenedVdW force in the presence of NaCl. We note, whitae static dielectric
contrast reduction can accouriobr a Hamaker constant penalty of 50% due to a

spatial raligribution of ions (201) at highsalt concentrationghe optical (high
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frequency) dielectric responses becosttmminant due modified ionic polarization in
response to spontaneous charge fluctuatioAs. a consequence of a reducedW
force (weakened bilayer attractiongntropic mixing contributions to swelling ha
alsobeenproposed(see Petrache et a201), but primarily the swelling is driven by

an decrease in the dielectric contrast by lipid headgroup and the solution.
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Figure 5.2Adjacent monolayer and the confined water regions under the influence
of NaCl (top left), KCI (top right) and Mg®bttom 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 pdred and free water
regions. The three water layers are colauded blue (headgroup water), light blue
(perturbed water) and light green (free wateFhe three water layemodel is
displayed in the bottom righfschemetaken from our recent publicatiofi)).

Hgure 5.3 presents the determined structural layer thicknessin detail As
mentioned d-spacing increases due to the screening of YWV attractive force
proportional to increasing salt concentratioklowever,MgC} displays a different
behaviour. At low salt concentration,@mbrane unbindings nearly achieved due
electrostaticrepulsion At high salt concentrations, when the electrostatic repulsion

is entirely screenedhe vesicles contract amtbncomitantly thed-spacing decrease
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We alsoobserve a practically constarituzzatimembrane thicknessd z for the
monovalent saltswhich is consistent with previous studies on PC membré2@k,
203, 223, 231)As ions require a polar entity to bind to, provided by the lone electron
pairs of the headyroupQ axygen atomsthe affinity to bind at the headgroup is
predominant(232) The hydrocarborhains are in contrastpolar, ionstherefore do

not bind to the tail regiorand cannot reducechain splayn a direct mannerCations
can only interact on the chain packimglirectlyby changing the hydrationatage of

the headgroup Observing thenfluence ofthe divalent cation Mg, within errors

the membrane bilayer thickness remains constapto 1 M salt Thiswas alsdound

for C&* at lower salt concentrations. However, from 0.6 to 5 M a significant
rigidification of the bilayer was observé@03) Thismembrane rigidification in turn
reduces therepulsiveHelfrich undulations force andoes in partexplain 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 concludienausea
significant drop in the bending modwduis not confirmed Thus the repulsive
fluctuation forces aranot significantlychanged by the addition of NaCl, KCI or MgCl
uptol1l M.

Despite the unchanging bilayer thicknesaembrane fluctuations, dw®, do
increase We note that the modifiedCailé theory measires fluctuation through the
h parameter, which isdependentnot only on the bending moduls, Kc, but also the
compression moduis, B. What we observe here in the increasing fluctuation distance
is likelycaused by amcrease in the bulk compressibility of the MLVs. Following the
theoreticalmodel for calculating the free energy profiles of DPPC in the presence of
CaCl (233) we are similarly arguing thawveakenedVdW forces will lead to a
shallower free energy minimuniherefore, whilst the membranegidity doesnot
significantlychange whercompared tothe 0 M case adjacentbilayersdeviate to
larger distancesand arekept less strictly bound in places per the increase in

disorder of the 29 kind being mainly influenced by the bulk compression modulus

At higher salt concentrationsf MgQ, i.e., once the electrostatic repulsion force is
entirely screened, thanembrane fluctuationsdw?®, decrease with respect to the

pure DPPC behaviour at 50 AS.thepolar interfacebecomes more saturatedith



89

Mg?* ions it is also becoming more dehydrated, since water molecules at the
headgroup are now replaced with ions. THehydration goes hand in hand witma
increase in the VdW force as is observed for poorly hydrated
phosphatidylethanolamine bilayerd), 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 antison. Thus,
due to the strong kosmotropic character of Ridt expected that theVdWw force
increasasdue to the dominant decread@e dielectric constant ahe lipid headgroup
(230) However, wewould like to remark that we are ot excluding the possibility
that that the multilamellar membrane stacls influenced by a change in both the
VdWand Helfrich force An increase in th#dWforce (due to an increased dielectric
contras), as well as slight reduction in the Helfrich undulation force caused by an
increase irbending rigidity of the membrane, woulddeedexplain a decrease ohw*®
observed for MgGI That is,in our experimentsan increase ind.zmight have been

obscuredby experimental errors.
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Figure 5.3tructural parameters of DPP@der influence of addition of NaCl, KCI and
MgCt. (A) Trendof the bilayer thicknesgj.z(top) and overaltl-spacing (bottom) as
a function of salt concentration is givgB) The thickness of the free water layer (top)
andperturbed water layefmiddle) and he overall water layefbottom) is displayed.



