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Abstract

This thesis uses neutron and x-ray reflectivity to measure the interfacial structures

of three molecular components associated with bacteria. Firstly, the way in

which the membrane targeting sequence of a cell division protein interacts with

monolayer models for the inner leaflet of the inner membrane of bacteria was

measured at the air-water interface. Secondly, the influence of lipopolysaccharide

on a monolayer model for the outer leaflet of the outer membrane of Gram-

negative bacteria was measured at the air-water interface, as well as how this

lipopolysaccharide interacts with an antimicrobial peptide. Finally, the structure

of a layer of protein found at the surface of a Gram-positive biofilm was measured

at the air-water interface.

Binding of the membrane targeting sequence of the MinD protein (MinD-mts) to

the inner leaflet of the cytoplasmic membrane is thought to be key for bacterial

cell division. Modelling this membrane as a monolayer at the air-water interface,

it was found that the insertion of the MinD-mts increased with decreasing lateral

pressure within the monolayer, as well as with increasing unsaturation of the lipid

components, and the incorporation of cardiolipin into the monolayer.

Lipopolysaccharide (LPS) is the major component of Gram-negative outer mem-

branes, such as Escherichia coli, and can be considered as having three structural

components: lipid A, a core oligosaccharide, and a variable polysaccharide chain.

By incorporating LPS into a model membrane at the air-water interface, it was

found that the polysaccharide chain undergoes conformational changes depending

on the area per molecule. The effect of the antimicrobial peptide Pexiganan on

the structure of this LPS layer was also determined, and was found to insert into

the polysaccharide chain layer, but have no impact on the conformation of the

chains.

In nature, many bacteria live within a biofilm structure. A critical component
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of the Gram-positive Bacillus subtilis biofilm is a surface active amphipathic

protein called BslA, which gives rise to the formation of the highly hydrophobic

surface of the biofilm. The kinetics of this film formation, its thickness, and the

lateral packing of the protein at the air-water interface, were measured using

both neutron and x-ray reflectivity. It was found that a native BslA protein

consistently formed the same structural film, whilst the structure of films formed

by mutant proteins depended on the conditions under which the film was formed.
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Lay Summary

This thesis uses neutron and x-ray reflectivity to study interfacial structures at

the molecular level, of relevance to bacterial life and death, from three different

perspectives:

• How peptides which promote bacterial cell life interact with models for the

internal bacterial membrane leaflet, was studied in Chapter 3.

The MinD-mts peptide is the tail of a protein found within bacterial cells

that plays a role initiating bacterial cell division, the process which allows

bacteria to multiply. It does this by inserting into the cell membrane that

is in direct contact with the interior of the cell (the internal bacterial

membrane leaflet), at opposing ends of the cell. This ensures that the

cell divides evenly in half, producing two identically sized bacterial cells.

Understanding how the MinD-mts interacts with the membrane, may then

allow for this interaction to be controlled, so that in future, bacterial cell

proliferation can be prevented.

• How peptides which promote bacterial cell death interact with models for

the external bacterial membrane leaflet, was studied in Chapter 4.

Pexiganan (PXG) is a synthetic peptide which has been shown to kill

bacteria. When PXG first encounters bacterial cells, it interacts with

the exterior of the cell (the external bacterial membrane leaflet) which

for some bacteria, is decorated with long sugar chain molecules known as

lipopolysaccharides (LPS). Including LPS in model membranes then allows

the interaction between PXG and LPS to be studied, to understand how

bacteria may protect themselves from such external threats.

• How bacterial communities protect themselves from external environments,

was studied in Chapter 5.
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BslA is a small protein which forms a hydrophobic layer around some

bacterial communities, known as a biofilm. The presence of this protective

barrier makes it very difficult to kill these biofilms, which can be fatal in

the context of human health. Understanding how BslA proteins form an

interfacial layer, may provide insight into how to potentially disrupt the

formation of bacterial biofilms.

Just as the colours of the rainbow can be observed from the reflection of light from

an oily film on a puddle, neutrons can be reflected from structures in the same

way. As the wavelength of neutrons is ≈x1000 smaller than that of light, neutron

reflectivity can be used to study structures which are≈x1000 thinner than the oily

film on the puddle. Hence neutron (and x-ray) reflectivity can be used to study

films that are 3-5 nm thick, precisely the length-scale of the above listed bacterial

structures. Bacteria interact with their environment through their interfaces

at the periphery of individual cells, with communities of these cells interacting

with their environment through the interface of biofilms. Understanding these

interfacial structures at the molecular scale can only help our understanding of

bacterial life and death.
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Chapter 1

Introduction

1.1 Bacterial membranes

The biological cell is, by definition,“The smallest structural and functional unit

of an organism, which is typically microscopic and consists of cytoplasm and a

nucleus enclosed in a membrane.” [17]. The membrane is a key component of

the cell, defining a dynamic boundary between an organism and its environment,

distinguishing the cell so it is its own separate entity. The membrane acts as

a selectively permeable barrier, composed of a phospholipid bilayer in which

various proteins are embedded; this picture is known as the fluid mosaic model

[18], and the current model is an adaption of this [19]. The cell membrane is

approximately 7.5 nm wide and performs a wide variety of tasks which are vital to

the specific function of each biological cell. The human body comprises of some 68

trillion [20] of these autonomous building blocks, however they can all be divided

into two categories: eukaryotic and prokaryotic, at a 1:1.3 ratio. Eukaryotic

cells contain a membrane-bounded nucleus, whilst prokaryotic cells do not, with

bacteria belonging to the latter group.

Bacteria can generally be divided into two major types, depending on whether

or not they retain the purple colour of a primary Gram stain. Gram-positive

bacteria generally possess a cytoplasmic membrane bordered by a thick layer

of peptidoglycan, with the thick peptidoglycan layer retaining the Gram stain

and so staining purple - hence Gram-positive. Gram-negative bacteria possess a

thinner peptidoglycan layer, which decolours during the Gram stain, losing the
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primary purple colour and instead staining pink - hence Gram-negative. The

thin peptidoglycan layer in Gram-negative bacteria is also surrounded by an

outer membrane, which Gram-positive bacteria lack. There are some bacteria

which either do not stain at all (e.g. Chlamydophila pneumoniae), or produce a

Gram-variable pattern of both pink and purple (e.g. Mycobacterium tuberculosis);

however the majority of bacteria do stain as either Gram-positive or Gram-

negative.

The development of antibiotic resistance by bacteria was placed on the UK’s

National Risk Register by the Chief Medical Officer [21], in 2013. As bacteria

interact with the environment through their cell membrane, by default, antibiotics

will initially interact with the bacterial membrane prior to entering the bacterial

cell. Understanding the physical properties of bacterial membranes will then help

to understand the physical basis for how bacteria interact with such therapeutic

external molecules, making it possible to then be able to manipulate these

interactions.

1.1.1 Cytoplasmic membrane

The cytoplasmic membrane directly encompasses the cytoplasm within the

bacterial cell. The main constituents of this membrane bilayer are phospholipids

- naturally occurring amphiphilic molecules, characterized as having hydrophobic

hydrocarbon tails, linked to a hydrophilic polar headgroup, hence giving the

bilayer a hydrophobic core. Bacteria are able to adapt their membrane

composition in response to environmental conditions [22], resulting in a large

diversity in membrane compositions due to the differences in ratios of constituent

phospholipids. However, the cytoplasmic membrane contains only three major

phospholipids: phosphoethanolamine (70-80%), phosphoglycerol (15-20%) and

cardiolipin (<5%), with at least 15% of the membrane being composed of anionic

lipid [23, 24]. The lateral distribution of these phospholipids is not uniform, with

their distribution also altered during the cell cycle [25].

Simple model membrane systems with only a few lipid components can be studied

to gain insight into the biophysics of cell membranes. The molecular structures

of the phospholipids used to do so in this thesis, and commonly in literature, are

shown in Figure 1.1. These phospholipids are often abbreviated to four letter

acronyms, with the first two letters referring to the hydrophobic acyl tails of the

phospholipid, and the last two letters to the hydrophilic phospholipid headgroups.
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(a) DPPC: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

(b) DPPG: 1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-
glycerol) (sodium salt)

(c) POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

(d) POPG: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-
glycerol) (sodium salt)

(e) POPE: 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine

(f) CL: cardiolipin (E. coli) (sodium salt)

Figure 1.1 Molecular structure of phospholipids used both in this thesis, and
commonly in literature, to model bacterial membranes. Reproduced
from [2].
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Phospholipid component Molecular Name Abbreviation

Acyl Tail
1,2-dipalmitoyl DP

1-palmitoyl-2-oleoyl PO

Headgroup
phosphocholine PC

phospho-(1’-rac-glycerol) PG
phosphoethanolamine PE

Table 1.1 Phospholipid abbreviations used in this thesis and commonly in
literature.

The abbreviations used in this thesis (and commonly in literature) are shown in

Table 1.1. Hence the abbreviation DPPC refers to 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine for example, however cardiolipin is abbreviated to CL. The acyl

tails in naturally occurring phospholipids nearly always contain an even number

of carbon atoms in each hydrocarbon chain. When a double bond is present

(for example, a cis bond as seen for PO and CL in Figure 1.1), the acyl tail is

referred to as being unsaturated, and when it is not, it is termed saturated. The

presence of a double bond in the acyl tail leads to a kink in the hydrocarbon chain,

and so the phospholipid then occupies a larger component volume. The charge

associated with these phospholipids arises from the charge on their hydrophilic

headgroup, with PC and PE both zwitterionic, and PG and CL both anionic.

1.1.2 Lipopolysaccharide

Gram-negative bacterial cells, for example Escherichia coli (E. coli), are char-

acterized by having an outer membrane, with an inner leaflet of phospholipids

and an outer leaflet which contains lipopolysaccharide (LPS), a major structural

component of this leaflet, as illustrated in Figure 1.2 [26]. LPS comprises of

Figure 1.2 Schematic of the cell envelope of Gram-negative bacteria. Repro-
duced from [1].
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Figure 1.3 General molecular structure of bacterial lipopolysaccharides.
Adapted from [3, 4].

three main components; a hydrophobic lipid part (termed lipid A), which is

covalently bonded to a core oligosaccharide region, followed by a variable O-

antigen polysaccharide chain [27]. The polysaccharide chain is only present in

the smooth form of LPS (sLPS), with rough types of LPS terminating at various

points along the oligosaccharide core region. As seen in Figure 1.3, rough LPS

is designated from Re to Ra, with Re being the shortest LPS unit required for

bacterial survival [28]. When present, the polysaccharide chain is the largest part

of the LPS molecule, consisting of a long repeating chain of trisaccharide units (or

repeat units). The number of repeating trisaccharide units varies across bacterial

serotypes, characterizing the strain of bacteria, and ranges from 0-40 in E coli.

[29, 30].

The ketodeoxyoctonate (KDO) and phosphate groups within the oligosaccharide

core possess ionizable groups which give this region, and so the outer membrane,
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a negative surface charge [31]. These negatively charged saccharide groups help

to stabilize the structural integrity of bacteria through their associated divalent

cations bridging the anionic regions of LPS molecules [32]. This neutralization

allows for cross-linking between neighbouring LPS molecules through hydrogen

bonding. The amphiphilic nature of the LPS molecule also helps to stabilize the

membrane, with the lipid A acyl tails anchoring the LPS molecule to the interior

of the leaflet through hydrophobic interactions [26].

Beyond the structural role of LPS, due to its location at the cell surface LPS

appears to also protect bacteria against their environment [29]. The presence

of polysaccharide chains on sLPS molecules provide a penetration barrier to

molecules larger than 700-1000 Da, helping bacteria resist many antibiotics [33].

This may explain why, despite the presence of a thick external peptidoglycan

layer, Gram-positive bacteria which lack both an outer membrane and LPS, are

more susceptible to antibiotics [34].

The conformation of the sLPS polysaccharide chain, and the influence of sLPS

on the structure of a model outer membrane, is investigated in Chapter 4. The

response of the polysaccharide chain to the antimicrobial peptide Pexiganan is

also determined.

1.2 Bacterial life and death: peptides

Antibiotic resistance by pathogenic bacteria such as E coli. represents a major

threat to global health. In 2014 the World Health Organization (WHO) published

its first global report on surveillance of antimicrobial resistance [35], incorporating

data from 114 countries and providing the most comprehensive picture of

drug resistance to date. Antimicrobial resistance is a natural phenomenon in

microorganisms, but has been accelerated due to the selective pressure exerted

by the use and misuse of antimicrobial agents, both in humans and animals [36].

In addition to genetically acquired resistance, if bacteria enter a slow growing or

energy deprived state, such as in a biofilm, they will resist antibiotics that target

cell metabolism [37]. This indicates that the energy state of the cell i.e. the cell

membrane potential, has an influence on the interaction between the bacterium

and antibiotics, and has led to an interest in bacterial proliferation and alternative

control strategies, such as the use of antimicrobial peptides [38].
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Antimicrobial peptides (AMPs) are part of the innate immune system which

have, in contrast to antibiotics, conserved their efficacy and are currently of

interest as alternatives to antibiotics. AMPs are characterized by having an

amphipathic motif on the bacterial membrane, and range in length from 12-

50 amino acid residues [39, 40]. The sequence repeat is such that in an α-

helix, the hydrophilic and hydrophobic residues sit on opposing faces, giving

AMPs their amphipathic character and making them surface active, leading to

membrane targeting behaviour. A broad spectrum AMP that does not suffer

from the problem of resistance is thought to be more likely to interact via a

physical interaction with the membrane than biochemically [41]. For example,

many cationic AMPs do not have a high specificity but are selectively toxic to

bacteria, as these organisms contain exposed anionic groups, unlike eukaryotic

cells [25]. Hence understanding how AMPs interact with their targets is a crucial

step in constructing design rules for novel AMPs that could fill the void in disease

control created by widespread antibiotic resistance, as AMPs are highly selective

toward bacteria, which have difficulty in developing resistance to their effects.

To that end, extracting general principles about peptides which share a common

amphipathic structural element with AMPs, yet have diverse biological roles, on

their interaction with bacterial membranes, were studied in this thesis: Pexiganan

and MinD.

1.2.1 MinD

Many of the cellular functions targeted by antibiotics are most active in

multiplying cells. Bacterial cell division is initiated by the polymerization of

the tubulin homolog FtsZ into a ring at the centre of the cell, onto which other

proteins required for cell division are then recruited [42]. In order that two equally

sized daughter cells are formed, the division site must be accurately targeted to

mid-cell. The positioning of the FtsZ ring is carefully regulated by the Min

proteins in bacteria, which are located at specific positions in the bacterial cell,

so as to prevent polymerization of FtsZ close to the cell poles [43]. The Min

proteins achieve this in two different ways, dependent on the type of bacteria, as

illustrated in Figure 1.4.

There are three Min proteins: MinC, MinD and MinE. MinD is a membrane

bound protein which does not require other proteins to bind to the cytoplasmic

membrane. Membrane bound MinD recruits MinC to the membrane, which
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Figure 1.4 Schematic models for bacterial cell division in Gram-negative E. coli
(left), and Gram-positive B. subtilis (right). The different stages of
the cell cycle are shown, illustrating the different methods by which
the FtsZ ring forms in the different types of bacteria. Adapted from
[5].

inhibits FtsZ assembly, and these two Min proteins bind together to then form

a complex. MinD also recruits MinE to the membrane, which then activates

detachment of the MinCD complex [44]. This sets up an oscillatory mechanism,

whereby the initial binding of MinD to the cytoplasmic membrane (and conse-

quent formation of the MinCD complex), followed by the the antagonistic action

of MinE, causes these proteins to oscillate from pole to pole [45]. This oscillation

results in the formation of a gradient of the MinC inhibitor through the cell,

preventing cell division at the poles and ensuring the polymerization of the FtsZ

ring at mid-cell in Gram-negative bacteria such as E. coli. Gram-positive bacteria

lack MinE, with this role instead fulfilled by an unrelated protein, divIVA [46].

In the Gram-positive bacterium Bacillus subtilis (B. subtilis), divIVA and MinD

are localized to the cell poles. MinD sequesters MinC to the membrane, forming

a MinCD complex bound to the membrane through the attachment of the MinD

protein. The constant presence of MinC at the cell poles then ensures that division

occurs at mid-cell, due to the static gradient of MinC through the cell.

Despite the difference in how the FtsZ ring is regulated between the two different

types of bacteria, it is the membrane attachment of the MinD protein which

plays a critical role in the determination of the cell division site [47]. MinD binds

to the membrane via a C-terminal membrane targeting sequence (mts), which

adopts an α-helical structure upon association with bacterial membranes (shown

in Figure 1.5), akin to AMPs. The MinD-mts construct sequence for B. subtilis

(strain 168) used in this thesis is also shown in Figure 1.5, which has a molecular
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COOH-KGMMAKIKSFF-NH2

Figure 1.5 The MinD-mts construct sequence used in this thesis is shown
alongside a schematic of the C-terminus structure of MinD when
on the membrane, with the MinD-mts shown in colour. The
hydrophobic methionine, phenylalanine and alanine residues are
shown in green, with the positively charged lysine residues shown
in red. Reproduced from [6].

weight of 1287 Da, dimensions of 12x16 Å, and an overall positive charge of +3

at neutral pH.

The interaction of MinD-mts with increasingly biophysically realistic models for

the cytoplasmic membrane, was investigated in Chapter 3.

1.2.2 Pexiganan

Pexiganan or MSI-78, is a synthetic analogue of Magainin-2, which is a 23 residue

broad spectrum antibacterial found in nature [40]. Pexiganan (PXG) was initially

developed, and showed potential, for the treatment of bacterial infections, as it

exhibited the same broad spectrum antimicrobial activities as Magainin-2. PXG

was found to be no more effective than antibiotics already on the market, and so

is now often used as a model for cationic, helical AMPs [40, 48].

PXG is a 22 residue (shown in Figure 1.6), cationic (+9) peptide of molecular

weight 2476 Da, which adopts an α-helical structure of dimensions 12x32 Å,

characteristic of AMPs, upon association with bacterial membranes [40]. Previous

studies on the interaction of PXG with physiologically relevant lipid bilayers, have

shown that PXG is oriented with its long helical axis parallel to the bilayer, when

COOH-GIGKFLKKAKKFGKAFVKILKK-NH2

Figure 1.6 The PXG amino acid sequence used in this thesis.
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Figure 1.7 Schematic of the torodial pore mechanism. Peptides (blue -
hydrophobic face, red - hydrophilic face) aggregate on the membrane
inducing curvature of the membrane lipid leaflets. This then creates
a pore lined with both peptides and lipid headgroups. Reproduced
from [7].

near the surface of the membrane. Such studies have been on model mimetics

for the bacterial cytoplasmic membrane, but before PXG can interact with the

cytoplasmic membrane, it must first reach it. To do so, PXG must penetrate the

layer of lipopolysaccharide which decorates the outside of Gram-negative bacterial

cells, and then traverse the membrane. Once aggregated on the membrane, PXG

is proposed to form torodial pores in bacterial membranes [40, 49], as shown in

Figure 1.7, thus causing cell lysis.

The interaction of PXG with model membranes of the bacterial inner cytoplasmic

leaflet and the external outer membrane leaflet, were investigated in Chapters 3

and 4 respectively.

1.3 Bacterial proteins

In nature, the majority of bacteria live in multi-cellular communities called

biofilms, which are either attached to a surface or each other [50]. Bacterial cells

within biofilms are enveloped within an extracellular matrix. The extracellular

matrix not only provides biochemical and structural support to the biofilm, but

also protects the bacteria within from environmental stresses and a broad range of

antimicrobials, which would otherwise kill individual bacterial cells [51]. Once the

biofilm has been established, its inherent broad resistance to antimicrobials makes

treating biofilms difficult [52]. The mechanisms by which biofilms attain such
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resistance remain largely unknown, but the biofilm matrix is thought to be critical

to their success [53]. The biofilm matrix typically consists of polysaccharides,

proteins, and DNA. Understanding how this matrix is structured is a key factor

in being able to target and disrupt its formation, so destabilizing and killing the

biofilm [16].

1.3.1 BslA

The biofilm formed by the Gram-positive B. subtilis bacterium is characterized

by a highly hydrophobic surface, with a wrinkled morphology [54]. The biofilm

matrix assembles with the aid of the surface active protein BslA, with the

hydrophobicity of the biofilm being attributed to the amphiphilic nature of the

BslA protein [14]. BslA is a small protein, secreted by the bacteria, which self-

assembles at the surface of the biofilm to form a stable elastic layer, surrounding

the biofilm. The formation of the BslA layer creates a barrier to the external

environment, and is also necessary for the formation of the three-dimensional

pattern of wrinkles of the biofilm [15].

The B. subtilis (strain 168) full sequence is 181 amino acid residues long. This

includes an initial 28 residue signal sequence, and as residues 29-41 are not

neceassry to reproduce the biological function of BslA [53], the fragment used

in this thesis (shown in Figure 1.8) had an N-terminus at residue 42 with a C-

terminus at residue 181.

Two BslA proteins were compared in this thesis: a wild-type (WT) protein, for

which the 77th residue is a hydrophobic leucine (L) shown in red in Figure 1.8;

and a mutant protein (L77K), in which residue 77 is switched for a hydrophilic

lysine (K). The crystal structure of BslA WT (shown in Figure 5.1) revealed that

it forms a hydrophobic cap at the interface (the cap residues are highlighted in

Figure 1.8), to which the nonwetting nature of the biofilm has been attributed [14].

Altering the hydrophobic residues within the cap may then affect the biological

function of BslA, with L77K producing the largest phenotypic change following

NH2-MRTQSTASLFATITGASKTEWSFSDIELTYRPNT LLSLGV MEFTLPS
GFTANTKDTLNGNALRTTQILNNGKTVRVP LALDLLGA GEFKLKLNNK
TLPAAGTYTFRAENKS LSI GNKFYAEASIDVAKRSTPPTQPCGCN-COOH

Figure 1.8 The BslA WT amino acid sequence used in this thesis, with the cap
residues highlighted in yellow.
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screening of a library of mutants [14]. Both the WT and L77K BslA proteins

have a molecular weight of 15097 Da. The WT protein has an overall net positive

charge of +5 charged residues, whilst the L77K has a net charge of +6 charged

residues, due to the replacement of leucine by positively charged lysine.

The structure of the film formation of BslA was investigated in Chapter 5 using

both neutron and x-ray reflectivity.
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Chapter 2

Techniques

Bacterial cells are robust and can be found to thrive over wide ranges of diverse

environmental conditions, from physical extremes (for example, pressure or

temperature) to geochemical extremes (for example, salt or pH) [55–57]. However

a specific bacteria will only actually thrive over a very limited range of any of these

conditions. Alongside the complexity of their structure, this makes conducting

systematic investigations into the effects of different conditions on real bacterial

cells in vivo difficult. Hence a model (or biomimetic) system may be used to

facilitate such studies. This has led to the development of a range of biophysical

approaches, focused on the bacterial membrane but modelled with a much simpler

set of parameters, while still maintaining the important aspects of biological

membranes.

2.1 Model membranes

From the wide range of environmental conditions in which bacteria can be

found, it can be assumed that the physical properties of bacteria, as well as

the biochemical properties, have a role to play in the life and death of bacteria.

The physical properties of the bacterial cell are mainly conferred by the cell

membranes, and so these properties (for example, mechanical or thermodynamic)

will not only be a function of the membrane composition, but also of any applied

external factors (for example, chemical potential or pressure). The majority of

in vitro model membranes are only comprised of lipids, not only for simplicity
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(a) Monolayer (b) Vesicle (c) Floating
bilayer

Figure 2.1 Schematics of structures typically used to model membranes.

but also because lipids are the common feature amongst biological membranes.

Many model membrane systems have been developed with varying degrees of

biological relevance; from highly idealized systems, designed to facilitate the

systematic investigation of the fundamental physical principles that govern

membrane behaviour, through to realistic membrane biomimetics. Below is a

brief overview of some such biomimetics, discussing their respective advantages

and disadvantages.

2.1.1 Monolayers

Monolayers are the simplest systems used to study biological membranes, and

have been used consistently over the years [58, 59]. They are a single molecular

thick layer, often formed at the air-liquid interface as a Langmuir film [60], as

shown in Figure 2.1. Lipid monolayers at the air-water interface can be easily

formed by spreading a solution of lipids onto the surface of water. The amphiphilic

nature of lipids causes them to self-assemble when at the air-water interface,

such that the hydrophilic headgroups of the lipid face towards the water, while

the hydrophobic acyl tails are exposed to the air. This simple formation allows

for full control over both the monolayer and subphase compositions, enabling

molecules to be introduced to the subphase so that their interactions with the

lipid monolayer can be studied [61]. The properties of the monolayer can be

carefully tuned, and parameters such as the surface pressure, packing density

and temperature can all be adjusted. In addition, the planar geometry of a

monolayer also makes it accessible to complementary optical techniques such as

Brewster angle microscopy, allowing the interactions of lipids at the interface to

be visualized.
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Initially thermodynamics suggested that bilayers could be viewed as two inde-

pendent monolayers [62, 63], however the phase behaviour of lipids in bilayers

compared to monolayers was found to be different [64], meaning modelling the

biological membrane as two separate monolayers was less realistic. Although

the Langmuir monolayer only allows one membrane leaflet to be modelled, this

technique does enable accessible simulation of parameters, such as the lipid

molecular areas, that occur in native membranes. In order to replicate the

internal lateral pressure in membranes arising from the interactions between

the membrane constituents, the monolayer can be compressed and the surface

pressure of the monolayer measured. It is known that Langmuir monolayers at

surface pressures between 30 and 35 mN/m exhibit similar properties to biological

membranes (for example, the area per lipid molecule), and so can be analysed in

this context [65, 66].

The Langmuir monolayer technique is based on the ability of insoluble am-

phiphilic molecules such as lipids, to arrange themselves at the air-liquid interface

so as to minimize the free energy of the system [67]. This means that when

lipids are deposited from a volatile solvent such as chloroform, onto an aqueous

subphase, the hydrophilic lipid headgroups partition to the liquid subphase, with

the hydrophobic hydrocarbon acyl tails in the air superphase, resulting in the

formation of a Langmuir monolayer.

The formation of a monolayer at the air-liquid interface can be used to measure

the thermodynamic properties of the interface [68]. The surface of a liquid always

has excess free energy due to the difference in environment between molecules at

the surface and those in the bulk. In the bulk, molecules experience an equally

attractive force in all directions, whilst surface molecules are surrounded by fewer

molecules and so have a larger attraction to the bulk, resulting in a net inward

force. This force acting on the surface molecules is called surface tension (γ), and

is a function of the Gibbs free energy (G) and the surface area (A) at constant

temperature, pressure and surface composition [9]:

γ =
∂G

∂A
(2.1)

Liquids which have strong intermolecular forces have high surface tensions, for

example, the surface tension of water is 72.83 mN/m at 20 ◦C [69]. However,

this surface tension can be significantly reduced by spreading a monolayer of

amphiphilic surfactants at the interface, resulting in a reduction in the free
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Figure 2.2 Schematic representation of a Langmuir trough and Whilelmy plate.
Reproduced from [8].

energy of the system due to the creation of interactions between the hydrophilic

headgroups of the surfactants and molecules at the surface of the liquid.

The Wilhelmy plate method is widely used to measure the forces due to surface

tension [70]. A Wilhelmy plate is usually made from clean filter paper and

attached to a sensitive electrobalance or spring, prior to being partially immersed

in a liquid subphase, as shown in Figure 2.2. The difference in the forces acting

on this plate when a monolayer is and is not present, can be converted into a

surface pressure π, given by:

π = γ0 − γ (2.2)

where γ0 is the surface tension of the clean liquid subphase surface, and γ is the

surface tension of the surface when a monolayer is present [9]. If the surface area

available to the monolayer is large, and the amount of surfactants low enough

that there are limited interactions between adjacent amphiphilic molecules, the

monolayer will have a minimal impact on the surface tension. However, if the

available surface area is reduced so that the intermolecular distance between

amphiphilic molecules deceases, these molecules will start to interact and the

surface tension will decrease. Hence, monolayers are often spread on a Langmuir

trough as a way of controlling the surface tension of the monolayer.

A Langmuir trough is usually made out of a hydrophobic material such as

polytetrafluoroethylene (PTFE), with moveable barriers made of a hydrophilic

material such as polyoxymethylene (POM). These barriers lie across the width

of the trough, on top of the liquid subphase, allowing for both symmetric and
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asymmetric compression of a monolayer (as illustrated in Figure 2.2). The ability

to vary the surface area (A) of the monolayer allows the area per molecule

within the monolayer (Am) to be calculated using Equation 2.3, if the amount of

amphiphilic molecules spread (Nm) on the subphase surface is known.

Am =
A

Nm

(2.3)

When coupled with a Wilhelmy plate, this allows the change in surface pressure

with area per molecule to be measured as a surface pressure-area isotherm.

Surface pressure-area isotherm

Measurement of a surface pressure-area isotherm allows the properties of an

amphiphilic material to be characterized, as the molecular area and lateral

pressure are directly accessible. Figure 2.3 illustrates most of the features

obtained in phospholipid monolayer surface pressure-area isotherms, with a

number of different regions (phases) visible. Each phase is characteristic of

a different arrangement of the amphiphilic molecules within the monolayer,

as determined by the intermolecular forces between them, with electrostatic

interactions between the polar headgroups, and Van der Waals interactions

between the hydrocarbon chains of the acyl tails [71]. The overall shape of the

isotherm is dependent on the experimental conditions as well as the physical and

chemical properties of the component lipids.

Gas phase (G): At large areas per molecule, the intermolecular forces between

the lipids are weak, and so the monolayer behaves as a 2D gas [72]. In this

phase, the hydrocarbon chains have a large degree of freedom and so are randomly

oriented with respect to the interface, as depicted in Figure 2.3. As the monolayer

is compressed, the distance between the lipid molecules decreases and so their acyl

tails begin to interact. This corresponds with the surface pressure beginning to

increase, which is often referred to as lift off.

Liquid-Expanded (LE): As the monolayer is compressed, the area per molecule

varies rapidly with surface pressure so that the monolayer acts as a fluid [73]. The

hydrocarbon chains remain randomly oriented, however with a reduced degree of

freedom [74], as seen in Figure 2.3. Further compression leads to a plateau region,

over which the area per molecule continues to decrease whilst the surface pressure
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Figure 2.3 Schematic representation of surface pressure-area isotherms of lipids
(for example, left - cholesterol, right - DPPC), and the corresponding
orientation of their acyl tails in each phase. Adapted from [9].

remains constant; referred to as the liquid-expanded-liquid-crystalline (LE-LC)

transition phase, where both of these phases coexist. This is a hydrocarbon

chain ordering transition, and corresponds with an increase in the monolayer

thickness. Reducing the temperature or increasing the length or unsaturation of

the lipid hydrocarbon chains results in a lowering of the surface pressure at which

this phase transition occurs [75], as the intermolecular interactions are increased,

thus making the monolayer more coherent.

Liquid-Crystalline (LC): Continuous compression of the monolayer either

through the LE-LC transition phase, or directly from the gas phase, results in

the monolayer eventually becoming fully condensed. In this phase the lipids have

short-range positional order, due to strong lateral cohesion between molecules,

and the hydrocarbon chains are uniformly oriented, as shown in Figure 2.3. As

this phase is condensed and liquid crystalline order is present, the abbreviation

LC is often used interchangeably to mean liquid-condensed or liquid-crystalline.

The acyl tails do still possess some free rotation, as they may be uniformly tilted

up to angles of ≈30◦ relative to the normal [76], with the tilt angle varying with

surface pressure.

Solid (S): At the highest surface pressures, the LC phase transforms into the

solid phase, whereby the lipid molecules have a larger positional correlation range,
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with their hydrocarbon chains oriented normal to the interface [58]. This state is

usually characterized by a steep linear relationship between the area per molecule

and the surface pressure.

Collapse: At sufficiently high surface pressures the monolayer will collapse into

a 3D multi-layer structure (as illustrated in Figure 2.3) as the forces exerted on

it become too strong, resulting in the monolayer losing its integrity. Collapse is

not uniform across the monolayer and is usually initiated near the leading edges

of the barriers [58]. The surface pressure at which collapse occurs depends on

different factors, for example, the compression rate, and is best studied with a

ribbon trough.

2.1.2 Vesicles

The most widely used membrane models are lipid vesicles (or liposomes) [77–

79]. Vesicles are spherical lipid bilayer(s), which spontaneously self assemble in

solution due to the hydrophobic and hydrophilic forces of the lipids attempting to

minimize the exposure of the acyl tails to the environment. There are two main

types of vesicles: uni-lamellar vesicles, consisting of a single bilayer as shown in

Figure 2.1; and multi-lamellar vesicles, consisting of more than one bilayer, with

possible diameters ranging from 20 nm up to 1 µm [80]. Vesicle samples provide

a large surface area in a given volume of sample. Multi-lamellar vesicles are able

to provide measurements with a greater signal-to-noise ratio than uni-lamellar

vesicles, due to the greater number density of lipids in solution [81]. However,

interactions between the bilayers may modify the physical properties such as

the bending rigidity and hence affect fluctuations [82], which may be crucial in

allowing for interactions with the membrane.

Vesicles are easy to prepare and the most common way to study lipid and bilayer

phase behaviour [83, 84] as their composition is controllable, and there are a

wide range of formation and analytical techniques available that can be utilized

to measure these effects [81]. However it is not possible to regulate the lipid

lateral packing density and the lipid composition independently. Whilst the

size range and geometry of giant uni-lamellar vesicles (5-200 µm in diameter)

resemble native bacterial cell membranes, they are relatively fragile and the inner

leaflet of the bilayer is inaccessible, making it very difficult to control the physical

properties of this leaflet. There is also a large variation in results found from using

vesicles as model membranes, and those obtained from microbial cell studies [85].
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2.1.3 Floating bilayers

Whilst vesicles represent bilayers at the liquid-liquid interface, bilayers at the

solid-liquid interface are becoming increasingly common as mimetics for biological

membranes, thanks to improvements in deposition techniques increasing the

accessibility of this approach [86, 87]. These lipid bilayers are constructed

on a solid substrate, often silicon, to which they are either directly attached

- supported bilayer; or indirectly attached - floating bilayer (illustrated in

Figure 2.1). Whilst supported lipid bilayers are simpler to construct than floating

lipid bilayers, floating bilayers are more biologically realistic. There are two main

methods of forming bilayers on solid substrates:

• Vesicle adsorption to the substrate surface - followed by their fusion together

and rupturing to create a bilayer.

• Langmuir-Blodgett deposition - whereby the substrate is slowly pushed

through a monolayer of lipid a number of times, to build up layers.

Supported bilayers can be formed by both of the above methods, with in situ

self-assembly of supported bilayers by vesicle fusion convenient for study with

other biophysical techniques, such as quartz crystal microbalance with dissipation

(QCM-D) [88]. It is not possible to control the lateral pressure the bilayers form at

when using the vesicle fusion approach, but this can be controlled with Langmuir-

Blodgett deposition [9], as it is dependent on the surface pressure of the lipids in

the monolayer that is being deposited onto the substrate. The internal pressure

of a natural biological membrane is reported to be around 30 mN/m [65], hence

being able to control this parameter is important in attempting to make the

system as realistic as possible. The bilayer will then stay at this pressure upon

deposition, however the internal lateral pressure can be altered through heating

(as explained in Section 2.1.1). The major limitation of a directly supported

bilayer is that the nature of the bilayer is directly affected by the nature of the

solid substrate [89]. The effect that this interaction has on the bilayer then means

that any changes in phase behaviour in the bilayer, cannot be simply attributed

to the bilayer composition or external thermodynamic variables (for example,

pressure) [1].

This limitation is significantly reduced when forming floating bilayers on solid

substrates, where the bilayer is deposited via Langmuir-Blodgett and Langmuir-
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Schaefffer techniques onto a functionalized substrate [87, 90], with a hydration

layer of ≈30 Å between the bilayer and the functionalized substrate, as seen

in Figure 2.1. The hydration layer is sufficiently thin that the bilayer can be

probed by surface characterization techniques, but large enough to allow the

bilayer to fluctuate naturally [91]. Bilayers formed in this way contain a realistic

degree of freedom, and have similar phase behaviour to biological membranes [87].

The planar geometry of bilayers offers an advantage over small vesicle studies,

as the local curvature of the vesicle bilayer does not truly reflect that of the

cell membrane. However, floating bilayers are very sensitive to both deposition

technique and lipid bilayer composition, and whilst steps have been taken to

reduce this [87, 92] it is still an issue which can lead to incomplete bilayer

coverages.

2.2 Approach used in this thesis

As illustrated above, there are benefits and drawbacks to any model membrane

system, with the ultimate deciding factor in the model chosen being its relevance

to the particular interactions which are to be studied. Therefore designing

systems which facilitate the greatest amount of physical insight into these

interactions, rather than reproducing biochemically accurate biomimetics, is

appropriate. In this thesis, bacterial membranes were modelled as a Langmuir

monolayer at the air-liquid interface. These monolayers can be considered

to represent one of the two leaflets composing the inner and outer bacterial

membranes, and so are most suited to directly study interactions that occur

at membrane interfaces [93, 94]. The systems investigated in this thesis were:

• The interaction of the MinD-mts peptide with the cytoplasmic membrane,

investigated in Chapter 3 - the MinD-mts peptide is only physically capable

of spanning one membrane leaflet, the inner cytoplasmic membrane.

• The conformation of lipopolysaccharide and its interaction with the antimi-

crobial peptide Pexiganan, investigated in Chapter 4 - lipopolysaccharide

is only found in the outer leaflet of the outer membrane of Gram-negative

bacteria.

In both of these systems the interaction is with a single leaflet , hence a monolayer

approach was pursued. This approach was also chosen as it afforded the greatest
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control over the physical properties of these model membranes, as well as the

opportunity to explore in a thermodynamically controlled fashion, regions of

the lipid membrane phase diagram not necessarily accessible in living bacteria.

Although these pressures may vary from the accepted surface pressure regime

for a bacterial membrane, it does not mean that these conditions do not occur

at some point during the bacterial cell life cycle. Monolayers offer the unique

advantage that the composition of lipids at the interface can be varied in a

systematic way [95]. Bacterial membranes contain at least 15% anionic lipid,

and ideally contain unsaturated lipids [23, 24]. Varying the composition of the

monolayer allows the extent to which hydrophobic interactions, lipid charges, and

subphase composition, drive membrane surface interactions to be investigated

[96]. In addition to this, as monolayers are strongly confined to 2D, systematic

investigations can also be conducted into the physical properties of the monolayer,

such as the influence of surface pressure and area per molecule, as it is possible

to measure and vary these parameters on a Langmuir trough. It is then possible

to mimic similar conditions to those found in native membranes, for example, the

lateral pressure within biological membranes corresponds to a surface pressure of

30 mN/m in a Langmuir monolayer [65].

Monolayers held at a surface pressure for which the lipid packing density (Am)

is equivalent to that of a lipid bilayer, have been shown to serve as excellent

models for a cell membrane leaflet [97, 98]. Modelling membrane leaflets as

monolayers composed of real membrane lipids, provides essential information

on membrane components, their physical properties and their interactions [99],

although as has been noted previously, the phase behaviour of lipids in a bilayer

is not directly comparable with their behaviour in a monolayer [64]. However

due to the additional complexity of a bilayer, having an in-depth understanding

of how a single leaflet physically interacts with and responds to its environment

and to external stresses, may help provide insight into future interpretations of

bilayer interactions.

The 2D confined planar geometry of a Langmuir monolayer also makes this

technique well-suited to exploiting the Ångstrom-scale resolution of neutron

reflectivity. Another main benefit of using Langmuir monolayers is the ability

to directly image monolayer lipid phase behaviour under different conditions,

using Brewster angle microscopy.
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2.3 Brewster angle microscopy

Brewster angle microscopy (BAM) can be used to examine the structure

of monolayers at the air-liquid interface, and provide a direct qualitative

measurement of the packing density within a monolayer. BAM measurements

presented in this thesis were performed at the Soft Matter facility at the Institut

Laue-Langevin (ILL, Grenoble, FR), and at the Diamond Light Source (Oxford,

U.K.).

2.3.1 Brewster angle theory

Unpolarized light incident on the boundary between two media of varying

refractive index is partially polarized upon reflection, with the degree of

polarization dependent on the angle of incidence [100]. If the angle between

the reflected and refracted ray is equal to 90◦, the reflected light is completely

polarized, as illustrated in Figure 2.4. The angle at which this occurs at is known

as the Brewster angle (θB) [101], and can be related to the refractive index of the

two media through Snell’s law:

n1sinθ1 = n2sinθ2 (2.4)

where nx refers to the refractive index as incident light passes from media 1 into

2, with θ1 the angle of incidence and θ2 the angle of refraction. This equation

can then be rearranged to give Brewster’s law:

tanθB =
n2

n1

(2.5)

Hence if the angle of incidence is set to the Brewster angle of the subphase, then

any change at the interface, for example, through the addition of a monolayer,

will alter the refractive index and change the optical properties of the system.

This would result in a small amount of incident light then being reflected, and so

give a direct representation of the in-plane structure of the molecules in a surface

monolayer. This occurs at an incident angle of θB≈53◦ for the air-water interface.
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Figure 2.4 Schematic representation of light, incident at the Brewster angle,
at the boundary between two media of different refractive index.
Adapted from [10].

2.3.2 Application to air-liquid interfaces

Imaging monolayers at the air-water interface with BAM provides a direct

visualization of the lateral structure of the monolayer. The intensity within the

image is dependent on the local thickness and optical properties of the monolayer

[102], with different orientations of the lipid acyl tails giving different intensities

of reflection. This allows for observation of various lipid phase behaviours,

corresponding to the characteristic phases in the monolayers associated surface

pressure-area isotherm (Section 2.1.1). Hence, changes in the molecular packing

density of lipid monolayers will produce contrast in BAM, with a spatial resolution

on the order of ≈1 µm.

A p-polarized laser incident at the Brewster angle for water will be reflected by

a thin film, such as a lipid monolayer, at the air-water interface, and detected by

a CCD camera positioned such that the angle of reflection is equal to the angle

of incidence. This experimental set-up is shown in Figure 2.5 for a monolayer

spread on a Langmuir trough, which allows for compression of the monolayer,

with a Whilelmy plate pressure sensor to allow for continuous measurement of

the monolayer surface pressure.

As the monolayer is not perpendicular to the objective lens, the image is only

in-focus over a narrow strip of the field of view. The software uses an auto-focus

procedure to build up a complete image from these in-focus strip images [103]. If

the monolayer is rapidly drifting due to Brownian motion when an image is taken,
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Figure 2.5 Photograph of the typical Brewster angle microscope set-up used in
this thesis.

the time taken to re-adjust the focus within the field-of-view can then lead to

blurred images being recorded. Another limitation of the image quality of this set-

up is the interference pattern caused by the optical components of the system and

the coherent laser light [104]. This introduces image artefacts such as Newton’s

rings, as seen in Figure 2.6, which appear as a series of concentric, alternating

bright and dark rings [105]. As these artefacts are present in all images, their

visibility can be minimized by subtracting a background image. Background

images are taken by rotating the polarizer, changing the polarization state of the

incident light, such that no light is reflected from the interface. The improvement

this makes to the initially recorded image can also be seen in Figure 2.6, accenting

structures of interest on a flat background (subphase). The ripples that are then

visible in Figure 2.6 after background correction, are due to undulations in the

subphase as a result of external vibrations.

The different phases of the lipid monolayer can be seen most clearly for lipids

which exhibit a LE-LC coexistence phase upon compression, such as DPPC.

With the monolayer in the LE phase and so acting as a fluid, the lipid molecules

possess some degree of orientational freedom and so lack a coherent structure

within the monolayer. Hence the presence of lipids in this phase do not alter the

refractive index at the interface by much compared to that for a bare interface,

and so the BAM image is dark.
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(a) Uncorrected
image

(b) Background
image

(c) Corrected im-
age

Figure 2.6 Brewster angle microscopy images highlighting inherent image
artefacts and the effect of image background subtraction.

Upon compression, bright domains of LC phase begin to appear within the dark

LE phase, as the lipids are forced to pack tighter, losing their orientational

freedom. This leads to coherent structures of LC phase forming, altering the

refractive index at the interface so that more light is reflected from these LC

domains, hence making them appear bright. Different lipids form different LC

domain shapes within the LE-LC coexistence region. Domain shapes are a

competition between the line tension, which prefers compact, circular shapes; and

the electrostatic repulsion between lipid molecules, which favours other shapes,

and so is ultimately related to the structure of the lipid molecules and their

packing and orientation within the domain [106–109].

Grey-scale in BAM images is directly related to the thickness of the observed

structures [110], with shading across LC domains induced by the different tilt

angles of the lipid acyl tails [66]. This tilt can be confirmed by rotating the

analyzer on the BAM, so as to reproduce the domains with an inverted contrast

in reflected light intensity. This however, was not done for any of the images

presented in this thesis.

If the monolayer is compressed through the LE-LC coexistence phase, eventually

all the lipid molecules are in the LC phase and so the monolayer appears

homogeneous. Further compression to very high surface pressures causes very

bright regions called collapse dots to form, which are associated with the

monolayer collapsing and either buckling or ejecting material from the interface

[111]. This causes the local thickness of the monolayer to increase, and so a

greater intensity of light is reflected. The mode of collapse, whether toward the
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super- or subphase, is dependent on the monolayer composition [110].

2.4 Neutron reflectivity

Neutron reflectivity is a well-established technique for studying systems on the

Ångstrom-nanometre scale, at which most of the functional interactions involving

bacterial membranes occur [112]. It is a non-destructive technique, capable of

investigating structures of up to ≈1000 nm [113], with the caveat that studies

must be conducted on model membranes rather than native biological membranes.

Hence neutron reflectivity can be used to physically characterize monolayers at

the air-liquid interface, allowing the thickness and density of the monolayer to be

determined, and revealing interaction effects on the molecular scale.

As has been explained previously, it is difficult to conduct systematic investiga-

tions into the biophysical properties of bacteria in vivo, meaning that a model

system must be used instead. One approach is to use molecular dynamics (MD)

simulations to perform experiments in silico. In the case of modelling a membrane

leaflet, these MD simulations would be based on a finite patch of lipid monolayer,

to which periodic boundary conditions would be applied in the plane of the

monolayer, generating an infinite 2D layer [114]. The size of the patch that is

repeated in the plane is limited by the computational cost of the simulation. This

limitation presents a challenge when trying to understand how the leaflet responds

to an externally applied field, such as coverage dependence, if the collective

elastic response of the leaflet is as important as the local interaction energy.

The accuracy of the force fields applied, and so the thermodynamic properties of

the system constructed, may also incorrectly affect the structure of the modelled

leaflet [1].

A neutron reflectivity experiment can be thought of as an in vitro experimental

realization of an in silico experiment, with membrane leaflets modelled as

monolayers composed of real bacterial membrane lipids. This inherently means

that monolayers constructed in this way are subject to the correct force field, as

well as having the ability to freely fluctuate, bend and buckle. Hence neutron

reflectivity can be viewed as providing a bridge across the reality gap between

microbial growth studies and MD simulations [1].
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2.4.1 Theory of neutron reflectivity

The neutron is a spin -1/2 subatomic particle with wave-particle duality and

neutral charge, that was first discovered by Chadwick in 1932 [115]. Specular

neutron reflection studies the elastic interaction of neutrons with a sample, with

the angle of reflection equal to the angle of incidence. The reflectivity measured

depends on the variation in the scattering length density profile normal to the

interface, which can be used to determine the structure and composition of

systems [116]. The de Broglie equation:

λ =
h

p
(2.6)

relates the neutron wavelength λ with its momentum p (h is Planck’s constant).

The momentum itself is related to the mass m of the neutron, and the speed at

which it is travelling at v, as well as the direction of the neutron (defined by the

angular wavevector k):

p = mv =
2πh

k
(2.7)

The wavevector can then be found by combining Equations 2.6 and 2.7:

k =
2π

λ
(2.8)

Upon interaction of the neutron with a sample, the neutron can either be scattered

(elastically or inelastically) or absorbed. The nature of this interaction and

the amplitude of the scattered signal is characterized by the nuclear scattering

length, which itself is comprised of coherent (dependent on angle) and incoherent

(independent of angle) scattering lengths. Coherent scattering provides structural

information about the interface, whilst incoherent scattering contributes to the

background level. As neutrons are weakly interacting, this makes them non-

damaging and means they can penetrate condensed phases and access buried

interfaces. The nuclear scattering lengths vary non-monotonically across the

periodic table, which is particularly important when studying soft matter systems

rich in light elements [112].

Neutrons are sensitive to nuclear composition, and so isotopes of the same element
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Figure 2.7 Schematic representing the geometrical optics of specular reflection
from a monolayer between two media. Adapted from [11].

have radically different scattering lengths, for example, hydrogen has a coherent

scattering length of −3.74x10−5 Å compared to that of 6.67x10−5 Å for deuterium

[117]. This allows isotopic substitution of hydrogen for deuterium to be used to

manipulate the scattering lengths in organic systems, whilst leaving the chemistry

essentially unaltered. Selective deuteration of a particular component, or by

varying the H2O/D2O content of the subphase, can highlight or mask particular

features at the interface, with this technique of contrast variation being one of the

key advantages of neutron reflectivity. Null reflecting water (NRW) is a mixture

of 8% D2O and 92% H2O by volume, such that it has a scattering length density

of ρ=0, equal to that of air, meaning that the reflectivity of a bare air-NRW

interface is zero. In experiments at the air-NRW interface, any reflectivity is

attributable to the adsorption of material at the interface.

In specular neutron reflection there is no energy transfer upon interaction, and

so the momentum transfer Q is given by the difference between the scattered

wavevector kf and the incident wavevector ki:

Q = kf − ki (2.9)

The reflected intensity relative to the incident beam is then measured as a function

of the perpendicular momentum transfer vector Qz, as shown in Equation 2.10,

where θ is the grazing angle of incidence, illustrated in Figure 2.7.

Qz =
4πsinθ

λ
(2.10)

The intensity of reflected and transmitted neutrons follow the same laws as

electromagnetic radiation, with the electric vector perpendicular to the plane
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of incidence. Hence most of the constructs of classical optics are also applicable

to neutron reflection, and so to observe interference effects from the interface,

there must be a change in the refractive index across it [118]. The refractive

index at the boundary between two media is defined as:

n =
k2
k1

(2.11)

where kx is the neutron wavevector which passes from media 1 and 2.

The pseudopotential V experienced by a neutron of mass m and coherent

scattering length b, upon interacting with a nucleus of radius r, is given by:

V (r) =
2πh̄2

m
bδ(r) (2.12)

As neutron scattering from an atom depends on the number of nuclei in a given

volume, as well as the scattering length, so the scattering length density ρ(z) is

a function of the chemical composition of the medium according to:

ρ(z) =
∑
i

Ni(z)bi (2.13)

where Ni(z) is the atomic number density of the constituent atoms in the media.

As the neutron wavelength λ is much longer than the spacing between atoms in

the medium, the average pseudopotential is then given by:

V =
2πh̄2

m
ρ (2.14)

If the neutron is incident through air, then the total energy of the neutron E is

equivalent to the kinetic energy:

E =
h̄2k21
2m

(2.15)

whilst inside the medium, the total energy of the neutron is equivalent to the
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sum of the kinetic and pseudopotential energies:

E =
h̄2k22
2m

+
2πh̄2

m
ρ (2.16)

Conservation of energy as the neutron passes the boundary between two media

is then given by:

h̄2k21
2m

=
h̄2k22
2m

+
2πh̄2

m
ρ (2.17)

which simplifies to:

k21 − k22 = 4πρ (2.18)

This is related to the scattering length density of the medium through:

n = 1− λ2ρ

2π
(2.19)

In the exact definition of refractive index [116] there are additional terms in

Equation 2.19, as it is dispersive and strictly a complex quantity. Equation 2.19

ignores the imaginary component related to the absorption cross section, which

is usually negligible and only relevant to strong absorbers such as cadmium. The

refractive index for most media is less than unity i.e. n<1, and so neutrons are

totally externally reflected when incident from air. Snell’s law (Equation 2.4)

then gives the critical angle (θc) below which total reflection occurs:

cosθc =
n2

n1

(2.20)

Expanding the cosine for small θ and substituting from Equation 2.19 gives:

θc = λ

√
∆ρ

π
(2.21)

where ∆ρ is the difference in the nuclear scattering length densities of the two
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media. This can be redefined in terms of a critical Qz value:

Qc =
√

16π∆ρ (2.22)

The specular reflectivity at the interface between two bulk media is given by

Fresnel’s law, where for θ≤θc the reflectivity R=1, and for θ≥θc:

R = |r|2 =

∣∣∣∣n1sinθ1 − n2sinθ2
n1sinθ1 + n2sinθ2

∣∣∣∣2 (2.23)

where r is the reflectance coefficient and θ1 and θ2 are the angles of incidence and

refraction respectively. It is the squared term in the definition of the reflectivity

that causes phase information to be lost when analysing reflectivity data [92].

Away from the critical angle, at high values of Qz, the reflectivity falls off as Q−4
z :

R(Qz) =
16π2

Q4
z

∆ρ2 (2.24)

This is known as the Fresnel decay and is a property of reflection from planar

surfaces. A monolayer present at the interface between two media will then alter

the reflectivity measured, and manifest itself as Kiessig fringes in the reflectivity

profile produced. The spacing between these fringes (∆Qz) is related to the

thickness of the film (d) through:

d =
2π

∆Qz

(2.25)

If there are variations on the interface occurring on a length-scale of the same

order as the neutron wavelength, for example, short-range fluctuations, such a

local roughness will modify the specular reflectivity, and is indistinguishable from

a true diffuse interface. This roughness is accounted for in reflectivity data by

multiplying the Fresnel reflectivity (R0) by the Nevot-Croce factor:

R = R0e
−Qz1Qz2σ2

(2.26)

which assumes a root-mean-square Gaussian distribution of roughness (σ2) like

the Debye-Waller factor, but also takes into account the differences in average
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wavevector either side of the interface (Qz1, Qz2) [92].

2.4.2 Neutron sources

The neutron reflectivity experiments described in this thesis were performed at

either the neutron reactor source at the Institut Laue-Langevin (ILL), Grenoble,

France, or at the neutron spallation source at ISIS, Oxford, U.K [119]. The reactor

source at the ILL produces a continuous high flux of neutrons through nuclear

fission from an enriched uranium source. The flux of neutrons produced at ISIS

is pulsed, due to the pulsed nature of the synchrotron, accelerating protons to

collide with a tungsten target, producing neutrons via nuclear spallation. The

neutron beams produced at both sources are passed through a moderator of

either liquid hydrogen, methane, water or heavy water. This modifies the kinetic

energy of the neutrons and so determines the usable wavelength range according

to Equations 2.8 and 2.15. These neutrons are referred to as cold neutrons, and

have a wavelength range of 2≤λ≤20 Å. After interacting with the sample, the

reflected neutrons are collected using a 3Helium detector, which has a very low

intrinsic background level.

2.4.3 Comparison with x-ray reflectivity

X-ray reflectivity is a similar technique to neutron reflectivity and follows the same

formalism, with the scattering length density replaced by the electron density of

the material perpendicular to the interface. As x-rays are scattered primarily by

electrons, the scattering power of atoms increases linearly with atomic number,

with the penetrating power of the x-rays then determined by the absorption of the

atoms i.e. the imaginary part of the scattering length density which was ignored in

Equation 2.19. The higher flux achievable, especially with synchrotron radiation,

and lower background, allows for measurement to higher values of Qz than for

neutron reflectivity, offering the potential for higher spatial resolution. The x-ray

reflectivity experiments described in this thesis were performed at the Diamond

Light Source, Oxford, U.K. Beams of intense light are produced by accelerating

electrons around a synchrotron to generate electromagnetic radiation ranging in

wavelength from x-rays to microwaves.
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2.4.4 Data analysis

The neutron and x-ray reflectivity data presented in this thesis were both analysed

using the RasCal [120] MATLAB procedure. Custom models were constructed

to simulate the measured reflectivity profiles, by modelling contributions from

different parts of the interface to the scattering length density profile normal to

the surface. The interface is divided into a series of sub-layers, each of which

is characterized by its scattering length density, thickness and roughness, with

the roughness treated using the Nevot-Croce approach [121]. The scattering

length densities were calculated from the sum of the component nuclear scattering

lengths within the layer and the known molecular volumes of component groups

[122, 123].

An optical matrix method [124] is used to calculate reflectivity from these sub-

layers, in which layer “optical properties” are determined by model fit parameters.

Fitting of these parameters is achieved by means of a combination of global and

local search strategies, with the parameters allowed to vary within stated applied

boundaries. The simulated reflectivity profile for the initial model parameters

is calculated and compared to the measured reflectivity profile, with an error

weighted least-squares minimization of χ2 used within a combined directed

evolution and downhill simplex optimization over a population size of 1000, for

10000 iterations. With each iteration, the fit parameters are adjusted to reduce

the differences between the model reflectivity and the experimental data, until

an optimum set of parameters are found.

Global fitting of several data-sets within a contrast series provides an extra phys-

ical constraint on the model, with the individual reflectivity profiles constrained

to fit the same layer and thickness profile. The scattering length densities vary

consistently between the contrasts being determined by global optimization of

the physical parameters used to characterize the monolayer. The simplest (i.e.

least number of parameters per layer) space filling model which gives rise to a

physically realistic fit is then chosen.

Confidence bands on the fit parameters were determined using RasCal’s in-built

bootstrap error analysis function. In bootstrapping, each data-set is replicated

1000 times. Within these replicates, each point (R(Q)) is replaced by one

chosen from a distribution with mean equal to the measured reflectivity, and

standard deviation equal to the uncertainty on the measured reflectivity at
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that Q point. Starting from randomized values, the parameters are then fit to

these 1000 replicated data-sets using the downhill simplex method, generating

a distribution for each parameter. The standard deviation of each of these

parameter distributions provides a measure of the width of the confidence band

on that parameter. These widths were then propagated through the calculations

of the derived parameters, according to standard error treatment methods.
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Chapter 3

Understanding the interaction of

peptides with lipid monolayers

3.1 Introduction

3.1.1 Background

Binding of MinD to the inner leaflet of the cytoplasmic membrane at the

cell poles in bacteria, directs the formation of the FtsZ ring to the mid-

plane of the cell, initiating formation of the division septum and bacterial cell

division [125]. MinD localizes to the membrane via a C-terminal membrane

targeting sequence (mts) [126], a motif which is conserved across many different

species [12], as shown in Figure 3.1. The consensus MinD-mts sequence is:

KG[FLI][LFI]X3−4KR[LFI][FL], where X3−4 is a three or four residue insert found

in some MinD proteins, capable of maintaining the helical phase of the mts.

The isolated mts is unstructured in an aqueous environment, but forms an

amphipathic α-helix upon interaction with phospholipid bilayers [127], and

has been predicted to align parallel to the membrane surface [12]. This

proposed orientation of the MinD-mts within the membrane is consistent with its

amphipathic nature, as seen in Figure 3.1. The hydrophobic face of the α-helix

might be expected to interact with the lipid acyl tails, whilst the opposing cationic

polar face of the helix might be expected to interact with the lipid headgroups,

hence anchoring the MinD to the membrane [128].
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Figure 3.1 Schematic showing the alignment of the extreme C-terminal region
of MinD from E. coli with the corresponding region of MinD from
other organisms (left). Residues identical to the E. coli sequence are
in yellow boxes, with conservative substitutions in pink boxes, and
the conserved mts region in a red box. The C-terminal residue is
numbered to the right of each sequence. Helical wheel representations
of the MinD-mts for E. coli (top right) and B. subtilis (bottom
right) are also shown, with hydrophobic residues in red and positively
charged residues in blue. Adapted from [12].

In Gram-negative E. coli, the MinD-mts is short (8 residues) and carries a net

positive charge at neutral pH, in common with cationic antimicrobial peptides.

The MinD-mts of the Gram-positive B. subtilis is three residues longer, possibly

leading to a higher affinity for the membrane [42]. This may explain the

irreversible attachment of the MinD protein to the membrane in Gram-positive

bacteria, compared to the transient adsorption behaviour observed in Gram-

negative bacteria, where MinD binds to each cell pole for 10-30 seconds during

its oscillation cycle [45, 129].

MinD has been shown to bind preferentially to domains of anionic phospholipids

on the inner membrane [130], with the MinD-mts from different bacteria

preferring to interact with different anionic phospholipids. Whilst the MinD-mts

of E. coli does not distinguish between CL and PG, the MinD-mts of B. subtilis

does, showing a distinct preference for PG over CL [127]. This may reflect the

different membrane compositions of these two bacteria, and also contribute to why

the MinD-mts of Gram-positive bacteria does not oscillate. Gram-negative E. coli
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membranes consist of 5-10% CL [131], whilst B. subtilis membranes contain <1%

[132]. The distribution of CL at the cell poles in the membrane, suggests that CL

has an active role in cell division [43]. The structure of CL makes it favourable to

be positioned at the negatively curved inner leaflet cell poles. It is possible that

the MinD-mts can sense this high negative curvature [133], so that the positioning

of MinD in vivo may be influenced not only by the high negative charge on CL

concentrated at the cell poles, but also the curvature of the pole [125]. The

MinD-mts is tuned to specifically interact with the phospholipids which comprise

the inner membrane of the bacteria it is present in, highlighting how critical the

amphipathic α-helix is for the membrane targeting function of the MinD-mts

[127].

Previous experimental studies into the binding of MinD, whether in vivo or in

vitro, have generally involved tagging the MinD with either a polyhistidine-tag

[130, 134], or a green fluorescent protein [47, 128]. In vitro measurements have

been made on vesicles [127, 135] or supported lipid bilayers [125]. Most of these

protein fusions have been to the N-terminal of MinD, in an attempt to decrease

the chances of disturbing the interaction of the MinD with the membrane [135,

136]. However altering the N-terminal region has been shown to impact on the

localization of the MinD to the membrane [137], and so it is possible that these

tags could interfere with the MinD-membrane interaction.

Although the majority of these studies have considered the full MinD construct,

it has been shown that it is only the amphipathic MinD-mts helix which

interacts and binds to the membrane [12]. The MinD-mts interaction exhibits

two main features: the binding affinity can be modulated by the membrane

lipid composition; and binding affects the physical properties of the membrane

[135]. Understanding how the MinD-mts interacts with the inner leaflet of the

bacterial membrane is important, as any affect on the biophysical properties

of the membrane that inhibits adsorption of the MinD-mts, will interfere with

cell division, and may provide an insight into how to prevent bacteria from

multiplying.

3.1.2 Aims

The aim of this Chapter is to understand from a physical perspective, how the

composition and lateral pressure of a monolayer model for the inner leaflet of the

cytoplasmic membrane, influences the membrane-MinD-mts interaction.
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As the MinD-mts only interacts with the inner leaflet of the bacterial membrane,

to study this interaction it is sufficient to use a monolayer as a model for the

inner leaflet. Due to the strong compositional variety of bacterial membranes,

variability in their structure and lipid composition may be a factor in shaping the

MinD-membrane interaction [138]. The inner leaflet of a Gram-negative bacteria,

such as E. coli, is often quoted as being comprised of PE (≈75-80%), PG (≈20-

25%) and CL (≈5-15%) [131, 139]. Analysis of monolayers of different lipid

compositions will facilitate an understanding of lateral lipid interactions, domain

formations and the molecular organization of such membranes, both with and

without MinD-mts present. In anticipation of extending the work done in this

Chapter from a monolayer study into a floating bilayer study in the future, PC

is used instead of PE. PC and PE have similar chemical properties, however the

structure of their headgroups is quite different, with that of PE occupying a much

smaller volume than PC (seen in Figure 1.1). Whilst PE could be used to make

a monolayer of the above composition, it would be very difficult to deposit as

a floating bilayer, as it induces a very high negative curvature into the bilayer,

making the bilayer unstable.

Modelling the inner leaflet as a monolayer at the air-liquid interface and mea-

suring the neutron reflectivity from various monolayer compositions, allows each

monolayer to be comprehensively characterized, providing a direct measurement

of the lipid and MinD-mts interactions. Whilst the lipid ratios above represent

the overall composition of the leaflet, it is possible that there are local areas

of high anionic composition, for example at the cell poles. To model this, a

monolayer containing 50% anionic component was also measured. Molecular

dynamics simulations find that MinD-mts adsorbs parallel to a bilayer interface,

between the phospholipid acyl tail and headgroup regions [6], with this adsorption

mediating a change in the thermodynamics of the bilayer. In order to mimic

bacterial conditions as closely as possible, the monolayers were measured on a

physiologically relevant subphase, into which MinD-mts was introduced at its

native concentration of 4 µM [125].

In Section 3.4, the interaction of MinD-mts is compared with the interaction of

Pexiganan, an antimicrobial peptide which forms a longer amphipathic α-helix.
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3.2 Experimental design

The following lipids were purchased in powder form from Avanti Polar Lipids

(Birmingham, AL, USA): DPPC, hydrogenated (hDPPC, 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine), tail deuterated (d62DPPC, 1,2-dipalmitoyl-d62-sn-

glycero-3-phosphocholine) and fully deuterated (d75DPPC, 1,2-dipalmitoyl-d62-

sn-glycero-3-phosphocholine-1,1,2,2-d4-N,N,N-trimethyl-d9); DPPG,

hydrogenated (hDPPG, 1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-glycerol)

(sodium salt)) and tail deuterated (d62DPPG, 1,2-dipalmitoyl-d62-sn-glycero-

3-[phospho-rac-(1-glycerol)] (sodium salt)); POPC, hydrogenated (hPOPC, 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and with one acyl tail deuterated

(d31POPC, 1-palmitoyl-d31-2-oleoyl-sn-glycero-3-phosphocholine); POPG, hy-

drogenated (hPOPG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)

(sodium salt)) and with one acyl tail deuterated (d31POPG, 1-palmitoyl-d31-2-

oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt)), and cardiolipin (CL,

(E. coli) (sodium salt)). The MinD-mts and Pexiganan (PXG) peptides were

purchased from Peptide Protein Research Ltd. (Fareham, U.K.), with a purity of

>95% each. Tris base (TRIS) and sodium chloride (NaCl) were purchased from

Fisher Scientific (Loughborough, U.K.), with all other chemicals purchased from

Sigma-Aldrich (Dorset, UK). Milipore deionized water of resistivity 18.2 MΩcm

was used throughout. All glassware used was initially cleaned with a 2% solution

of the alkali detergent Decon 90, and rinsed in copious amounts of deionized

water.

Lipid and cardiolipin stock solutions were made up to 1 mg/mL in chloro-

form, before being mixed by volume to give the following compositions (by

mole fraction): 0.5:0.5 hDPPC:hDPPG; 0.5:0.5 d62DPPC:d62DPPG; 0.5:0.5

d75DPPC:hDPPG; 0.75:0.25 hDPPC:hDPPG; 0.75:0.25 d62DPPC:d62DPPG;

0.75:0.25 hPOPC:hPOPG; 0.75:0.25 d31POPC:d31POPG; 0.715:0.235:0.05

hDPPC:hDPPG:CL; 0.715:0.235:0.05 d62DPPC:d62DPPG:CL; 0.715:0.235:0.05

hPOPC:hPOPG:CL, and 0.715:0.235:0.05 d31POPC:d31POPG:CL. Monolayers

of these solutions were spread dropwise using a Microhamilton syringe, onto an

aqueous subphase of 10 mM TRIS, 150 mM NaCl, pH 7.4 buffer, contained

within a Langmuir trough equipped with hydrophilic POM barriers that permit

symmetric compression (Nima Technology Ltd., Coventry, U.K.). A filter paper

Wilhelmy plate was used for surface pressure measurement and the organic

solvent was allowed to evaporate for 20 minutes before any measurements were

41



made. All measurements were made at room temperature (21 ◦C) and monolayer

compression was carried out at 25 cm2/s. In neutron reflectivity measurements,

hydrogenated monolayers were measured on D2O buffer, with the deuterated

monolayers measured on both D2O buffer and NRW buffer.

The monolayer was first symmetrically compressed to 20 mN/m, and the surface

pressure maintained at this value whilst the neutron reflectivity was measured.

The monolayer was then further compressed to 30 mN/m, and the surface pressure

maintained whilst the reflectivity was measured. The area was then held constant

at the area corresponding to a surface pressure of 30 mN/m. An aliquot of

200 µM MinD-mts stock solution (made up with the corresponding buffer), was

then evenly injected into the subphase beneath the monolayer. The MinD-mts

was allowed to diffuse for 45 minutes, to allow the subphase concentration to

equilibrate at 4 µM, prior to measuring the reflectivity again. The monolayer

was then decompressed back to 20 mN/m, at which point the area was again

held, and the reflectivity measured.

In monolayers, the analogous states to the gel (rigid chain) and fluid (fluid chain)

phases of bilayer membranes, are the liquid-crystalline (LC) and liquid-expanded

(LE) states respectively. Which phase the monolayer is in depends on both the

temperature, and the compression of the monolayer. All measurements were made

at constant temperature, so the phase of the monolayer was controlled through

the extent to which it was compressed. Compressing the monolayer first to a

surface pressure of 20 mN/m is equivalent to the monolayer being in the fluid

phase of a bilayer. Further compression to 30 mN/m is equivalent to the gel

phase, and the canonical internal membrane pressure [65].

In contrast to previous investigations of peptide interactions with lipid monolayers

[140], the area was held constant when MinD-mts was present in the subphase.

Taking this approach was motivated by biological relevance. Bacteria possess a

peptidoglycan exoskeleton [141], which has a fixed area. So whilst the surface

area of the membrane can increase, for example through buckling, it still must

map back onto this fixed area. It is also possible that there are local variations

in the surface pressure of the membrane, dependent on its lipid composition, due

to different lipid curvatures [142].

Holding the area constant at the area corresponding to a surface pressure of

30 mN/m, allows how the peptide interacts with a monolayer with an internal

pressure corresponding to the canonical value of that in a native membrane, to
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be investigated. Decompressing the monolayer so that it is then at a surface

pressure of 20 mN/m, allows any change in the peptide interaction as the fixed

area expands, to be investigated. This maps onto the initial phases of bacterial

cell division, in which the total area of the cell membrane may be increasing,

without a proportionate increase in the number of lipid molecules.

3.2.1 Neutron reflectivity

SURF reflectometer

Neutron reflectivity measurements from the air-liquid interface were made on the

SURF beamline [143] at ISIS (Oxford, U.K.) [144]. The reflectivity was recorded

using a single point detector at fixed grazing incidence angle of 1.5◦, covering a

Qz range of 0.05≤Qz≤0.5 Å−1. Monolayers of 0.5:0.5 d62DPPC:d62DPPG and

0.5:0.5 d75DPPC:hDPPG were prepared and measured following experimental

procedures outlined earlier in this Section, against both D2O buffer and NRW

buffer subphases. A Langmuir trough of area 500 cm2 was used, which was

sealed to prevent evaporation during measurements (Figure 3.2). The trough

and barriers were cleaned by rinsing thoroughly with deionized water and ethanol

between monolayer measurements.

FIGARO reflectometer

Neutron reflectivity measurements from the air-liquid interface were made on

the FIGARO beamline [145] at ILL (Grenoble, FR) [146]. The reflectivity

was recorded using a single point detector at fixed grazing incidence angles

of 0.623◦ and 3.79◦, covering a Qz range of 0.07≤Qz≤0.3 Å−1. Mono-

layer compositions of 0.75:0.25 DPPC:DPPG, 0.715:0.235:0.05 DPPC:DPPG:CL,

0.75:0.25 POPC:POPG, and 0.715:0.235:0.05 POPC:POPG:CL, were prepared

and measured following experimental procedures outlined earlier in this Section.

The hydrogenated monolayers were measured against D2O buffer, whilst the

deuterated monolayers were measured against both D2O buffer and NRW buffer

subphases. A Langmuir trough of area 300 cm2 was used, which was sealed

to prevent evaporation during measurements, as shown in Figure 3.2 on the

beamline. The trough and barriers were cleaned by rinsing thoroughly with

deionized water and ethanol between monolayer measurements.
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Figure 3.2 Photographs of the experimental set-up on the SURF beamline (left),
and on the FIGARO beamline (right).

3.3 Effect of monolayer composition on MinD-mts

insertion

3.3.1 Surface pressure-area isotherms

Surface pressure-area isotherms were measured for hydrogenous monolayer

compositions on a H2O buffer subphase. The monolayers were prepared following

the experimental procedures described in Section 3.2, and were symmetrically

compressed up to collapse. A Langmuir trough of area 500 cm2 was used, with

the trough and barriers cleaned by rinsing thoroughly with deionized water and

ethanol between monolayer measurements.

The only monolayer component capable of exhibiting a liquid-expanded to liquid-

crystalline (LE-LC) phase transition is DPPC, as seen in Figure 4.3 for a pure

DPPC monolayer. The effect of incorporating different monolayer components, at

different molar fractions, on this transition, can be seen in Figure 3.3. Increasing

the molar fraction of DPPG and CL in a DPPC monolayer raises the surface
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Figure 3.3 Surface pressure-area isotherms for different h-lipid monolayer
compositions.

pressure at which the LE-LC transition occurs for DPPC, as evidenced by the

loss of the plateau stage from the profiles. When the saturated (DP) lipids

are systematically replaced with unsaturated (PO) lipids, as the mole fraction

of unsaturated lipids present in the monolayer increases, there is a correlated

increase in the mean area per molecule Al.

The surface pressure is determined by the balance of the Van der Waals

interactions of the acyl tails, with the interactions between the anionic and

zwitterionic headgroups, as well as the surface tension of the air-water interface

[147]. The variation in the magnitude of the shift in Al between monolayers,

reflects the contribution from each of these different interactions, dependent on

the composition of the monolayer. When the monolayer is composed of lipids with

saturated acyl tails (DP), the interactions between the PC and PG headgroups

dominate the contribution to the surface pressure. When CL is incorporated into

this saturated monolayer, Al increases. As CL contains a PG headgroup, the

ratio of PC to PG is maintained and so the acyl tail interactions must now be

dominating the contribution to the surface pressure. The increased contribution

from the acyl tails is due to steric effects. CL is composed of both saturated

and unsaturated acyl tails (Figure 1.1), with the double bond present in the

unsaturated tails, causing these tails to kink and so occupy a larger area. This
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makes CL a larger molecule, both in terms of volume and area, than either of the

DP molecules. The larger separation between molecules results in a weaker Van

der Waals attraction between them, explaining why Al increases.

Incorporating PO lipids which also contain a double bond in one of their acyl tails,

and so also occupy both a larger area and volume compared to DP lipids (but

not as large as CL), increases Al. The inclusion of CL in the monolayer produces

a larger shift in Al, than the PO content of the monolayer. Maintaining the same

ratio of PC to PG and gradually increasing the unsaturation of the monolayer

by switching from DP to PO acyl tails, shows that the acyl tail interactions

are dominating the contribution to the surface pressure, as is the case when

CL is included. The exception to this appears to be when the monolayer is

fully unsaturated, which produces a smaller Al at a given surface pressure than

when the monolayer was 75% unsaturated. This is most likely due to the fully

unsaturated monolayers being ideally mixed, compared to the mixed saturated

monolayers which may not be. Ideal mixing results in the optimization of the

lipid packing within the monolayer, so that Al in an ideally mixed monolayer is

reduced compared to that for a non-ideally mixed monolayer.

3.3.2 Brewster angle microscopy

Brewster angle microscopy (BAM) images were taken using an EP3se imaging

ellipsometer (Nanofilm Technology, Goettingen, Germany) mounted over a Lang-

muir trough. Monolayers were prepared and measured following experimental

procedures described in Section 3.2, with images recorded at surface pressures

of 20 and 30 mN/m, both with and without MinD-mts present in the subphase.

Only hydrogenous monolayers were imaged, on a H2O buffer subphase using a

x10 objective, at an incident angle of 53◦. All images were background corrected

as described in Section 2.3.2.

Images

Briefly, the images in Figures 3.4-3.10 show that as the unsaturation of the

monolayer increases through the incorporation of PO and CL lipids, so too does

the ratio of liquid-expanded (LE) to liquid-crystalline (LC) phase. Monolayers

comprising 0.75:0.25 hPOPC:hPOPG and 0.715:0.235:0.05 hPOPC:hPOPG:hCL

did not form any domains under the conditions investigated here, with the
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monolayers remaining in the LE phase throughout. This supports the theory

that these monolayers are ideally mixed, as phase separation did not take place,

which is consistent with their corresponding Langmuir isotherms. The addition

of MinD-mts to the subphase was observed to have a more profound effect

on the saturated monolayers, which will be discussed in further detail below.

BAM images can be compared between the monolayer at 20 and 30 mN/m, and

between images recorded at 30 mN/m with and without MinD-mts present in the

subphase. Comparison of images taken at 20 mN/m, with and without MinD-mts

present in the subphase, are subject to the caveat that these images are recorded

with the monolayers covering different areas.

For the 0.5:0.5 hDPPC:hDPPG monolayer, compression to a surface pressure

of 20 mN/m produced a homogeneous layer, as well as the onset of very small

(<5 µm) bright collapse dots (indicated by a red circle in Figure 3.4). Further

compression to 30 mN/m produced no major change, nor did the addition of

MinD-mts to the subphase. However the image recorded at 30 mN/m with MinD-

mts present is more in focus than that at 30 mN/m without MinD-mts, and so it

is clearer to see a 50% coverage of indistinct 30 µm diameter light grey patches

appear (white circle), alongside very dark 10 µm diameter patches (green circle).

On decompression to 20 mN/m, these very dark areas disappear and distinct light

grey LC domains can be seen. These unconnected LC domains show a variety of

different shapes, from small 5 µm circles, to larger irregular 10 µm wide domains.

The LC domains cover 50% of the surface, and the collapse dots are no longer

present.

For the monolayer comprising the same lipids but with a reduced fraction

of the anionic phospholipid (0.75:0.25 hDPPC:hDPPG), the monolayer again

homogenizes upon compression to 20 mN/m, and remains so upon further

compression to 30 mN/m (Figure 3.5). Upon injection of the MinD-mts at

30 mN/m, the film remains homogeneous. Decompression of the monolayer to

20 mN/m leads to an interconnecting network of LC domains, covering 80% of

the interface. There are some independent 5 µm wide LC domains, with the

remainder of the interface covered by LE phase.

Altering the anionic component of the monolayer such that the monolayer

comprises 0.715:0.235:0.05 hDPPC:hDPPG:hCL, and compressing to 20 mN/m

produces large 25-40 µm, mainly bean-shaped (and some tri-lobed) LC domains,

which are closely packed (Figure 3.6). These LC domains cover ≈90% of the

surface, with the grey-scale shading across them indicating internal acyl tail
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tilting. Compression to 30 mN/m causes the smaller LC domains to grow such

that all the LC domains are ≈40 µm in diameter, and cover 99% of the interface.

Addition of the MinD-mts removes the LC domain boundaries so that they merge

together, covering 80% of the surface. Decompression to 20 mN/m produces a

percolating interconnected LC domain network which encapsulates regions of LE

phase. Circular LC domains are also produced, however the total LC domain

coverage is reduced to 40%, with the rest of the interface in the LE phase.

For the 0.75:0.25 hDPPC:hPOPG monolayer, which contains unsaturated lipids,

at 20 mN/m small 10 µm diameter star-shaped LC domains cover 50% of the

surface (Figure 3.7). The monolayer then homogenizes on further compression

to 30 mN/m, and collapse dots appear. This does not change upon addition

of MinD-mts until the monolayer is decompressed back to 20 mN/m, whereby

the collapse dots disappear and a network of closely packed LC domains forms,

covering 95% of the interface. These LC domains are of varying shapes and sizes,

from 5 µm diameter circles to 30 µm diameter irregular domains.

For a monolayer comprising 0.715:0.235:0.05 hDPPC:hPOPG:hCL, compression

to 20 mN/m produces large 30 µm circular bean-shaped domains (Figure 3.8).

These LC domains exhibit clear acyl tail tilting, as seen from the grey-scale

shading across them, with the distribution of the LC and LE phases even at 50%.

Upon compression to 30 mN/m, the LC domains increase in quantity but not size,

such that they cover 80% of the interface. This does not change upon addition

of MinD-mts at this surface pressure. On decompression to 20 mN/m, there is a

small decrease in the fraction of the interface covered by these LC domains, to

70%.

For the 0.75:0.25 hPOPC:hDPPG monolayer (Figure 3.9) at 20 mN/m, short

(<10 µm) elongated bean-like domains cover <5% of the surface, with no change

on compression to 30 mN/m. There is no visible change upon injection of MinD-

mts at 30 mN/m, or on decompression to 20 mN/m.