90

Above 0.3 M salt concentratipthe overall water layethicknessdw, and fluctuation
layer thicknessdw?, rank in the order of Mgk NaCl K Cl Interestingly this order
also followsthe cationic Hofmeister serieswith K displaying the weakest ionic
potential and Mg*the strongest The affinity of membrane bindingan beexplained
by an ionsincrea® inionic potentialwhich isreflected in the increasef the bare ion
radiusto the hydratedion radius Theseradii increase by.49,3.76 and 5.94 times
for K, Na and Md*, respectively(216) As disassed above, an increasing binding
affinity to headgroup is confirmed in the same order, both experimiytand by
simulations(214, 215)Therefore it becomesplausible that the binding dfalt to the
membraneis influencing fluctuatios in a manner consistent with the Hofmeister

series.

Concerninglte free water layergy/, under the influence of the monovalent salts
a slight decrease is observed initiaNjpen compared to the pure DPPC. Thereafter
its valueremainswithin errors constantThis trend ignverted for the divalentsalt
MgCb, chiefly due to thestrong electrostatic repulsioat low salt concentrations.
Nevertheless, onceestabilizedabove0.3 M, the trend is clearly decreasingorthe
monovalent saltswe can summarise thaboth the overall water layer increase is
dominatedby the increase in the perturbed layer thickness, but hardly influenced by
the free water layer thicknesszor MgCl the picture is starkly different, where
progressive electrostatic screening causes the free layer to shrink as the entire
multilamellarsystems contractainder the increase of th&¥dWforce and a possible
reduction of the fluctuation forcesAll the observedstructural trends are further
elucidated bythe consideration of thenumber of water molecules in eacbf the

discerned wateregiors.

As alluded tdythe unchanging membrane thickness (Figure 5.3A), Alsatea
per lipiddoes not change within the studied salt concentratigfggure 5.4A)Only
at smallMgC} concentrations (0.05 and 0.15 Mye do observe a slight decrease in
the bilayer thicknessd.z andaccordingly an increase in the area per lipid. Although
these changes are not very significard slight increasein membrane fluidity

(decrease ifkd canbeinterpreted as an impurity effecAt low Mg+ concentrations,
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a strong heterogeneity of ordered patches (lzdlt complexes) within the fluid
bilayer phase might actually cause a decrease in membrane rigHityilarly
cholesterol is known to enhance bilayer fluidity at low concentrations in the
membrane (35 moPkb), while inducing bilayer rigidification at concentrations above
10 molod S KAOK g+ & SELXIFAYSR (GKNRdzZZK OK2f ¢
concentrations(234) As expected théneadgroup watersnw! (Figure 5.4 B)¥ollow

the same behaviour as the area per lipid. The most interesting results come from the
perturbed waternumbers which above 0.3 coinade with thecationic Hofmeister
series(Figure 5.3 CPDespite the overall water layer thickness increashghtly br

the monovalent saltgFigure 5.3 Bthe number offree waters do remain constant
(Figure 5.4 Iy i.e., being mostlunaffected bythe salt concentration. As ever, MgCl
exhibitsvastlydifferent behaviour compared to the monovalent salts. itsllwaters
consistently decrease in each tfe distinguishedlayers. Indeedat 1 M salt
concentrationthe free layer is so constrained thidiie number of waters has reduced

by over 50% compared to the lowesdltconcentration, and roughlgnly 60% ofthe
overallwaters are left whencompared topure DPPGystem As mentioned above,

the reduced number of waterat higher MgGl concerration does confirmour
interpretation, that likely both the VdW force increase andHelfrichforce decrease

lead to the mechanicalstabilisation ofthe MLVs similarly to the saklnduced

membrane rigidification as observed in the presenc€al (203)

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

Xe (M) NaCl KCI MgCb
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 5.4Hydration properties oDPPC at 50 °C under the influence of NaCl, KCl and
MgC}. (A) Area per lipidB) Number of \aters in the headgroup regiof€) Number
of waters within he perturbed water regiofD) number of fre waters.

In Figure 5.5 we are cormapng the four DPPCsystemsat O and 1 M salt
concentration, respectively. As observed in the electron density profiles (EDPs; Figure
5.5 A) the overall water layerdecreasesunder the influence of the strong
kosmotrope Mg*and slightly increased in the presence of theutral Na and even
more so under the influence of the weak chaotrop& The lattervesicleswelling is
primarily driven by a reduction of the dielectric constant of the water (decrease in
VdWforce). As clearly shown in the comparison of the strudtiager thicknesses

diz dw, dw , dw' (Figure 5.5 B), thenain contribution to changes in the-spacing
arises from the overall water layer thickness and is hereby mostly dominated by
changes in the perturbed water layer thickness. Although hardly anygeham
observed imumber of headgroup water@igure 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 dkelytoo high, in particular for the Mgg&l

with the Mg?* having a strong binding constant towards DPPC. The binding constant
K, for Mg?*is; Kug = [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 all salt
concentrations. For the M solution of MgC{, for each lipid 0.428 cations are found
in total water volume per lipid. That is, we can estimate the [lipid Mg2+]/[lipidprat
is about 1:1. Hence the number of waters per headgroup redatésast by one or
even greater, depending the coondition number of Mg* within the headgroup
region(cp. Figure 5.4 B). The reductiomaf'is expected to be roughly twofold lower
for Na (note, the a binding constarfna = 1.25 M has been reported235)), i.e,
having roughly half the potential to replace water at the interfaead for K we

expectnwto be nearly unchanged, since Kardly bindsto the headgroug214)

A L L T T B L PR R TR T B 3.85 1 1 1
7 -
7 r c
1 L =, 38 L
- = - |
- [ o
] C £ —
1 1 1 1
34 i3
= ] T
i r E 1 .
—_— 25_
] o
5 T
3% - T T T T
— 1 1 1 1
= x
_ r E 0.6
4 - (S x
C © 04«
L T T T T
— p— 1 1 1 1
MgCl, « Nacl| [ . I
© Pue - KGI|p E 08 I I—
T ] T T T [ T T T I T T | T T T [ T T I T T T I T T 3
"O
-6 -4 -2 0 2 4 6 o.e—i”““”vl””r
zZ (nm) MgCl Pure NaCl KCl

Figure 5.5Structural comparison of DPPC with 0 M salt and 1M of MgCl24, awaC
KCI. (A) Electron density profiles from bottom to togMMgCp, 0 M salt, 1 M NacCl
and 1 M KCI. (B) Structural parametersiof dw, dw , dwf andfor 1 M MgC$, 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 &tl)one
divalent salt (MgG) on thehydrational state and structure of the PC bilayer stacks
has beerstudiedwith salt concentrations varyinfjom 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 slightly different for divalent salts, wherke influence
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of MgCtis onto the bilayer rigidity is subtldisplayinga slightmembrane fluidisation

at low salt concentrations (0.05 and 0.15.Mhe strong vesicle swelling at low MgClI
concentrationsis 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 mothutiswelling
effect at low salt concenéitionsisinterpretedas an impurity effect given at low [lipid
Mg?*]/[lipid] ratios. Thestabilisation of the MLVs at high salt concentration is most

likely a combination of increaseddWforcesand decreased Helfrich forces.

The swelling of vesiclgponincreasedmnonovalent salt concentratiors understood
throughout the reduction of dielectric constant of the solutibrthe presence of salt
That is,the dielectric contrast between lipid arafjueoussolutiondecreases, leading
to a decrease ivdWforcescoinciding withan increased bulkompressibilityof the
MLVs.

The Hofmeister series is reflected in tiembranebinding affinityof the three salts
studied. The key structural parameter reflecting this trend is the perturbed water
layer thicknessUnder the influence of the kosmotropMg?* ions themembrane
perturbation decreases while the water structuing neutral Na and slightly
chaotropic K+ions inducean increase in the perturbed water lay#hickness The
studied cations are morglominantly influencing the bulk compressibility of the
vesicles, and less slle membrane rigidityNone the less, these findings do suggest

that membrane fluctuation does somewhat follow the icatic Hofmeister series.
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Chapter 6 General Conclusioand Oulook