Incorporation of CL to yield a monolayer comprising 0.715:0.235:0.05

hPOPC:hDPPG:hCL and compressing to 20 mN/m, results in small, circular

5 µm LC domains, within a LE phase which covers 95% of the interface

(Figure 3.10). Compression to 30 mN/m leads to these LC domains becoming

brighter. Adding MinD-mts to the subphase causes a reduction in the brightness

of these LC domains, alongside a reduction in their number, to a coverage of <5%.

Decompression of the monolayer to 20 mN/m causes an even further reduction
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Figure 3.4 Brewster angle microscopy images of a 0.5:0.5 hDPPC:hDPPG
monolayer without 4 µM MinD-mts in the subphase (top), and with
4 µM MinD-mts present (bottom), at 20 mN/m (left) and 30 mN/m
(right). Areas of interest are circled and discussed in the text. The
scale bar is 50 µm.
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Figure 3.5 Brewster angle microscopy images of a 0.75:0.25 hDPPC:hDPPG
monolayer without 4 µM MinD-mts in the subphase (top), and with
4 µM MinD-mts present (bottom), at 20 mN/m (left) and 30 mN/m
(right). The scale bar is 50 µm.
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Figure 3.6 Brewster angle microscopy images of a 0.715:0.235:0.05
hDPPC:hDPPG:hCL monolayer without 4 µM MinD-mts in
the subphase (top), and with 4 µM MinD-mts present (bottom), at
20 mN/m (left) and 30 mN/m (right). The scale bar is 50 µm.
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Figure 3.7 Brewster angle microscopy images of a 0.75:0.25 hDPPC:hPOPG
monolayer without 4 µM MinD-mts in the subphase (top), and with
4 µM MinD-mts present (bottom), at 20 mN/m (left) and 30 mN/m
(right). The scale bar is 50 µm.
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Figure 3.8 Brewster angle microscopy images of a 0.715:0.235:0.05
hDPPC:hPOPG:hCL monolayer without 4 µM MinD-mts in
the subphase (top), and with 4 µM MinD-mts present (bottom), at
20 mN/m (left) and 30 mN/m (right). The scale bar is 50 µm.
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Figure 3.9 Brewster angle microscopy images of a 0.75:0.25 hPOPC:hDPPG
monolayer without 4 µM MinD-mts in the subphase (top), and with
4 µM MinD-mts present (bottom), at 20 mN/m (left) and 30 mN/m
(right). The scale bar is 50 µm.
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Figure 3.10 Brewster angle microscopy images of a 0.715:0.235:0.05
hPOPC:hDPPG:hCL monolayer without 4 µM MinD-mts in
the subphase (top), and with 4 µM MinD-mts present (bottom), at
20 mN/m (left) and 30 mN/m (right). The scale bar is 50 µm.
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in the quantity of LC domains visible, such that 99% of the monolayer is in the

LE phase, with the remaining area covered by 5 µm circular LC domains.

Discussion

0.5:0.5 and 0.75:0.25 hDPPC:hDPPG monolayers

These monolayers are homogeneous upon compressing to both 20 and 30 mN/m.

This is not surprising as from their surface pressure-area isotherms shown in

Figure 3.3, both of these monolayers transition from the LE to the LC phase

at surface pressures lower than these. Hydrogen bonds form between the

glycerol hydroxyl and the phosphate group of neighbouring PG headgroups, and

the phosphate group of PC molecules, leading to monolayer homogenization.

Homogenization represents ideal molecular mixing within the monolayer. The

presence of Na+ ions in the subphase promotes the release of counter-ions bound

to the hydrophilic headgroups [24], increasing the dissociation of the negatively

charged PG lipid headgroups. This is analogous to “salting in”, and results in an

increase in the electrostatic repulsion between the lipids. Whilst this increased

repulsion does not prevent the monolayer from homogenizing, it could explain

the appearance of collapse dots at the 0.5:0.5 ratio and not at 0.75:0.25, with

the increased anionic content, resulting in material being pushed out of the

monolayer.

Addition of MinD-mts at 30 mN/m to the 0.5:0.5 hDPPC:hDPPG monolayer

did not alter the appearance of the monolayer. The in-focus image shows

that at 30 mN/m, whether MinD-mts is present or not, there is a variation

in grey-scale even within the homogeneous LC monolayer, indicating domains of

differently tilted acyl tails. Decompression to 20 mN/m results in the monolayer

dehomogenizing, indicating that the MinD-mts has inserted. Anionic lipids can

create a low pH environment, which could favour protonation of acidic amino

acids in the MinD-mts α-helix [134], leading to the MinD-mts binding to the

monolayer. Binding could induce separation of the monolayer components,

resulting in lateral lipid redistribution and so a clustering of anionic lipids [25].

When multiple peptides bind to domains, the change in acyl tilt from one lipid

to the next is imperceptible, however over the long ranges imaged in BAM, this

change is perceptible as a variation in the grey-scale. The initial electrostatic

attraction between the negatively charged PG lipids and the cationic MinD-mts,

is reinforced by the hydrophobic interaction between the amphipathic MinD-mts
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and the hydrophobic lipid acyl tails [130], disrupting lipid-lipid intermolecular

interactions such that the monolayer separates into LC and LE phases. The loss

of the collapse dots indicates that the material which was previously contained

within these dots, has reinserted into the monolayer. This is a consequence of

the method followed, as the area equivalent to 20 mN/m on the decompression,

was larger than that on the initial compression, due to insertion of peptide. This

is not inconsistent with behaviour that might be expected in dividing bacteria,

where additional interfacial area will be created prior to division.

Addition of MinD-mts at 30 mN/m to the 0.75:0.25 hDPPC:hDPPG monolayer,

did not alter its appearance. It is possible that at this composition, repulsions

between neighbouring anionic lipids are screened by the majority PC lipid.

Decompression to 20 mN/m did alter the monolayer, indicating that the MinD-

mts has an influence on the packing of the monolayer at this surface pressure, in

the same way as for the 0.5:0.5 DPPC:DPPG composition.

0.715:0.235:0.05 hDPPC:hDPPG:CL monolayer

Whilst the 0.75:0.25 DPPC:DPPG monolayer remained homogeneous on com-

pression, when CL is incorporated to yield a 0.715:0.235:0.05 hDPPC:hDPPG:CL

monolayer, large LC domains form, resembling the bean shapes seen with pure

DPPC monolayers [148]. As DPPC is the majority component in this monolayer,

it is not surprising that it would have the most influence on the domain shape.

Addition of CL increases the fraction of negatively charged lipid in the monolayer,

increasing the electrostatic (double layer) repulsions between the lipids. The

corresponding increase in the average Al prevents the LE-LC phase transition,

and so the monolayer does not homogenize at the surface pressures measured.

However as the addition of such a small mole fraction of CL has a visually

greater impact on the monolayer compared to when the mole fraction of DPPG

was doubled (for which this charge effect should have had a greater impact), this

cannot be the only reason. As CL molecules are larger than the saturated DP

lipids used, they disrupt the packing within the monolayer. This causes attractive

Van der Waals interactions between lipids to fall off faster, as well as preventing

hydrogen bonding between the lipids, to the extent that the monolayer does not

homogenize.

Addition of MinD-mts to this monolayer at 30 mN/m, distorts the previous shape

of the LC domains. It is possible that CL is situated at the boundaries between

the LC and LE domains, due to its mixed saturated acyl tails, such that the

saturated tails are anchored in the LC domain and the unsaturated tails in the
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less ordered LE environment [19]. This localization of CL could have the potential

to act as a proton sink [149], which would encourage binding of the cationic MinD-

mts through counter-ion exchange. As a result of the MinD-mts inserting at the

interface between the LC and LE phases, it can directly alter the line tension

between these phases, causing the shape of the LC domains to change. It is also

possible that MinD-mts is acting as a surfactant, due to its amphipathic helix,

and so is changing both the surface tension of the air-water interface, and the

line tension between the LE and LC phases. On decompression to 20 mN/m, the

monolayer has the opportunity to reorganize so that the lipids are in their lowest

energy state. With the alteration of domain shape, there are regions of LE phase

contained within LC domains, indicating that there is a redistribution of the CL

in the monolayer, stabilizing the LE phase within these LC domains.

0.75:0.25 hDPPC:hPOPG monolayer

This monolayer produces small star-shaped domains at 20 mN/m, which then

homogenize at 30 mN/m. POPG does not form LC domains itself under the

conditions investigated here, however it will still influence the shape of the DPPC

LC domains formed [150]. Pure DPPG domains on a pure water subphase also

have a star shape [151], supporting the idea that it is the headgroup interactions

that are key in determining domain structure when the molecules are close

enough to interact, as both DPPG and POPG have the same headgroup. The

prevention of the homogenization of the monolayer at 20 mN/m shows how the

larger molecular structure of POPG compared to DPPG, disturbs favourable

DPPC/DPPC interactions and prevents ideal mixing of the monolayer. At this

lipid ratio with DPPG, hydrogen bonding between the lipids is assumed able to

occur, however as POPG is a larger molecule than DPPG, the lipids are packed

more loosely. The greater distance between the headgroups could potentially

hinder formation of hydrogen bonds between lipids, at this surface pressure. As

the monolayer was still able to homogenize at 30 mN/m, this indicates that

the headgroups are able to interact, in spite of the steric effect which the POPG

appears to exhibit at 20 mN/m. The steric effect is responsible for the appearance

of collapse dots at 30 mN/m.

The addition of MinD-mts at 30 mN/m does not alter the appearance of the

monolayer. Decompression of the monolayer to 20 mN/m alters the appearance

in the same way as for the hDPPC:hDPPG monolayer at both ratios.

0.715:0.235:0.05 hDPPC:hPOPG:hCL monolayer

The shape and size of the domains formed in this monolayer are different
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compared to those for a 0.75:0.25 hDPPC:hPOPG monolayer. The difference in

domain formation shows the impact of including two large anionic molecules on

the monolayer, even when these components still represent a minority fraction of

the monolayer composition. Comparing the LC domains formed to those formed

when CL was not present, it can be seen that the edges of the LC domains

are now smoother, changing the domains from star-shaped to circular bean-

shaped, indicating an increase in the line tension [139]. As was the case when

CL was incorporated into previous monolayer compositions considered above, it

is possible that the CL is situated at the interface between the LC and LE phases

[19]. It is then possible for the CL to raise the line tension of the LC domain, due

to its high intrinsic curvature [152]. The CL also appears to have reduced the

number of LC domains [24] formed, compared to when CL is not present. The

surface coverage is similar however, and so the corresponding increase in the size

of the LC domains could be attributed to the increased area of the unsaturated

lipids, some of which will be present in the LC domains. These domains remain

upon compressing to 30 mN/m, where the LC surface coverage increases, which

may be a consequence of reducing the area of the monolayer, and so packing the

LC domains closer together. That the monolayer does not homogenize, again

highlights both the steric and the electrostatic contribution which CL has on the

lipid interactions within the monolayer.

There is no visible difference in the appearance of the monolayer upon the addition

of MinD-mts at 30 mN/m. Decompression to 20 mN/m results in a small decrease

in the surface coverage of the LC domains. This could be attributed to either

MinD-mts inserting into the LE phase and so forcing the LC domains apart, or

it could be an effect of increasing the area of the monolayer, and so decreasing

the packing of the LC domains.

0.75:0.25 hPOPC:hDPPG monolayer

The majority of the lipid present in this monolayer is unsaturated and in the LE

phase, as POPC does not form LC domains under the conditions imaged here.

The reduced surface coverage of the LC domains reflects that these domains are

mainly composed of DPPG lipids, which are the minority constituent of this

monolayer. The short string-like shape that the LC domains take at 20 mN/m

is very different from the star-shape domains that formed when saturated lipids

comprised the major component of the monolayer. The string-like LC domain

shape is similar to that observed for DPPG with EFM [140], again reinforcing

the importance of the headgroup interactions on the determination of the domain
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shape. Compression to 30 mN/m does not alter the appearance of the monolayer.

Addition of MinD-mts, and the subsequent decompression to 20 mN/m, did not

alter the appearance of the monolayer from that described for when MinD-mts

was not present. This is most likely due to the low proportion of DPPG in the

monolayer preventing the formation of large LC domains, on which the influence

of MinD-mts might be expected to be more visually pronounced.

0.715:0.235:0.05 hPOPC:hDPPG:hCL monolayer

The LC domains formed for this monolayer at 20 mN/m are similar to those

for the 0.75:0.25 hPOPC:hDPPG monolayer at the same surface pressure, albeit

slightly more circular, consistent with the CL acting to raise the line tension of

the LC domains, as explained earlier. Compressing to 30 mN/m has no effect

on the LC domain coverage, however these domains do increase in brightness.

This suggests an increase in the ordering or thickness of the lipid acyl tails [153].

This could relate to the larger molecular sizes of the POPC and CL molecules

being forced to pack tightly together, so that their acyl tails interact and are

forced to straighten, or tilt, out of their preferred low energy disordered state,

into a more ordered one. This would have an effect across the whole monolayer,

as at this surface pressure all the lipids are interacting with one another, so that

the DPPG acyl tails also tilt into a more upright orientation, making these LC

domains appear brighter.

Addition of MinD-mts to this monolayer at 30 mN/m reduces the brightness of

the LC domains, indicating that MinD-mts is binding to the monolayer, through

mechanisms outlined previously for the 0.715:0.235:0.05 hDPPC:hDPPG:hCL

monolayer. Whilst the LC domains are mainly composed of DPPG, there will be

some molecules of POPC and CL contained within them. As the area per lipid

is dictated by the acyl tail structure, this would increase the distance between

neighbouring lipid headgroups within the LC domains. This would then make it

possible for MinD-mts to insert into the headgroup region. The binding of MinD-

mts to these LC domains would then induce a reorganization of the lipids within

the domain, such that their acyl tails can rearrange back into their preferred low

energy disordered state, resulting in a reduction in the brightness of these LC

domains. Decompression of the monolayer to 20 mN/m reduces the number of

LC domains visible, indicating that more MinD-mts is inserting as outlined above.

This has the effect of separating the lipids which compose the LC domains, such

that these domains break up, resulting in most of the monolayer being in the LE

phase.
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3.3.3 Neutron reflectivity analysis

Model fitting description

The data was initially attempted to be fit using a parameterized slab model. This

resulted in both visually poorly fitted data, and interfacial Gaussian roughness

values that were too large relative to the thickness of the monolayer, to preserve

the validity of the Nevot-Croce approach. Hence the approach described below

was developed in an effort to separate the contributions of each of the monolayer

components to the Gaussian roughness values, so that the parameter values

returned gave a more accurate representation of the physical distribution of the

individual components.

The neutron reflectivity data was fit using a continuous distribution model

(Section A.1) [154], by separating the monolayer into its component elements:

lipid acyl tails; lipid headgroups; and when relevant, peptide. The model assumes

there is no more than a monolayer of lipid at the interface, with the area occupied

by each lipid component at a position z relative to the air-tail interface Ia−t (set

at z=0 Å) given by:

At(z) =
Vt
2lt

(erf(
z − zt + 1

2
lt√

2σa−t
)− erf(

z − zt − 1
2
lt√

2σt−h
)) (3.1)

Ah(z) =
Vh
2lh

(erf(
z − (zt + 1

2
lt + 1

2
lh) + 1

2
lh√

2σt−h
)− erf(

z − (zt + 1
2
lt + 1

2
lh)− 1

2
lh√

2σh−s
))

(3.2)

Each component/interface is denoted by the subscript letters, such that a-t

denotes the air-tail interface, with a referring to the air, and t to the acyl

tails. The other components are referred to as: lipid headgroups h, peptide

p, and subphase s. The width on interface Ix−x is denoted by σx−x. Vx is the

volume of the component, which is a weighted sum (in the ratio of the individual

PC:PG:CL components present) of the volumes of the components present in the

lipid monolayer, and lx the length of the component. The centre point of each

component length is denoted zx, as illustrated in Figure 3.11.

It is assumed that there is no water associated with the acyl tails, as they are

hydrophobic. This means that the maximum area of the acyl tails dictates the
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Figure 3.11 Schematic indicating how the various parameters used within the
model relate to one another.

maximum area of the lipid molecule Al, such that at z=zt; max(At(z))=Al. This

allowed the length of the lipid headgroup lh to be calculated, as well as the

position of the head-subphase interface Ih−s. The headgroup is connected to the

acyl tails, with the headgroup distribution profile set to begin at z=zt+1/2lt. The

resultant distribution profiles can be seen in Figure 3.12, where At(z) is denoted

by the red line, and Ah(z) by the green line.

The area functions At(z) and Ah(z) are discretized into 1 Å thick layers, which

summed together give the lipid area, shown by the red line in Figure 3.13. The

model assumes the lipid is sitting within a box, as shown in Figure 3.11, the area

AB of which reflects the area per molecule, given by AB=max(At(z))=Al for a

single lipid. As the headgroup is hydrated, the volume surrounding it is filled

with subphase, as shown schematically by the blue region in Figure 3.11. The

area of the subphase surrounding the headgroup at a position z is given by:

As(z) = Al − (At(z) + Ah(z)) (3.3)

The resultant subphase profile is shown by the blue line in Figure 3.13, which

also shows the contribution from both this and the lipid distribution profile to the

overall distribution profile, illustrated by the dashed pink line, at a position z.

Modelling with error functions across interfaces ensures that the volume fraction
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Ia-t It-h Ih-s
max (At(z)) = Al

zh

zt

Figure 3.12 Original continuous distribution profiles for the individual lipid
components of the 0.5:0.5 DPPC:DPPG monolayer at 20 mN/m.

Ia-t Ih-s

AB = Al

Figure 3.13 Resultant continuous distribution profiles for the 0.5:0.5
DPPC:DPPG monolayer at 20 mN/m.

never exceeds one, which is not the case for the simpler parameterized slab model,

for which the interfaces have a Gaussian (roughness) profile.

This model was then modified to include the MinD-mts peptide (Section A.2),

to fit data obtained from monolayers measured on subphases which contained

MinD-mts. The peptide is treated separately from the lipid molecule, allowing
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the position of the peptide to vary with respect to the lipid, to reflect where it is

positioned relative to the monolayer. The z minimum of the peptide is referred

to as the air-peptide interface (Ia−p), as this end of the peptide is closest to the

air superphase, with the z maximum of the peptide referred to as the peptide-

subphase interface (Ip−s). The area of the peptide at a position z relative to the

air-tail interface Ia−t at z=0 Å is given by:

Ap(z) =
Vp
2lp

(erf(
z − zp + 1

2
lp√

2σa−p
)− erf(

z − zp − 1
2
lp√

2σp−s
)) (3.4)

This can be seen in Figure 3.14, where the area of the MinD-mts peptide (purple

line), overlays the area of the lipid acyl tails (red line), indicating that the peptide

is located within the acyl tail layer in the monolayer.

As the peptide is amphipathic, at least one face of the α-helix will be hydrated.

The position of the subphase interface Is relative to the lipid is then dependent

on the position of the peptide, so if Ip−s≤Ih−s then Is=Ip−s, else if Ip−s≥Ih−s
then Is=Ih−s, as seen in Figure 3.15. The area per molecule AB when peptide is

present, depends on the number of peptides associated with each lipid molecule

npl, so that AB=Al+npl(maxAp(z)). The relevant ratio of each area function

(At(z), Ah(z) and Ap(z)) at a position z is then taken, so that the total area is

illustrated by the dashed pink line in Figure 3.15.

Lower Bound Fit Parameter Upper Bound

12 It−h(Å) 23

0 Ia−p(Å) 60

12 Ip−s(Å) 16

2 σx−x(Å) 6

0 npl 5

Table 3.1 Fit parameters, and their relevant limits, used to model the neutron
reflectivity data in Section 3.3.3.

The interfacial positions were all allowed to vary, relative to the air-tail interface

Ia−t at z=0 Å, as summarized in Table 3.1, along with their relevant upper

and lower limits. The interfacial width on all interfaces σx−x, and the number

of peptides per lipid npl were also fit. The interfacial width parameter ranges

between the roughness of a bare air-liquid interface, and the average length of

the minimum volume component in the monolayer i.e. the headgroup, so that
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Figure 3.14 Original continuous distribution profiles for the individual lipid
components of the 0.5:0.5 DPPC:DPPG monolayer at 20 mN/m,
with 4 µM MinD-mts present in the subphase.

Ia-p 

Ia-t Ih-s

AB

Is = Ip-s

Al

Figure 3.15 Resultant continuous distribution profiles for the 0.5:0.5
DPPC:DPPG monolayer at 20 mN/m, with 4 µM MinD-mts
present in the subphase.

the values fit were meaningful in relation to the dimensions of the monolayer.

The fit parameter ranges for the length of the lipid acyl tails and peptide were

constrained to reflect their known physical dimensions [74, 155], with the position

of the air-peptide interface allowed to vary along the full length of the lipid.
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Results

The simultaneous reflectivity fits (and the corresponding scattering length density

or SLD profiles) produced for each of the monolayers, with all contrasts at each

surface pressure (π), are in the Appendix (Figures A.1-A.5). The values found

for each of the parameters which generated these fits are shown in Tables 3.2-3.5.

For the 0.5:0.5 d62DPPC:d62DPPG monolayer on D2O, the reflectivity profiles

measured at 20 and 30 mN/m when MinD-mts was present in the subphase, were

not included in the simultaneous fits alongside the other contrasts measured.

This was because the concentration of MinD-mts in the subphase beneath this

monolayer was not at 4 µM, and so to prevent it from influencing the simultaneous

fitting of the different contrasts, it was omitted. All the monolayer values

presented here are then comparable, as all the monolayers are responding to

the same concentration of MinD-mts in the subphase.

Figures 3.17-3.21 show the changes in the profiles measured for each monolayer on

a D2O subphase, at each surface pressure and MinD-mts subphase concentration.

From the SLD profiles determined for the 0.715:0.235:0.05 DPPC:DPPG:CL

monolayer, shown in Figure 3.19, it is possible to pick out the positions of the

monolayer components which build the density distribution shown in Figures 3.14

and 3.15. Figure 3.16 has been annotated to illustrate this.

The fits are mainly driven by the NRW contrast, which is to be expected as

this contrast provides the most information about the density of material at

the air-subphase interface. The data at low Qz fits very well, as seen in both the

Figures shown here and in the Appendix. Figure A.2 shows how the simultaneous

fit, fits to each individual contrast for the 0.75:0.25 DPPC:DPPG monolayer.

Individually fitted contrasts sometimes result in different parameter fits compared

to the simultaneous parameter fits. Making an adjustment to the simultaneous

data fit shown in Figure 3.18 at 20 mN/m without MinD-mts present in the

subphase, such that the d62:d62 against D2O fit at high Qz improves, causes

the d62:d62 against NRW fit to worsen at all values of Qz. This is shown in

Figure A.6, with no change to the h:h against D2O fit indicating that this contrast

is not very sensitive to the parameter adjustments, which are listed in Table A.1.

The adjusted fit produces a higher reflectivity than what was measured from the

NRW data, i.e. it is simulating more material than is actually present at the

interface. Whilst the original NRW fit gives the correct density of material at

the interface, how the material is distributed at the interface is found at high Qz
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Figure 3.16 SLD profiles for 0.715:0.235:0.05 d62DPPC:d62DPPG:hCL
against D2O at 20 mN/m (red) and 30 mN/m (green) without
4 µM MinD-mts present in the subphase, and at 20 mN/m
(purple) and 30 mN/m (blue) with 4 µM MinD-mts present -
annotated to show the contributions from the different components
within the monolayer.

in the reflectivity data, with the d62:d62 against D2O contrast more sensitive to

fine structural detail within the monolayer than the NRW contrast is.

From the corresponding BAM image of this monolayer (Figure 3.5), at this surface

pressure the monolayer is homogeneous, however there are regions of differently

tilted acyl tails present within it (as revealed by the grey-scale modulation in

Figure 3.5). There is a 6 Å difference in the thickness of the acyl tail layer

between the simultaneous fit and the adjusted fit. The maximum thickness the

acyl tail layer can be is 21 Å, based on its chemical structure. As the monolayer

is all in the LC phase, to measure an acyl tail layer thickness of 12 Å the acyl

tails must be tilted at an angle of 55◦ to the interface normal, compared to an

angle of 30◦ for an acyl tail layer thickness of 18 Å. It is likely that the majority

of the acyl tails in the monolayer are at an angle of 55◦ to the normal, but that

there are some areas (visible in the BAM image) where they are at 30◦, with this

structure being picked up by the d62:d62 against D2O contrast. As the original

simultaneous fit generates the correct amount of reflectivity from the interface,

the majority thickness of the acyl tail layer can be taken as 12 Å, as presented
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in Table 3.2. It is also possible that differences between the individual contrast

fits are due to isotope effects from the differently deuterated monolayers and

subphases.

Similar adjustments can be made to the simultaneous fits for this monolayer at

30 mN/m, and for the 0.715:0.235:0.05 DPPC:DPPG:CL monolayer at 20 and

30 mN/m, to account for the difference between the deuterated monolayer fits on

D2O compared to those on NRW. Making adjustments to simultaneously fitted

data to improve individual contrast fits, is also seen in Chapter 5.

The simultaneous fits to the 0.75:0.25 d62DPPC:d62DPPG and 0.715:0.235:0.05

d62DPPC:d62DPPG:hCL monolayers against D2O at 20 mN/m with MinD-

mts present in the subphase (seen in Figures 3.18 and 3.19 respectively), are

poor. The fringe in the simultaneous fits at high Qz suggests that the fitted

layer is too thick. The additional reflectivity present in the data can be

attributed to inhomogeneity within these monolayers, with this inhomogeneity

particularly obvious for the 0.715:0.235:0.05 DPPC:DPPG:CL monolayer at

20 mN/m with MinD-mts present in the subphase, from its corresponding

BAM image (Figure 3.6). This image shows percolating regions, with a lot of

interfacial area between the LE and LC phases. These regions have different

layer thicknesses, and as they are on the length-scale of the neutron coherence

length (≈10 µm), could give rise to additional interference effects across these

interfaces, and so produce the additional reflectivity observed for this monolayer

in Figure 3.19. If CL is stabilizing these internal interfaces, as was suggested in

Section 3.3.2, there will also be a neutron contrast difference across the interface,

due to the different deuteration of the CL and DP lipids within this monolayer.

Modelling these additional interference effects is very difficult. A simple

incoherent superposition model was implemented in an attempt to fit these

inhomogeneous monolayers, however it required double the amount of fit

parameters (so doubling the uncertainty of the fit) whilst not improving the fit

(data not shown).

From the BAM images in Section 3.3.2, for increasingly unsaturated monolayer

compositions the monolayer exhibits more short and long-range order. Interfacial

interference effects then become less of an issue, such that the fits for the 0.75:0.25

POPC:POPG and 0.715:0.235:0.05 POPC:POPG:CL monolayers, which do not

form any domains, are very good across the whole Qz range.

The range for the fitted interfacial width parameter was 2-6 Å, and as can be

68



seen in Tables 3.2-3.5, the width across each interface generally takes a value at

one end of this range. Even if this range is increased, the interfacial width still

takes a value at one end of the range. This is also indicating that there is a

feature in the data that the model is not capturing, consistent with measuring

from inhomogeneous monolayers, and so this is being compensated for by this

parameter being pushed to its range limit. That the confidence band on this

value is then sometimes negligible is possibly a result of the fitting procedure,

where the parameter value can fall into a deep minima during the minimization

of χ2 when fitting.

For the 0.5:0.5 DPPC:DPPG monolayer on D2O shown in Figure 3.17, the SLD

profiles are similar upon compression and MinD-mts injection at 30 mN/m,

with minor variations in the interfacial width on the lipid headgroup-subphase

interface, as evidenced by the variation of the SLD gradient through the profile,

quantified in Table 3.2. The area per lipid (Al) and thickness of the acyl

tails remained roughly constant throughout. On addition of MinD-mts to the

subphase at 30 mN/m, the peptide did not interact with the monolayer at all. On

decompression to 20 mN/m with MinD-mts present in the subphase, the peptide

inserts into the acyl tail region, which is possible to see from the SLD profile, as

the SLD across this layer is at a lower value than for previous measurements.

The position of the MinD-mts peptide is also clear from the SLD profile in

Figure 3.18 for a 0.75:0.25 DPPC:DPPG monolayer. From the profiles at 20

and 30 mN/m without MinD-mts, the position of the lipid headgroup-subphase

interface is clear. With MinD-mts present, the subphase interface is shifted,

with the peptide sitting beneath the lipid headgroups at both the measured

surface pressures. There is an increase in the number of peptides per lipid on

decompressing, accompanied by an increase in Al, from 53 Å2 to 74 Å2. Whilst

this difference in Al appears large, assuming the lipid headgroup is spherical, it

equates to an increase in the radius of only 1.3 Å.
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Figure 3.17 Neutron reflectivity data (circles, with errors) and fits (lines) for
0.5:0.5 DPPC:DPPG against D2O (left - profiles offset by 10 for
clarity), and the corresponding SLD profiles (right), at 20 and
30 mN/m, both with and without 4 µM MinD-mts present in the
subphase. Due to only being able to measure the reflectivity at 1.5◦,
which covered a Qz range of 0.05≤Qz≤0.5 Å−1, the D2O critical
edge at Qz=0.017 Å−1 is not present in the reflectivity profiles.

Figure 3.18 Neutron reflectivity data (circles, with errors) and fits (lines) for
0.75:0.25 DPPC:DPPG against D2O (left - profiles offset by 10
for clarity), and the corresponding SLD profiles (right), at 20 and
30 mN/m, both with and without 4 µM MinD-mts present in the
subphase.

Figure 3.19 Neutron reflectivity data (circles, with errors) and fits (lines)
for 0.715:0.235:0.05 DPPC:DPPG:CL against D2O (left - profiles
offset by 10 for clarity), and the corresponding SLD profiles (right),
at 20 and 30 mN/m, both with and without 4 µM MinD-mts present
in the subphase.
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Figure 3.20 Neutron reflectivity data (circles, with errors) and fits (lines) for
0.75:0.25 POPC:POPG against D2O (left - profiles offset by 10
for clarity), and the corresponding SLD profiles (right), at 20 and
30 mN/m, both with and without 4 µM MinD-mts present in the
subphase.

Figure 3.21 Neutron reflectivity data (circles, with errors) and fits (lines)
for 0.715:0.235:0.05 POPC:POPG:CL against D2O (left - profiles
offset by 10 for clarity), and the corresponding SLD profiles (right),
at 20 and 30 mN/m, both with and without 4 µM MinD-mts present
in the subphase.
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Table 3.2 Fitted neutron reflectivity parameters for DPPC:DPPG monolayers, both with and without 4 µM MinD-mts present in the
subphase.

Lipid Ratio 0.5:0.5 0.75:0.25
MinD-mts (µM) 0 4 0 4
π(mN/m) 20 30 30 20 20 30 30 20

Al(Å
2) 49.6±0.3 46.2±0.4 47.4±0.3 49.9±1.1 50.7±2.6 49.2±3.1 53.1±0.1 74.0±16.8

npl — — 0.21±0.16 0.29±0.01 — — 0.25±0.04 1.36±0.36

σa−t(Å) 2.0±0 2.0±0 2.0±0 2.0±0 6.0±0.2 6.0±0.2 5.3±0.5 2.0±1.3

σt−h(Å) 2.0±0 2.0±0 2.2±0.4 2.0±0 6.0±0.2 6.0±0 6.0±0.1 2.0±2.4

σh−s(Å) 4.7±0.4 5.5±0.6 5.0±0.3 6.0±0 6.0±0 6.0±0 4.8±0.8 2.0±1.4

σa−p(Å) — — 2.0±0.1 6.0±0 — — 6.0±4.6 5.2±1.8

σp−s(Å) — — 6.0±0.2 6.0±0.6 — — 6.0±0.5 2.0±1.0

It−h(Å) 17.9±0.1 19.3±0.2 18.8±0.1 17.8±0.4 12.0±0.6 13.1±0.8 12.0±0 12.0±2.7

Ih−s(Å) 24.3±0.1 26.1±0.2 25.5±0.1 24.2±0.4 18.3±0.7 19.6±0.9 18.0±0 16.3±2.9

Ia−p(Å) — — 60.0±0.8 0±0.6 — — 21.1±1.5 22.0±8.6

Ip−s(Å) — — 72.0±0.2 15.4±1.2 — — 37.1±2.7 34.0±2.0
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MinD-mts (µM) 0 4
π(mN/m) 20 30 30 20

Al(Å
2) 69.3±0 60.0±0.1 69.3±0 41.0±9.2

npl — — 0.47±0.04 2.27±0.40

σa−t(Å) 2.0±0 4.1±1.3 2.0±0 6.0±3.8

σt−h(Å) 6.0±0.1 6.0±0.4 6.0±0 2.0±2.9

σh−s(Å) 6.0±0.1 6.0±0.1 2.0±0 2.0±2.5

σa−p(Å) — — 6.0±0 6.0±0.1

σp−s(Å) — — 6.0±0 5.8±2.5

It−h(Å) 12.0±0 12.0±0 12.0±0 22.8±5.1

Ih−s(Å) 16.7±0 17.5±0 16.7±0 30.8±5.4

Ia−p(Å) — — 17.3±0.5 12.4±4.9

Ip−s(Å) — — 33.3±0 28.4±1.1

Table 3.3 Fitted neutron reflectivity parameters for 0.715:0.235:0.05
DPPC:DPPG:CL monolayers, both with and without 4 µM
MinD-mts present in the subphase.

A monolayer composition of 0.715:0.235:0.05 DPPC:DPPG:CL produced the

profiles in Figure 3.19, with the parameters which generated these profiles listed

in Table 3.3. There was a decrease in Al from 69 Å2 to 60 Å2 upon compressing

from 20 to 30 mN/m. The addition of MinD-mts at 30 mN/m increased Al to

69 Å2, with the peptide bound beneath the lipid headgroups. Decompression

of the monolayer to 20 mN/m resulted in the peptide then inserting into the

acyl tails. The steric effect of the peptide inserting into this region causes the

thickness of the acyl tails to increase as they become more ordered, resulting in

Al decreasing to 41 Å2.

The fitted parameters which produced the SLD profiles in Figure 3.20 from a

0.75:0.25 POPC:POPG monolayer, are listed in Table 3.4. The influence of

the MinD-mts on the monolayer alters both the SLD of the respective layers

within the monolayer, and shifts the SLD profiles to the right, indicating that

the peptide has inserted at both surface pressures, resulting in the thickness of the

monolayer increasing. As for the 0.715:0.235:0.05 DPPC:DPPG:CL monolayer,

there was a similar decrease in Al upon compression from 20 to 30 mN/m. On

injection of MinD-mts at 30 mN/m, Al decreased again, from 61 Å2 to 39 Å2,

with the thickness of the acyl tails increasing. This corresponded with peptide

inserting into the lipid headgroups, which was not seen on injection of MinD-mts

at 30 mN/m for any of the previous monolayers measured. Decompression of the

monolayer to 20 mN/m resulted in more peptide inserting into the headgroup

region.
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MinD-mts (µM) 0 4
π(mN/m) 20 30 30 20

Al(Å
2) 68.1±2.7 61.3±3.0 39.4±6.9 38.4±3.2

npl — — 1.67±0.37 2.75±0.65

σa−t(Å) 2.0±0 2.0±0.1 6.0±1.3 6.0±1.5

σt−h(Å) 6.0±0 6.0±0 6.0±4.8 6.0±2.6

σh−s(Å) 6.0±0 6.0±0 6.0±2.5 6.0±2.0

σa−p(Å) — — 6.0±0 6.0±1.0

σp−s(Å) — — 6.0± 0 6.0±0.1

It−h(Å) 12.3±0.5 14.2±0.7 22.2±3.9 23.0±1.9

Ih−s(Å) 17.0±0.5 19.4±0.7 30.3±4.1 31.3±2.0

Ia−p(Å) — — 21.7±4.3 29.0±4.0

Ip−s(Å) — — 37.7±0.1 43.5±1.7

Table 3.4 Fitted neutron reflectivity parameters for 0.75:0.25 POPC:POPG
monolayers, both with and without 4 µM MinD-mts present in the
subphase.

MinD-mts (µM) 0 4
π(mN/m) 20 30 30 20

Al(Å
2) 72.4±0.1 72.4±2.0 42.4±0 42.5±0

npl — — 2.92±0.85 1.69±0.39

σa−t(Å) 2.0±0 2.0±0 2.4±0.2 2.0±0

σt−h(Å) 6.0±0 6.0±0 6.0±0.1 6.0±0

σh−s(Å) 6.0±0 6.0±0 6.0±0 6.0±0

σa−p(Å) — — 6.0±0 6.0±0

σp−s(Å) — — 6.0±0 6.0±0

It−h(Å) 12.0±0 12.0±0.3 23.0±0 23.0±0

Ih−s(Å) 16.5±0 16.5±0.4 30.7±0 30.7±0

Ia−p(Å) — — 0±0 0±0

Ip−s(Å) — — 16.0±0.7 12.0±0

Table 3.5 Fitted neutron reflectivity parameters for 0.715:0.235:0.05
POPC:POPG:CL monolayers, both with and without 4 µM
MinD-mts present in the subphase.

The SLD profiles and corresponding fitted parameters for the 0.715:0.235:0.05

POPC:POPG:CL monolayer are shown in Figure 3.21 and Table 3.5 respectively.

For this monolayer Al remained constant at 72 Å2 throughout compression from

20 to 30 mN/m. Upon injection of MinD-mts at 30 mN/m, Al decreased to

42 Å2, where it remained on decompression to 20 mN/m. The reduction in Al is

associated with the peptide inserting into the acyl tail region, and the thickness of

this layer increasing, however there is less peptide present in the layer at 20 mN/m

than at 30 mN/m.
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Discussion

From the reflectivity data, the corresponding SLD profiles, and the associated

parameter values, as the surface pressure within the monolayer decreases,

the amount of MinD-mts that inserts into the monolayer increases. MinD-

mts insertion also increases with increasing the unsaturation of the monolayer

composition.

0.5:0.5 DPPC:DPPG monolayer

For this monolayer, the thickness of the acyl tails and the area per lipid Al,

remained roughly constant throughout. This was not that surprising, as from the

surface pressure-area isotherm in Figure 3.3, there is only a minor decrease in Al

over the compression range from 20 to 30 mN/m. The values of Al measured from

the surface pressure-area isotherms, are all slightly larger than those measured

with neutron reflectivity. Some of this may be due to Langmuir trough error

[156], as well as environmental factors [75] such as room temperature, which was

not controlled here. Whilst the surface pressure-area isotherms give an idea of

what Al is, this value as determined by neutron reflectivity can be regarded as

being accurate as it is directly measured.

As Al remains roughly constant throughout, this indicates that the lipids are

tightly packed within the monolayer under all conditions measured, with Al in

agreement with other values commonly reported in literature [75]. Comparing

the thickness of the acyl tails in the 0.5:0.5 DPPC:DPPG monolayer to those in

the same monolayer at 0.75:0.25, there is a 6 Å difference. From the BAM images

(Figures 3.4 and 3.5), both of these monolayers are homogeneous and so the lipids

are in the LC phase, for the initial measurement at 20 mN/m. The difference in

acyl tail thickness then suggests that the lipids within these monolayers are tilted

differently within the LC phase, which is seen by the grey-scale variation in the

BAM images.

On injection of the MinD-mts into the subphase, the peptide did not insert at

30 mN/m, and this may be due to the closely packed structure of this monolayer,

as evidenced by the constant Al value. Instead, decompression of the monolayer to

20 mN/m allowed peptide to insert into the acyl tails of the monolayer, oriented

with its long axis perpendicular to the interface. As Al does not change, the

peptide inserting does not affected the packing of the lipids. The presence of

collapse dots in the BAM images on compression to 30 mN/m, and following

injection of MinD-mts at 30 mN/m, also confirms that the lipids are as closely
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packed as they can be, and so why Al remains constant. On decompression to

20 mN/m, the collapse dots disappear, with the reflectivity data confirming that

peptide also inserts into the monolayer. It is possible that on decompression,

the lipids that were expelled above the interface are able to reinsert into the

monolayer, as the lipids within the monolayer rearrange into the lower energy

disordered state. As peptide is present in the subphase, when the monolayer

rearranges it is possible for peptide to insert into the rearranging monolayer.

As was previously noted in Section 3.3.2, cationic MinD-mts initially binds to

the monolayer through an electrostatic attraction to the negative charge on

the monolayer, which arises from the partially dissociated PG lipid component.

Alternatively, excess lipids may be expelled into the subphase as a vesicle when

the peptide inserts, explaining why collapse dots are no longer seen and yet

peptide is able to insert.

0.75:0.25 DPPC:DPPG monolayer

On compression of this monolayer, and injection of MinD-mts at 30 mN/m, Al

remains similar to that determined for the 0.5:0.5 DPPC:DPPG monolayer. It

was expected that reducing the amount of negatively charged PG molecules in

the monolayer would lead to a reduction in the amount of peptide associated per

lipid, due to the reduced electrostatic attraction between the two. At 30 mN/m,

the same amount of peptide bound beneath the lipid headgroups as inserted into

the 0.5:0.5 monolayer at 20 mN/m. Decompression to 20 mN/m, lead to an

increase in the amount of peptide bound, but the peptide did not insert into the

monolayer as it did for the 0.5:0.5 monolayer.

The higher proportion of anionic lipid within the 0.5:0.5 monolayer increases

the total negative surface charge across the monolayer. Binding of the MinD-mts

could induce separation of the monolayer constituents, such that there is a lateral

redistribution of the lipids, as MinD-mts undergoes counter-ion exchange with the

anionic lipids. Local anionic clusters would then concentrate the charge locally so

that peptide inserts, as seen for 0.5:0.5, but at the expense of a reduced number

of available binding sites. If the quantity of DPPG in the monolayer is reduced,

and ideally mixed throughout a majority zwitterionic DPPC monolayer, as for

the 0.75:0.25 monolayer, there are more binding sites available for the peptide,

resulting in an increase in the peptide per lipid. However it is possible that this

also weakens the attraction between the peptide and the monolayer, as the charge

is now evenly distributed across the monolayer. So whilst peptide is capable

of binding to the membrane, it does not insert into the 0.75:0.25 monolayer
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That Al is greater at 20 mN/m with MinD-mts in the subphase, compared to

without, indicates that binding of the MinD-mts underneath the lipid headgroups

changes the phase behaviour and packing of the monolayer, as was observed in the

corresponding BAM images in Figure 3.5. These images show an inhomogeneous

monolayer, suggesting that the monolayer lipids are non-ideally mixed, which may

also be influencing Al, and so explain the large confidence band on this value at

20 mN/m when MinD-mts is present.

0.715:0.235:0.05 DPPC:DPPG:CL monolayer

Compressing this monolayer led to a reduction in Al, with a greater value of

Al at 20 mN/m compared to the previous fully saturated monolayers, reflecting

the larger molecular size of CL, which contains both saturated and unsaturated

acyl tails. As the monolayer is now partially unsaturated, the balance of the

different energetic contributions to the surface pressure, could be different. The

physical separation of the lipid molecules weakens the Van der Waals interactions

between them, and the ability of the lipids to form intermolecular hydrogen bonds,

affecting the packing of the monolayer as seen from the BAM images (Figure 3.6).

Compression to 30 mN/m forces the acyl tails to interact so that they are forced

out of their preferred low energy disordered state, resulting in a reduction in Al.

Al increases upon injection of MinD-mts, which binds beneath the lipid head-

groups, indicating that binding disrupts the packing of the monolayer, as evi-

denced visually in the corresponding BAM images (Figure 3.6). Decompression to

20 mN/m results in MinD-mts inserting into the acyl tail region of the monolayer,

oriented with its long axis perpendicular to the interface, corresponding with an

increase in the thickness of the acyl tail layer. The increased peptide to lipid

ratio upon insertion, suggests that the presence of the CL affects the packing

of the monolayer, due to its larger molecular structure, such that it is easier

for the peptide to insert between the lipids, compared to when the monolayer is

fully saturated. The decrease in Al on insertion, to approximately that recorded

earlier for closely packed saturated lipids, indicates that the balance between the

forces which contribute to the surface pressure has changed due to the presence

of MinD-mts in the monolayer, in keeping with MinD-mts acting as a surfactant.

The BAM images also show an inhomogeneous monolayer, suggesting that the

monolayer lipids are non-ideally mixed, which may also be influencing Al.

0.75:0.25 POPC:POPG monolayer

A decrease in Al on compression to 30 mN/m was seen for this monolayer, as

for the 0.715:0.235:0.05 DPPC:DPPG:CL monolayer, with comparable Al values
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found at each surface pressure. The reason for the decrease in Al observed in this

monolayer, is also attributable to the cis bond in the acyl tails, which are forced

from their low energy disordered state as neighbouring tails interact with each

other, into a different conformation, resulting in a decrease in Al.

On injection of MinD-mts at 30 mN/m the peptide inserts into the headgroup re-

gion, oriented with its long axis perpendicular to the interface, corresponding with

a reduction in Al, as was seen when MinD-mts inserted into the 0.715:0.235:0.05

DPPC:DPPG:CL monolayer. The value of Al then remains constant upon

decompression to 20 mN/m, with a corresponding increase in the ratio of peptide

to lipid. That Al remains constant indicates that this area is the minimum space

occupied by a lipid, which is similar to the values of Al measured for the saturated

monolayers at these surface pressures.

Insertion of the peptide occurred at both surface pressures for this monolayer in

contrast to previous monolayers measured, possibly due to an increase in packing

defects within the monolayer, as a result of the molecular structure of the PO

lipids. Insertion of MinD-mts could increase the interactions between lipids, such

that the conformation of their acyl tails alters, leading to a reduction in steric

effects within the monolayer, and so a reduction in Al. By decompressing the

monolayer, the interactions between the lipids are reduced, and so more peptide

inserts. Comparing this to the 0.715:0.235:0.05 DPPC:DPPG:CL monolayer

highlights the influence that the constituents of the monolayer have on the

organization of the monolayer, and so on the ease and quantity of peptide

insertion.

0.715:0.235:0.05 POPC:POPG:CL monolayer

For this monolayer, Al did not change upon compression to 30 mN/m, indicating

that the minimum Al has been achieved by 20 mN/m. This Al is greater than

that measured for any of the previous monolayers, which is not surprising given

that this monolayer consists of larger molecules. MinD-mts inserted at 30 mN/m,

through mechanisms outlined previously, oriented with its long axis perpendicular

to the interface, at a greater peptide to lipid ratio than measured for the 0.75:0.25

POPC:POPG monolayer. The greater amount of peptide insertion reflects the

looser packing of the monolayer due to the addition of CL, which increases not just

the steric effects within the monolayer, but also carries a negative charge which

increases the electrostatic interaction between the monolayer and the peptide.

This disrupts the organization of the monolayer, creating more packing defects

so that it is easier for more peptide to insert, with a similar reduction in Al on

78



insertion as for previous monolayers.

Al then remains constant on decompression to 20 mN/m, however there is a

reduction in the amount of peptide present in the monolayer, contrary to what

was observed at this surface pressure for previous monolayers which were found to

contain peptide. Previously, when peptide inserted into a monolayer, it inserted

with its long axis perpendicular to the interface, which is also what happens for

this monolayer at 30 mN/m. At 20 mN/m however, the peptide rotates within

the monolayer so that its long axis is then parallel to the interface. This rotation

may provide an explanation as to why peptide is expelled from the monolayer

on decompression, conditions under which previously, it was favourable for more

peptide to insert. It suggests that it is more thermodynamically favourable for

the peptide to reorient within the monolayer, at the expense of some peptide

being expelled due to the increase in the area occupied at the interface, than

it is for more peptide to insert. Reorientation may be facilitated by the larger

molecular structures of the lipids in this monolayer, which can only loosely pack

together, so that the peptide then has the ability to rotate. The reorientation of

the peptide such that its long axis is parallel to the interface could be driven by

the peptides amphipathic nature. This orientation would place one side of the

α-helix in the hydrophobic acyl tails, with the opposing hydrophilic side exposed

to the aqueous subphase [130].

The difference in length between the MinD-mts peptide oriented with its long axis

parallel to the interface, compared to perpendicular, is only 4 Å. The interfacial

width associated with the peptide is on the same length-scale as this difference,

making it difficult to draw any definite conclusions about the orientation of the

peptide relative to the interface for any of these monolayers.

3.4 Comparison with the interaction of Pexiganan

Having determined how MinD-mts interacts with monolayers of different lipid

compositions and at different surface pressures, it is interesting to compare the

behaviour with that observed with Pexiganan (PXG). Both PXG and MinD-mts

are cationic and form amphipathic α-helices on the membrane, however PXG is

twice the length of MinD-mts, containing 22 residues. The concentration of PXG

used is comparable not only to that used for the MinD-mts study, but also to the

minimum inhibitory concentration of PXG [157].
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3.4.1 Neutron reflectivity

Neutron reflectivity measurements from the air-liquid interface were made on the

INTER beamline [158] at ISIS (Oxford, U.K.) [159]. A single point detector

was used to measure the reflectivity at fixed grazing incidence angles of 0.8◦

and 2.3◦, covering a Qz range of 0.01≤Qz≤0.3 Å−1. Monolayers of d62DPPC,

0.75:0.25 hPOPC:hPOPG and 0.75:0.25 d31POPC:d31POPG were prepared and

measured following experimental procedures outlined in Section 3.2, with two

main exceptions. Firstly, these monolayers were not measured against buffer

subphases. Instead, the hPOPC:hPOPG monolayer and the d62DPPC monolayer

were measured against D2O, whilst the d31POPC:d31POPG monolayer was

measured against both D2O and NRW subphase contrasts. Secondly, an aliquot

of 200 µM PXG stock solution (made up with the corresponding subphase), was

evenly injected into the subphase beneath the monolayer (instead of MinD-mts),

to a subphase concentration of 4 µM. A Langmuir trough of area 150 cm2 was

used, which was sealed during measurements to prevent evaporation, as shown

in Figure 4.15. The Langmuir trough and barriers were cleaned by rinsing

thoroughly with deionized water and ethanol between monolayer measurements.

The neutron reflectivity data obtained from the monolayers was fit using the

models described in Section 3.3.3, adapted to reflect the values of their constituent

components.

Results

The reflectivity fits (and the corresponding scattering length density or SLD

profiles) produced for the DPPC monolayer are shown in Figure 3.22, with the

parameter values which generated these fits shown in Table 3.6. The simultaneous

reflectivity fits and SLD profiles for the 0.75:0.25 POPC:POPG monolayer, with

all three contrasts at each surface pressure (π), are in the Appendix (Figure A.7).

The values found for each of the parameters which generated these fits are shown

in Table 3.7. Figures 3.22 and 3.23 show the changes in the profiles measured

for each monolayer at 20 and 30 mN/m on a D2O subphase, and then at these

surface pressures with PXG present in the subphase.

For the DPPC monolayer, the SLD profiles are similar throughout. From

Table 3.6 a very small quantity of PXG binds to the monolayer at 30 mN/m

beneath the lipid headgroups, oriented with its long axis parallel to the interface.
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On decompression to 20 mN/m, PXG inserts into the acyl tail region of the

monolayer, in the same orientation. There is no change in the peptide to lipid ratio

on insertion, however the width of the confidence band on this value increases.

The similarity of the SLD profiles before and after the addition of PXG to the

subphase, together with the large confidence bands both on the position of PXG

with respect to the monolayer at 30 mN/m, and the peptide to lipid ratio at

20 and 30 mN/m, suggests that the minimal amount of PXG which binds to

the monolayer at 30 mN/m and then inserts at 20 mN/m, has no effect on the

structure of the monolayer.

The change in the SLD profile measured at 20 mN/m for the 0.75:0.25

POPC:POPG monolayer with PXG present, compared to when it is not, indicates

that PXG has a significant effect on the structure of this monolayer. Al decreases

initially upon compression from 20 to 30 mN/m, but increases again upon

Figure 3.22 Neutron reflectivity data (circles, with errors) and fits (lines) for
DPPC against D2O (left - profiles offset by 10 for clarity), and the
corresponding SLD profiles (right), at 20 and 30 mN/m, both with
and without 4µM PXG present in the subphase.

Figure 3.23 Neutron reflectivity data (circles, with errors) and fits (lines) for
0.75:0.25 POPC:POPG against D2O (left - profiles offset by 10
for clarity), and the corresponding SLD profiles (right), at 20
and 30 mN/m, both with and without 4 µM PXG present in the
subphase.
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PXG (µM) 0 4
π(mN/m) 20 30 30 20

Al(Å
2) 53.4±3.6 48.1±1.3 47.7±6.2 52.0±1.9

npl — — 0.004±0.012 0.004±0.016

σa−t(Å) 2.0±0.1 2.0±0 3.2±0.8 4.2±0.8

σt−h(Å) 3.1±1.6 2.0±0 3.8±2.9 2.0±0.7

σh−s(Å) 3.3±1.3 3.9±1.1 3.3±2.3 2.0±0.5

σa−p(Å) — — 3.2±2.7 2.0±1.5

σp−s(Å) — — 2.0±3.5 6.0±2.7

It−h(Å) 16.7±1.1 18.5±0.5 18.5±2.4 17.1±0.6

Ih−s(Å) 22.8±1.2 25.3±0.5 25.4±2.6 23.3±0.7

Ia−p(Å) — — 27.4±22.3 0±4.8

Ip−s(Å) — — 39.4±15.6 12±4.2

Table 3.6 Fitted neutron reflectivity parameters for DPPC monolayers, both
with and without 4 µM PXG present in the subphase.

PXG (µM) 0 4
π(mN/m) 20 30 30 20

Al(Å
2) 65.2±3.7 57.7±1.6 77.3±2.2 48.3±8.2

npl — — 0.05±0.01 0.17±0.04

σa−t(Å) 5.4±1.5 6.0±0 2.0±0.6 6.0±1.9

σt−h(Å) 3.3±1.0 3.7±0.8 2.2±1.3 6.0±0.7

σh−s(Å) 6.0±0 6.0±0 6.0±0.1 2.0±0.1

σa−p(Å) — — 2.6±0.9 2.0±0.5

σp−s(Å) — — 6.0±4.0 2.0±0.1

It−h(Å) 12.0±0.7 13.9±0.4 12.0±0.3 15.6±2.7

Ih−s(Å) 16.9±0.7 19.4±0.4 16.2±0.4 22.3±2.9

Ia−p(Å) — — 19.2±4.6 10.4±4.0

Ip−s(Å) — — 37.8±9.1 22.4±0.4

Table 3.7 Fitted neutron reflectivity parameters for 0.75:0.25 POPC:POPG
monolayers, both with and without 4 µM PXG present in the
subphase.

injection of PXG at 30 mN/m. At 30 mN/m the peptide is sitting beneath

the lipid headgroups, with its long axis at at angle of 60◦ to the normal. On

decompression of the monolayer to 20 mN/m, the peptide then inserts between

the acyl tail and lipid headgroup regions, oriented with its long axis parallel to

the interface. The steric effect of the inserted peptide pushes the lipids closer

together, explaining why Al decreases on peptide insertion. The thickness of the

acyl tails remains relatively constant throughout, despite these variations in Al,

suggesting that the lipid orientations are not affected by the peptide.
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Discussion

Compressing both the DPPC and 0.75:0.25 POPC:POPG monolayers resulted in

their respective Al values decreasing. The Al values at each surface pressure are

comparable to those found for the same monolayers measured elsewhere in this

thesis (Table 4.1 and 3.4 for DPPC and 0.75:0.25 POPC:POPG respectively).

PXG did not insert into either monolayer at 30 mN/m, possibly due to its greater

volume, as it contains twice as many residues as MinD-mts. For this reason

though, the orientation of PXG can be determined with greater confidence,

due to its length being much greater than the interfacial width on the PXG

peptide. For the DPPC monolayer at this surface pressure, a very small amount

of PXG binds beneath the lipid headgroups with its long axis parallel to the

interface, with the large confidence bands on both the position of the PXG and

its orientation, suggesting that the PXG may be tilted. PXG also binds beneath

the lipid headgroups of the 0.75:0.25 POPC:POPG monolayer at this surface

pressure, with its long axis at an angle to the interface, resulting in the value

of Al increasing. The increase in Al combined with this orientation, may be an

indication that PXG needs to tilt in order to insert into the monolayer. This

tilt has also been seen in molecular dynamics simulations (Figure 3.24) for PXG

inserting into a DPPC bilayer (private communication with Dr. Tristan Bereau,

Max Planck Institute for Polymer Research, 2014).

On decompressing the monolayers to 20 mN/m, PXG inserts into both mono-

layers, oriented with its long axis parallel to the interface. It was found to span

the acyl tail-lipid headgroup region in the 0.75:0.25 POPC:POPG monolayer,

compared to fully inserting into the acyl tail region of the DPPC monolayer. The

Figure 3.24 A molecular dynamics simulation of the interaction of Pexiganan
with a DPPC bilayer (private communication with Dr. Tristan
Bereau, Max Planck Institute for Polymer Research, 2014).
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difference in PXG position within the two different monolayers, possibly reflects

the different structures of the monolayers constituent acyl tails, with the steric

effect of the double bond in the PO acyl tails preventing PXG from fully inserting

into the acyl tail region of the 0.75:0.25 POPC:POPG monolayer. Insertion

into the 0.75:0.25 POPC:POPG monolayer corresponded with a decrease in Al,

indicating that the balance between the forces which contribute to the surface

pressure changed, due to the presence of PXG in the monolayer. This change

may be due to either the amphipathic PXG acting as a surfactant, and/or the

steric effect of the PXG on insertion acting as another source of internal pressure

within the monolayer, such that the lipids pack closer together, reducing Al.

PXG binds to the monolayer in a similar manner to MinD-mts, through an

initial electrostatic attraction between the lipid headgroups and the cationic

peptide, followed by counter-ion exchange. This is reinforced by the hydrophobic

interaction between the amphipathic α-helix of PXG with the monolayer. The

difference in the electrostatic interactions of PXG with both monolayers, may

explain the difference in the amount of peptide which binds to each monolayer.

As the 0.75:0.25 POPC:POPG monolayer contains negatively charged POPG

headgroups as well as zwitterionic POPC headgroups, this could increase the

electrostatic attraction between PXG and the lipid headgroups; such that more

PXG binds to this monolayer compared to the DPPC monolayer, which only

contains zwitterionic lipid headgroups.

The behaviour of the 0.75:0.25 POPC:POPG monolayer in response to the

presence of 4 µM PXG in the subphase, can be compared to the response

of a monolayer of the same composition to the presence of 4 µM MinD-

mts (Section 3.3.3). Whereas MinD-mts inserted into this monolayer at

30 mN/m, PXG does not, which may be due to the larger molecular volume

of PXG compared to MinD-mts. Both peptides insert when the monolayer is

decompressed to 20 mN/m, with the peptide to lipid ratio of PXG much less than

that for MinD-mts. The lower PXG to lipid ratio may be due to the converse

effect of “salting in”, as the PXG interaction was not measured on buffer, whilst

the MinD-mts interaction was; and/or the greater steric effect of PXG compared

to MinD-mts. On insertion of PXG, Al decreases, just as it did on MinD-mts

insertion.
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3.5 Conclusion

The inner leaflet of the cytoplasmic membrane was modelled as a monolayer at

the air-liquid interface. The effect that systematically varying the monolayer

composition and lateral pressure had on the MinD-mts interaction with the

monolayer was determined.

From the BAM images recorded, the behaviour of the monolayer was observed to

change on the addition of MinD-mts to the subphase, as both the saturation

and ratio of the monolayer constituents were altered. As the saturation of

the monolayer constituents was increased, the size and quantity of LC domains

formed also increased. For mainly saturated monolayers, which are capable of

either homogenizing or forming LC domains which cover ≥90% of the surface,

it is difficult to directly compare the monolayer at 20 mN/m with and without

MinD-mts present, when it has been compressed to 30 mN/m between these

measurements. The homogeneous LC phase formed at 30 mN/m may break

into LC domains on decompression, creating a non-ideally mixed inhomogeneous

monolayer, as opposed to fully transitioning back to the phase it was originally

in at 20 mN/m. Both of these conditions allow peptide to insert, disrupting the

lateral packing order of the monolayer.

BAM images taken of a majority unsaturated lipid monolayer at 20 mN/m

are similar both for when peptide is not present in the subphase, and on

decompression from 30 mN/m when peptide is present, but this is not so for

a majority saturated monolayer. The LC domains are more prominent for

mainly saturated monolayers, with their shape dominated by lipid headgroup

interactions. The shape of these domains changes on the addition of MinD-mts

to the subphase, as the peptide inserts into the monolayer, consistent with MinD-

mts affecting lipid headgroup interactions. The +3 charge on the MinD-mts

means that when the peptide binds to the monolayer, it is capable of removing

3 counter-ions associated with the monolayer lipid headgroups. In this way,

the peptide is capable of screening the charge on the lipid headgroups, whilst

occupying less volume than the counter-ions, which are individually hydrated and

so occupy more volume compared to the peptide, which is not fully hydrated, and

so occupies less volume. While MinD-mts insertion has the greatest visual impact

on saturated monolayers, from the neutron reflectivity fits it was found that as

the unsaturation of the monolayer constituents was increased, more MinD-mts

inserted into the monolayer. This is shown schematically in Figure 3.25.
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0.5:0.5 DPPC:DPPG

0.75:0.25 DPPC:DPPG

0.715:0.235:0.05 DPPC:DPPG:CL

0.75:0.25 POPC:POPG

0.715:0.235:0.05 POPC:POPG:CL

monolayer20 mN/m30 mN/m npl

0.21 0.29

0.25 1.36

0.47 2.27

1.67

2.92

2.75

1.69
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Figure 3.25 Schematic representation of the position of MinD-mts relative
to each of the different lipid monolayer compositions at each
surface pressure, as measured by neutron reflectivity, with the
corresponding peptide to lipid ratio (npl) also noted.

30 mN/m 20 mN/m monolayernpl npl

0.004 0.004

0.05 0.17

DPPC

0.75:0.25 POPC:POPG

Figure 3.26 Schematic representation of the position of PXG relative to each of
the different lipid monolayer compositions at each surface pressure,
as measured by neutron reflectivity, with the corresponding peptide
to lipid ratio (npl) also noted.
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For a 0.75:0.25 DPPC:DPPG monolayer, the monolayer is homogeneous at both

20 and 30 mN/m. On addition of MinD-mts to the subphase, no peptide inserts

into the monolayer at either of these surface pressures. A higher proportion of

peptide binds beneath the lipid headgroups at 20 mN/m (npl=1.36) compared

to 30 mN/m (npl=0.25), resulting in Al increasing and indicating a change in

the packing of the monolayer. This change in phase behaviour was observed in

the BAM images, through the monolayer dehomogenizing on decompression from

30 mN/m to 20 mN/m, when peptide was present in the subphase.

For a 0.5:0.5 DPPC:DPPG monolayer, the monolayer is also homogeneous at

both 20 and 30 mN/m. On addition of MinD-mts to the subphase, no peptide

was found to insert at 30 mN/m, with the monolayer remaining homogeneous. A

small amount of peptide was found to insert into the acyl tail region at 20 mN/m

(npl=0.29), compared to the greater amount of peptide which bound beneath

the 0.75:0.25 DPPC:DPPG monolayer (npl=1.36) but did not insert, with Al

remaining constant throughout. Insertion of a small amount of peptide to the

0.5:0.5 DPPC:DPPG monolayer and not the 0.75:0.25 DPPC:DPPG monolayer

was attributed to the formation of local anionic clusters of DPPG, to which

peptide could insert. This insertion led to this monolayer also dehomogenizing

on decompression from 30 mN/m to 20 mN/m, when peptide was present in the

subphase.

For a 0.715:0.235:0.05 DPPC:DPPG:CL monolayer, the presence of CL affects

the packing of the monolayer such that it is not homogeneous, with the majority

of the monolayer comprising of LC domains at both 20 and 30 mN/m. On

addition of MinD-mts to the subphase, more peptide was found to bind beneath

the lipid headgroups at 30 mN/m (npl=0.47), than for the 0.75:0.25 DPPC:DPPG

monolayer (npl=0.25) at this surface pressure, resulting in an increase in Al and

a corresponding change in the LC domains observed at this surface pressure

without peptide present. MinD-mts inserted into the acyl tail region at 20 mN/m

(npl=2.27), at a much higher ratio of peptide to lipid compared to when MinD-

mts inserted into the 0.5:0.5 DPPC:DPPG monolayer, also at this surface

pressure. This insertion corresponded in a decrease in Al. The larger molecular

structure of CL affects the packing of the monolayer, which may make it easier

for peptide to insert between lipids compared to when the monolayer is fully

saturated. On peptide insertion, an inhomogeneous monolayer consisting of

percolating regions with a lot of interfacial area between the LE and LC phases,

is observed with BAM. CL may be situated at the LE-LC interface, leading to the
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stabilization of internal interfaces within LC domains. The additional interfacial

area seen in the BAM images for the 0.75:0.25 DPPC:DPPG and 0.715:0.235:0.05

DPPC:DPPG:CL monolayers at 20 mN/m when MinD-mts is present in the

subphase, produces additional interfacial effects across these interfaces. These

additional interfacial effects in turn produce additional reflectivity, and hence

explains why the simultaneous fits to these monolayers at high values of Qz are

poor.

For a 0.75:0.25 POPC:POPG monolayer, MinD-mts inserted into the lipid

headgroups at 30 mN/m (npl=1.67), resulting in a decrease in Al. On

decompression to 20 mN/m, more peptide inserts (npl=2.75) into the lipid

headgroups, however Al remains constant. The steric effect of the acyl tails as

a result of their double bond, may be preventing the peptide from inserting into

this region. For the fully unsaturated monolayers measured, no LC domains form

at the surface pressures measured here. These monolayers remain in the LE phase

throughout, and so the simultaneous reflectivity fits for unsaturated monolayers

when peptide has inserted, are good across the whole Qz range measured.

For a 0.715:0.235:0.05 POPC:POPG:CL monolayer, MinD-mts inserts into the

acyl tail region at 30 mN/m (npl=2.92), resulting in a decrease in Al. The larger

molecular structure of CL may affect the packing of the monolayer, making it

easier for peptide to insert. The increased peptide insertion into this monolayer

at 30 mN/m compared to the 0.715:0.235:0.05 DPPC:DPPG:CL monolayer at

20 mN/m (npl=2.27), may be due to the additional steric effect of the PO acyl

tails contributing to the disordered molecular packing within the 0.715:0.235:0.05

POPC:POPG:CL monolayer. On decompressing to 20 mN/m, the amount of

peptide inserted in the acyl tail region decreased (npl=1.69), however Al remained

constant. This corresponded with the peptide in the monolayer rotating such that

its long axis was parallel to the interface.

Molecular dynamics simulations also found MinD-mts adsorbed parallel to a

0.75:0.25 POPE:POPG bilayer interface, between the phospholipid acyl tail and

headgroup regions [6], with this orientation in agreement with the hydrophobic

acyl tails interacting with the amphipathic peptide. In the monolayers studied

here, if the peptide inserted into the monolayer it was with its long axis

perpendicular to the interface (bar for the 0.715:0.235:0.05 POPC:POPG:CL

monolayer at 20 mN/m). It is possible that when inserting into monolayers,

the peptide favours this perpendicular orientation as it is easier for the peptide

to insert into monolayers which contain saturated components, as the lipids in
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these monolayers are quite tightly packed (seen through the reduction in Al with

increasing monolayer constituent saturation). Due to the steric effect of the

PO and CL molecules in the 0.715:0.235:0.05 POPC:POPG:CL monolayer, and

the reduced lateral pressure within this layer when at 20 mN/m, the peptide

can reorient so that it is in agreement with the orientation observed in the MD

simulations for a bilayer. One can speculate that this agreement suggests that the

lateral membrane pressure during bacterial cell division may be 20 mN/m, and

not the canonical 30 mN/m. The interaction of MinD-mts with the monolayer

mediates a change in the thermodynamics of the monolayer, as observed through

the change in Al measured by neutron reflectivity, and the corresponding visible

change in the BAM images. It is possible that the thermodynamic properties of a

bilayer are different compared to a monolayer, as the two monolayers are capable

of interacting with one another due to their close proximity. These interactions

could then influence the packing of the monolayer with which peptides initially

interact with, which may impact on the orientation of the peptide within this

monolayer. Due to the 4 Å difference in length between either of the peptide

orientations, compared to the interfacial width associated with the peptide, it is

however difficult to draw any definite conclusions about the orientation of the

peptide relative to the interface for any of the monolayers measured here.

The above results indicate that it is possible to use differently saturated lipids

for model membranes, however care must be taken when interpreting the

results obtained. Inhomogeneities within the monolayers studied, as observed

by BAM, must be accounted for and incorporated into the analysis of these

systems, especially as the lateral distribution of lipids in native membranes is

not considered to be uniform [25]. This is particularly relevant to the interaction

of MinD-mts, as it binds at the bacterial cell poles, regions which are high in

both anionic and CL concentration. The key role that CL plays in MinD-mts

insertion was highlighted when it was included in saturated monolayers, as it

was only then that MinD-mts inserted into the monolayer on decompressing the

monolayer to 20 mN/m from 30 mN/m. It was speculated that the presence of

CL at domain boundaries may create local packing defects such that MinD-mts

can insert. For an unsaturated monolayer at 20 mN/m, twice as much peptide

was found to insert compared to a saturated monolayer. While MinD-mts was

found to be capable of inserting into unsaturated monolayers at 30 mN/m, for

MinD-mts to fully insert into either a saturated or unsaturated monolayer, the

monolayer must either contain CL, or a high (≥50%) portion of anionic lipid.
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The interaction of MinD-mts with different monolayer compositions was then

compared to the interaction of PXG with DPPC and 0.75:0.25 POPC:POPG

monolayers, shown schematically in Figure 3.26. The larger molecular size of

PXG compared to MinD-mts allows for greater confidence in determining its

orientation with respect to the interface, with PXG binding at an angle to both

of these monolayers at 30 mN/m. This tilt was predicted by molecular dynamics

simulations, for PXG interaction with a DPPC bilayer. Although it did not insert

into the 0.75:0.25 POPC:POPG monolayer at 30 mN/m, there was also less PXG

bound beneath these lipid headgroups (npl=0.05), compared to the amount of

MinD-mts which was capable of inserting into the lipid headgroups (npl=1.67) at

this surface pressure.

On decompression of the DPPC and 0.75:0.25 POPC:POPG monolayers to

20 mN/m, PXG was found to insert into both, oriented with its long axis parallel

to the interface. PXG inserted into the acyl tail region of the DPPC monolayer

(npl=0.004), compared to the lipid headgroups of the 0.75:0.25 POPC:POPG

monolayer, although more PXG inserted into the latter (npl=0.17). MinD-

mts was also only found to insert into the lipid headgroups of the 0.75:0.25

POPC:POPG monolayer, which is possibly a result of the steric effect of the

double bond in the PO acyl tails preventing either of the peptides inserting further

into this monolayer. A greater amount of MinD-mts (npl=2.75) compared to

PXG (npl=0.17), was found to insert into the 0.75:0.25 POPC:POPG monolayer

at 20 mN/m. This may be due to the greater steric effect of PXG, as it contains

twice as many residues as MinD-mts. The orientation of PXG on insertion into

either the DPPC or 0.75:0.25 POPC:POPG monolayers, is in agreement with both

its amphipathic nature, and the first stage of torodial pore formation (shown in

Figure 1.7), when PXG initially interacts with only one monolayer in the bilayer.
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Chapter 4

Investigating the conformation of

smooth lipopolysaccharide

4.1 Introduction

4.1.1 Background

Over the last few years the Gram-negative bacterial outer membrane has emerged

to be considered primarily as a porin network, with these selective, gated

membrane channels constituting ≈70% of the membrane [160–162]. In spite of

this, 75% of the membrane surface is covered by lipopolysaccharide (LPS) [163] .

The majority of LPS molecules in the membrane are either rough LPS (rLPS) or

short-chain smooth LPS (sLPS) with polysaccharide chains of 0-3 trisaccharide

repeat units in length [32, 33], with only a small fraction of sLPS molecules

possessing longer polysaccharide chains [164, 165]. Hence despite the minor

fraction of LPS molecules present in the outer membrane, the long polysaccharide

chains which are attached to a few of these LPS molecules, are capable of covering

the large membrane surface area often quoted.

As the most common form of LPS found in the membrane is rLPS, this may be

why previous studies on LPS have mainly focused on this form [30, 32, 166].

Another factor is that rLPS can form a stable monolayer at the air-liquid

interface, whilst the higher water solubility of long-chain sLPS makes the smooth

form impossible to study in isolation. This greater solubility arises because
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the polysaccharide chain is both amphiphilic and soluble, and so capable of

rearranging itself in solution so that the hydrophobic lipid A is encapsulated

by the amphiphilic polysaccharide chain, thus making the entire molecule soluble

[167]. However when co-deposited with a lipid, sLPS is capable of forming a

stable monolayer at the air-liquid interface [168]. This co-deposition mimics the

situation in nature where sLPS is the minority fraction in a rLPS monolayer,

that also incorporates porins. The polysaccharide chain is thought to extend

out into the environment [169, 170], and so as water is a good solvent for the

polysaccharide chain at room temperature, it might be expected to be swollen;

either as a random coil i.e. mushroom, or stretched as a polymer brush [171],

as in the case for lipidated polyethylene glycol (PEG-lipid) [172] which is also a

water soluble polymer [173]. Studies on the physical properties of tethered PEG

layers have mainly concluded that they can be described by theories that were

developed for high molecular weight polymers, following scaling behaviour with a

transition to a polymer brush configuration at high grafting densities [174, 175].

As LPS is at the interface between the bacterium and the environment, it is the

first layer that external molecules will encounter when approaching the cell. The

presence of the sLPS polysaccharide chain helps bacteria resist antibiotics [29],

whilst mutant bacteria which purely express rLPS are more susceptible [176].

Cationic antimicrobial peptides (AMPs) selectively target and interact with the

negatively charged LPS layer [27, 177] mainly through electrostatic attraction.

The cationic AMPs undergo counter-ion exchange with the divalent cations which

stabilize the LPS layer, resulting in the AMPs localizing within the layer and so

reducing their translational entropy. Removal of the divalent counter-ions from

the LPS layer increases the permeability of the membrane [33].

Studies have shown that bacteria are more resistant to cationic AMPs when in the

presence of excess divalent cations [31, 32]. This was attributed to the divalent

ions forming dynamic bridges between the oligosaccharide cores of the sLPS

molecules, neutralizing their negative charges and inducing the polysaccharide

chains to collapse. This is somewhat counter-intuitive as it would be expected

that in an idealized good solvent, divalent bridging between neighbouring sLPS

lipid A and oligosaccharide core components would decrease the area per molecule

and so increase the swelling, causing the polysaccharide chains to become more

stretched. However if the polysaccharide chain is acting as a PEG-lipid polymer,

then the volume fraction of polymer in the layer determines how good the solvent

is [178]. In a good solvent, hydrogen bonding interactions between the polymer
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and the solvent are preferred and so the polymer is stretched. At a critical

coverage, these interactions are reduced such that the polymer goes from being

in a good to a poor solvent. In a poor solvent, polymer-polymer interactions

are preferred and so the polymer collapses. The established literature on PEG-

lipids indicates that the phase behaviour of lipid monolayers is dependent on the

polymer chain [173, 179]. It is well known that the presence of divalent ions in

the solvent will affect the conformation of both polymer chains and of lipids [171].

This in turn affects the contributions to the area per molecule exerted by both

the headgroup charges and the polymeric tail; making it difficult to separate the

various contributions.

4.1.2 Aims

This chapter aims to investigate the role played by polymer physics in the layer

formed by the sLPS polysaccharide chain, which forms the outer periphery of

Gram-negative bacteria such as E. coli. To do this, sLPS layers were co-deposited

with DPPC at the air-water interface. To date, all known previous studies with

sLPS have been carried out on a divalent rich subphase [31, 32, 168], as the cross-

linking between the divalent ions and the negatively charged phosphate groups of

the LPS core were assumed necessary to maintain the structural integrity of the

monolayer. However bacteria are not always found in divalent rich environments,

and it is unclear how they could control the presence of divalent ions within the

sLPS polysaccharide chain region. Hence here sLPS was deposited onto a pure

water subphase so as to determine the conformation of the polysaccharide chain

without the influence of divalent ions. In Section 4.3 the effect that physiologically

relevant surface pressures, as well as the mole fraction of sLPS present in the

layer, had on the conformation of the polysaccharide chain was investigated.

Once characterized, the uptake of the cationic antimicrobial peptide Pexiganan

by the polysaccharide layer, and any change in the conformation of this chain was

determined and is reported in Section 4.4. Understanding the response of sLPS

to antimicrobial peptides is potentially important in understanding the mode of

action of these peptides, and may provide insight into why bacteria have generally

failed to evolve resistance to them.
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4.2 Characterizing the lipopolysaccharide

4.2.1 Determination of sLPS polysaccharide chain length

The number of repeat units in the sLPS polysaccharide chain and hence the chain

molecular weight and volume, was determined by separating the sLPS by standard

SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and then visualizing using

Pro-Q Emerald staining (ThermoFisher Scientific) [13]. SDS-PAGE separates

the sLPS molecules based on the difference of their molecular weight. Negatively

charged SDS molecules bind to the repeat units in the polysaccharide chain,

providing all chains with a uniform charge to mass ratio, with these SDS-bound

sLPS molecules then added to a polyacrylamide gel. When an electric field

is applied across the gel, the negatively charged polysaccharide chains migrate

through the gel at a rate that depends on the length of their polysaccharide chains,

resulting in a characteristic ladder pattern. The number of trisaccharide repeat

units in the polysaccharide chain can be determined by counting up the number of

bands in the ladder, beginning with the initial lipid A-oligosaccharide core band

[180]. The number of monomers in the bands can be quantified by running an

LPS standard, with these monomers clustering around a modal number which is

strain specific [29, 181, 182]. The Pro-Q LPS standard used in this thesis contains

17 trisaccharide repeat units, as seen in Figure 4.1 [13]. Each of the lanes in the

Figure 4.1 Standard Pro-Q SDS-PAGE image (left) of LPS, adapted from [13],
with the corresponding intensity distribution along each lane (right).
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gel corresponds to a different concentration of LPS solution, allowing different

sections of the ladder to be highlighted so that the number of bands can counted.

As there are fewer short-chain length sLPS molecules present, corresponding to 0-

3 trisaccharide repeat units, these bands are only visible in lane 3, which contains

the highest concentration of LPS solution. By measuring different concentrations

of LPS solutions the full ladder can be built up, and the number of trisaccharide

repeat units in the LPS determined.

The gel for the sample used in this thesis can be seen in Figure 4.2, where lanes 1-

3 contain the standard Pro-Q LPS (the same as that in Figure 4.1), whilst lanes

4-6 contain the sLPS used here (E. coli O55:B5 from Sigma-Aldrich, Dorset,

U.K.), with each lane representing a different concentration. Figure 4.2 also

shows the intensity distribution along lanes 1 and 4. The relative distributions of

the trisaccharide repeat units indicate the range of polysaccharide chain lengths

present in the sLPS used. There are some short-chain length sLPS molecules

present, corresponding to 0-3 trisaccharide repeat units, as seen by the first peak

in the intensity distribution after the initial lipid A-oligosaccharide peak. The

presence of these short polysaccharide chains confirm that the sLPS does exhibit

polydispersity. The trisaccharide repeat unit distribution of the LPS used in

this thesis peaks at the same modal value as that of the standard Pro-Q LPS,

which was determined from Figure 4.1 to be at 17. Hence the majority of the

polysaccharide chains in the LPS used here contain 17 trisaccharide repeat units,

corresponding to a molecular weight of 20136 Da, with these values used in

relation to the sLPS throughout the rest of this thesis. If fully stretched this

would result in the polysaccharide chain having a contour length of ≈230 Å.

Figure 4.2 SDS-PAGE image (left) of the standard Pro-Q LPS (lanes 1-3), and
the LPS from E. coli O55:B5 used in this thesis (lanes 4-6), with the
corresponding intensity distributions along lanes 1 and 4 (right).
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That there is a small peak in the intensity at the end of lane 4, above the

background intensity, indicates that there are a few polysaccharide chains present

which contain more repeat units than this. These polysaccharide chains would

then have a longer contour length, and so be capable of extending further than

230 Å.