6.1 General Conclusion

The interaction of lipids with water, in particular interfacial water, is of great interest
becauseof its prevalence in various biological scenarios, but mseveral industrial
applications. A deeper understanding of this interaction will aid in the improvement
of models which simulate biological process@fie extent of hydration at the
membrane interface plays an important role in cell dynamics, and cedirf$D1)
Therefore, themain objective of this research was to establia methodology to
define the water confined &tween lipid bilayerss given in lyotropic liquid crystals
Two sucHiquid 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 theee-water-layer
model, which has been applied to each system studied in chapt®&rpBmarily using

small angle xray scatterimg 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 SAXB data
the case of chpter 3, volumetric data was used to estimate to position of the Gibbs
diving surface through theewly introducedparameterDn2. The method outlined in
appendix A shows that this distance can be calculated without the need for time
consuming gravimetric measuremenihe threewater-layer model categorises the
inter-lamellar water into three distinct layers associated with eagtalliThese layers
tend to increase with the swelling of vesicles, with the notable exception of DMPE,
which apparently constricts as a function temperature. Applying the thvater-
layer model, it was found that the free layer is absent in DMPE, suggeatin
diminished hydration compared to the PC lipids studied. This lack oflarezllar
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
headgroupvolume of PEss alsoreflected in the lower number of waters in the
headgroup regions, which diminishes the dielectric constant significamthe lipid

headgroup region, leading to an enhancatiractive VdW forcedue to an overall
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enhanced dielectriccontrast between lipid and the water phaselowever, the
overall interplay with repulsive hydration force is still not entirely understood.
Nevertheless, ouobservation also suggest more significant role water plays in

inter-membrane interactions butlao in membrane dynamics at large.

Also in chapter 3, it was demonstrated how the thhwater-layer model might
be used to better estimate membrane structure. Here, the model was used to
estimate headgroup tilt, which was calculated to decrease relativéhéobilayer
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 sudying lipid/ion solution system3he effect of water on membrane dynamics is
best observed for the divalent MgCBeing a strongosmotrope having high affinity
for membrane binding, the Mg ions replace interfacial water at the lipid
headgroupsincidentally the perturbed water region decrease to the smallest value
of all saltsstudied at the highest salt concentratig@M). Again, alluding to the role
water plays on lipid dynaros. However, the effect of ions on the VdW attreetiorce
cannotbe excluded as havingsggnificantinfluencealsa 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 baih pure
DMPHEwater systemand DRPC with the addition oMgCh. Potassium ions on the
other hand are weakly chaotropi@and as discussed i@hapter 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 somewlaiparent for KCI 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 wasmost interesting about the results iGhapter5 was the comparative
behaviour of all salts in the higher concentration range0.3 M). This regime
proceeded the effects of enhanced fluidity assdelling observed faMgCh. Here we

observe a pattern formembrane fluctuation which coincides with a iatic
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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 wasbserved inChapter 3, the incorporation of ions

into the water phase is clearly having an effect on intermembrane forces. What is
unigue in the case abns isthe apparently unchanging membrane thickness, yet with
an apparent increasén the Helfrich undulation forceabserved fronthe membranes
fluctuatingto 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 membane thicknesgthe main influencearising fromthe bending
modulus) Whereasin chapter 5the main influence is given by changes in the bulk
compressibility, which increases under the influence of chaotropic catibhs
influence on membrane dynamiegth the addition of iors may dso relate to the

number of lipids a single idnindsto (seeTable 5.1).

Chapters 3 and 5 were the application of the thagater-layer model to lamellar
systems with and withouthe presence of ionChapter 4 is an investigatiamto the
water core shape and stability in the inverse hexagonal phagsrticular, how the
shape is related to membrane dynamics, according to the thvater-layer model.
Remarkablythe hexagonal crystal latticepparently 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 circulat the same time, the error
margins are too big to ascertain this findingictusively. The addition of longer chain
DPPE to the POPE host lipithximisedthe circularity of the water core at a
concentration of 9mol% DPPE. At higher or lower concentrations, the value of
circularity deviated from being perfect circular. Thiglue of 9 mol% also
conveniently matched the 9% excess surface area coverage of a circle inscribed onto
a hexagon Volumetrically, it is plausible that ®0l% DPPE accounts for the area

excess in the packing frustration

What is of key interest i@hapter4 is the relationship between confined water
geometry and its influence on membrane dynamics and stability. Concerning the
waters confined to each classified slayer, there is little change to be seen across