4.3 Effect of surface pressure on sLPS:DPPC

monolayers

Investigating the conformation of the sLPS polysaccharide chain at different

surface pressures enables different regions of the leaflet phase behaviour to be

explored. The canonical surface pressure in one leaflet of a bilayer is usually

taken as 30 mN/m [65], and so the conformation of sLPS at this surface pressure

was measured. It is perfectly possible though that when the bilayer is subjected

to perturbations, for example, during bacterial cell division or when interacting

with antimicrobials, the internal membrane leaflet pressure could differ from this

value. Variations in the lateral pressure within the leaflet may be related to why

the outer membrane is generally described as leaky [183], and so to investigate

this the conformation of sLPS at surface pressures of 5 and 20 mN/m were also

measured.

4.3.1 Monolayer studies experimental design

Hydrogenated DPPC (hDPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine) and

tail deuterated DPPC (d62DPPC, 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine)

were purchased from Avanti Polar Lipids (Birmingham, AL, USA). Hydrogenated

smooth lipopolysaccharide (sLPS) from E. coli O55:B5 (>97% pure by gel-

filtration chromatography) and all other chemicals were purchased from Sigma-

Aldrich (Dorset, UK). Milipore deionized water of resistivity 18.2 MΩcm was

used throughout. All glassware used was initially cleaned with a 2% solution of

the alkali detergent Decon 90, and rinsed in copious amounts of deionized water.

Monolayers of mixtures of sLPS and DPPC (respectively 0:1, 0.04:0.96 and

0.074:0.926 by mole fraction) were spread dropwise from solutions of chloroform-

methanol-water (60:39:1 by volume) [184] using a Microhamilton syringe, onto an
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aqueous subphase contained within a Langmuir trough equipped with hydrophilic

POM barriers that permit symmetric compression (Nima Technology Ltd.,

Coventry, U.K.). A filter paper Wilhelmy plate was used for surface pressure

measurement and the organic solvent was allowed to evaporate for 20 minutes

before any measurements were made. All measurements were made at room

temperature (21 ◦C) and monolayer compression was carried out at 25 cm2/s.

This approach of using Langmuir monolayers at the air-water interface as a model

for the outer leaflet of the outer bacterial membrane allows the surface pressure

to be measured and controllably varied as a proxy for the internal lateral pressure

within a bacterial membrane. Measurements were made at surface pressures of

5, 20 and 30 mN/m, with 30 mN/m the canonical internal membrane pressure

[65]. In a monolayer the lipids (and sLPS) molecules are more constrained

to 2D than they would be in a bilayer, which can fluctuate. This constraint

helps to resolve information about the sLPS polysaccharide segment distribution

within the low volume fraction layer, which might otherwise be smeared out

in a fluctuating layer. Furthermore, the outer membrane in a real bacterium

is somewhat constrained through its interaction with the peptidoglycan layer

between the inner and outer membranes [34, 185].

Neutron reflectivity from sLPS:DPPC monolayers

The neutron reflectivity experiment was carried out by Dr. Simon Titmuss et al.

[144], with the data analysis forming the first project in this thesis. Briefly,

specular neutron reflectivity measurements from the air-liquid interface were

made on the SURF beamline [143] at ISIS (Oxford, U.K.). A single point detector

was used to measure the reflectivity at fixed grazing incidence angles of 0.5◦ and

1.5◦, covering a Qz range of 0.015≤Qz≤0.5 Å−1.

Monolayers with the following compositions: hDPPC; 0.04:0.96 sLPS:hDPPC,

0.04:0.96 sLPS:d62DPPC, 0.074:0.926 sLPS:hDPPC and 0.074:0.926 sLPS:d62DPPC,

were prepared following experimental procedures described earlier in this Section,

and symmetrically compressed. The hDPPC and sLPS:hDPPC monolayers were

measured against D2O, whilst the sLPS:d62DPPC monolayers were measured

against both D2O and NRW subphase contrasts. A Langmuir trough of area

500 cm2 was used, with the trough and barriers cleaned by rinsing thoroughly

with deionized water and ethanol between monolayer measurements.
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4.3.2 Surface pressure-area isotherms

Monolayers of the following compositions: hDPPC; 0.04:0.96 sLPS:hDPPC and

0.074:0.926 sLPS:hDPPC, were spread on a pure H2O subphase. The monolayers

were symmetrically compressed (as described in Section 4.3.1), on a Langmuir

trough of area 850 cm2, with the surface pressure-area isotherms being measured

for each (Figure 4.3). The trough was cleaned by rinsing thoroughly with

deionized water and ethanol between monolayer measurements. The liquid-

expanded to liquid-crystalline (LE-LC) phase transition for the pure DPPC

monolayer occurred at a surface pressure of ≈4-8 mN/m, which was expected

from literature [186, 187]. It is clear from the isotherms that the sLPS has an

effect on the interactions of the DPPC molecules. This is most obvious as an

increase in the area per molecule (Am) at which the surface pressure starts to

increase, commonly referred to as lift off. The difference in the lift off values

between the pure DPPC monolayer and those which contain sLPS, indicates that

the sLPS polysaccharide chains are interacting with one another.

The DPPC LE-LC transition phase is shifted to higher surface pressures as the

fraction of sLPS in the monolayer is increased, indicating that the polysaccharide

chain is in contact with the lipids, and is influencing the packing density of the

Figure 4.3 Surface pressure-area isotherms for sLPS:hDPPC monolayers.
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monolayer. As the polysaccharide chain itself is amphiphilic, it is possible that

it adsorbs to the air-water interface, resulting in the progressive increase in Am

with sLPS content in the monolayer, which has been observed previously [168].

4.3.3 Brewster angle microscopy

Brewster angle microscopy (BAM) images were taken using an EP3se imaging

ellipsometer (Nanofilm Technology, Goettingen, Germany) mounted over a

Langmuir trough. Monolayers with the following compositions: hDPPC;

0.04:0.96 sLPS:hDPPC and 0.074:0.926 sLPS:hDPPC, were prepared following

experimental procedures described in Section 4.3.1. Each monolayer was imaged

on a pure H2O subphase, using a x10 objective at an incident angle of 53◦. All

images were background corrected as described in Section 2.3.2. Each monolayer

was compressed to the desired surface pressure, at which pressure the monolayer

was then held whilst the image was recorded before compressing further.

Images

A pure DPPC monolayer was first imaged and recorded at the surface pressures

of interest. At 5 mN/m, small mainly bean-shaped (with a few tri-lobed) bright

liquid-crystalline (LC) domains, varying from 5 to 20 µm in diameter, can be seen

within a darker 95% liquid-expanded (LE) phase. On compression to 20 mN/m

this LE phase undergoes a phase transition to a LC phase, homogenizing the

monolayer so that it appears brighter in colour, and it remains as such upon

completing the compression to 30 mN/m.

The addition of a small molar fraction of sLPS to the DPPC monolayer, such that

it is in the ratio of 0.04:0.96 sLPS:DPPC, and compressing to 5 mN/m produces

large >40 µm tri- and multi-lobed LC domains, covering 50% of the surface.

These domains exhibit a variation in grey-scale across them, which corresponds

to different acyl tail tilts within the domains. Compressing to a higher surface

pressure of 20 mN/m causes the monolayer to homogenize. This is seen by the

change in the LC domains whereby more of the LE phase has converted to the LC

phase such that there is no distinct boundary between the phases, as in the case for

pure DPPC. Irregular darkly shaded domains represent patches of different acyl

tail tilt. Very small (<5 µm) faint circular LC domains also appear, comprising

5% of the total surface coverage. The monolayer remains like this upon further

99



Figure 4.4 Brewster angle microscopy images of a hDPPC monolayer at
5 mN/m (left), 20 mN/m (centre) and 30 mN/m. The scale bar
is 50 µm.

Figure 4.5 Brewster angle microscopy images of a 0.04:0.96 sLPS:hDPPC
monolayer at 5 mN/m (left), 20 mN/m (centre) and 30 mN/m.
The scale bar is 50 µm.

Figure 4.6 Brewster angle microscopy images of a 0.074:0.926 sLPS:hDPPC
monolayer at 5 mN/m (left), 20 mN/m (centre) and 30 mN/m.
The scale bar is 50 µm.
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compression up to 30 mN/m.

Further increasing the mole fraction of sLPS present to a monolayer composition

of 0.074:0.926 sLPS:DPPC, produced a different image at 5 mN/m compared

to those obtained previously. Faint, very small LC domains cover 5% of the

surface, with the rest of the monolayer in the LE phase. Upon compression up

to 20 mN/m, these domains grow into multi-fingered (dendritic) domains around

10 mN/m (Figure B.1). At 20 mN/m these dendritic domains have begun to fade,

and the monolayer appears to homogenize. The small very bright circular LC

domains that cover approximately 10% of the surface are collapse dots. Further

compression to 30 mN/m does not visibly alter the monolayer.

Images taken at intermediate surface pressures for each of the monolayers can be

seen in Figures B.1-B.4 in the Appendix.

Discussion

For the pure DPPC monolayer, the domains observed at 5 mN/m were expected

from the surface pressure-area isotherm (Figure 4.3), as this is the surface pressure

around which the LE-LC transition region occurred for DPPC. The shape and

size of the domains produced are typical for DPPC and agree with those reported

in the literature [148, 150], as does the homogenization of this monolayer upon

further compression to higher surface pressures (also seen in Figure 4.3), due to

the completion of the LE-LC transition.

The addition of sLPS to the DPPC monolayer at a mole fraction of 4%

(xsLPS=0.04), had the effect of increasing both the size and quantity of LC

domains at 5 mN/m, however the domain shapes are consistent with those

which would be expected for a pure DPPC monolayer as it transitions from

LE-LC between 5 and 10 mN/m [186, 187]. The monolayer has homogenized

by 20 mN/m, as for the pure DPPC monolayer, however the sLPS is able

to stabilize the LE phase to higher surface pressures, prior to the monolayer

homogenizing. Further compression to 30 mN/m does not have any visual effect

on the appearance of the monolayer.

RcLPS has been found to pack hexagonally (like DPPC [84]) compared with pure

lipid A monolayers which only exhibit hexagonal packing above 20 mN/m [188].

This indicates that the polysaccharide chains have an impact on the organization

of the acyl tails. The BAM images here for the monolayers containing sLPS
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compared to those without, show this impact. In pure DPPC monolayers the

surface pressure is determined by the balance of the attractions between the acyl

tails with the repulsions between the dipolar headgroups, as well as the surface

tension of the air-water interface. When sLPS is present, these contributions to

the surface pressure are reduced compared to the pure DPPC case, due to the

higher area per molecule (Am) which can be seen in Figure 4.3, as a result of

the presence of the polysaccharide chain. Instead the interactions between the

polysaccharide chains now dominate, increasing the lateral pressure at a given Am

(Section 1.1.2). For the lipids in the sLPS monolayer, the effective contribution

to the surface pressure is determined by the Am, and so whether a molecule is

in the LE or LC phase is really controlled by the Am. From Figure 4.3 the Am

values corresponding to the surface pressures measured for which homogenization

was observed for DPPC, can be found. At these Am values, it is clear that higher

surface pressures are required for monolayers containing sLPS to homogenize.

Upon further increasing the mole fraction of sLPS in the monolayer to xsLPS=0.074,

LC domains begin to form at 5 mN/m as small faint circles. These domains

form dendrites at the slightly higher pressure of 10 mN/m, compared to ≈5

mN/m in the previous xsLPS=0 and 0.04 cases. This known shift of the LE-LC

phase transition to higher surface pressures [168] was also seen in the isotherm

(Figure 4.3), again highlighting the contribution from the polysaccharide chain

interactions at a still greater Am value compared to when at xsLPS=0.04.

At 20 mN/m for xsLPS=0.04, the appearance of small faint light circular domains

alongside the darker domains are indicative of collapse dots. The collapse dots are

both much brighter and more numerous at xsLPS=0.074, but are not present in

the pure DPPC layer at any of the surface pressures measured at. There are two

ways by which collapse dots may form for a monolayer under compression. For

an insoluble monolayer, compression will lead to the monolayer buckling [111].

This results in excess material accumulating into a collapse dot at high surface

pressures. For a soluble monolayer, it is possible that molecules will be expelled

before buckling [111], potentially in the form of vesicles. Expelled monolayer

vesicles which are still attached to the monolayer, give rise to a local excess of

material that is indistinguishable from a collapse dot when viewed with BAM.

The value at which high surface pressure collapse occurs for each of the xsLPS=0,

0.04 and 0.074 monolayers can be seen from Figure 4.3 to be around 53 mN/m.

This explains why the pure DPPC monolayer did not form collapse dots at any

of the surface pressures measured, as they were all below this collapse pressure.
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Both the sLPS monolayers measured did show collapse dots, with the frequency

of collapse dots increasing with the mole fraction of sLPS present. As the Am

in the xsLPS=0.04 and 0.074 monolayers is much greater than that for the pure

DPPC case, this indicates that it is the presence of the sLPS in the monolayer

that is causing the monolayer to collapse. As sLPS has both different chemical

and physical properties compared to DPPC, this is not unreasonable, especially

as amphiphilic molecules are always slightly soluble [111] and sLPS is known to

be soluble. Monolayers containing greater mole fractions of sLPS than those

measured here, have a lower collapse pressure, with xsLPS=0.1 reducing the

collapse pressure to around 40 mN/m [168]. It is also true that monolayers

usually collapse at surface pressures well below the collapse pressure as measured

from compression isotherms [66]. Hence it is possible that for the mixed sLPS

monolayers measured here, it is local regions rich in sLPS that are being expelled.

Alternatively, there may be regions which have a much higher local surface

pressure compared to that of the measured surface pressure, such that the collapse

pressure for either the sLPS or DPPC molecules is being reached, causing the

monolayer in this region to be expelled. The observed increase in the frequency

of collapse dots with mole fraction of sLPS in the monolayer supports both of

these lines of thought, however it remains unclear whether the material in the

collapse dots is purely DPPC lipids, sLPS molecules, or a mixture of both.

4.3.4 Neutron reflectivity analysis

Model fitting description

Two different models were used for fitting the neutron reflectivity data. For

the pure DPPC monolayer, the continuous distribution model described in Sec-

tion 3.3.3 was used, which separated the monolayer into its different components

of tails and heads. To fit the monolayers which also contained sLPS, a micro-slab

(layer) model was used (Section B.1) which is described below.

In the model used, the layer thicknesses and scattering length densities required

for the reflectivity calculation were determined from physically significant pa-

rameters chosen to characterize the monolayer, subject to the constraint of filling

space. The parameters used were: molar fraction of sLPS in the monolayer

(xsLPS), a swelling factor for the sLPS polysaccharide tail (S), area per DPPC

lipid molecule (Al), number of water molecules associated with each DPPC lipid
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headgroup (nwh), and the number of water molecules in the sLPS oligosaccharide

core (nwc). Both the DPPC and sLPS lipid A headgroups, as well as the sLPS

oligosaccharide core, were allowed to be solvated. Water present in the sLPS

polysaccharide chain layer was accounted for through the swelling parameter. A

single Gaussian roughness parameter was used to characterize both the air-tail

and tail-headgroup interfaces (σt), with a separate Gaussian roughness parameter

used to characterize the core-headgroup interface (σh). It is these physical

parameters and roughnesses that are optimized during the fitting procedure, with

the parameters allowed to vary over imposed ranges (Section B.1). The ranges

chosen reflect the physical limits of the system, meaning that the parameters

returned had a relevant physical meaning. As the contour length of the sLPS

polysaccharide chain was found to be ≈230 Å in Section 4.2.1, so the thickness

of the polysaccharide layer fitted was not allowed to exceed this value.

The parameterized model chosen to fit the data consisted of four layers

representing (from super- to subphase) the DPPC and lipid A acyl tails, the

DPPC and lipid A headgroups, the sLPS oligosaccharide core and the sLPS

polysaccharide chain. The volume fraction profile of the polysaccharide chain

layer was assumed to follow a smooth parabola, which is the analytical mean-field

solution for an end-attached polymer, at sufficiently high coverage, extending into

a good solvent (polymer brush) [189]. The solvated (or swollen) thickness of this

polysaccharide chain layer is given by:

tps = ST (4.1)

where T is the unswollen or dry thickness of the chain, as calculated from its

volume (Vps) found in Section 4.2.1, such that:

T =
Vps
Al

(
xsLPS

1− xsLPS

)
(4.2)

The parabolic distribution function was then generated by slicing the solvated

polysaccharide chain layer (tps) into a number of sub-layers (nslice). The volume

fraction in the slice proximal to the superphase is given by:

Φi=0 =

(
1− 3T

2tps

)
(4.3)
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with the volume fraction in each subsequent slice extending into the subphase

being given by:

Φi =

(
1− 3T

2tps

(
t2ps −

(
itps
nslice

)2
))

(4.4)

The thicknesses of the other sub-layers (DPPC and lipid A acyl tails, DPPC

and lipid A headgroups and the sLPS oligosaccharide core) were calculated

respectively as:

tt =
VPCt + VLAt

(
xsLPS

1−xsLPS

)
Al

(4.5)

th =
VPCh + Vwnwh + VLAh

(
xsLPS

1−xsLPS

)
Al

(4.6)

tc =
Vwnwc + Vc

(
xsLPS

1−xsLPS

)
Al

(4.7)

where Vi is the volume of fragment i (i = DPPC acyl tail (PCt), DPPC headgroup

(PCh), lipid A acyl tail (LAt), lipid A headgroup (LAh) and water (w)).

From the fitted parameter values, it was also useful to derive some further relevant

physical values relating to the sLPS polysaccharide chain, in order to characterize

its conformation. These included the area of the polysaccharide chain (Aps),

which was found relative to the area of the DPPC lipids, the percentage hydration

of the chain (Hps), and the distance (dps) between neighbouring chains. These

values were calculated as follows:

Aps = Al

(
1− xsLPS
xsLPS

)
(4.8)

Hps = 100

(
1− Vps

Apstps

)
(4.9)
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dps = 2

√
Aps
π

(4.10)

Equation 4.9 calculates the hydration value at the mid-point of the polysaccharide

chain layer, as due to the parabolic distribution assumed, this value will vary

across the chain layer. Likewise, as the polysaccharide chain is being modelled

using a result from polymer brush theory, the distance between these chains can

be compared to the radius of gyration of the chains.

Results

The simultaneous reflectivity fits (and the corresponding scattering length density

or SLD profiles) produced for each of the sLPS:DPPC monolayers, with all three

contrasts at each surface pressure (π), are in the Appendix (Figures B.5-B.10).

The values found for each of the parameters which generated these fits are shown

in Table 4.1, with the calculated thicknesses for each layer in the model shown in

Table 4.2. At 30 mN/m it is easy to pick out the layers that comprise the density

distribution from the SLD profiles produced for 0.03:0.97 sLPS:d62DPPC, shown

in Figure 4.7, which has been annotated to illustrate these layers. As the thickness

of the sLPS core region consistently came out at ≈1 Å across all measurements,

this layer is effectively not visible in the SLD profiles, and so has not been

labelled. Figures 4.8-4.10 show the change in the reflectivity profile for each

sLPS:d62DPPC monolayer against a D2O subphase, as the surface pressure is

increased. This information is also shown in Figures 4.11-4.13, although displayed

differently so as to show clearly how the composition of each monolayer affects

its reflectivity profile at each surface pressure.

From the fitting, the SLD of the D2O subphase consistently came out at

5.8x10−6 Å
−2

, rather than the expected value of 6.38x10−6 Å
−2

. Recently

the exchange kinetics for D2O subphases have been characterized (private

communication with Dr. Maximilian Skoda, ISIS, U.K.), so that the increase

in the hydrogen content of the subphase can be attributed to H2O/D2O exchange

with the atmosphere, as in this experiment the trough was not sealed in a box.

The SLD profile produced for a pure DPPC monolayer (Figure 4.8), shows that

increasing the surface pressure causes the acyl tail layer thickness to increase, but

does not alter the overall shape of the profile. From Figure 4.11, the spatial extent

of all the profiles at 5 mN/m appears quite compact, with the thickness of the
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Figure 4.7 SLD profiles for 0.03:0.97 sLPS:DPPC at 30 mN/m (red - h:d62
against D2O, green - h:h against D2O, blue - h:d62 against NRW),
annotated to show the contributions from the different components
within the monolayer.

acyl tails and lipid headgroup layers being comparable to when no sLPS is present

in the monolayer. At this surface pressure, the thickness of the polysaccharide

chain layer is on a similar length-scale to the thicknesses of the acyl tails and

lipid headgroup layers, suggesting that the polysaccharide chain is in a collapsed

state. The width of the confidence band on the chain thickness when xsLPS=0.04

has been propagated through from that found on the fitted swelling parameter S.

The magnitude of this width indicates that this parameter has not been correctly

marginalized (to account for parameter correlation within the model), and so is

presenting as a large confidence band on this value. When the sLPS monolayer

content is increased to xsLPS=0.074, the confidence band width decreases as the

contrast between the SLD of the polysaccharide chain and the water subphase

increases.

Compressing the xsLPS=0.04 monolayer to 20 mN/m causes the polysaccharide

chain layer to become ≈x20 thicker than it was at 5 mN/m, corresponding to the

polysaccharide chain stretching out into the subphase (Figure 4.9). The thickness

of both the acyl tail and lipid headgroup layers also increase. This indicates

that the lipids were initially very tilted and so there were no strong repulsive
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interactions between either the acyl tails or the headgroups, prior to increasing

the surface pressure. As the monolayer is compressed, the lipids are brought into

close contact such that the repulsive interactions between them causes them to

reorient so as to minimize these forces, with the lipids transitioning from a liquid-

expanded to a liquid-crystalline state as observed in the BAM images (Figure 4.5).

Monolayer compression then corresponds with a reduction in Al and an increase

in the surface pressure. Further compression to 30 mN/m does not alter the acyl

tail and lipid headgroup layer thicknesses from that found at 20 mN/m, however

the polysaccharide chain layer thickness does reduce slightly, appearing to have

shrunk a little when compared to its stretched state at 20 mN/m.

Increasing the mole fraction of sLPS in the monolayer to xsLPS=0.074 and

compressing, produced the profiles in Figure 4.10. At 5 mN/m the layer

thicknesses of the acyl tails and headgroups are now approximately half what

they were for when xsLPS=0.04 (Table 4.2). That the Al also doubles and yet the

monolayer can still attain this surface pressure, indicates that it is interactions

between the sLPS polysaccharide chains which are dominating the contribution

to the surface pressure. The large Al means that the DPPC lipids are still far

apart and so can be extremely tilted, thus accounting for these thin layers. This

observation is visually lost in the SLD profile (Figure 4.11) as the roughnesses

of the layers has increased, causing them to appear less distinct and so leading

to a smoothing at the layer boundaries compared to the previous monolayers.

On compression, this smoothing still persists, however the acyl tail layer does

become more distinguishable at 20 mN/m, and even more so at 30 mN/m. The

lipid headgroup, core and polysaccharide chain layers however, remain visually

indistinguishable at all surface pressures measured, with only a minor increase in

the thickness of these combined layers. The thickness of the polysaccharide chain

layer remains similar to what it was at 5 mN/m, which is markedly different when

compared to how thick it was when xsLPS=0.04 (seen clearly in Figures 4.12 and

4.13 for 20 and 30 mN/m respectively. These figures show that the thickness for

the complete monolayer when xsLPS=0.074 is on par with that for when xsLPS=0

at both surface pressures).

The data and above descriptions show that the polysaccharide chain remains in

a collapsed state throughout compression when xsLPS=0.074, compared to when

xsLPS=0.04, when the chain stretched. This is neatly presented in Figure 4.14

which shows the volume fraction distribution profile for the polysaccharide chains,

at different surface pressures and molar fractions of sLPS in the monolayer.
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Figure 4.8 Neutron reflectivity data (circles, with errors) and fits (lines) for
d62DPPC against D2O at 5, 20 and 30 mN/m (left - profiles offset
by 10 for clarity), and the corresponding SLD profiles (right).

Figure 4.9 Neutron reflectivity data (circles, with errors) and fits (lines) for an
initial monolayer spread of 0.04:0.96 sLPS:d62DPPC against D2O
at 5, 20 and 30 mN/m (left - profiles offset by 10 for clarity), and
the corresponding SLD profiles (right).

Figure 4.10 Neutron reflectivity data (circles, with errors) and fits (lines) for
an initial monolayer spread of 0.074:0.926 sLPS:d62DPPC against
D2O at 5, 20 and 30 mN/m (left - profiles offset by 10 for clarity),
and the corresponding SLD profiles (right).
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Figure 4.11 Neutron reflectivity data (circles, with errors) and fits (lines) for
sLPS:d62DPPC against D2O at 5 mN/m (left - profiles offset by
10 for clarity), and the corresponding SLD profiles (right).

Figure 4.12 Neutron reflectivity data (circles, with errors) and fits (lines) for
sLPS:d62DPPC against D2O at 20 mN/m (left - profiles offset by
10 for clarity), and the corresponding SLD profiles (right).

Figure 4.13 Neutron reflectivity data (circles, with errors) and fits (lines) for
sLPS:d62DPPC against D2O at 30 mN/m (left - profiles offset by
10 for clarity), and the corresponding SLD profiles (right).
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Table 4.1 Fitted neutron reflectivity parameters for sLPS:DPPC monolayers at different surface pressures.

π
(mN/m)

xsLPS S
Al

(Å2)
nwh nwc

σt
(Å)

σh
(Å)

5
0 — 69.4±5.6 — — 6.0±0 2.0±0

0.040±0.004 1.5±3.0 116.6±5.7 18.1±6.8 0±0 4.0±1.1 0.0±0.3
0.074±0.002 1.5±0 209.2±2.9 13.8±7.5 0±5.1 6.7±0.5 5.7±0.7

20
0 — 50.0±2.1 — — 4.4±0.9 2.0±0

0.038±0.009 14.4±4.5 60.3±0.9 15.6±3.4 0±0 3.8±1.0 2.3±2.1
0.074±0 1.5±0 127.3±1.1 3.3±1.6 0±0 5.4±0.4 5.7±0.7

30
0 — 44.7±1.1 — — 5.5±0.5 2.0±0.1

0.030±0.009 15.1±3.6 55.9±0.5 12.1±3.1 0±0 2.9±1.7 4.3±1.2
0.061±0.004 1.5±0 91.8±1.8 0±0 0±0 3.2±0.7 6.2±0.7
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Table 4.2 Fitted neutron reflectivity sLPS:DPPC monolayer thicknesses and associated derived values at different surface pressures.

π
(mN/m)

xsLPS
tt

(Å)
th

(Å)
tc

(Å)
tps
(Å)

Aps
(Å2)

Hps

(%)
dps
(Å)

5
0 11.0±0.9 4.7±0.4 — — — — —

0.040±0.004 8.4±0.4 7.8±1.8 0.6±0.1 8.5±16.8 2797±350 33±66 60±4
0.074±0.002 5.1±0.1 3.9±1.1 0.6±0.8 9.1±0.3 2618±89 33±2 58±1

20
0 17.7±0.8 6.5±0.3 — — — — —

0.038±0.009 16.2±0.4 13.8±1.8 1.1±0.3 149.0±59.1 1530±379 93±43 44±5
0.074±0.000 8.3±0.1 3.9±0.4 1.0±0 14.9±0.1 1593±14 33±0 45±0

30
0 19.8±0.5 7.3±0.2 — — — — —

0.030±0.090 17.1±0.4 12.8±1.8 0.9±0.3 132.3±51.5 1806±553 93±46 48±7
0.061±0.004 11.2±0.2 4.2±0.1 1.2±0.1 16.9±1.3 1405±104 33±3 42±2
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Figure 4.14 Volume fraction distribution profiles obtained for the sLPS
polysaccharide chain for monolayers of 0.04:0.96 and 0.074:0.926
sLPS:DPPC at 5, 20 and 30 mN/m.

Discussion

From the reflectivity data, the corresponding SLD profiles, and the associated

parameter values, it is clear that the conformation of sLPS is dependent both

on the mole fraction of sLPS present in the monolayer, and the surface pressure.

Tables 4.1 and 4.2 display several interesting trends - one that has been previously

noted is that there are consistently no water molecules present in the sLPS core

region. This results in the thickness of the sLPS oligosaccharide core layer coming

out at ≈1 Å across all xsLPS fractions, at all surface pressures. The maximum

length that the core layer can physically be is 25 Å. The notable discrepancy

in these values for the core thickness, may be a result of how this thickness was

calculated in the model, as shown in Equation 4.7. This allows the oligosaccharide

core to collapse into the region of the DPPC footprint, beneath the DPPC lipid

headgroups, which may account for the very thin core layer thicknesses measured.

For xsLPS=0.04, there is a clear stretching of the polysaccharide chain upon

compression, whilst this is not visible at at xsLPS=0.074 (as seen in Figure 4.14).

At the lower mole fraction of xsLPS, and at low pressure, the polysaccharide

chains are in the collapsed state. This collapsed state resembles the behaviour

of polymers in a good solvent at low grafting density [190], where the Gaussian

coil distribution is the same as for an isolated polymer. For the polysaccharide

chains to behave like this, the distance between the chains (dps) must be greater
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than the Flory radius (RF ). On compression to higher surface pressures, as the

area per lipid decreases, the area per polysaccharide chain also decreases. This

brings the polysaccharide chains into closer contact with one another, so that the

steric repulsion between neighbouring chains causes the chains to extend out and

stretch away from the monolayer, increasing the thickness of the chain layer. The

stretching of the polysaccharide chains is resemblant of a polymer brush, and so

the Gaussian coil distribution for the chains must then be overlapping such that

dps<RF . As the polysaccharide chain behaves like a polymer in a good solvent

throughout compression, the length-scale over which the chain transitions from

being in a collapsed state into a polymer brush, indicates the Flory radius of

the chain: 44≤RF≤60 Å. Stretching as referred to here, does not necessarily

mean that the brush height (thickness of the polysaccharide layer) scales linearly

with the number of trisaccharide repeat units in the polysaccharide chain. To

confirm this would require measuring from sLPS molecules with different numbers

of repeat units and so different polysaccharide chain lengths, which was not

done. The hydration of the polysaccharide chain increases with surface pressure,

suggesting that when the chains are stretched, it is more accessible for water

molecules to surround and bind to monomers in the chain, which they may not

have been able to while it was in a collapsed state.

At the highest surface pressure i.e. 30 mN/m, the mole fraction of xsLPS

decreases by 25% from that initially spread, corresponding to sLPS molecules

being eliminated from the monolayer. This correlates to what was seen in the

BAM images (Section 4.3.3), with the appearance of collapse dots indicating that

material was ejected from the interface. The composition of these collapse dots

was previously speculated on in Section 4.3.3, however the significant reduction

in sLPS molecules present in the monolayer, as measured by neutron reflectivity,

indicates that they contain sLPS molecules at least. Whether or not the collapse

dots also contain DPPC lipids remains unclear, as the difference in Al between

a pure DPPC monolayer and one containing xsLPS=0.04 at 30 mN/m, is quite

large. However, the value of Al for xsLPS=0.04 at 30 mN/m is comparable to the

Al value of pure DPPC at 20 mN/m. These results support both of the previous

hypothesis outlined in Section 4.3.3, whereby it is regions in the monolayer which

are rich in sLPS that are ejecting material from the interface, or that there may be

regions of locally high surface pressure which cause the monolayer in this region

to eject material. Either-way, this loss of material leads to a reduction in the

steric repulsion between the polysaccharide chains and so they relax, as seen by

the slight reduction in the chain thickness at this pressure.

114



At xsLPS=0.074, a smaller fraction of sLPS molecules are ejected (18%) at high

surface pressure, and the conformation of the polysaccharide chains is also quite

different. The thickness of the polysaccharide chain at 5 mN/m for xsLPS=0.074

is equivalent to that for xsLPS=0.04, indicating that at this surface pressure,

the chain is in the collapsed state. However on compression, the polysaccharide

chain does not stretch out as it did for xsLPS=0.04, remaining instead in the

collapsed state throughout. There are two possible explanations for this. Firstly,

it is possible that at this higher mole fraction of sLPS, micelles are being spread

at the air-subphase interface. If the solution the sLPS was dissolved in was a

good solvent, this would ensure that there are individual molecules rather than

aggregates in the dissolved solution. If instead however, the polysaccharide chain

carries over the conformation it had in the more concentrated spreading solution,

then it is possible that micelles were spread. This could produce a very dense

polysaccharide layer, however the BAM images do not support this, as there does

not appear to be any indication of an increased thickness at the initially low

pressures spread. Alternatively, due to the increase in Al with increasing sLPS

mole fraction in the monolayer, there are not sufficient acyl tails to cover the air-

water interface. As the polysaccharide chain is amphiphilic and so is surface

active, the chain can then adsorb to the interface instead of being repelled.

For a classical polymer brush to form, such as is observed for xsLPS=0.04 at

20 mN/m, the interface needs to be non-adsorbing, and hence on compression

the chain will swell. This does not happen for when xsLPS=0.074, as the chain

hydration remains constant and they appear collapsed (or surface adsorbed)

throughout compression. The polysaccharide chains may be capable of forming

intermolecular hydrogen bonds whilst in this surface adsorbed state, with water

molecules bridging neighbouring chains instead of hydrating individual monomers

[172].

That the polysaccharide chains do not swell with decreasingAl when xsLPS=0.074,

suggests that the subphase is no longer acting as a good solvent, with the

adsorption of the chain to the interface leading to a dense proximal layer.

This behaviour is similar to polymers for which the quality of the solvent is

dependent on the volume fraction of polymer in the layer. An example of such

polymer behaviour would be the dehydration of PEG5000 chains upon increasing

grafting density [172]. There, collapse was found to correlate with a decreasing

solvent quality, leading to the polymer chains forming more compact formations.

This may be happening here for the sLPS polysaccharide chains, where at this

mole fraction of xsLPS=0.074 there will be a higher local volume fraction of
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chains compared to at xsLPS=0.04. The water is then no longer a good solvent

for the polysaccharide chains and so the chains prefer to form intermolecular

hydrogen bonds to each other, rather than to the water. The natural state for

the polysaccharide chains is to then be collapsed into a high volume fraction

layer, rather than swollen by osmotic pressure into a polymer brush structure.

The difference in the interactions between the polysaccharide chains and the

surrounding water subphase, is also seen through the difference in the hydration

of the chain layer at π>5 mN/m, as the water goes from being a good solvent at

a low volume fraction of sLPS (xsLPS=0.04, 93% hydrated), compared to a poor

solvent at high volume fraction (xsLPS=0.074, 33% hydrated). Coincidentally,

the 33% hydration of the polysaccharide chain is in agreement with the self-

consistent field theory of brushes of neutral water-soluble polymers, where the

dense region of the polymer brush was theorized to have a hydration of ≈30%

[191]. As the solvent quality of the subphase is dependent on the volume fraction

of sLPS for xsLPS=0.074, it is difficult to calculate the Flory radius of the chains

at this grafting density.

Hydrogen bonding between the sLPS molecules would help stabilize the mono-

layer [165]. This intermolecular bonding could explain why fewer sLPS molecules

are ejected into the subphase at 30 mN/m when xsLPS=0.074, compared to when

xsLPS=0.04, despite an increase in the frequency of the collapse dots in the BAM

images (Section 4.3.3). If the collapse dots purely contained sLPS molecules, as

the mole fraction of sLPS increased, so too would the amount of sLPS ejected

from the interface. This does not happen, suggesting that the collapse dots are

comprised of a mixture of both sLPS molecules and DPPC lipids.

The area of the polysaccharide chain is similar for both xsLPS molar fractions,

altering only with surface pressure, and yet it is only at the lower fraction that the

chain stretches. This is clearly seen in the volume fraction distribution profiles for

the sLPS polysaccharide chain (Figure 4.14). If the canonical internal membrane

pressure of 30 mN/m is valid [65], the volume fraction of sLPS in the membrane

then determines how good a solvent the water surrounding the polysaccharide

chains is, and hence the conformation of the chains.

In a good solvent, the steric (osmotic pressure) repulsion can then act as a

permeability barrier to finite sized colloidal particles. If a brush layer is formed,

the volume fraction of polysaccharide chains within it can be sufficiently high that

the dielectric constant of the brush is less than that of the water. In a poor solvent,

a high volume fraction of sLPS results in the polysaccharide chains collapsing,
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with the collapsed chain layer formed also having a lower dielectric constant than

water. If the dielectric constant of the polysaccharide chain layer is less than that

of the surrounding water, this makes the chain layer a less favourable region for

charged species (for example, cationic AMPs). This may reflect an important

biological function of the LPS layer, as bacteria which possess such a layer are

less susceptible to AMPs.

4.4 Effect of Pexiganan on sLPS:DPPC

monolayers

Having determined the conformation of the sLPS polysaccharide chain in

monolayers with different compositions, at different surface pressures, the

question was then asked how this polysaccharide chain would respond to the

addition of the antimicrobial peptide Pexiganan (PXG) to the subphase. As

with the MinD-mts peptide used in Chapter 3, PXG is cationic and amphipathic,

forming an α-helix at membrane interfaces [40]. PXG is 22 residues long and has

been shown to kill bacteria with a minimum inhibitory concentration (MIC) of

≈2 µM [157]. As PXG has been observed to act synergistically with β-lactam

antibiotics [40], it is possible that this synergy is a consequence of a change in the

conformation of the sLPS polysaccharide chain layer, which might then influence

the permeability of the outer membrane.

4.4.1 Monolayer studies experimental design

Hydrogenated DPPC (hDPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine) and

tail deuterated DPPC (d62DPPC, 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine)

were purchased from Avanti Polar Lipids (Birmingham, AL, USA). The Pexi-

ganan (PXG) peptide was purchased from Peptide Protein Research Ltd. (Fare-

ham, U.K.), with a purity of >95%. Hydrogenated smooth lipopolysaccharide

(sLPS) from E. coli O55:B5 (>97% pure by gel-filtration chromatography) and all

other chemicals purchased from Sigma-Aldrich (Dorset, UK). Milipore deionized

water of resistivity 18.2 MΩcm was used throughout. All glassware used was

initially cleaned with a 2% solution of the alkali detergent Decon 90, and rinsed

in copious amounts of deionized water.
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Monolayers of 0.04:0.96 sLPS:DPPC were spread dropwise from solutions of

chloroform-methanol-water (60:39:1 by volume) [184] using a Microhamilton

syringe, onto an aqueous subphase contained within a Langmuir trough equipped

with hydrophilic POM barriers that permit symmetric compression (Nima

Technology Ltd., Coventry, U.K.). A filter paper Wilhelmy plate was used for

surface pressure measurement and the organic solvent was allowed to evaporate

for 20 minutes before any measurements were made. All measurements were made

at room temperature (21 ◦C), with the monolayer symmetrically compressed

at 25 cm2/s until the requisite surface pressure was reached, whereby the

surface pressure was held whilst the neutron reflectivity was measured, before

compressing again.

Neutron reflectivity was measured prior to the addition of PXG, at surface

pressures of 5, 20 and 22 mN/m. Then holding the area constant for the surface

pressure of 22 mN/m, an aliquot of 200 µM PXG stock solution (made up

with the corresponding buffer), was evenly injected into the subphase beneath

the monolayer. The PXG was allowed to diffuse for 45 minutes, to an initial

subphase concentration of 1 µM, prior to measuring the reflectivity again. A

further aliquot of 200 µM PXG stock solution was then injected, raising the

subphase concentration to 2 µM, before measuring the reflectivity again. This

last step was then repeated for a subphase concentration of 4 µM.

Attention was focused on the 0.04:0.96 sLPS:DPPC monolayer, as this monolayer

had displayed a structural variation with surface pressure that was consistent

with a swollen polysaccharide layer. It was also observed that at 20 mN/m, the

polysaccharide chain was fully extended, and further compression to 30 mN/m

only acted to squeeze out sLPS molecules from the interface. For this reason,

it was decided to compress to slightly above 20 mN/m i.e. 22 mN/m, to allow

for any hysteresis within the monolayer, before switching to holding the area

at which 22 mN/m was attained. The area was held constant as opposed to

the surface pressure, as in a real Gram-negative bacterium the outer membrane

is somewhat constrained through its connection with the peptidoglycan layer

between the inner and outer membrane [185]. The range of PXG concentrations

chosen reflects the range of MICs which have been measured for PXG [157], and

so were investigated as to determine if the response of the sLPS polysaccharide

chain differed depending on the concentration of PXG present.
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Figure 4.15 Photographs of the experimental set-up on the INTER beamline,
showing the Langmuir trough used (left) sealed within a box (right).

Neutron reflectivity from sLPS:DPPC monolayers following addition of

Pexiganan

Neutron reflectivity measurements from the air-liquid interface were made on the

INTER beamline [158] at ISIS (Oxford, U.K.) [159]. A single point detector was

used to measure the reflectivity at fixed grazing incidence angles of 0.8◦ and 2.3◦,

covering a Qz range of 0.01≤Qz≤0.3 Å−1.

Monolayers of 0.04:0.96 sLPS:hDPPC and 0.04:0.96 sLPS:d62DPPC were pre-

pared following experimental procedures described earlier in this Section, and

symmetrically compressed. The sLPS:hDPPC monolayer was measured against

D2O, whilst the sLPS:d62DPPC monolayer was measured against both D2O and

NRW subphase contrasts. A Langmuir trough of area 500 cm2 was used, which

was sealed to prevent evaporation during measurements, and can be seen on the

beamline in Figure 4.15. Between monolayer measurements, the Langmuir trough

and barriers were cleaned by rinsing thoroughly with deionized water and ethanol.
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4.4.2 Neutron reflectivity analysis

Model fitting description

The model previously used in Section 4.3.4 was also used here to determine the

structure of the sLPS:DPPC monolayer without any PXG present, and was then

adapted to allow for the inclusion PXG. In the new model, which can be seen

in the Appendix (Section B.2), PXG was allowed to replace water within the

sLPS polysaccharide chain layer, through fitting the number of peptide molecules

associated with the polysaccharide chain (npps). A peptide layer was also included

beneath the polysaccharide chain layer, characterized by the number of peptides

associated with each lipid (npl), as well as the number of water molecules (nwp).

As it was consistently found in Section 4.3.4 that there were no water molecules

associated with the sLPS oligosaccharide core, this parameter was not fit and

instead was held at zero, so that any change observed in the thickness of the

polysaccharide core is a response to a change in the area per lipid. As PXG was

incorporated into the above model through the replacement of water molecules,

as no water was present in the core region, so no PXG was included in this

region either. This was checked through fitting the data with a model which

allowed PXG to be incorporated across the entire monolayer (data not shown),

however PXG was only found to be present in and beneath the polysaccharide

chain layer. Hence the final model only allowed for PXG to be incorporated

within these layers, reducing the number of parameters necessary to fit the data.

Results

The simultaneous reflectivity fits (and the corresponding scattering length density

or SLD profiles) produced for the 0.04:0.96 sLPS:DPPC monolayer with all three

contrasts, at each pressure and PXG concentration measured, are in the Appendix

(Figures B.11-B.16). The values for each of the parameters which generated the

sLPS:DPPC fits are shown in Table 4.3, with the calculated thicknesses for each

layer in the model shown in Table 4.4.

Figure 4.16 shows the effect of surface pressure on the sLPS:d62DPPC monolayer,

with the profiles appearing similar to those obtained previously in Section 4.3.4,

indicating that the sLPS polysaccharide chains are responding in the same

way. Figures 4.17 and 4.18 directly compare the data and fits obtained at 5
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and 20 mN/m, with those obtained at the corresponding surface pressures in

Section 4.3.4. An obvious difference between the two profiles is the visual offset

in the D2O subphase SLD, which comes out here around the expected value

of 6.38x10−6 Å−2, with the reason for this discrepancy having been explained

previously in Section 4.3.4. Tables B.1 and B.2 in the Appendix, show the

similarities in the parameter values and layer thicknesses respectively, obtained

separately on the two different experiments and instruments. This confirms

that at this molar fraction of sLPS, the polysaccharide chains act as a polymer

brush under lateral pressure. It also shows that although the molar fraction

of sLPS was initially made up to the same value of 0.04 for both experiments,

upon measuring at 5 mN/m, this value came out at xsLPS=0.032 compared to

xsLPS=0.04 previously. This points to the deposition technique used being a

potential source of error. Specifically, if the drops are too large or are allowed to

fall onto the air-liquid interface from too great a height, rather than touching them

to the interface, the drop might sink into the subphase. Hence the material in

that drop will not end up on the interface. The value of xsLPS remains constant at

0.032 upon further compression to 20 and then 22.5 mN/m. In the measurement

in Section 4.3.4, xsLPS changed from 0.04 to 0.038 on compression from 5 to

20 mN/m, and then to 0.03 at 30 mN/m. This suggests that if the initial

monolayer composition contains xsLPS=0.04, some of the sLPS molecules will

be lost to the subphase on compression, whereas if xsLPS=0.032 initially, the

monolayer will remain at that composition throughout compression. The sLPS

polysaccharide chains however respond to the increase in lateral pressure in the

same way in both sets of measurements, by extending out into the subphase,

as seen in Figure 4.19. The area per lipid Al decreased on compression from

5 to 20 mN/m, where it then remained constant upon further compression to

22 mN/m.

With the surface pressure held at 22 mN/m, the effect that PXG has on

the monolayer was determined by increasing the concentration of PXG in

the subphase. This produced the reflectivity and corresponding SLD profiles

in Figure 4.20, as well as the volume fraction distribution profiles for the

polysaccharide chain (Figure 4.21), from which three things are immediately

apparent. Firstly, that the presence of PXG did not alter the conformation

of the polysaccharide chain, with only a minor increase in the thickness of the

chain layer observed on introducing PXG into the subphase. The thickness of

the polysaccharide chain layer then remains constant upon further increasing the

concentration of PXG present in the subphase. Secondly, as the concentration
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of PXG in the subphase increases, the SLD of the polysaccharide chain layer

decreases. This corresponds with an increase in the amount of PXG in the

polysaccharide chain layer, altering the SLD of this layer. Lastly, there is an

extended peptide layer beneath the polysaccharide chain layer, which decreases

in thickness with increasing PXG concentration in the subphase. However, the

confidence band on this peptide layer thickness is very large, indicating that its

inclusion does not influence the fit. Hence this data was also fit using a modified

version of the model in Section B.2, in which the peptide layer was removed,

but PXG was still allowed to be present in the polysaccharide chain layer. This

produced the profiles in Figure B.17, and yielded similar parameter values (within

the confidence bands, as seen in Table B.3) compared to those found for when

the peptide layer was included in the model. There is a decrease in Al upon the

initial injection of PXG into the subphase, however Al then remains constant

upon further increasing the concentration of PXG present in the subphase.

Figure 4.16 Neutron reflectivity data (circles, with errors) and fits (lines) for
0.032:0.968 sLPS:d62DPPC against D2O (left - profiles offset by
10 for clarity), and the corresponding SLD profiles (right).

Figure 4.17 Neutron reflectivity data (circles, with errors) and fits (lines) for
sLPS:d62DPPC against D2O at 5 mN/m (left - profiles offset by
10 for clarity), and the corresponding SLD profiles (right).
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Figure 4.18 Neutron reflectivity data (circles, with errors) and fits (lines) for
sLPS:d62DPPC against D2O at 20 mN/m (left - profiles offset by
10 for clarity), and the corresponding SLD profiles (right).

Figure 4.19 Volume fraction distribution profiles obtained for the sLPS
polysaccharide chain for an initial monolayer spread of 0.04:0.96
sLPS:DPPC, measured at 5 and 20 mN/m on two separate
instruments.
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Figure 4.20 Neutron reflectivity data (circles, with errors) and fits (lines) for
0.032:0.968 sLPS:d62DPPC against D2O at 22 mN/m for different
concentrations of PXG present in the subphase (left - profiles offset
by 10 for clarity), and the corresponding SLD profiles (right).

Figure 4.21 Volume fraction distribution profiles obtained for the sLPS
polysaccharide chain for an initial monolayer spread of 0.04:0.96
sLPS:DPPC at 22 mN/m, for different concentrations of PXG
present in the subphase.
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Table 4.3 Fitted neutron reflectivity parameters for sLPS:DPPC monolayers at different surface pressures, with different concentrations
of PXG present in the subphase.

π
(mN/m)

PXG
(µM)

xsLPS S
Al

(Å2)
nwh nwc

σt
(Å)

σh
(Å)

npps npl nwp

5 0 0.032±0.006 1.5±0 108.2±3.4 4.2±2.3 0±0 1.2±1.7 0.0±0.2 — — —
20 0 0.032±0.004 25.0±0 71.4±1.4 12.1±3.2 0±12.6 2.9±0.9 2.4±1.4 — — —

22

0 0.032±0.002 25.0±0 70.6±1.1 17±1.8 0±2.2 3.8±0.5 0.8±1.4 — — —
1 0.032±0.003 25.0±1.9 60.1±0.9 8.3±2.4 — 0±0.8 2.7±1.1 0.10±0.10 0.33±0.27 879±219
2 0.032±0 25.0±0 59.9±0.9 1.1±2.8 — 3.1±0.6 4.9±0.7 0.19±0.12 0.36±0.28 776±303
4 0.032±0.001 25.0±0.4 61.2±1.2 7.6±4.1 — 2.6±1.1 4.0±1.2 0.25±0.13 0.38±0.28 659±377

Table 4.4 Fitted neutron reflectivity sLPS:DPPC monolayer thicknesses and associated derived values at different surface pressures,
with different concentrations of PXG present in the subphase.

π
(mN/m)

PXG
(µM)

tt
(Å)

th
(Å)

tc
(Å)

tps
(Å)

tp
(Å)

Aps
(Å2)

Hps

(%)
dps
(Å)

5 0 8.9±0.3 4.4±0.7 0.5±0.1 7.2±1.4 — 3316±642 33±9 65±6
20 0 13.4±0.3 10.1±1.4 0.8±0.1 180.9±22.5 — 2189±269 96±17 53±3

22

0 13.6±0.2 12.2±0.8 0.8±0 183.0±10.1 — 2164±115 96±7 53±1
1 16.0±0.3 10.0±1.3 0.9±0.1 215.2±28.1 457±125 1841±239 96±18 48±0
2 16.0±0.2 6.5±1.4 0.9±0 215.9±5.1 409±167 1834±33 96±3 48±0
4 15.7±0.3 9.5±2.0 0.9±0 211.1±10.6 343±200 1877±87 96±7 48±0
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Discussion

The sLPS polysaccharide chain is seen to act like a polymer brush under lateral

pressure (Figure 4.16), as in Section 4.3.4. There is a slight discrepancy in the

thickness of the polysaccharide chain layer at 20 mN/m, as measured on the

two different instruments. Whilst the polysaccharide chain was observed to be

extended at this surface pressure on both instruments, the chain appears longer

here when measured on INTER, however still within the confidence band of the

previous measurement on SURF. This is as a result of the poorer contrast between

the SLD of the D2O subphase and the SLD of the polysaccharide chain on SURF,

due to subphase exchange with the atmosphere. As the experiment on INTER

was conducted within a sealed box, this exchange was drastically reduced, and

so the fit is more sensitive to the low volume fraction region of the brush layer.

Previously on SURF, less volume of sLPS:DPPC solution was deposited onto

a larger area, compared with on INTER. This may mean that the constituent

molecules initially experience less repulsive intermolecular forces within the

monolayer, and so are able to arrange into their lowest energy state prior to

compression. On then compressing the monolayer, any loss of sLPS molecules

to the subphase is then as a direct result of the molecules responding to the

area reduction, and being brought into contact with one another. On INTER,

depositing more constituent molecules onto a smaller area initially, could result

in competition over space due to steric effects between the molecules, and

so an immediate loss of molecules to the subphase at the deposition stage.

The monolayer is then able to rearrange into its lowest energy state prior to

compression, so that when the surface pressure is increased, the monolayer

components are at the optimum ratio of sLPS:DPPC, and so there is no further

loss of sLPS molecules. However as was explained previously, this discrepancy

in xsLPS between the monolayers measured on the two instruments, may also

potentially be a result of the deposition technique used. The Flory radius of the

polysaccharide chain measured here is 53≤RF≤65 Å. Comparing this to that

found previously in Section 4.3.4, then gives the polysaccharide chain of the LPS

used in this thesis, a Flory radius of 53≤RF≤60 Å.

When PXG is injected into the subphase, the polysaccharide chains continue

to remain extended away from the monolayer. The resulting increase in the

thickness of the polysaccharide chain layer (as seen from Table 4.4) and decrease

in Al (Table 4.3), is then due to PXG inserting into the chain layer. The uptake
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of PXG is likely to be driven by the amphiphilic nature of both the PXG and

the sLPS polysaccharide chain. The uptake of PXG by the polysaccharide chains

results in an increase in the thickness of the chain layer. The increase in the

extension of the chains indicates that the uptake is driving a chain stretching,

with the chain layer almost at its maximum thickness, as dictated by the modal

length of the polysaccharide chains which comprise it (Section 4.2.1). Chain

stretching decreases the osmotic repulsion between chains, leading to a reduction

in Al. As the polysaccharide chain layer is then at its maximum thickness, further

increasing the concentration of PXG present does not alter the thickness of this

layer, and Al remains constant. Increasing the concentration of the PXG in the

subphase does correspond with a proportional increase in the amount of PXG

present in the chain layer. As no sLPS molecules are expelled from the interface,

this potentially indicates that yet more PXG could still insert if the concentration

was increased further again.

PXG is also capable of inducing the formation of a peptide layer that is twice as

thick as the polysaccharide chain layer, at the distal edge of the chain layer. The

confidence bands on these peptide layer thicknesses are large, and it is possible to

fit the data without it and obtain the same results (Tables B.3 and B.4). There

must however, be a reason why the peptide layer is capable of forming. Although

the modal number of repeat units in the sLPS polysaccharide chain is 17 (as

determined in Section 4.2.1), the polysaccharide chains exhibit polydispersity,

with some chains containing more repeat units than this. These longer chains

are visible in Figures 4.1 and 4.2 as the final peak in the intensity before it

falls to the background. It may be possible that PXG is coating these longer

polysaccharide chains. As the concentration of PXG is increased, more PXG

is adsorbed by the chains. The amphiphilic character of PXG could lead to

an attractive interaction between the polysaccharide chains and PXG, replacing

the polysaccharide-subphase interaction. This would decrease the excluded

volume of the long polysaccharide chains and hence the steric repulsion between

neighbouring chains, such that they relax, leading to the observed decrease in the

thickness of the peptide layer. This is similar to what has been previously seen

for the interaction between polyelectrolyte brushes and the surfactant sodium

dodecyl sulfate (SDS), where the brush becomes loaded with surfactant [192].

The large confidence band on the thickness of the peptide layer also indicates

that these longer chains are in the minority.

A limitation of the model used is that it does not provide any information on the
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distribution of PXG through the polysaccharide chain layer. It is probable that

PXG first interacts with the polysaccharide chain at the chain-subphase interface.

Once PXG is then within the polysaccharide chain layer, when the concentration

of PXG in the subphase is further increased, more PXG can insert into the chain

layer. This reduces the osmotic pressure within the polysaccharide chain layer,

with the PXG distribution within the chain layer possibly taking the inverse form

of the polysaccharide chain distribution.

The response of a pure DPPC monolayer to 4 µM PXG was studied in Chapter 3.

PXG was not found to insert into the DPPC monolayer at 20 mN/m, but

was instead bound beneath the lipid headgroups, oriented with its long axis

parallel to the air-liquid interface, at a ratio of 0.004 peptides per lipid. This

can be compared to its interaction with the 0.032:0.968 sLPS:DPPC monolayer

at 22 mN/m measured here, where PXG inserts into the polysaccharide chain

layer but not the DPPC-lipid A layer. The insertion of PXG into both of these

monolayers only has a minor effect on their SLD profiles (Figures 3.22 and 4.20),

suggesting that the interaction of PXG has no significant effect on the structure

of either monolayer.

PXG is proposed to form torodial pores in bacterial cell membranes, however

no PXG was found to insert into the DPPC-lipid A region of the sLPS:DPPC

monolayer measured here. This may be due to the sLPS being anchored within

a DPPC monolayer, for which only a minor amount of PXG was seen to insert

(Table 3.6). It may be possible that as greater PXG insertion was found for a

0.75:0.25 POPC:POPG monolayer than for a DPPC monolayer in Section 3.4,

if the sLPS was instead anchored within a 0.75:0.25 POPC:POPG monolayer,

PXG may then interact with and insert into the POPC:POPG-lipid A region.

As the majority of the outer membrane consists of porins however, it is possible

that once within the polysaccharide chain layer, PXG transverses the outer cell

membrane via a porin, forming torodial pores on the inner membrane instead.

It may have been expected that the presence of cationic PXG would have induced

collapse in the polysaccharide chain layer, similarly to how the chains respond to

divalent ions [32]. However, here it is possible that the steric effect of the PXG is

dominating, rather than its positive charge. The stretching of the polysaccharide

chains as PXG inserts into the chain layer, could expose the hydrophobic core

of the bacterial outer membrane, making it easier for PXG to access this region,

and potentially kill the cell [177].
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4.5 Conclusion

The conformation of the sLPS polysaccharide chain when not in the presence

of divalent ions was characterized for the first time. The polysaccharide chain

was within a monolayer anchored at the air-water interface through interactions

with DPPC. It was found that the polysaccharide segments can be described by

a parabolic volume fraction profile, which is a mean-field description of a neutral

polymer brush. Thus the polysaccharide chain can be thought of as a glycan

polymer.

Measuring at biologically relevant surface pressures, as well as altering the

mole fraction of sLPS present in the layer, revealed that the conformation of

the polysaccharide chain exhibited a surface concentration dependence. This

was determined through measuring the neutron reflectivity from sLPS:DPPC

monolayers, as well as recording the corresponding BAM images. The BAM

images collected show that sLPS stabilized the LE phase, preventing the

monolayer from homogenizing at the same surface pressure as for a pure DPPC

monolayer, effectively acting as a spacer between the DPPC lipid molecules.

This was confirmed by the neutron reflectivity measurements, which showed an

increase in the area per lipid as the mole fraction of sLPS in the monolayer was

increased. The reflectivity measurements also confirmed that sLPS molecules

were being ejected from the monolayer as the surface pressure was increased,

which was observed through the appearance of collapse dots in the BAM images.

A higher frequency of collapse dots were observed for the sLPS:DPPC monolayer

at an initial ratio of 0.074:0.926 than at 0.04:0.96. From the neutron reflectivity

fits, the mole fraction of sLPS present in both these monolayers decreases on

compression, corresponding with sLPS molecules being ejected from the interface

and hence appearing as collapse dots in the corresponding BAM images.

It was found that at an sLPS mole fraction of 4% in the monolayer, the

polysaccharide chains behaved as a polymer brush in a good solvent, on increasing

the surface pressure. At a higher sLPS mole fraction of 7.4%, the polysaccharide

chains were found to remain in the collapsed state throughout compression, akin

to a polymer in a poor solvent. Previously these polysaccharide chains had been

found to be in the collapsed state when in the presence of divalent ions [32]. This

indicates that the conformation of the polysaccharide chains is dependent both

on their grafting density within the monolayer, and their external environment.

However as bacteria cannot control the environment in which they live, the initial
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conformation of the polysaccharide chains is important as they are at the interface

between the bacterial cell and the environment, and so may dictate how the cell

responds to external stimuli.

As the 0.04:0.96 sLPS:DPPC monolayer displayed a structural variation with

surface pressure that was consistent with a swollen polysaccharide chain layer,

how the structure of this chain layer responded to PXG was then investigated.

The polysaccharide chain was found to remained stretched, as it did when no PXG

was present, with a minor increase in length upon the addition of PXG. PXG was

found to insert into the chain layer; with an increase in the concentration of PXG

present in the subphase, leading to a proportional increase in the uptake of PXG

by the layer. The mole fraction of sLPS present in the monolayer remained

constant at 3.2% throughout, from an initial mole fraction in solution of 4%.

One can speculate that if the sLPS polysaccharide chains were permanently

collapsed, this may prevent or limit interactions between the cell and its

environment which are necessary for day-to-day cell survival, and so the chains

would be stretched in a native bacteria. Both monolayers initially spread from a

solution containing a 4% mole fraction of sLPS exhibited stretched polysaccharide

chains at surface pressures ≥20 mN/m, and so this may represent the mole

fraction of sLPS which is generally present in the outer cell membrane. One can

also speculate as to whether the canonical surface pressure of 30 mN/m is the

likely lateral pressure of the outer membrane. As the polysaccharide chains are

capable of stretching at 20 mN/m, with no further change in their conformation

on increasing the pressure to 30 mN/m, it is possible that the lateral pressure

within the outer membrane is closer to 20 mN/m instead. The observed collapse

of the polysaccharide chains if the mole fraction of sLPS present in the monolayer

is increased to 7.4%, suggests a possible mechanism for defence which may make

the outer bacterial membrane less permeable.

The mole fraction of sLPS present in the outer membrane is something which

bacteria can regulate biologically, and so could be a way for bacteria to tune the

sLPS polysaccharide chain conformation, and hence possibly the outer membrane

permeability. If the polysaccharide chains in a native bacteria are initially

stretched, AMPs could insert into the chain layer without inducing the chains

to collapse, as was found here with PXG, with the steric effect of the AMPs

instead acting to stabilize the chains. The AMPs may then be able to interact

with, and transverse, the hydrophobic core of the outer membrane. It is possible

that as a feedback mechanism, the cell upregulates the amount of sLPS present
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in the outer membrane to decrease the permeability of the outer membrane. The

corresponding increase in the amount of polysaccharide chains leads to the chain

layer collapsing, which could prevent further AMPs from entering the cell. This

could decrease the efficacy of AMPs within a population, and so decrease the

evolutionary pressure on bacteria, explaining why bacteria have generally failed

to evolve resistance to AMPs such as PXG.
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Chapter 5

Neutron and x-ray reflectivity

measurements of BslA film

formation at the air-liquid interface

The work in this Chapter was done in collaboration with the MacPhee group in

Edinburgh. Hydrogenous proteins were supplied by the MacPhee group through

their ongoing project with the Stanley-Wall group from the University of Dundee;

expression of deuterated BslA was performed by Dr Keith Bromley (Edinburgh)

and Dr Laura Hobley (formerly Dundee, now Queen’s University Belfast).

5.1 Introduction

5.1.1 Background

The Gram-positive bacteria B. subtilis self-assembles into biofilms, and at the

air-liquid interface the protein BslA plays an important role in this spontaneous

self-assembly. BslA localizes at the biofilm air-liquid interface, forming a surface

layer which creates a protective barrier around the biofilm. The elastic films

formed by BslA are highly hydrophobic, as evidenced by their nonwetting

nature, with this property being attributed to the hydrophobic cap of the BslA

protein [14]. The hydrophobic cap exhibits similar functional properties to

the hydrophobic surface found in fungal proteins called hydrophobins. When
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assembled, fungal hydrophobins also prevent wetting, making spores water

resistant. This functional homology has led to BslA being called a bacterial

hydrophobin [15].

In aqueous buffer BslA has a random coil structure, however when adsorbed at

an interface it is thought to adopt a structure comprising of a 310 helix and 13 β-

strands, forming two distinct opposing faces. This folded structure identifies BslA

as a member of the Immunoglobulin (Ig) superfamily and renders it amphipathic.

A smaller additional β-sheet links the main sheets, forming a cap with an almost

flat surface, which to date is unique to BslA [14]. The cap covers 1620 Å2 of the

total 6670 Å2 surface area of the protein. The residues which compose the cap

are highlighted in Figure 1.8, with the hydrophobic amino acids shielded from

the aqueous environment of the biofilm matrix by the conformation of the rest of

the protein.

The cap is capable of restructuring upon adsorption at a hydrophobic interface,

undergoing an environmentally responsive conformational change whereby the

hydrophobic residues previously hidden within the structure are exposed, as

shown in Figure 5.1. Although conformational change results in an associated

energy barrier to adsorption, it is thought that the molecular rearrangement

helps to stabilize BslA at the interface into a highly ordered rectangular lattice

of dimensions 3.9x4.3 Å [15]. It has been found that it is not specific residues

which influence the hydrophobicity of the cap, but simply that the residues are

hydrophobic in nature. It has also been found that replacing a hydrophobic

leucine residue in the cap with a hydrophilic lysine resulted in a BslA mutant

(L77K) which produced a wettable layer, highlighting how critical this residue

is for the biological function of BslA [14]. This is attributed to a different

packing of the L77K cap residues within the protein, due to the nature of the

replaced residue. In the aqueous environment within the biofilm, the hydrophobic

cap residues are not thought to be completely shielded by the conformation of

the rest of the protein. Partial exposure of these residues due to the disrupted

packing structure of L77K means they can interact with the interface, lowering

the energy barrier to adsorption for the L77K protein compared to the WT.

This allows the L77K protein to adsorb faster, but also makes it less stable

when on the interface. When on the interface, L77K is thought to undergo a

similar conformational change to the WT. The interfacial film formed by L77K

is predominantly disorganized, although it does contain some organized patches

identical to those formed by the WT protein [15].
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tail

C-terminus

Figure 5.1 Crystal structure of BslA WT showing the packing of the hydrophobic
residues (black) within the cap when in solution (left) and on the
interface (centre), with the partially structured loop or tail associated
with the main Ig fold highlighted. The hydrophobic region when on
the interface is also highlighted in green (right) with the position
of the surface-exposed hydrophobic leucine, isoleucine, alanine and
valine cap residues labelled. Adapted from [14, 15].

Whilst the majority of the protein adopts the structure described above, there

is also a partially structured loop or tail of 10-12 amino acids (contour length

≈100Å - internal communication with Dr. Marieke Schor, The University of

Edinburgh, 2017), associated with the main Ig fold as seen in Figure 5.1. As the

structure of the Ig fold is quite open, it is possible that the tail may be partially

contained within the fold. Whether or not the tail restructures along with the

cap is not known, however the presence of the tail does not appear to interfere

with restructuring of the cap, nor have any impact on the function of BslA [15].

BslA has an approximately ellipsoidal shape both in its random coil structure in

solution and upon restructuring into an Ig fold at the interface. In simulations

this ellipsoid has been modelled with a major axis length of 55 Å and minor axes

of 33 and 26 Å [193]. The small (8◦) angle between the direction of the major axis

and a vector linking the hydrophobic cap to the protein centre of mass, means

that at the interface the protein can be regarded as a polarized or ellipsoidal Janus

nanoparticle [193]. When viewed as such, the location of the cap at one end of

the polarized axis allows the hydrophobicity of the cap to control the orientation

of the protein when at a liquid-liquid interface.
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Figure 5.2 Schematic representation of how monomeric and dimeric BslA WT
proteins may assemble at the air-liquid interface i.e. at the biofilm
surface, dependent on whether a conformational change has (cap
“out”) or has not (cap “in”) taken place in the cap. Reproduced
from [16].

The simulations find that the highest adsorption free energy is associated with

a high cap hydrophobicity such as is obtained when BslA restructures at an

interface and is oriented in the end-on or upright state, with its major axis

perpendicular to the interface. The end-on orientation allows the protein to

partition its cap into the air or apolar phase, and its main hydrophilic Ig

surface into the polar phase, optimizing both protein-solvent interactions and

interprotein interactions. A side-on adsorption (major axis parallel to the

interface) maximizes the area occupied by the protein, which would minimize

the unfavourable interfacial energy between bulk phases.

BslA WT has a high cap hydrophobicity and so is thought to adsorb in the end-on

state, however once adsorbed it tilts as a result of the optimization of different

energy contributions to the interfacial energy [193], with the average orientation

of its major axis determined by simulations to be at an angle of ≈29.5◦ to the

normal [15]. This initial adsorption orientation contrasts with that found for the

L77K mutation, which adsorbs with its major axis already tilted at this angle in

simulations, which may reflect its reduced cap hydrophobicity compared to WT

[15].

To date, most in vitro experiments into the behaviour of BslA have been

performed using monomeric BslA [14, 15, 54, 194]. Complementary experiments

have been performed on dimeric BslA and produced similar results [15]. As the

surface layer of BslA in a biofilm has been imaged as being more than a single

layer thick [14] it is possible that BslA functions as a dimeric protein through

the formation of disulphide bonds between two cysteine residues toward the C-
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terminus in native BslA proteins [15]. Whilst these bonds do not appear to be

needed to stabilize the structure of the cap, they may help stabilize the protein

layer formed. If BslA is functioning as a dimeric protein however, it has been

hypothesized that that only one cap region interacts with the interface whilst the

second mediates interprotein interactions, as illustrated in Figure 5.2 [15].

5.1.2 Aims

Despite the various experiments previously undertaken on BslA, direct in situ

measurements of the interfacial assembly kinetics and structures formed have

not been made. In this Chapter, Brewster angle microscopy, and neutron and

x-ray reflectivity techniques, which are directly sensitive to different aspects of

interfacial structure, are used in an attempt to address the film structure and

formation kinetics.

5.2 Brewster angle microscopy

Brewster angle microscopy (BAM) images were taken of the air-liquid interface

using an EP3se imaging ellipsometer (Nanofilm Technology, Goettingen, Ger-

many) mounted over a Langmuir trough. Subphases of 0.005 mg/mL BslA WT

and 0.0025 mg/mL BslA L77K were prepared as described in Section 5.3.1 before

being poured into the Langmuir trough. The concentrations used were dictated by

the availability of material. The interface was then imaged at room temperature

(21 ◦C), using a x10 objective at an incident angle of 53◦. All images were

background corrected as described in Section 2.3.2.

Images

The BslA WT interface was first imaged and recorded 15 mins after the interface

was created. This time lag is due to the time taken to first find the interface and

then to capture an appropriately focused image. After 15 mins the interfacial

structure is drifting laterally sufficiently slowly that images may start to be

recorded, as seen in Figure 5.3. The initial image taken shows irregularly shaped

liquid-crystalline (LC) domains of 5 to 25 µm in diameter and light grey in colour,

covering approximately 80% of the surface, against a darker grey liquid-expanded
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Figure 5.3 Brewster angle microscopy images of 0.005 mg/mL BslA WT
subphase at 15 mins (top left), 20 mins (top right), 25 mins (bottom
left) and 30 mins (bottom right). Areas of interest are circled and
discussed in the text. The scale bar is 50 µm.
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Figure 5.4 Brewster angle microscopy images of 0.0025 mg/mL BslA L77K
subphase at 15 mins (top left), 30 mins (top right), 40 mins (bottom
left) and 75 mins (bottom right). Arrows are pointing to features
which are discussed in the text. The scale bar is 50 µm.
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(LE) phase 1. After a further 5 mins the interface has stopped drifting and the

smaller LC domains have merged together to form fewer, more uniformly sized

domains of ≈10-15 µm, with some of these domains having merged and connected

to form a network. The bright white spot in the centre of this image is dust,

surrounded by a dark halo of bare subphase. Over the next 5 mins the dust

particle submerges without moving laterally as a complete layer of protein forms

at the interface, pushing the dust particle into the subphase. This layer then

begins to homogenize so that in the final image taken 30 mins after the interface

was created, there is a homogeneous layer of protein present at the interface,

which incorporates small 5 µm diameter circular domains (indicated by a red

circle) at a fractional area coverage of ≈5%.

There was the same time delay in taking the first image of the air-L77K interface,

with the first image again taken 15 mins after interface creation. The initial

image in Figure 5.4 shows a darker grey LE phase, with irregular light coloured

LC domains of 10-30 µm in diameter comprising 5% of the total surface coverage.

After a further 15 mins, whilst there are still some smaller LC domains present,

LC domains greater than 40 µm in diameter have also formed and began to merge

together to create very large LC patches. Within these patches there are areas

of bright white spots as well as some dark linear patches of subphase (indicated

by arrows on the image). As the interface is still quite mobile, 10 mins later the

image observed is similar to that initially recorded, with a mixture of LC domains

ranging from 5 µm in diameter to 40 µm covering 10% of the surface, surrounded

by a LE phase. The final image taken 75 mins after the interface was created

shows a stabilized but inhomogeneous interface.

Discussion

For BslA WT at 0.005 mg/mL, as domains are visible a layer of protein must

have formed at the interface. The protein molecules form liquid-crystalline (LC)

domains with a local high coverage of proteins which are observable after 15 mins

(Figure 5.3), indicating that at short-range the proteins are in close contact. The

liquid-expanded (LE) phase observed represents proteins which, whilst they are

still close enough to interact with each other, are further apart i.e. expanded,

1The terms liquid-expanded (LE) and liquid-crystalline (LC) used here are synonymous with
those described in terms of lipid molecules in Sections 2.1.1 and 2.3.2, but which are applicable
to amphiphilic molecules in general, with LC referring to a more densely packed, ordered region
than LE.
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compared to those in the LC domains. The interaction whilst in a liquid-

expanded state may be mediated by the unstructured loop (tail) which, whilst

it is conformationally unconstrained in this phase, may become constrained in

the LC phase, possibly due to interprotein bonds holding it in place. Hence, the

conformationally mobile tail region may result in a steric barrier between protein

molecules.

Twenty minutes after interfacial creation, the WT interface is laterally stable,

suggesting that the protein has attained a near full coverage at the surface, and

the LC-LC domains begin to merge. Intriguingly, a piece of dust on the interface

exhibits an “exclusion zone” around it, where there is no protein present at the

interface. That the volume of the exclusion zone is on the same length-scale

as the dust particle suggests that the interface has jammed such that proteins

cannot diffuse within the layer across the periphery of the exclusion region. Five

minutes later, this dust particle has been submerged into the subphase and the

exclusion zone appears to have begun to be saturated with protein, as well as the

entire layer beginning to homogenize. The complete homogenization of the layer

5 mins later indicates that full protein coverage has been attained.

Uniformity of film thickness indicated by homogeneity of the image, is consistent

with BslA WT forming a highly ordered 2D lattice. This implies that the

lateral order extends over the whole interface, with the ability to sustain a stress

persisting over a long-range as imaged with BAM, in addition to the short-range

order previously observed by TEM and AFM over small regions [15, 194]. The

dark circular regions infer that there are small patches where the molecule is

differently tilted. Differently tilted proteins within this homogeneous layer are

indicated by the contrast. A possible interpretation of the lighter continuous

domains is that they correspond to the protein being in the end-on position, as

dictated by its hydrophobic cap, with the darker domains then corresponding to

proteins which are in a more tilted side-on position. That these molecules do not

reorient into the preferred end-on orientation, could also be taken as a signature

of jamming. As the majority of the adsorbed proteins at the surface are in the

lighter phase domain, this suggests that WT proteins prefer an end-on orientation

at the interface. The time taken for the layer to homogenize is on the order of

that found for a mechanically rigid film to form in pendant drop experiments [15].

The BAM images for 0.0025 mg/mL BslA L77K (Figure 5.4) 15 mins after

interfacial creation show significantly fewer LC domains than for the WT, which

may be expected due to the increased diffusion time at this lower concentration.
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Fifteen minutes later the LC domains begin to merge, creating large LC patches

but still within a majority darker LE phase. The LC patches exhibit bright

white spots, indicating a thicker layer and suggesting that protein has been

expelled from the interface and is forming multi-layered structures. This apparent

displacement of the protein from the interface is consistent with previously seen

behaviour for this protein [15], and could be due to large LC patches merging,

creating local regions where there is no free surface area, resulting in protein being

displaced from the interface. The exposed patches of subphase also present within

the layer may correspond with protein being expelled into the subphase instead,

as these regions also occur where LC patches merge. After 75 mins the interface is

laterally stable, akin to WT behaviour but on a longer time-scale, commensurate

with the lower BslA subphase concentration, suggesting that the protein has

attained a near full surface coverage. However the surface does not homogenize,

even after 24 hours, at which point the coverage and interfacial domains still

resemble those in the image taken at 75 mins in Figure 5.4. Some drift is

observed as was the case for the WT protein layer, for which homogenization

into the proposed fully ordered high coverage state did not occur until 10 mins

after the interface had stopped moving laterally. As the majority of the proteins

at the interface are in the expanded phase, this suggests that L77K adsorbs in

a more tilted side-on orientation than WT, and remains oriented as such. This

indicates that the adsorbed orientation of the L77K, as determined by its altered

structural conformation compared to WT, may affect the packing structure of

the layer and influence interprotein interactions. That the interface stabilizes but

homogenization does not occur for L77K, indicates that this protein forms a long-

range predominately disorganized interfacial layer (LE phase) with some ordered

regions (LC phase), consistent with the short-range organizational arrangement

observed with TEM [15].

5.3 Neutron reflectivity analysis

Neutron reflectivity was used to directly measure the structural kinetics of BslA

film formation in situ, for both WT and L77K mutant films, as well as analyse

the structure of fully formed BslA films by determining the thickness and where

the BslA protein sits relative to the air-liquid interface.
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5.3.1 Experimental design

Neutron reflectivity measurements from the air-liquid interface were made on

the INTER beamline [158] at ISIS (Oxford, U.K.) [195]. The reflectivity was

recorded using a single point detector at fixed grazing incidence angles of 0.8◦ and

2.3◦, covering a Qz range of 0.01≤Qz≤0.3 Å−1. A multi-position thermostated

liquid trough sample environment was used, shown in Figure 5.5 on the beamline,

which allowed for seven thermostatically-controlled troughs mounted on an anti-

vibration table to be simultaneously prepared on the beamline, and to be

sequentially cycled through the beam. Each trough contained a PTFE tray of area

126 cm2 held within a temperature controlled box to reduce condensation effects,

and individually sealed to prevent evaporation. All glassware and PTFE troughs

were initially cleaned with a 2% solution of the alkali detergent Decon 90, and

rinsed in copious amounts of Milipore deionized water of resistivity 18.2 MΩcm.

Monomeric wild-type (WT) and mutant (L77K) BslA proteins were separately

dissolved in phosphate buffer solutions (25 mM, pH 7.0) containing 1mM DTT,

made using NRW and D2O (using methods described elsewhere [15]). BslA

forms a mixture of predominantly monomeric and dimeric protein in vitro.

Adding 1mM DTT (a reducing agent) to the phosphate buffer, prevented the

formation of disulphide bonds between BslA monomers, so that the protein

solution remained monomeric. As the interfacial properties of BslA are being

Figure 5.5 Photograph of the experimental set-up on the INTER beamline.
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investigated, by using an inorganic phosphate buffer which is not interfacially

active, any change at the interface can then be attributed to the BslA protein.

The phosphate buffer solution used was chosen to ensure consistency with data

obtained from experiments carried out on BslA elsewhere [15], so that the results

may be compared. Using a neutral pH of 7.0 to model that of the biofilm is

not unreasonable given that the interfacial behaviour of BslA has been observed

over a pH range of 4.0-10.0 (internal communication with Dr. Keith Bromley,

The University of Edinburgh, 2017). Concentrations of 0.002, 0.005, 0.02 and

0.07 mg/mL were measured for BslA WT, and 0.005, 0.02, 0.07 and 0.1 mg/mL

for BslA L77K (the specific samples measured are recorded in Tables 5.1 and

C.1-C.3). All measurements were made at 20 ◦C with each air-liquid interface

created by gently pouring 40 mL of solution into the PTFE trough mounted on

the beamline as described above, before measuring the neutron reflectivity from

the interface.

Kinetic measurements were made by measuring reflectivity every two minutes

from the point of interfacial creation against NRW, at an angle of 0.8◦ for the

0.005 and 0.02 mg/mL concentrations and at 2.3◦ for 0.002 and 0.07 mg/mL. The

difference in the angles used to measure the kinetic reflectivity data from different

samples was part of exploring what the optimal angle to measure at would be for

these films. The slit settings were optimized to ensure that the interface remained

under-illuminated at both angles, with reflectivity being measured exclusively

from the central flat portion of the interface. The total period over which kinetic

measurements were taken varied between samples but is recorded, along with the

contrasts measured, in Tables C.1-C.3.

After kinetic measurements had been completed, the samples were left in situ on

the beamline to ensure that the films formed at the interface had equilibrated,

with the ageing time allowed recorded in Table 5.1 for each of the various

contrasts. After this time, reflectivity measurements were made at both angles

of 0.8◦ and 2.3◦. Between samples, the PTFE troughs were demounted from the

C(mg/mL) 0.002 0.005 0.02 0.07 0.1
BslA WT WT L77K WT L77K WT L77K L77K

h against D2O — 440 300 240 360 720 300 180
h against NRW — 810 400 645 340 — 270 —
d against NRW 810 690 510 660 330 — — —

Table 5.1 Neutron reflectivity BslA ageing times (in mins) prior to structural
measurements.
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beamline and cleaned by rinsing thoroughly with deionized water and ethanol,

before being remounted.