the concentration range, although therol%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 phaséhere the interplay of volumetric changes
between the perturbed and free layers are invelss proportional to each other.
Further, we observed the shape of the apparent free water region resembling a
smalkr hexagon rotated 30relative to the WigneiSeitz unit cell. This observation is
apparent in the electron density distribution (s€gure5.7 andAppendix 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 well-rounded hexagon. Naturally, thabservation goes hand in
hand with the calculated fluctuation distances in that direction. Although the
representation of the inverse hexagonal phase as andéb®urmap has been quite
common, there has seldom been an interpretation of water core patter this

profound manner

These results fronthapters3-5 canbe useful for industrial formulations which
employlipid membrane and water, such as thoselfassemblies useih 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 biologye
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 forntioias which incorporate
water ard emphasise the membrane or vesicle stability in conjunction with it. From
Chapter4, we have also developed a novel and interesting way to probe the size and
shape of the cylindrical water core. This may be of particulderést to
pharmaceuticals, becae of the role the inverse hexagonal phasysin the

therapeuticdeliveryof, for instance mRNA applied i€OVID vaccing€236)
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6.2 Outlook

For future research there are several interesting areasntwestigate. The first
concerns more ionic studies, but with an emphasis on ions which will have mityaffi

to the water asopposel to the membrane. As is well known, the anionic Hofmeister
series is better resolved than the cationic sef237) Cations also have a preference
for binding to the lipid headgroup leaving the anionlie dispersed in the water
phas (217) Currently, we hve 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)s a useful method to measure the freezing behaviour of water
confined between membranes(238) In particular, DSC studies have olbser
distinct water freezing event$239)relating to the intra and extraesiclewater. In
one particular studythree classes of wate(240) including a regimef water that
never froze has beenobserved for water confined between membran@éie design
of an experiment to observe different freezing regimes coulopsut the hypthesis
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 freeforgsing more on
the confined water. A slow cooling ramg 1 °C mint) would also be beneficial to

allow subtle signals from waters of different dynamics taé@eorded

Finally, in order to form a fuller picture of water dynamics, nuclear magnetic
resonance (NRM) experiments may be performed ftother suppat the SAXS
experiments. NMR studiesre able to investigate water dynamics near the
membrane interfacg196) 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 additionto the real world industrial applications discussed above, the studies

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

understanding and replication of biologicabgessesinvolving the cell membrane.
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Appendix A:Supporting Information for ChapteB

Content

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

Figure A2 Examples of global fitting of SAXS data of DMPGREgand DOPC.
Table Al Lattice spacings and form factor values of DMPE.

Table A2 Structural parameters of DMPC, eé@@ and DOPC (30 °C) and DMPE
(60 °C).
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1 Derivation of the parameteby.

1 Figure A3 Refined membrane hydration.
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FigureAl1 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 referenc€s?).
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FigureA2 Global fitting of SAXS data of DMPC,-Bggand DOPC at 30 (shown
from top to bottom). Solid red lines give best fits.
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Table Al Lattice spacing and form factealues of DMPE.

Fourier Coefficients F(h)/F(1)
Temperature | d-spacing (nm) | F(1)/F(1) F(2)/F(1) F()/F() | F(4)/F(1)

Q)

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 DMP&ggPC and DOPC (30 °C) and DMPE (60
°C). Parameters are compared to literature values given in brackets.

Parameter DMPC (30| DOPC (30| EggPC (30 | DMPE (60
OC) OC) OC) OC)
d-spacing (nm) 6.27 6.27 6.35 4.90
(6.27@7) (6.31?) (6.63%) (4.833)
duH(nm) 3.44 3.63 3.66 3.61
(head to head) (3.609) (3.69%) (3.69%) (3.39%)
diz(nm) 3.49 3.53 3.56 3.49
(bilayer thickness by (3.699) (3.59%) (3.63%) (3.41(40)
Luzzati)
AL(nm?) 0.619 0.723 0.694 0.582
(0.596%) (0.72%%) (0.694%) (0.596(40)
nw total 24.1 33.0 31.8 12.2
(per lipid) (25.69) (32.8%) (34.7%) (11(143)
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Derivation of the parameteDh2

Dh2 can be derived from setting theater volume in the headgroup regionsqual,

using the excluded headgroup volume expression and Luzzati arf8d)z

respectively:
0 — (A1)
00 w o0 0 © (A2)

Inserting (A1) in (A2):