5.3.2 Structural measurements

Model fitting description

The neutron reflectivity data was fit using a continuous distribution model

(Section C.1) [154], which treats the BslA protein independently of the subphase

interfacial width. This allows the air-subphase interface to be varied with respect

to the protein, which is not possible with a standard slab model. The area

occupied by protein at a position z relative to the air-protein interface Ia−p is

given by:

Ap(z) =
π(δab)

(δc)2
(z − Ia−p)(2(δc)− (z − Ia−p)) (5.1)

which is the cross-sectional area of an ellipsoid, with Ap(z) shown by the red line

in Figure 5.6 2. The semi-axes lengths (a, b, c) used in simulations [193] are

listed in Table 5.2, giving an ellipsoidal volume of 24708 Å3. The sum of the

BslA residue volumes however, is only 18497 Å3. To address this discrepancy,

the semi-axes lengths were scaled to give an ellipsoid volume of 18497 Å3, whilst

maintaining the axes ratio used in simulations. These adjusted axes lengths were

then used in this thesis to model the BslA protein, and are recorded in Table 5.2

and shown schematically in Figure 5.7, where the hydrophobic cap is depicted by

the small enclosed area on the ellipsoid.

Semi-axis Simulation (Å) This thesis (Å)
a 13 11.804
b 16.5 14.982
c 27.5 24.97

Table 5.2 Model BslA ellipsoid dimensions.

The protein is modelled relative to Ia−p (set at z=0 Å) and the upright end-on

orientation, so that when the tilt angle of the protein θ=0◦, Ip−s=2c. If the

2The model assumes there is no more than a monolayer of protein at the interface. The
model has been extended to allow for a second layer of protein, however this returns a fit with
zero protein present in the second layer.
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Ia-p Ia-s Ip-s

max (As(z))

max (Ap(z))

zp zs

Figure 5.6 Original continuous distribution profiles for 0.02 mg/mL BslA WT.

proteins within the layer are tilted, this will give a thinner protein layer so that

Ip−s<2c. This is accounted for in Equation 5.1 by allowing the values of the

semi-axes a and c to vary respectively by:

δa = a+ (
c− a

2c− ca
(2c− Ip−s)) (5.2)

δc = c− (
c− a

2c− ca
(2c− Ip−s)) (5.3)

a=11.804 Å

c=24.97 Å

b=14.982 Å

9.69 Å

10.8 Å
12.31 Å

Figure 5.7 Schematic indicating the relative dimensions of the model BslA
ellipsoid used. Not to scale.
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max (Ap(z))

max (As(z))

Ia-s

Ip-s

z=0, Ia-p

d

air

subphase

AB

zs

z

Figure 5.8 Schematic indicating how the various parameters used within the
model relate to one another.

The model assumes that the protein is sitting within a box of area AB, as

illustrated by Figure 5.8, where AB is equal to the area per protein molecule. Each

slice at z contains air, subphase, or a mixture of air/protein or subphase/protein.

The cross-sectional area of the subphase As(z) is treated separately from the

protein, but relative to the air-protein interface i.e. z=Ia−p=0 Å, such that:

As(z) =
Vwnw

2d
(erf(

z − zs + 1
2
d

√
2σa−s

)− erf(
z − zs − 1

2
d

√
2σa−s

)) (5.4)

where Vw is the volume of a water molecule, and nw the number of water molecules

within the subphase box (the blue region in Figure 5.8). The volume of the

subphase box is then dependent on the extent to which the protein is submerged

in the subphase, d, where:

d = (Ip−s − Ia−p)− Ia−s (5.5)

The centre point of the submerged part of the protein, denoted zs, is where the

maximum value of As(z) occurs, as illustrated in Figure 5.8. The air-subphase

interface Ia−s relative to Ia−p, is allowed to vary between 11<z<c Å, to reflect

the hydrophobicity of the cap region [14]. As can be seen from Figure 5.7 this
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Ia-p Ia-s Ip-s

AB

Figure 5.9 Resultant continuous distribution profile for 0.02 mg/mL BslA WT,
showing the relative contributions from the initial profiles.

constraint allows at least the full cap to be out of the subphase if the protein

is in the end-on orientation, or half out of the subphase if the protein is in the

side-on orientation. The interfacial width of the air-subphase interface is denoted

σa−s. The resultant subphase area profile can then be seen as the blue line in

Figure 5.6.

The area functions Ap(z) and As(z) are discretized into 1 Å thick layers,

with AB=max(As(z)) when max(As(z))>max(Ap(z)), and AB=max(Ap(z)) when

max(Ap(z))>max(As(z)). The relevant ratio of each area function Ap(z) and

As(z) is then taken at a position z, so that the box does not overfill, as illustrated

by the dashed pink line in Figure 5.9 .

The protein-subphase interface was allowed to vary between 24≤Ip−s≤50 Å,

reflecting the minor and major axis lengths of the ellipsoid. The scattering length

density (SLD) of a hydrogenated BslA protein against D2O is 3.23x10−6 Å−2, and

against NRW is 1.92x10−6 Å−2 3, hence the SLD for these two contrasts was held.

As the exact deuteration level of the deuterated protein was not known, this was

set as a fit parameter, d-SLD, allowed to vary between 1.92x10−6 Å−2 (SLD of a

h protein on NRW) and 6.21x10−6 Å−2 (SLD of a d protein on NRW). Despite

the mutation, both the WT and L77K proteins have the same SLD. The fit

3The protein SLD values were calculated using the STFC ISIS Biomolecular Scattering
Length Density Calculator [196].
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parameters are summarized in Table 5.3, along with their relevant upper and

lower limits.

Lower Bound Fit Parameter Upper Bound

11 Ia−s(Å) 24

0 σa−s(Å) 15

24 Ip−s(Å) 50
500 nw 3000

1.92 d-SLD (x10−6 Å−2) 6.21

Table 5.3 Fit parameters, and their relevant limits, used to model the structural
neutron reflectivity data in Section 5.3.2.

Results

The simultaneous reflectivity fits (and the corresponding scattering length density

or SLD profiles) for both the BslA WT and L77K protein at each concentration,

are in the Appendix (Figures C.1-C.8). The parameter values found which

generated these fits are shown in Table 5.4, along with the area occupied by

each protein molecule AB; the tilt angle θ of the protein, relative to the end-on

orientation (θ=0◦); the dry thickness T of the protein layer; and the fractional

surface coverage of the protein Γr, relative to the end-on orientation of the protein.

Parameter correlation means that the confidence band widths on the fit values

recorded, are somewhat overestimated [197].

The tilt angle was determined from the fitted thickness of the protein layer by:

θ = cos−1(
Ip−s − Ia−p

2c
) (5.6)

The dry thickness of the protein layer refers to the thickness of the layer if it

contained a 100% volume fraction of protein:

T =
Vp
AB

=
18497

AB
(5.7)

The maximum dry thickness will then vary depending on the tilt angle of the

protein, as the tilt dictates the cross-sectional area of the protein:

max(T ) =
Vp

min(Ap(z))
=

18497

min(Ap(z))
(5.8)
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and so the greatest value that the dry thickness can take is T=33.3 Å, which

corresponds to a completely packed layer, with all proteins in direct contact and in

the end-on orientation, so that each protein occupies the minimal cross-sectional

area, maximizing the packing density of the layer.

The fractional surface coverage refers to how much of the air-subphase interface

is occupied by protein, relative to the protein being in the end-on orientation:

Γr = 100∗min(Ap(z))

AB
(5.9)

Fits to the BslA hWT protein reflectivity data produced the SLD profiles in

Figure 5.10 for the 0.005, 0.02 and 0.07 mg/mL concentrations against D2O,

with the profile for dWT against NRW shown in Figure C.1. The position of the

protein relative to the air-subphase interface is very clear in the SLD profile in

Figure 5.10, due to both the large difference in the SLD of D2O compared to that

of the protein, as well as the low interfacial width, which gives rise to a sharp

interface. This is shown schematically in Figure 5.11, with the hydrophobic cap

Figure 5.10 Neutron reflectivity data (circles, with errors) and fits (lines) for
BslA hWT against D2O (left - profiles offset by 10 for clarity), and
the corresponding SLD profiles (right).

Figure 5.11 Schematic representation of the orientation and interfacial position
of BslA WT at concentrations of (left - right) 0.002, 0.005, 0.02
and 0.07 mg/mL respectively, according to the values obtained from
neutron reflectivity analysis.
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of the protein depicted by the small enclosed area on the ellipsoid, and the air-

subphase interface by the blue line, with any associated interfacial width indicated

by a light blue band.

Fits to neutron reflectivity measurements for BslA hL77K at 0.05, 0.02, 0.07

and 0.1 mg/mL against D2O produced the profiles shown in Figure 5.12, with

the corresponding protein orientations relative to the air-subphase interface

illustrated schematically in Figure 5.13.

For both the WT and L77K, increasing the concentration of protein in the bulk

corresponds with an increase in the dry thickness of protein at the air-subphase

interface. At a given concentration <0.07 mg/mL, there is 30% more WT protein

present at the interface than L77K. At high concentration i.e. ≥0.07 mg/mL,

both proteins are oriented end-on at similar dry thickness and fractional surface

coverage values. As both proteins converge on a dry thickness value of 23 Å,

indicates that this is the maximum dry thickness that can be achieved, compared

to the 33.3 Å maximum dry thickness theoretically possible. Whilst the

WT achieves this maximum dry thickness with a subphase concentration of

Figure 5.12 Neutron reflectivity data (circles, with errors) and fits (lines) for
BslA L77K against D2O (left - profiles offset by 10 for clarity),
and the corresponding SLD profiles (right).

Figure 5.13 Schematic representation of the orientation and interfacial position
of BslA L77K at concentrations of (left - right) 0.005, 0.02, 0.07
and 0.1 mg/mL respectively, according to the values obtained from
neutron reflectivity analysis.
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≥0.005 mg/mL, L77K does not reach this value until 0.07 mg/mL. Likewise,

whilst the WT is oriented end-on throughout, the L77K reorients from an

initial side-on tilted orientation into an end-on orientation as the concentration

increases. This corresponds with an increase in the protein layer thickness and a

reduction in the area per protein molecule, as well as an increase in the fractional

surface area occupied.

Both the WT and L77K sit with their hydrophobic caps just above the air-

subphase interface, which has a negligible interfacial width. The exception to

this is the WT at 0.002 mg/mL, which has a very large interfacial width (25 Å).

At this concentration there is only twice as much protein present in the bulk

than is required to form a complete layer at the interface. As a consequence,

equilibrium is reached before a complete layer of protein forms at the interface,

leaving the interface inhomogeneous (or patchy), as previously observed in the

early stage BAM images in Section 5.2. As reflectivity is then being measured

from two different interfaces (the protein patches as well as the bare interface),

this then gives rise to the large interfacial width observed at this concentration.

Both proteins also exhibit a variation in the deuterated SLD values found,

with the deuteration of the protein increasing with concentration. The d-SLD

values suggest that the WT was initially ≈71% deuterated, and the L77K ≈45%

deuterated. The initial deuteration difference may be due to a different level of

non-exchangeable deuteration built in at expression, as not all bacteria adapt

to deuteration the same. This difference suggests that less deuterium was

incorporated in the expression of L77K in deuterated media, compared to WT.

The consequent difference in deuteration value with concentration may then be

because some labile hydrogens within both proteins are only available to exchange

with the subphase, once the cap has restructured upon adsorbing to the interface

(Section 5.1.1). As the concentration increases, protein assembly at the interface

is faster and so the protein gets locked in to the interface quicker, reducing the

time for exchange and so maintaining the deuteration level of the protein.

The fits are mainly driven by the NRW contrast, which is to be expected as

this contrast provides the most information about the density of material at the

air-subphase interface. At high Qz values where the finer structural details of

the layer are found, some of the simultaneous data fits for both proteins appear

visually poorly fit.

Many of the model fit parameters are correlated (as seen from Equations 5.1-
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5.9), so that by making an adjustment to certain fitted parameters, a more

visually appealing fit can be obtained. The changes to these parameters are

shown in Table 5.5, and the adjusted fits produced can be seen in the Appendix

(Figures C.9-C.13). These adjustments were made manually by eye, with the

associated confidence band widths found by perturbing the fit to the limits of

what was deemed an acceptable visual fit. Hence the width of these confidence

bands do not reflect the chances of the fit actually being found at these extremes,

and so are likely overestimated.

For the WT, the minor adjustments made did not alter the resultant dry

thickness, tilt or fractional surface coverage of the protein layer formed. For

the L77K however, at low concentration the adjustments to each contrast do,

with the different contrasts giving rise to different fit parameters. This is clear

from the area per protein molecule AB values, where for the h protein against

D2O, the adjusted values are always greater than the simultaneous values found;

whilst for the h protein against NRW contrast, the adjusted values are less than

the simultaneous values. This may be because the NRW contrast is sensitive to

the density of material at the air-subphase interface, so that when the protein

SLD is held constant, the thickness of the protein layer is determined by AB.

However AB is also dependent on the tilt of the protein, which the NRW contrast

is not sensitive too, but the D2O contrast is. Hence the area per protein molecule

is greater as measured against D2O, possibly to account for a range of different

protein orientations. The simultaneous fit is then a compromise between these

individual contrast fits. Overall, as the subphase protein concentration increases

the fits appear better, especially in the case of L77K, and require fewer parameter

adjustments. This indicates that the original simultaneous fit values found are

quite close to the optimum.
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Table 5.4 Fitted neutron reflectivity parameters and associated derived values for BslA proteins at different subphase concentrations.

BslA
C

(mg/mL)
d-SLD

(x10−6Å−2)
Ia−s
(Å)

σa−s
(Å)

Ip−s
(Å)

AB
(Å2)

T
(Å)

θ
(◦)

Γr
(%)

WT

0.002 3.91±0.38 11.0±0 25.2±6.3 50.0±0 1520±338 12.2±2.7 0±0 36.5±8.1
0.005 4.11±0.10 11.2±0.6 0.1±0.2 50.0±0 811±22 22.8±0.6 0±0 68.5±1.8
0.02 4.83±0.11 12.0±0.3 0±0.1 50.0±0 800±16 23.1±0.5 0±0 69.4±1.4
0.07 — 11.0±0.2 1.6±1.3 50.0±0 778±39 23.8±1.2 0±0 71.4±3.5

L77K

0.005 3.13±0.16 12.9±0.9 0±0.3 24.4±1.4 1157±157 16.0±2.2 60.8±1.9 48.0±6.5
0.02 3.70±0.34 12.5±2.3 0±2.2 41.2±5.3 1150±375 16.1±5.3 34.6±10.7 48.3±15.8
0.07 — 11.3±0.6 0±0.1 50.0±0.2 848±38 21.8±1.0 0±0 65.6±2.9
0.1 — 11.6±0.2 0±0.2 50.0±0 814±51 22.7±1.4 0±0 68.3±4.3
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Table 5.5 Original and adjusted neutron reflectivity fit parameters and their associated derived values for BslA proteins at different
subphase concentrations - only required adjustments have been noted.

BslA
C

(mg/mL)
fit contrast

Ia−s
(Å)

σa−s
(Å)

Ip−s
(Å)

AB
(Å2)

T
(Å)

θ
(◦)

Γr
(%)

WT
0.005

original simultaneous 11.2±0.6 0.1±0.2 50.0±0 811±22 22.8±0.6 0±0 68.5±1.8
adjusted h against D2O — — — 950±49 19.5±1.0 — 58.5±3.0

0.02
original simultaneous 12.0±0.3 0±0.1 50.0±0 800±16 23.1±0.5 0±0 69.4±1.4
adjusted h against D2O 12.1±0.8 — — 903±62 20.5±1.4 — 61.5±4.2

L77K

0.005
original simultaneous 12.9±0.9 0±0.3 24.4±1.4 1157±157 16.0±2.2 60.8±1.9 48.0±6.5

adjusted
h against D2O 18.3±1.5 — — 2448±918 7.6±2.8 — 22.7±8.5
h against NRW 20.8±2.5 9.5±1.1 50.0±0.5 857±86 21.6±2.2 0±0 64.8±6.5

0.02
original simultaneous 12.5±2.3 0±2.2 41.2±5.3 1150±375 16.1±5.3 34.6±10.7 48.3±15.8

adjusted
h against D2O — — — 2076±497 8.9±2.1 — 26.8±6.4
h against NRW 13.8±2.0 10.8±1.3 50.0±0.8 835±66 22.2±1.8 0±0 66.6±5.3

0.07
original simultaneous 11.3±0.6 0±0.1 50.0±0.2 848±38 21.8±1.0 0±0 65.6±2.9

adjusted
h against D2O — 1.5±1.5 — 1144±89 16.2±1.3 — 48.6±3.8
h against NRW — 7.4±2.6 — 769±50 24.1±1.6 — 72.3±4.7
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5.3.3 Kinetic measurements

Model fitting description

The kinetic neutron reflectivity data was fit using a simple one layer model

(Section C.2) for different BslA proteins measured against a NRW subphase.

As this subphase is contrast matched to the air superphase above the protein

layer, all the reflected intensity is then coming from the layer. As has

been mentioned earlier the NRW contrast is not structurally sensitive, instead

providing information on how much material is at the interface but not how the

material is distributed. It is not then possible to get unique fits to the fitted

thickness or SLD parameters, however the product of these two values will be

constant [198, 199]. It was assumed that if a BslA monolayer formed at the air-

subphase interface it would have a maximum thickness of 50 Å, corresponding

to the proteins being oriented end-on, allowing for maximum packing within the

layer. By then holding the layer thickness at the maximum value, this meant

that three fit parameters were required to fit the data: the SLD of the protein

layer, and the Gaussian roughness associated with each interface (air-protein and

protein-subphase).

Holding the layer thickness constant allowed the confidence band on the fitted

protein SLD value to be calculated appropriately, through marginalizing the

probability distribution [197], as these two parameters are strongly correlated.

The dry thickness of the protein layer is then calculated by:

T =
layer thickness∗fitted SLD

known SLD
=

50∗fitted SLD

known SLD
(5.10)

where for the hydrogenated protein the known SLD is 1.92x10−6 Å−2. For

the deuterated protein, the relevant protein d-SLD derived from the structural

neutron reflectivity fit (Table 5.4) was used. As measurements were made every

two minutes after the interface was created, this generated a vast amount of

data. Therefore it was decided to only fit the initial, final and every fifth data-set

in-between, in order to provide an insight into the kinetics of the protein film

formation.
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Results

The results obtained from the neutron reflectivity kinetic data fitting are recorded

in Tables C.1-C.3, presented in Figure 5.14 as a graph of the protein layer

dry thickness against time. Generally, as the concentration of BslA protein

in the subphase increases, so too does the dry thickness. This was also seen

for the structural measurements, included on Figure 5.14 as filled symbols for

comparison. The kinetic and structural results are in excellent agreement, as

seen by extrapolating the trajectory of each of the kinetic curves to obtain the

dry thickness value found from the structural fits, which were measured after a

greater period of time (Table 5.1).

Above 0.02 mg/mL both the hWT and dWT produce the same curve, where upon

interfacial creation a protein layer forms very quickly at the interface, with the

same dry thickness as that recorded by structural measurements taken much later.

At the lower concentration of 0.005 mg/mL, both the hWT and dWT exhibit the

Figure 5.14 BslA dry thickness values at different time-points, as determined
from kinetic neutron reflectivity fits (hollow symbols, with
errors) for different concentrations of BslA against NRW. The
corresponding dry thickness values found from structural neutron
reflectivity fits are included for comparison (filled symbols, with
errors).
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same shape of diffusion-related time dependent curve, with the hWT plateauing

at the same dry thickness as that recorded both from structural measurements,

and at higher concentrations. Whilst the trajectory of the dWT also appears to

be going to converge on this value, there is a discrepancy between the hWT and

dWT curves obtained at this concentration. For the protein to adsorb to the

interface requires a conformational change in the protein cap. It is possible that

deuterating the protein alters the dynamics of this conformational change, such

that it takes longer for dWT protein to adsorb to the interface compared to the

same concentration of hWT protein.

The L77K curve at 0.005 mg/mL exhibits a diffusion-related time dependence,

and appears to converge on the dry thickness value found from structural

measurements, with the L77K curve at 0.02 mg/mL exhibiting the same

behaviour. Whilst the WT curves at 0.005 mg/mL also exhibit a diffusion-related

time dependence, there is a noticeable difference between the kinetic curves for

WT and L77K at 0.02 mg/mL. For WT there was no diffusion dependence

at 0.02 mg/mL, and so likewise there should be none for L77K at the same

concentration, however there is something influencing the rate of adsorption for

L77K. This may also be attributed to the altered dynamics of the conformational

change of the protein cap, as for the dWT protein at 0.005 mg/mL, slowing the

adsorption of L77K protein at the interface.

5.3.4 Discussion

BslA WT was found in an end-on orientation (major axis perpendicular to

the interface) at all concentrations measured, consistent with predictions from

simulations [193]. The WT protein layer formed at the interface has a dry

thickness of ≈23 Å at all concentrations measured (with the exception of the

very low concentration of 0.002 mg/mL, which has been previously addressed).

From the kinetic data plotted in Figure 5.14, it can be seen that there is a time

dependence due to diffusion for the WT at 0.005 mg/mL to reach this maximum

dry thickness. At concentrations ≥0.02 mg/mL, as there is a high concentration

of protein present at the interface, equilibrium is quickly achieved, resulting in a

complete protein layer forming very quickly on creation of the interface.

As the maximum packing density occurs at 69% and not at 100%, with the WT

proteins in direct contact, indicates that there is a free energy barrier to denser

packing, or something preventing the proteins from packing more densely. This
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could be due to steric effects from the partially structured loop “tail”, which

is known to be dynamic [15] and so may be having a volume excluding effect

around the protein. As the interfacial coverage is determined by an equilibrium

between the BslA in the subphase and the BslA adsorbed at the interface, any

steric interactions will contribute to the adsorption energy barrier.

BslA L77K is also capable of forming an interfacial protein layer with a maximum

dry thickness of ≈23 Å, however only at subphase concentrations ≥0.07 mg/mL.

The protein adopts a mainly side-on orientation, as predicted by simulation,

at low concentration, and as might be expected for adsorption of ellipsoidal

particles in which occlusion of interfacial area is a dominating factor. At a

subphase concentration of 0.005 mg/mL, L77K exhibits a similar time-dependence

on diffusion to the WT, as seen in Figure 5.14. On reaching equilibrium at this

subphase concentration, the WT achieves a maximum packing density, indicating

that the L77K structural measurement made at a similar interface age time should

also be at equilibrium and so at a maximum packing density. It is possible for

L77K to also reach the same packing density as WT, but this does not occur

until much higher subphase concentrations. Instead, this suggests the optimum

packing density for L77K corresponds to a protein tilt of 61◦, giving an equivalent

layer dry thickness of 16 Å.

The 48% optimum packing density of L77K is confirmed by the measurement at

0.02 mg/mL, where despite the high concentration of protein at the interface and

the lower energy barrier to adsorption due to its partially exposed hydrophobic

cap, more protein does not adsorb. Instead the large confidence band on the

thickness of the protein layer propagates through to that on the tilt angle of

the protein (as well as the dry thickness and fractional surface coverage values),

suggesting that the 35◦ tilt recorded is an average over a range of interfacial

protein tilts. It is possible that the protein initially adsorbs at 61◦, as is the case

at 0.005 mg/mL, but as the unoccupied interfacial area decreases, there is a lower

adsorption barrier to more protein adsorbing in an end-on orientation, than for

adsorbed protein on the interface to reorient [200]. This would then give rise to

a layer consisting of a range of differently tilted proteins, and may explain the

disorganized arrangement of the interfacial structure as observed by TEM [15].

At L77K subphase concentrations ≥0.07 mg/mL, the high concentration of

protein at the interface affects the initial adsorption orientation of L77K. It is

more energetically favourable for more protein to adsorb in the end-on orientation,

than for fewer proteins to adsorb in the preferred orientation. This increases
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the packing density of the layer to 69%, equivalent to that found for WT,

suggesting that whilst the altered conformation of L77K influences its preferred

adsorption orientation compared to that of the WT, it does not affect interprotein

interactions, as L77K is capable of packing as densely as the WT. The tilt of the

protein may however mean that fewer interprotein hydrogen bonds can form

between Ig domains.

5.4 X-ray reflectivity analysis

X-ray reflectivity was used to further investigate the structure and kinetics of

BslA films formed at the air-liquid interface, not only for the monomeric WT and

L77K mutant films, but also dimeric WT. X-ray reflectivity offers the potential

for a higher resolution over neutron reflectivity, as it is possible to measure the

entire Qz range more quickly. The stability of the protein films formed at the

air-liquid interface was also investigated by rinsing beneath the interfacial layer.

5.4.1 Experimental design

X-ray reflectivity measurements from the air-liquid interface were made at 24 keV

using the I07 beamline [201] at Diamond Light Source (Oxford, U.K.) [202]. As

the protein is rich in light elements, the characteristic x-ray absorption edge

energies are lower than the incident x-ray energy used. Not measuring the

interface continuously helped to minimize beam damage caused by ionization

of the sample [203]. Data was collected from a region of interest on a

large-area detector (Pilatus P2M) positioned 3 m from the sample, over four

attenuation regimes spanning a Qz range from 0.015≤Qz≤0.5 Å−1. A new

sample environment was commissioned as described later on, and is shown on

the beamline in Figure 5.15.

The BslA proteins used in this experiment were monomeric wild-type (WT-

M) and mutant (L77K), as well as dimeric wild-type (WT-D), made up into

solutions with phosphate buffer (25 mM, pH 7.0) by Dr. Keith Bromley using

methods described elsewhere [15]. As BslA forms a mixture of predominantly

monomeric and dimeric protein in vitro, size exclusion chromatography was

used to separate monomers from dimers. Adding 1mM DTT (a reducing

agent) to the seperated monomer protein solution prevented disulphide bonds
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forming between monomers, so that the separated monomeric protein solution

remained monomeric. All glassware used was initially cleaned with a 2% solution

of the alkali detergent Decon 90, and rinsed in copious amounts of Milipore

deionized water of resistivity 18.2 MΩcm. All measurements were made at room

temperature (21 ◦C) with h-proteins against one contrast (the phosphate buffer

solution they were made up in) at concentrations of 0.02 mg/mL for WT-M and

L77K, and 0.04 mg/mL for the WT-D, so that all the protein solutions were at

an equivalent molar concentration.

The liquid-liquid cell was first primed with deionized water to obtain a meniscus.

A Hamilton MICROLAB 540B Dual Syringe Dispenser pump was then used to

flow 20 mL of BslA protein solution through the cell via PTFE tubing of inner

diameter 2 mm, at a rate of 6 mL/min using a matched push-pull method to

maintain volume in the cell, and hence the position of the meniscus. The x-

ray reflectivity was measured from the air-liquid interface of the BslA solutions,

Figure 5.15 Photographs of the new liquid-liquid cell on the I07 beamline (left).
The cell design allows the penetrating power of high energy x-rays to
be exploited to measure x-ray reflectivity from a buried liquid-liquid
interface. It is possible to identify the meniscus of the liquid-liquid
interface (indicated by a red arrow) viewed through the Kapton
window (right). In this thesis, only the analysis of air-liquid x-
ray reflectivity data is presented.
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t (mins) BslA
10 — — L77K
20 — WT-D —
30 — — L77K
45 WT-M — —
90 — WT-D —
120 — — L77K
150 — WT-D —
180 — — L77K
210 — WT-D —
240 — — L77K
280 — WT-D —
345 WT-M — —
390 WT-M WT-D + rinse L77K
430 — WT-D + rinse L77K + rinse
480 WT-M — —
550 WT-M + rinse — —
630 WT-M + rinse — —
660 — — —
710 — — L77K + rinse

Table 5.6 X-ray reflectivity measurement time-points for the different BslA
proteins measured.

before performing a rinsing step whereby the protein subphase was exchanged

by flowing 20 mL of pure phosphate buffer, again ensuring the meniscus and

so any protein layer formed at the air-liquid interface, was maintained. The

time-points at which x-ray reflectivity measurements were recorded for each of

the BslA proteins, and under what conditions, are shown in Table 5.6. It was

found that the protein adhered to the PTFE tubing making in situ cleaning not

possible. The cell was demounted from the beamline and the PEEK base cleaned

between each BslA protein measurement, and the PTFE tubing replaced. The

cell was rinsed thoroughly with tap water before being sonicated in solutions of

0.5:0.5 ethanol:deioized water, followed by 100% deionized water, for five minutes

each. The cell was then dried under nitrogen before reassembling and remounting

on the beamline. Whilst the aluminium top part of the cell did not come into

contact with any samples and is not needed to contain the sample for air-liquid

measurements, it was still attached to the PEEK base throughout to minimize

evaporation.
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Liquid-liquid cell design

A new sample environment was designed to be capable of allowing measurements

to be made at both the air-liquid and liquid-liquid interface, with the main

motivation being to enable the liquid subphase to be fully exchanged under

the interface. Whilst the data presented in this Chapter is only based

on measurements made at the air-liquid interface, the experimental method

described above was extended by putting a ≈1 cm deep layer of dodecane on

top of a pure H2O subphase. After measuring the clean oil-water interface, the

aqueous subphase was exchanged for a solution of BslA in phosphate buffer in

situ, allowing a layer of BslA protein to form at the liquid-liquid interface (this

interface is visible in Figure 5.15). X-ray measurements were also recorded from

this interface but are not presented as they are outside the scope of this thesis.

The idea for a liquid-liquid or air-liquid cell in which the subphase can be

exchanged under the interface, came from a cell designed to investigate surfactant

desorption under rinsing [204]. This concept was modified using experience gained

from solid-liquid cells designed to optimize laminar flow, and combined with

previous x-ray liquid-liquid sample environments [205, 206] to produce the new

cell design, shown on the beamline in Figure 5.15. Previous liquid-liquid x-ray

user cell designs typically had a circular geometry [207, 208]. Here, a rectangular

geometry (shown in Figure C.14 in the Appendix) was used to facilitate easy

exchange of the subphase by laminar flow beneath the interface. Figure C.14

shows a shallow well of 100x30x0.5 mm milled into the centre of a PEEK cell

base, along the edges of which sit two channels with a series of small holes bored

along their length. Once the base is attached to a syringe pump, a push-pull

method can be used to introduce liquid subphase to the cell, drawing the liquid

across the cell in a laminar flow. The diameters of the holes used along the length

of the channels were based on the assumption that this base would be connected

to the syringe pump using tubing with an inner diameter (ID) of 0.8 mm. Hence

the pathway of the liquid subphase would go from an inlet tubing ID of 0.8 mm

into a 3.0 mm ID well the length of the channel and then finally through the

0.8 mm ID holes along the channel. The purpose of the mismatch in ID of the

well compared to those of the inlet and outlet holes was so that the well would

fill up along the length of the channel first, before exiting the holes bored along

the channel. This creates an even distribution output of the subphase along the

length of the channel i.e. that the hole on the channel furthest from the inlet

point would exhibit the same pressure flow of liquid as the one nearest the inlet
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point.

The base of these channels are milled to 0.5 mm beneath the base of the well

in which the subphase sits, in an effort to minimize any turbulence created

from the subphase entering the cell, negatively perturbing any interface formed.

COMSOL simulations reflecting the above outlined geometry were ran by Dr.

Simon Titmuss (The University of Edinburgh, 2015). The simulations confirmed

that laminar flow would result for the intended cell geometry and flow cell. This

is desirable as it means there is no mixing, such that with the exception of a

thin stagnation layer, the subphase could be exchanged by displacement. The

simulations also allow some assessment of the thickness of the stagnation layer

to be made, which was estimated to be 10-100 µm. This could be measured

by measuring the depletion of an interfacial film due to desorption in a rinsing

experiment [209, 210].

The cell base was milled from a single sheet of polyether ether ketone (PEEK),

chosen as it is inert to most chemicals, making it the ideal choice for use with

a range of different liquid subphases. After introducing a H2O subphase into

the base as described above however, it was found that the contact angle formed

between the PEEK and the water was not high enough to maintain a prominent

meniscus without leaking over the edge of the shallow well in the base. As the

x-ray footprint lies along the plateau of the meniscus, it is important that this

interface is kept flat and smooth. To accomplish this the edges of the meniscus

where pinned using a steel frame (shown in Figure C.17), held in place by ridges

cut into the top part of the cell (shown in Figure C.15). This top part screwed onto

the PEEK base and was machined from a single block of aluminium (Al), chosen

as it does not leach when in contact with oil, and so compatible for containing

the liquid superphase. Two holes drilled into the top of this Al block allowed for

the introduction of a less dense (oil) liquid superphase on top of the more dense

liquid subphase (water) after the cell was assembled in situ on the beamline.

The superphase can be injected through these holes using a long needled syringe,

onto the PEEK surround of the well in the base containing the superphase. This

prevents any unnecessary disturbance of the subphase meniscus, such as might

be induced were it to be introduced directly onto the subphase meniscus. To

prevent the superphase from leaking, an FKM (Viton) o-ring was inset into the

PEEK base to form a seal between the PEEK base and the Al lid of the cell when

assembled. Viton o-rings where chosen due to their compatibility with both the

subphase liquid used for the air-liquid interfacial measurements analysed in this
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thesis, as well as with the superphase liquid used for the liquid-liquid interfacial

measurements, which are not presented as they are outside the scope of this

thesis.

The cell was aligned with its length parallel to the beamline, allowing for an x-ray

footprint of at least 10 cm along the liquid-liquid interface. The x-ray beam is

not very focused, with a FWHM of 80 µm, so that at low angle the sample will

be over-illuminated. As the incident angle of the beam increases, the illuminated

region becomes smaller, with the beam transmission increasing exponentially with

decreasing path length through oil (superphase). As the measured signal from

the interface is proportional to both the transmission and the size of the footprint

along the interface, in order to maximize the signal to noise ratio a large footprint

was chosen, at the expense of reduced transmission.

In order to minimize any attenuation of the x-rays, 3x3 cm square windows were

cut out of the Al block and replaced by 50 µm thick Kapton films, held in place

by frames screwed onto the exterior of the Al block. The window dimensions

chosen allow for the x-ray beam to be incident through the Kapton film, which

is much less attenuating than Al, at all incident angles measured. The width of

the window is equal to the width of the subphase well, maximizing accessibility

to the flat part of the meniscus interface. This also provides the option of being

able to translate the cell laterally through the beam, in order to minimize beam

damage of the interface.

The base of the windows was set to be in-line with the top of the steel frame, below

the air-liquid interface to prevent any clipping of the beam which would reduce the

signal. Each of the window frames (shown in Figure C.16) were machined from

Aluminium, and contained a FKM (Viton) o-ring which created a seal around

the window by pressing the Kapton film to the Al block. The o-rings were placed

on the inside of the window frames to keep the Kapton film as uniformly flat

as possible, and not induce any wrinkling in it on screwing the frames to the

Al block, resulting in a potential loss of superphase. Puncturing the Kapton

film where the screws are to be inserted prior to assembly further prevents these

wrinkles from forming. An added benefit of having Kapton windows was the

ability to visually monitor the meniscus formed (shown in Figure 5.15 at the

liquid-liquid interface). The internal volume of the subphase well without this

meniscus is 18 mL, however with a prominent 2 mm meniscus this increases to

78 mL.
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5.4.2 Model fitting description

The data was initially attempted to be fit with the neutron reflectivity model

described in Section 5.3.2, however this did not capture all the features of the data

at high values of Qz, as seen in Figure 5.16. Adjusting the neutron reflectivity

model to include an error function at the protein-subphase interface produced

much better fits, also seen in Figure 5.16, with this adjusted model shown in

Appendix C.3. This additional term in the model was needed as higher values of

Qz were measured with x-ray reflectivity, compared to neutron reflectivity. The

error function was incorporated through including a second protein area function:

Ap2(z) =
Vp
2l

(erf(
z − zp + 1

2
l

√
2σp−s

)− erf(
z − zp − 1

2
l

√
2σp−s

)) (5.11)

This protein area is also modelled relative to Ia−p (set at z=0 Å) and with the

protein in the upright end-on orientation (θ=0◦), as for the model described in

Section 5.3.2. The same protein dimensions and volume Vp=18497 Å3 were used

as previously. The thickness of the protein layer l is equal to Ip−s, as Ia−p is set

at z=0 Å, with zp equal to half of the protein length, where the maximum value

of Ap(z) occurs.

This then gives two protein area functions, Ap(z) (from the earlier model)

and Ap2(z) which were both discretized into 1 Å thick layers. These area

functions were then combined to make one protein area function Apxr(z), so

that Apxr(z)=Ap(z) for z<zp; and Apxr(z)=Ap2(z) for z>zp. This produced the

Figure 5.16 X-ray reflectivity data (circles, with errors) from 0.02 mg/mL BslA
WT-M at 345 mins, with fits (lines - left), and the corresponding
SLD profiles (right), produced using the different neutron (NR) and
x-ray (XR) models.
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Ia-p Ia-s Ip-s

max (As(z))

max (Ap(z))

zp zs

Figure 5.17 Original continuous distribution profiles for 0.02 mg/mL BslA
WT-M at 390 mins.

Ia-p Ia-s Ip-s

AB

Figure 5.18 Resultant continuous distribution profile for 0.02 mg/mL BslA
WT-M at 390 mins, showing the relative contributions from the
initial profiles.

profile shown by the red line in Figure 5.17. Including this extra error function

vastly improves the fit (as seen in Figure 5.16), whilst only requiring one extra fit

parameter in the model, the interfacial width of the protein-subphase interface

σp−s.
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The protein area function Apxr(z) was then discretized into 1 Å thick layers, and

treated as for Ap(z) in the previous model. The protein was assumed to be sitting

within a box of area AB, reflecting the area of the protein molecule. The cross-

sectional area of the subphase As(z) was calculated separately to the area of the

protein, and the relevant ratio of each area function at a position z found, so that

combining Apxr(z) and As(z) produced the profile illustrated by the dashed pink

line in Figure 5.18.

The same constraints were placed on the model as previously, with the additional

interfacial width allowed to vary between 0<Ip−s<30 Å. The scattering length

density of the protein was held at 1.23x10−5 Å−2 with the subphase SLD held at

9.43x10−6 Å−2, equivalent to that of H2O.

The data was also attempted to be fit using a dimeric version of the above model,

with a fraction of the first layer of protein having a second protein molecule placed

beneath it. The second protein was modelled both using the original protein

area Ap(z) in the neutron reflectivity model, and using the same protein area

calculation of Apxr(z) as for the protein in the first layer. This returned a fit

with zero protein present in the second layer, whether the second protein was

modelled as Ap(z) or Apxr(z), even for the dimeric wild-type protein measured,

and so the above monolayer model was sufficient to fit both the monomeric and

dimeric BslA reflectivity data.

5.4.3 Results

The fits to the reflectivity profiles, and the corresponding scattering length density

or SLD profiles, for BslA WT-M, L77K and WT-D proteins at each time-point are

shown in Figures 5.19, 5.21 and 5.23. The gaps present in all the reflectivity data

at Qz=0.11 and 0.4 Å−1 are due to the specular reflection crossing a dead area on

the detector. As the reflectivity is a monotonically decreasing function in these Qz

ranges, this is not a problem. The best fit parameters are shown in Tables 5.7-5.9,

with the interface age time measured relative to when the interface was created

at t=0 mins. These tables also show the area occupied per protein molecule AB;

the tilt angle θ of the protein, relative to the end-on orientation (θ=0◦); the dry

thickness T of the protein layer; and the fractional surface coverage of the protein

Γr, relative to the end-on orientation of the protein, calculated as in Section 5.3.2

for the neutron reflectivity data. Parameter correlation means that the confidence

band widths on the fit values recorded, are somewhat overestimated [197]. All
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Figure 5.19 X-ray reflectivity data (circles, with errors) and fits (lines) for BslA
WT-M against H2O (left - profiles offset by 10 for clarity), and
the corresponding SLD profiles (right) at different time-points after
interfacial creation, before and after rinsing.

Figure 5.20 Schematic representation of the orientation and interfacial position
of BslA WT-M at a time of (left - right) 45, 345, 390, 480, 550
and 630 mins respectively, after interfacial creation, according to
the values obtained from x-ray reflectivity analysis.

the x-ray data collected was measured using h protein against H2O, unlike the

neutron data which had three contrasts to constrain the fit.

The WT-M protein adsorbs in a near end-on orientation when t<390 mins, with

an increase in the dry thickness of the protein layer formed; reaching a maximum

of 25 Å, similar to that found from neutron reflectivity, and corresponding to

a packing density of 75%. When t=390 mins, the packing density of the layer

decreases to 54%, alongside an increase in the interfacial width of the air-subphase

interface, and a reorientation of the protein to ≈40◦. The stability of the SLD

profiles in Figure 5.19 when t>390 mins, mean that after this transition there

is no significant change in the derived parameters, even upon rinsing, indicating

that a stable protein layer has formed. This is shown schematically in Figure 5.20,

with the hydrophobic cap of the protein depicted by the small enclosed area on

the ellipsoid, and the air-subphase interface by the blue line, with any associated

interfacial width indicated by a light blue band.