E W

E oQ cw O cw O O w

™ Ty

Alternatively, one may set tharea per lipid expressionsqual that derive from

Mcintosh(43)and Luzzatj27)ideas, respectively:

0 ) (A3)

E cnQ TwO TwO cw Q Tw O Tw O cw'Q
TwO

E @O Tw 0 cwQ Tw 0
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FigureA3Refined membrane hydratiom) The refined free watdayer thickness for

the PCs is presented, using the linear regressiobn@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 a@ash Note,

the perturbed water layer remains unchanged, when applydagT)instead ofDy =
constant.
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Appendix B: Supporting Information for Chapter 4

Contents

=

FigureBLl Fitting ofthe diffraction pattern.
Figure B Best phase choices for F(21),H(and F(31)

=

1 Figure B Schematic of the encasing triangle used ircwinferenceand area
calculation.

1 Figure B Peakshape progression in <10> axi1> direction and MCT fits.

1 Figure B Fraction of the inverse hexagonal phase as function of the DPPE
concentration.

1 Table B Structural parameters for the calculatiaf the electrondensity maps.

1 Figure B Electron density maps of all POPE/DPPEumagtas function of mol%
DPPE.

1 Figure B Electron density fluctuation along the hegdoup and methyl wugh
interface.

T FigueBwl RALIf St SOGNRY RSYaAF®INMRRTFATS® nag X

1 FigureB9 Free energy, bending energy and stretchimggy per lipid.
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Fitting of the diffraction pattern
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FigureB1 SAXS diffraction pattern of POPE with 12 mol%P&tE (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 distributionsr{(es,

the diffuse background was fitted with a polynormafisecond order (green lines) and

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

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

Figure R Demonstration of best phase combination for the POPE samih 9

mol% of DPPRue to experimentally reported zercrossing of the form factor near

the (21) reflection(63), its best phase choice hasen checked for all electnodensity

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 theit 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 te encasing triangle used in circumference and area
calculation

Y (nm)

X (nm)

FigureB3 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. Dgwas set at 1. The summatior "'O"0 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 (not&)gis not to scale).
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Peak-shape progression in <10> and <11> direction and MCT

fits
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FigureB4 (A) The peak shape progression in the <10> direction shows an increase in

185 1.90 1.85
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width as function of the order (peak (1black, (20, red, (30); blue, instrumental
width ¢ dashed line), which demonstrates disorder ofd Xind 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¢tilack, (11)
red), which demonstrates dominating thermal disorder instead (adisliin panelA

and B display Pearson VI fits, helping to guide the eyd)) (@odified Caillé Theory
based fits in the <10> direction: from left to right the (10), (20) and (30) peaks were
fitted, resulting mean square fluctuations= 0.3 nm. As an example, the sample

POPE with 9 mol% DPPE is presented.
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Turnover curves: Lgto Hy phase transition
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Figure B 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 L, to Hy phase. The intensity of the first order peaks was used to calculate the
fraction of the inversdnexagonal phase according koaction k= I(H)/[I(Hi) +I(L)].

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 Rappo(iL.&6al.
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Table Bl Structural parameters for the calculation of the electron density maps in
Figure B.

Sample Temperature (°C) Lattice spacinga Miller indexes: Inid1 102 Frk/F1oP
(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 -0.78
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 -0.99
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 915 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
31 0.0012 +0.12
15 mol% DPPE 915 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

a2 Alll21 and ls1 intensities were divided by 2 due to theif@ld higher multiplicity.
b AmplitudesF/Fiol' 11 Id) LOK, i.e., the Lorentz correction (lor ¢ & MXI KoX HX KT3I o
applied.
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Electron density maps of POPE/DPPE mixtures

3 mol% DPPE

9 mol% DPPE

12 mol% DPPE

FigureB6 Electron density maps of all POPE/DPPE mixtures as function of mol% DPPE.
All experimental conditionand parameters are summarized in TaBle
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Interfacial electron density fluctuation
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Figure B Electron density fluctuation along the hegdoup (A) and methyl trough
interfaces (B). Note, these interfaces are define#igure4.3A.
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Radial electron density profiles
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Free energy, bending energy and stretching energy per lipid

In the derivation of the free energy of lipid monolayerd, gy 6 | yR (Qpf t SI 3
assume that lipid molecules aamisotropic in shapen the inverse hexagonal phase
(see molecular wedge model in Figure 1B) with respect to the axis perpendicular to
the membrane m@ne. In their model for the lipid monolayer free energy two energy
contributions are considered: the bending energy, which involves atseviatoric
curvature term D, which is an additional term to the mean curvature, H, and second,
the interstitial enegy, 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 ewsimplify the description of bending energies in the
inverse hexagonal phase (see also refererit@9, 184). On the basis of the derived
expression for the lipid monolayer free energy (equation 58 in referiity, the
authors predict optimal geometry and physical conditions for the stability of the

inverted hexagonal phase.
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FigureB9 Free energy, bending
energy and stretching energy
per lipid following the thery of

AleOL 3t A6 | yR71O2t t SI 3dzS3

with the stretching modulus =
13.5 KT the bending modulus
Kc= 11 kT the mean curvature
H= -ll(Ro ave+0.5DH) nml with
the headgroup extensioly =
1.1 nm the deviatoric
curvatureD = |H| , the intrinsic
mean curvatureHn = 0.1 nmt,
the intrinsic deviatoric
curvatureDm = |Hm| , the chain
length, dc = laveD#/2 and the
area per lipid at the
polar/apolar interface Ax = Ap
(R avet0.5 DH)/R ave Best
estimations of the model
constants for POPE (given in
bold above) were taken
literature (71), all other
parameters were derived from
Re ave and Ap values from this
study (see Tablé.1).
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AppendixC: Supporting Informabn for Chapter 5

Table L Gobal fitting parameter results, displaying tlespacing, the number of
lamellaeN, the fluctuation parametet , the headgroup positioan, the headgroup
standard deviation' s, the membrane core standardeviation "¢, the relative
electrondensity " g, the weighing factor for uncorrelated bilayer scatteriNgs:, the
scale and offsefThe table refers to the fits given in Figure 5.1.

NaCl (M)| d (nm) | N ' zi(nm) | “w(nm) | “c(hm) | "r(@.u.) | N Scale Offset
0 6.513 | 20 | 0.055| 1.90 0.30 0.49 1.00 | 1EO05 | 1.21E12 | 3.91E12
0.05 6.497 | 20 | 0.070| 1.90 0.30 0.49 1.00 | 1E05 | 1.26E12 | 3.33E12
0.15 6.462 | 20 | 0.071| 1.90 0.30 0.58 1.00 | 1E05 | 1.94E12 | 3.37E12
0.3 6.469 | 20 | 0.071| 1.90 0.30 0.58 1.00 | 1E05| 1.67E12 | 3.39E12
0.6 6.520 | 20 | 0.072| 1.90 0.30 0.60 1.00 1E05 | 1.70E12 | 3.40E12

1 6.681 | 20 | 0.088| 1.90 0.30 0.67 1.00 | 1E05| 1.98E12 | 3.28E12

KCI(M)| d (nm) | N ' zi(nm) | “w(m) | “c(nm) | "r(a.u.) | Naifr Scale Offset
0.05 6.353 | 20 | 0.058| 1.90 0.3 0.59 1.00 1E06 | 1.50E12 | 4.62E12
0.15 6.498 | 20 | 0.072| 1.90 0.3 0.59 1.00 1E06 | 1.66E12 | 4.78E12
0.3 6.512 | 20 | 0.082| 1.90 0.3 0.56 1.00 1E06 | 2.51E12 | 3.50E12
0.6 6.698 | 20 | 0.098| 1.90 0.3 0.60 1.00 1E06 | 1.78E12 | 4.35E12

1 6.816 | 20 | 0.106 | 1.90 0.3 0.69 1.00 1E06 | 1.98E12 | 3.45E12

MgCh(M) | d (nm) | N ' zqi(nm) | “H(nm) | “c(hm) | "r(@.U.) | N Scale Offset
0.05 10.00 | 2 | 0.420| 1.88 0.32 0.59 1.00 0.30 | 3.10E06 | 7.29E07
0.15 8.06 | 3 | 0.182| 1.88 0.30 0.66 1.00 | 1E05 | 2.47E06 | 7.89E07

0.3 6.545 | 20 | 0.075| 1.90 0.3 0.68 1.00 1E05 | 1.83E12 | 5.40E12
0.6 6.113 | 20 | 0.037| 1.90 0.3 0.87 1.00 1E06 | 7.01E12 | 9.00E12
1 5990 | 20 | 0.039| 1.90 0.3 0.85 1.00 1E06 | 5.01E12 | 5.01E12

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