There is a reduction in the dry thickness of the layer from 25 Å at t=345 mins,

to ≈18 Å at t ≥390 mins. It is possible that this is a result of material being

expelled from the monolayer. As BslA is an amphiphilic molecule, it will always
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Figure 5.21 X-ray reflectivity data (circles, with errors) and fits (lines) for BslA
L77K against H2O (left - profiles offset by 10 for clarity), and
the corresponding SLD profiles (right) at different time-points after
interfacial creation, before and after rinsing.

Figure 5.22 Schematic representation of the orientation and interfacial position
of BslA L77K at a time of (left - right) 10, 30, 120, 180, 240, 390,
430 and 710 mins respectively, after interfacial creation, according
to the values obtained from x-ray reflectivity analysis.

be slightly soluble [111]. When the interfacial layer it forms is then under tension,

the mechanically stored energy within the monolayer may lead to material being

expelled from the layer, rather than the layer buckling as it would for an insoluble

monolayer [111]. In the case of BslA however, it is possible for interprotein

hydrogen bonds to form within the layer, which means that buckling may instead

be favoured over expulsion. Buckling means that the total area of the interface

exceeds that of the frame (the subphase well area), such that AB effectively

becomes larger, leading to a reduction in the dry thickness (Equation 5.7). The

corresponding increase in the air-subphase interfacial widths are possibly also

an indicator of a buckling transition, so that at t>345 mins, the WT-M protein

layer buckles. This also relates to the decrease in the fractional surface coverage

of the protein at this time. When the tilt of a protein positioned at a buckled

interface is taken into account, the projected surface coverage of the tilted protein

is ≈80%, equivalent to that found at t=345 mins for a tilted protein at a non-

buckled interface. The additional hierarchical lateral structure that buckling

gives to the interfacial region, could also have the added effect of increasing the

hydrophobicity of the interface [211, 212], in agreement with the observation that

native BslA is non-wetting [14]. Buckling behaviour has been observed previously

for the WT-M protein, through the observation of wrinkles on the surface of
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Figure 5.23 X-ray reflectivity data (circles, with errors) and fits (lines) for BslA
WT-D against H2O (left - profiles offset by 10 for clarity), and
the corresponding SLD profiles (right) at different time-points after
interfacial creation, before and after rinsing.

Figure 5.24 Schematic representation of the orientation and interfacial position
of BslA WT-D at a time of (top left - bottom right) 20, 90, 150,
210, 280, 390 and 430 mins respectively, after interfacial creation,
according to the values obtained from x-ray reflectivity analysis.

droplets after compression, indicating the formation of an elastic film [15].

The L77K protein initially adsorbs in a side-on orientation, at an angle of

61◦ to the surface normal. As the interface ages, the proteins present at the

interface gradually reorient, so that by t=180 mins, all proteins are in the end-

on orientation, as shown schematically in Figure 5.22. The protein sits with its

hydrophobic cap just above the air-subphase interface, for all interfacial ages.

The interfacial width across this interface is equivalent to that from a bare air-

liquid interface, indicating that this interface remains flat throughout adsorption,

and so the L77K layer formed does not buckle as the WT-M layer is thought

to. The protein layer has a maximum dry thickness of ≈16 Å at t ≥120 mins,

corresponding to a maximum packing density of 48%, with ≈50% of the interface

occupied by protein. There is little change in the reflectivity profiles after

120 mins, even upon rinsing. Whilst rinsing does not affect the dry thickness of

the protein layer, it does perturb the orientation of the protein slightly, increasing

the tilt of the protein to ≈13◦ from its pre-rinse end-on orientation.

The dimeric nature of the WT-D protein influences its adsorption orientation, so

that it initially adsorbs at a tilted angle of 50◦, compared to the end-on orientation

of the WT-M. It may be that the proteins are oriented away from each other at

this angle, as shown schematically in Figure 5.24. It was hypothesized elsewhere
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[15] that only one cap of the dimeric protein would interact with the interface,

however the WT-D data measured here could only be fit using a monolayer model,

suggesting that both protein caps interact with the interface. This result does

not suggest that the model postulated in Figure 5.2 is incorrect, but that it is

possible that either an additional component may be needed in combination with

BslA, in order to observe the proposed structure in vitro; or that a very high

local concentration is achieved by expression of BslA in situ, which could not be

replicated by the concentration measured here. A high local concentration may

then favour protein-protein interactions as opposed to air-interface interactions.

The WT-D proteins further tilt to an angle of 61◦ from the end-on orientation at

t=90 mins, and remain in this orientation as the interface ages. The exception to

this occurs at t=150 mins, for which the maximum dry thickness value of 17 Å is

also found, with θ=46◦. This is equivalent to the maximum dry thickness value

found for L77K, but less than that of 25 Å found for WT-M. At t>150 mins, there

is a reduction in the dry layer thickness to ≈13 Å, and an increase in the air-

subphase interfacial width to ≈11 Å. A similar trend in these parameter values

was observed previously for the WT-M, and was attributed to a possible buckling

transition. This suggests that despite the reduced packing density of the WT-D

protein layer compared to the WT-M, the WT-D protein layer formed may also

buckle, but on a shorter time-scale, at an interfacial age of t>150 mins compared

to t>345 mins. As for both the WT-M and L77K protein layers, rinsing did not

affect the WT-D protein layer formed at the air-liquid interface, as the same fit

parameter values were found pre- and post-rinse.
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Table 5.7 Fitted x-ray reflectivity parameters and associated derived values for BslA WT-M at different time-points.

BslA
t

(mins)
Ia−s
(Å)

σa−s
(Å)

Ip−s
(Å)

σp−s
(Å)

AB
(Å2)

T
(Å)

θ
(◦)

Γr
(%)

WT-M

45 16.4±0.5 3.0±0.4 46.9±2.6 10.2±4.5 1824±220 10.1±1.2 20.3±8.4 30.5±3.7
345 13.4±0.5 8.4±1.3 50.0±1.3 15.0±1.7 733±44 25.2±1.5 0±0 75.8±4.6
390 21.6±1.6 17.3±1.1 37.2±3.2 16.9±2.1 1065±269 17.4±4.4 42.0±5.4 52.2±13.2
480 22.2±2.6 16.8±1.4 39.3±3.5 14.8±2.1 1029±295 18.0±5.2 38.2±6.4 54.0±15.5

WT-M + rinse
550 20.6±2.1 16.3±1.2 40.5±3.0 16.1±2.0 985±212 18.8±4.1 36.0±5.8 56.4±12.2
630 18.0±1.6 15.1±1.3 43.1±2.4 16.7±1.8 888±134 20.8±3.1 30.5±5.5 62.6±9.4

Table 5.8 Fitted x-ray reflectivity parameters and associated derived values for BslA L77K at different time-points.

BslA
t

(mins)
Ia−s
(Å)

σa−s
(Å)

Ip−s
(Å)

σp−s
(Å)

AB
(Å2)

T
(Å)

θ
(◦)

Γr
(%)

L77K

10 11.6±0.4 2.3±0.6 24.0±2.0 19.2±4.9 4799±1078 3.9±0.9 61.3±2.6 11.6±2.6
30 13.3±0.3 3.5±0.3 44.7±2.5 11.3±3.2 1569±185 11.8±1.4 26.7±6.3 35.4±4.2
120 13.0±0.5 3.0±0.6 47.4±2.0 12.1±2.6 1198±114 15.4±1.5 18.4±7.4 46.4±4.4
180 14.3±0.2 3.5±0.3 50.0±0 16.7±2.6 1176±54 15.7±0.7 0±0 47.3±2.2
240 13.8±0.3 3.2±0.3 50.0±0.6 14.2±2.1 1143±52 16.2±0.7 0±0 48.6±2.2
390 13.8±0.4 3.1±0.4 50.0±0.2 14.5±2.0 1104±45 16.8±0.7 0±0 50.3±2.1

L77K + rinse
430 13.4±0.4 3.4±0.4 48.9±2.3 11.2±2.2 1284±150 14.4±1.7 12.2±12.3 43.3±5.1
710 12.9±0.6 2.8±0.7 48.3±1.8 12.3±1.9 1126±90 16.4±1.3 14.8±8.2 49.3±3.9
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Table 5.9 Fitted x-ray reflectivity parameters and associated derived values for BslA WT-D at different time-points.

BslA
t

(mins)
Ia−s
(Å)

σa−s
(Å)

Ip−s
(Å)

σp−s
(Å)

AB
(Å2)

T
(Å)

θ
(◦)

Γr
(%)

WT-D

20 11.0±0 0±0 32.2±0.2 9.5±0.7 3325±93 5.6±0.2 50.0±0.3 16.7±0.5
90 14.1±1.7 9.8±1.8 24.0±1.6 19.4±2.8 1434±368 12.9±3.3 61.3±2.1 38.7±10.0
150 17.6±2.4 0.2±1.7 34.6±1.5 17.6±2.2 1095±250 16.9±3.9 46.2±2.4 50.7±11.6
210 16.4±1.3 11.0±1.3 24.0±1.5 20.0±2.7 1464±388 12.6±3.4 61.3±2.0 37.9±10.1
280 16.8±1.1 10.7±1.4 24.0±0.2 19.8±2.9 1518±246 12.2±2.0 61.3±0.2 36.6±5.9

WT-D + rinse
390 16.7±1.5 11.3±1.4 24.0±0.6 20.7±2.5 1481±337 12.5±2.8 61.3±0.8 37.5±8.5
430 15.2±2.2 11.4±1.9 24.0±3.5 21.8±2.6 1403±681 13.2±6.4 61.3±4.6 39.6±19.2
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5.4.4 Discussion

All BslA proteins measured exhibited a time dependence in reaching the

maximum dry thickness value measured for their respective protein layers. This

may be a result of how the interface was created. A laminar flow of protein

solution was drawn across the cell, setting up a stagnation layer beneath the

created interface. As the WT-M and L77K proteins have the same dimensions

and molecular weight, they will diffuse across the stagnation layer at the same

rate. The L77K was measured at more regular time-intervals than the WT-M,

and took 120 mins to reach a maximum dry thickness value. It may be assumed

that the WT-M would also have diffused across the stagnation layer in this time,

however as the adsorption barrier is different for these proteins, it is not certain

that the WT-M will also have reached a maximum dry thickness value at this

time.

The maximum packing density occurs at 75% for WT-M, similar to that of the

69% measured by neutron reflectivity for the same protein. Close packing of

the proteins within the WT-M layer could allow for interprotein hydrogen bonds

to form (internal communication with Dr. Marieke Schor, The University of

Edinburgh, 2017), which alongside hydrophobic interactions between the caps,

could explain the stability of the WT-M protein layer. As the WT-M layer is then

strongly bonded and stable, it exhibits a transition 390 mins after the interface

was created, which could be explained by buckling. This apparent buckling

transition was not observed with neutron reflectivity, and may be as a result

of the difference in the size of the subphase troughs used in the two experiments.

As the WT-M proteins adsorb to the interface, the lateral pressure within the

interfacial protein layer formed increases, with the layer capable of potentially

undergoing a mechanical buckling instability [111]. Buckling occurs at the point

where the mechanical stress is such that it effectively overcomes surface tension

effects. For this to happen a layer which spans the entire interfacial surface must

form. As a consequence of measuring on a small trough for long time-scales, a

possible buckling transition was then observed with x-ray reflectivity.

The WT-D protein layer formed also exhibits a buckling transition, but in half

the time taken for the WT-M, at t=210 mins. The WT-D protein is twice the

size of the WT-M and L77K proteins, so the WT-D proteins cross the stagnation

layer x1.26 slower. This is exactly what is observed, with the WT-D forming a

maximum dry thickness layer at t=150 mins, compared to the 120 mins it took for
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the monomeric proteins to form a maximum dry thickness layer. As one WT-D

protein covers ≈x2 area of a WT-M protein, fewer WT-D proteins are required to

adsorb to the interface in order to span the entire interfacial surface, compared

to WT-M proteins. Hence, the WT-D protein layer is capable of reaching the

coverage required to cause a buckling transition in half the time taken for a

WT-M protein layer.

The L77K protein adsorbs to the interface in a side-on orientation at early

interfacial ages, but as the unoccupied interfacial area decreases, the adsorbed

protein on the interface reorients. The preferred initial adsorption orientation of

L77K, along with the altered conformation of the protein, may reduce interprotein

hydrogen bonding, reducing the stability of the layer formed and potentially

explaining how the adsorbed proteins on the interface have the freedom to

reorient. As WT-D proteins also adsorb in this orientation and yet these proteins

are able to form a stable bonded network, potentially capable of buckling, suggests

that it is the conformation of the L77K protein that prevents it from forming a

stable layer. This may be due to the altered packing structure of the L77K protein

as a consequence of the exchanged residue, resulting in some of the OH groups

which would previously have been available to form interprotein hydrogen bonds

between neighbouring WT protein Ig domains, now being shielded.

The ≈17 Å protein-subphase interfacial width may be indicative of the length

of the protein tail in the subphase. The tail has a contour length of ≈100 Å

(internal communication with Dr. Marieke Schor, The University of Edinburgh,

2017), with the interfacial width measured here only a fraction of this length.

This suggests that the tail is not stretched out end-to-end, and as folded proteins

generally follow a space-filling random walk, this is not unreasonable. As the tail

is also a polymer, it would also favour a random coil conformation at its most

extended configuration.

The initial adsorption orientation of the protein appears to be what determines

the packing density of the protein layer. Both the L77K and WT-D initially

adsorb in a side-on orientation and have a protein layer packing density of ≈53%

when at a maximum layer dry thickness, despite the reorientation of the L77K

protein prior to reaching this dry thickness. The packing density could be dictated

by the steric interactions of neighbouring protein tails, having a volume excluding

effect such that it keeps neighbouring proteins apart. If the protein adsorbs side-

on initially, the orientation of the protein means it is more likely that interprotein

hydrogen bonds may form between the tail and the Ig fold of neighbouring
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proteins, than if the protein initially adsorbed end-on. As the L77K protein

reorients within the layer over time, this suggests that interprotein bonds formed

in this way are quite flexible.

The freedom of the L77K proteins to reorient is also seen upon rinsing beneath the

layer, where the orientation of the L77K proteins within the layer are perturbed,

further suggesting that the protein layer formed by L77K is not as stable a film

as that formed by WT proteins. This perturbation to the orientation of the L77K

proteins was the only noticeable effect that rinsing had on any of the BslA protein

layers measured.

5.4.5 Comparison of neutron and x-ray reflectivity results

The results found from the neutron and x-ray reflectivity fits for BslA WT and

L77K at 0.02 mg/mL are shown in Figure 5.25. The large confidence bands on the

x-ray fits are due to only having one contrast to constrain the x-ray fit, whilst the

neutron fits have three contrasts. The L77K protein layers formed, as measured

by both neutron and x-ray reflectivity, are in excellent agreement, however there

is a difference in the structure of the protein layer formed by the monomeric WT

protein. This can be explained by the different methods by which the interfaces

were prepared for each experiment.

For the neutron measurements, the interface was created by pouring the solution

into the trough. Forming the interface in this way, meant that the concentration

of protein throughout the subphase solution was uniform. The presence of a high

local concentration of protein at the interface meant that the rate of adsorption

at the interface was mainly determined by the height of the adsorption barrier for

each protein. For the x-ray measurements, the interface was created by a laminar

flow of solution across the cell, which allowed a stagnation layer to form beneath

the interface, setting up a concentration gradient of protein between that in the

subphase (high) and that at the interface (low) [209, 210]. Hence the rate of

adsorption of the protein to the x-ray interface, is dependent both on the rate

of diffusion across the stagnation layer, as well as the height of the adsorption

barrier for each protein.

The effect that different interface creation methods had on the time taken to form

a maximally packed protein layer, is most evident for the WT protein. From the

neutron kinetic fits (Figure 5.14) the WT protein has formed a layer of maximum
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Figure 5.25 BslA dry thickness values at different time-points, as determined
from x-ray reflectivity (XR) fits (hollow circle symbols, with errors),
for a subphase concentration of 0.02 mg/mL. The corresponding
dry thickness values found from structural neutron reflectivity (NR)
fits are included for comparison (filled diamond symbols, with
errors).

dry thickness by t≤10 mins, whilst from the x-ray fits it takes ≈120 mins. Despite

this, both WT-M films formed have similar structures, with the protein adsorbing

at a set orientation (end-on), to form a maximum dry thickness layer of ≈24 Å.

However as the film ages, the x-ray measurements suggest that the film then

buckles, observed through a decrease in the dry thickness value of the layer, and an

increase in the air-subphase interfacial width. This is present as a dip in the WT

x-ray profile in Figure 5.25, compared to the structural neutron results also shown,

and may be attributed to measuring x-ray reflectivity from a protein layer formed

on a smaller trough than that used for the neutron reflectivity measurement, as

explained previously.

The adsorption kinetics did appear to affect the orientation of the L77K protein

within the layers it formed. The protein in the L77K film measured with x-

ray reflectivity, initially adsorbed at an angle of 61◦. This is the same as for the

neutron structural fit to the L77K protein at 0.005 mg/mL, where a concentration

gradient of protein was also present at the interface, due to the low concentration
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of protein in the subphase.

The difference in the orientation of the L77K protein at 0.02 mg/mL with

interfacial creation method, highlights the different contributions to the adsorp-

tion energy barrier. For the neutron measurement, there is a high uniform

concentration of protein throughout the subphase, with the adsorption energy

barrier appearing to change as the protein coverage at the interface changes.

Protein initially adsorbs in the side-on orientation, occupying much of the

interface. There appears to be a lower adsorption barrier for more protein to

then adsorb in an end-on orientation, than for protein already on the interface

to reorient to allow more protein to adsorb in the preferred side-on orientation

[213]. Hence a range of different tilts are observed for the protein layer measured

with neutron reflectivity.

For the x-ray film measured, there is a protein concentration gradient at the

interface due to the stagnation layer. The L77K protein is seen to reorient within

the layer as the film ages, from a side-on orientation into an end-on orientation,

which it then remains in. This suggests that when the concentration of protein at

the interface is low, the barrier for adsorbed proteins to reorient on the interface

is lower. Despite the difference in orientation of the protein within the layer, both

L77K films formed have the same maximum dry thickness value of 16 Å. The

L77K film did not exhibit a buckling transition.

5.5 Conclusion

The layers formed by the WT-M protein are structurally the same at all concen-

trations, as measured by neutron reflectivity, bar at the lowest concentration

measured of 0.002 mg/mL, for which there was not enough material for a

complete protein layer to form before interfacial equilibrium was reached. The

WT forms a homogeneous layer with the proteins in a single orientation, forming a

crystalline-like structured layer of constant dry thickness, irrespective of subphase

concentration (when ≥0.005 mg/mL), indicating that the interfacial properties

of the WT protein are optimized. This is maybe to be expected, as this is the

form of the protein that the bacteria expresses for a specific role at the air-

liquid interface. As a consequence, this allows for short-range order to propagate

over macroscopic dimensions, forming a coherent stress bearing film. This was

observed in the BAM images through the submergence of a dust particle present
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on the interface. It is this stress bearing characteristic that can permit buckling.

The long-range order of the film had not previously been observed in vitro, but

is important as BslA is designed to protect a community of bacterial cells, over

a variety of length-scales.

The protein film formed from a subphase concentration of 0.02 mg/mL, was found

to have the same structure when measured by both neutron and x-ray reflectivity,

up to an interfacial age of 345 mins. On time-scales greater than this, the film

measured by x-ray reflectivity exhibits an apparent buckling transition. As WT-

M proteins are observed to adsorb end-on, strong interprotein interactions could

then form a stable layer, which (consistent with the long-range order observed)

would allow for the collective phenomena of the layer buckling, to occur. Even

though the interface may be buckled, the local interfacial structure at t≥390 mins

is the same as that at t<390 mins for the x-ray measurement and as measured by

neutron reflectivity. This transition was only visible when the film was measured

using x-ray reflectivity, due to the smaller trough used, compared to that in the

neutron reflectivity measurement, but was also observed for the dimeric WT

protein. It is possible that the additional hierarchical lateral structure that

buckling provides, has the effect of increasing the hydrophobicity of the interface

[211, 212], rendering it super-hydrophobic.

The apparent buckling transition was not observed for the L77K protein with

either neutron or x-ray reflectivity. The L77K and WT-D proteins were observed

to both initially adsorb in the same preferred orientation. It is the hydrophobicity

of the cap which influences the initial adsorption angle of the protein, however this

adsorption angle is different for the WT-M and WT-D proteins even though they

have the same cap structure, due to restrictions on the orientation of the WT-D

proteins due to their dimeric nature. The adsorption angle determines where the

initial interprotein hydrogen bonds form, based on the availability of OH groups,

as determined by the packing structure of the protein. This then dictates to

what extent the steric repulsion of the tail will influence the packing density of

the proteins within the layer. All the BslA films measured by x-ray reflectivity

required an additional error function term at the protein-subphase interface to fit

the data, as the reflectivity was measured over a greater Qz range compared to

the neutron measurement. The interfacial width found may be indicative of the

length of the protein tail in the subphase.

L77K initially adsorbs side-on, in contrast to the end-on orientation favoured

by WT-M. L77K requires a greater subphase concentration to attain the same
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packing density as WT-M. This indicates that the energetics and hence kinetics of

protein adsorption vary with adsorbed protein surface coverage, which is in turn

dependent on the subphase concentration of protein at the interface. This results

in the observation of different orientations of L77K at the interface, depending

on the concentration of L77K both in the subphase, and at the interface.

For a low concentration of L77K both in the bulk and at the interface

(0.005 mg/mL), L77K adsorbs side-on and remains in this orientation on reaching

equilibrium. When the concentration of L77K is high in the bulk (0.02 mg/mL)

and low at the interface, L77K also adsorbs side-on but as the coverage increases,

these molecules reorient so that the proteins are oriented end-on throughout the

layer. If however, the concentration of L77K at the interface is high, L77K

initially adsorbs side-on but as the coverage increases, additional L77K molecules

adsorb end-on and the initial side-on molecules do not reorient, giving rise to

a range of molecular orientations within the layer. If the concentration of

L77K is ≥0.07 mg/mL, the concentration of L77K both in the bulk and at

the interface, is sufficiently high that L77K does not adsorb in the preferred

low concentration side-on orientation, but adsorbs end-on and remains in this

orientation on reaching equilibrium.

It is possible that the preferred adsorption orientation of L77K means that the

tail of the protein may exert a greater steric repulsion on neighbouring proteins,

leading to a greater intermolecular separation. This is observed in the BAM

images, where the majority of the interfacial L77K layer is in the expanded phase.

It is possible that this tail mediated steric interaction also contributes to the

adsorption energy barrier, and may be linked to its apparent variation, as seen at

0.02 mg/mL, when end-on L77K molecules adsorb between neighbouring side-on

adsorbed molecules.

Whilst creating the interface in different ways for the neutron and x-ray

reflectivity experiments, does raise some issues which have been addressed above,

it did allow for different interfacial formation properties to be observed. To

corroborate the x-ray data, a future neutron experiment could be run, using the

new sample environment.

181



182



Chapter 6

Summary and Future Work

The work presented in this thesis is aimed at using neutron reflectivity to study

model lipid membranes, peptides and proteins (which were also studied using x-

ray reflectivity), of relevance to bacterial life and death. To achieve this required

the development of new models for fitting reflectivity data, and the construction

of a new sample environment. Each system studied is summarized below, along

with any potential future work that could be conducted.

In Chapter 3, how the lipid composition and surface pressure of a monolayer

influence the monolayer-MinD-mts interaction, is determined. Rather than

constructing completely realistic models, an approach was taken to vary the

monolayer composition to highlight the interactions involved, both within and

with the monolayer, in an attempt to uncover the physically relevant behaviour for

bacterial cell division. Neutron reflectivity from various monolayer compositions

at the air-liquid interface was measured, at biologically relevant surface pressures,

both with and without MinD-mts present in the subphase. As the unsaturation

of the monolayer constituents was increased, more MinD-mts is found to insert

into the monolayer. Cardiolipin is found to play a crucial role in the insertion

of MinD-mts into saturated monolayers at 20 mN/m. MinD-mts is found to be

capable of inserting into a mainly unsaturated monolayers at 30 mN/m, which

is the canonical pressure of a native membrane. When cardiolipin is present in

unsaturated monolayers at 20 mN/m, the orientation of MinD-mts is found to

be in agreement with that found from molecular dynamics simulations. When

the interaction of MinD-mts is compared to that for Pexignanan (PXG), a larger

peptide, no insertion is observed at 30 mN/m into an unsaturated monolayer.
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PXG did insert at 20 mN/m, but to a significantly smaller extent compared to

MinD-mts.

In Chapter 4 the interfacial conformation of sLPS polysaccharide chains in the

absence of divalent ions is characterized for the first time. The mole fraction of

sLPS present in a DPPC monolayer was altered, and the monolayer measured at

biologically relevant surface pressures. The conformation of the polysaccharide

chain exhibits a surface concentration dependence, with the chain behaving as a

polymer brush in a good solvent at a sLPS mole fraction of 4% upon increasing

the surface pressure. At a higher sLPS mole fraction of 7.4%, the polysaccharide

chains behave like a polymer in a poor solvent throughout compression, indicating

that the conformation of the polysaccharide chains is dependent both on their

grafting density within the monolayer, and their external environment. For a

monolayer containing sLPS at a mole fraction of 4%, held at 22 mN/m, there is

no change in the behaviour of the polysaccharide chain on the addition of PXG.

Whilst PXG is taken up by the polysaccharide chains, these chains remained

stretched even as the concentration of PXG is increased.

In Chapter 5, both neutron and x-ray reflectivity were used to determine the film

formation and structure of different BslA proteins at different concentrations. The

layers formed by the WT protein as measured by neutron and x-ray reflectivity,

are structurally the same at all concentrations, with the protein adsorbing in

the same orientation each time, forming layers of the same dry thickness values

irrespective of subphase concentration. The structural organization of the protein

film formed by the L77K protein is found to vary with subphase concentration,

with the adsorption energetics and kinetics dependent on the surface coverage of

adsorbed protein. A possible buckling transition is inferred from x-ray reflectivity

measurements from the WT-M and WT-D protein films. The WT-D and L77K

layers are found to have the same packing density, which is lower than that

measured for the WT-M layer, with both of these proteins initially adsorbed

in the same preferred side-on orientation. It can be speculated that the initial

adsorption angle determines the extent to which the steric repulsion of the tail

will influence the packing density of the proteins within the layer.

In all of the above Chapters, the interplay between BAM and reflectivity was

evident. From BAM images it is possible to infer molecular information, which

the reflectivity measurements are capable of directly measuring. Hence the

corresponding BAM image taken of a monolayer for which the neutron or x-

ray reflectivity data is being fit, are very useful in interpreting the results found
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from the reflectivity fit.

The work in Chapter 5 led to the construction of new liquid-liquid sample

environment. Although the results of the liquid-liquid experiments carried out

were not analysed as part of this thesis, the x-ray liquid-liquid sample environment

designed worked well, both for experiments conducted at the air-liquid and liquid-

liquid interface. The cell allows for laminar exchange of the subphase, setting

up a stagnation layer beneath the interface, which was observable in the air-

liquid results as the length of time it took for a complete protein layer to form

compared to the equivalent interface measured with neutron reflectivity. Future

improvements to the cell design, and further characterization experiments which

could be conducted would include:

• Verifying the laminar flow along the length of the cell.

• Further optimization of the path length through the superphase.

• The ease of removal/insertion of the window material.

• The ease of assembly of the cell as a whole.

• The inclusion of a thermostat and a heating/cooling system to control the

temperature of the two phases.

The work done in Chapters 3 and 4 show that monolayers are useful for assessing

the initial interaction of peptides with model membranes. A floating bilayer

would allow different aspects of this interaction to be probed. For example, the

proton motive force (pmf) has been shown to be important in the localization of

MinD [47]. This is interesting as it is the pmf that couples the cells metabolism

to the physical parameter of the trans-membrane potential. In a preliminary

study, floating bilayers were created on a gold-coated silicon block, which served

as the working electrode. Neutron reflectivity was measured from a 0.75:0.25

POPC:POPG bilayer with different trans-membrane potentials applied, and

with different concentrations of MinD-mts present in the buffer subphase. The

preliminary results can be seen in Figure 6.1, which show that there are subtle

differences between the profiles obtained under different conditions. The data

shows that increasing the concentration of MinD-mts and the potential applied

across the bilayer, does have an effect on the structure of the bilayer. It will

be essential to translate the lessons learned from developing the continuous
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0μM MinD-mts 0V
4μM MinD-mts 0V
4μM MinD-mts 0.3V
4μM MinD-mts 0V (after)
16μM MinD-mts 0V
16μM MinD-mts 0.3V
16μM MinD-mts 0V (after) 
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Figure 6.1 Preliminary neutron reflectivity data from a 0.75:0.25 POPC:POPG
floating bilayer at the solid-liquid interface, with 0, 4 and 16 µM
MinD-mts present in the subphase, before and after a potential of
0.3 V is applied across the bilayer.

distribution model for monolayers (in Chapter 3) into the model for the floating

bilayer, in order to resolve the subtle changes seen in Figure 6.1.

The models developed to fit the reflectivity data presented in this thesis, have

progressively increased in sophistication. The reflectivity data measured in

each Chapter was initially fit using a slab (or layer) model. A micro-slab

model was sufficient to fit the data measured from sLPS:DPPC monolayers in

Chapter 4. When it was attempted to fit the data in Chapters 3 and 5 using this

model, large Gaussian roughnesses resulted, leading to concerns about interfacial

broadening and overfilling of layers. The contributions of each of the monolayer

components to these interfacial widths were then separated using a continuous

distribution model, which gives a more accurate representation of the physical

distribution of the individual components. Re-fitting the data in these Chapters

with this continuous distribution model resulted in improved reflectivity data fits,

compared to the fits produced using the initial slab model.

The continuous distribution model could be further developed to account for

inhomogeneity within the monolayer, possibly through incorporating incoherent

superposition into the model. A Bayesian formalism could also be implemented,

to allow for a self-consistent estimation of parameter confidence bands, taking

proper account of parameter correlation. As more realistic model membranes are
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constructed, and their molecular interactions become more complex, being able

to fully capture the features present in the reflectivity data is important if these

interactions are to be understood.

Floating bilayers are becoming increasingly common as models for biological

membranes. These bilayers are currently constructed (as described in Sec-

tion 2.1.3), to float above a solid substrate. This association with the substrate

may lead to some suppression of bilayer fluctuations, which are important in many

biological processes [214], and would certainly influence collective behaviour such

as buckling. One idea that builds on the lessons learned in Chapter 5 would

be to attempt to form bilayers that are suspended beneath a BslA layer at the

air-liquid interface. This would enable the mechanical stress in the bilayer to be

measured.
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Appendix A

Appendix: Understanding the

interaction of peptides with lipid

monolayers

A.1 Lipid monolayer neutron reflectivity model

The MATLAB code written to fit the neutron reflectivity data measured from

lipid monolayers, to the continuous distribution model described in Section 3.3.3,

is shown below.

function [output] = dppc dppg(params,bulk in,bulk out,contrast)

I at = params(1); % air-acyl tail interface - held at 0

l tail = params(2); % acyl tail length - fitted (12 - 23)

sig at = params(3); % air-acyl tail roughness - fitted (2 - 6)

sig th = params(4); % acyl tail-headgroup roughness - fitted (2 - 6)

sig hs = params(5); % headgroup-subphase roughness - fitted (2 - 6)

z tail = I at + 0.5*l tail;

bc = 0.6646e-4;

bo = 0.5843e-4;

bh = -0.3739e-4;

bp = 0.513e-4;

bn = 0.936e-4;
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bd = 0.6671e-4;

b PC = 10*bc + 8*bo + 18*bh + bp + bn; % this is for DPPC

b PG = 8*bc + 10*bo + 12*bh + bp;

b ht = 30*bc + 62*bh;

b dt = 30*bc + 62*bd;

H2O = 2*bh + bo;

D2O = 2*bd + bo;

v PC = 326;

v PG = 300;

v w = 30;

v t = 890.8;

sld sub = bulk out(contrast);

htailSLD = b ht / v t;

dtailSLD = b dt / v t;

PCheadSLD = b PC / v PC;

PGheadSLD = b PG / v PG;

Ct = v t / (2*l tail);

Cat = sqrt(2) * sig at;

Cth = sqrt(2) * sig th;

Chs = sqrt(2) * sig hs;

n lay = 100;

inc = 1;

A tail = zeros(n lay,1);

for x = 1:inc:n lay;

A tail(x) = Ct * ( (erf( (x - z tail + 0.5*l tail) / Cat )) - (erf( (x - z tail - 0.5*l tail)

/ Cth )) );

end

apl = max(A tail);

l head = (v PC*0.75 + v PG*0.25) / apl;

Ch = (v PC*0.75 + v PG*0.25) / (2*l head);

z head = z tail + 0.5*l tail + 0.5*l head;

A head = zeros(n lay,1);
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for x = 1:inc:n lay;

A head(x) = Ch * ( (erf( (x - z head + 0.5*l head) / Cth )) - (erf( (x - z head -

0.5*l head) / Chs )) );

end

lipidarea = zeros(n lay,1);

for x = 1:inc:n lay;

lipidarea(x) = A tail(x) + A head(x);

end

max lipidarea = max(lipidarea);

waterarea = zeros(n lay,1);

for x = 1:inc:n lay;

waterarea(x) = max lipidarea - lipidarea(x);

end

for x = 1:inc:n lay;

if (waterarea(x) >0)

waterarea(x) = 0;

elseif (waterarea(x) == 0)

break

end

end

completearea = zeros(n lay,1);

for x = 1:inc:n lay;

completearea(x) = lipidarea(x) + waterarea(x);

end

contrast flags = [1 ; 1 ; 0];

thisContrast = contrast flags(contrast,:);

if thisContrast(1) == 1

tailSLD = dtailSLD;

else

tailSLD = htailSLD;

end

sld tail = zeros(n lay,1);

for x = 1:inc:n lay;
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sld tail(x) = (A tail(x) / max lipidarea) * tailSLD;

end

sld head = zeros(n lay,1);

for x = 1:inc:n lay;

sld head(x) = (A head(x) / max lipidarea) * (PCheadSLD*0.75 + PGhead-

SLD*0.25);

end

sld water = zeros(n lay,1);

for x = 1:inc:n lay;

sld water(x) = (waterarea(x) / max lipidarea) * sld sub;

end

sld = zeros(n lay,1);

for x = 1:inc:n lay;

sld(x) = sld tail(x) + sld head(x) + sld water(x);

end

z = zeros(n lay,1);

for x = 1:inc:n lay;

z(x) = x;

end

output = [z sld];

A.2 Lipid monolayer and peptide neutron

reflectivity model

The MATLAB code written to fit the neutron reflectivity data measured from

lipid monolayers when peptide is present in the subphase, to the continuous

distribution model described in Section 3.3.3, is shown below.

function [output] = dppc dppg MinD(params,bulk in,bulk out,contrast)

I at = params(1); % air-acyl tail interface - held at 0

l tail = params(2); % acyl tail length - fitted (12 - 23)

I ap = params(3); % air-peptide interface - fitted (0 - 60)

l peptide = params(4); % peptide length - fitted (12 - 16)
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sig at = params(5); % air-acyl tail roughness - fitted (2 - 6)

sig th = params(6); % acyl tail-headgroup roughness - fitted (2 - 6)

sig hs = params(7); % headgroup-subphase roughness - fitted (2 - 6)

sig ap = params(8); % air-peptide roughness - fitted (2 - 6)

sig ps = params(9); % peptide-subphase roughness - fitted (2 - 6)

PL = params(10); % number of peptides associated with lipid - fitted (0 - 5)

z tail = I at + 0.5*l tail;

z peptide = I ap + 0.5*l peptide;

bc = 0.6646e-4;

bo = 0.5843e-4;

bh = -0.3739e-4;

bp = 0.513e-4;

bn = 0.936e-4;

bd = 0.6671e-4;

b PC = 10*bc + 8*bo + 18*bh + bp + bn;

b PG = 8*bc + 10*bo + 12*bh + bp;

b ht = 30*bc + 62*bh;

b dt = 30*bc + 62*bd;

b hp = 0.002531;

b dp = 0.004543;

H2O = 2*bh + bo;

D2O = 2*bd + bo;

v PC = 326;

v PG = 300;

v w = 30;

v t = 890.8;

v p = 1663;

sld sub = bulk out(contrast);

htailSLD = b ht / v t;

dtailSLD = b dt / v t;

PCheadSLD = b PC / v PC;

PGheadSLD = b PG / v PG;

hpeptideSLD = b hp / v p;

dpeptideSLD = b dp / v p;
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Ct = v t / (2*l tail);

Cat = sqrt(2) * sig at;

Cth = sqrt(2) * sig th;

Chs = sqrt(2) * sig hs;

p = v p / (2*l peptide);

ap = sqrt(2) * sig ap;

ps = sqrt(2) * sig ps;

n lay = 100;

inc = 1;

A tail = zeros(n lay,1);

for x = 1:inc:n lay;

A tail(x) = Ct * ( (erf( (x - z tail + 0.5*l tail) / Cat )) - (erf( (x - z tail - 0.5*l tail)

/ Cth )) );

end

apl = max(A tail);

l head = (v PC*0.75 + v PG*0.25) / apl;

Ch = (v PC*0.75 + v PG*0.25) / (2*l head);

z head = z tail + 0.5*l tail + 0.5*l head;

A head = zeros(n lay,1);

for x = 1:inc:n lay;

A head(x) = Ch * ( (erf( (x - z head + 0.5*l head) / Cth )) - (erf( (x - z head -

0.5*l head) / Chs )) );

end

A peptide = zeros(n lay,1);

for x = 1:inc:n lay;

A peptide(x) = p * ( (erf( (x - z peptide + 0.5*l peptide) / ap )) - (erf( (x -

z peptide - 0.5*l peptide) / ps )) );

end

lipidarea = zeros(n lay,1);

for x = 1:inc:n lay;

lipidarea(x) = A tail(x) + A head(x);

end

max lipidarea = max(lipidarea);
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peptidearea = zeros(n lay,1);

for x = 1:inc:n lay;

peptidearea(x) = A peptide(x)*PL;

end

max peptidearea = max(peptidearea);

totalarea = zeros(n lay,1);

for x = 1:inc:n lay;

totalarea(x) = lipidarea(x) + peptidearea(x);

end

max totalarea = max(totalarea);

lipidwater = zeros(n lay,1);

for x = 1:inc:n lay;

lipidwater(x) = max lipidarea - lipidarea(x);

end

peptidewater = zeros(n lay,1);

for x = 1:inc:n lay;

peptidewater(x) = max peptidearea - peptidearea(x);

end

for x = 1:inc:n lay;

if (lipidwater(x) >0)

lipidwater(x) = 0;

elseif (lipidwater(x) == 0)

break

end

end

for x = 1:inc:n lay;

if (peptidewater(x) >0)

peptidewater(x) = 0;

elseif (peptidewater(x) == 0)

break

end

end

peptidefirst = zeros(n lay,1);

for x = 1:inc:n lay;
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peptidefirst(x) = lipidwater(x) + peptidewater(x);

end

for x = 1:inc:n lay;

if (totalarea(x) <max lipidarea)

totalarea(x) = 0;

elseif (totalarea(x) >= max lipidarea)

break

end

end

lipidfirst = zeros(n lay,1);

for x = 1:inc:n lay;

lipidfirst(x) = max totalarea - totalarea(x);

end

for x = 1:inc:n lay;

if (lipidfirst(x) >0)

lipidfirst(x) = 0;

elseif (lipidfirst(x) == 0)

break

end

end

for x = 1:inc:n lay;

if (peptidearea(x) == max peptidearea)

maxpep = x;

end

end

for x = 1:inc:n lay;

if (lipidarea(x) == max lipidarea)

maxlip = x;

end

end

waterarea = zeros(n lay,1);

for x = 1:inc:n lay;

if (maxlip <maxpep)

waterarea = lipidfirst;
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elseif (maxlip >= maxpep)

waterarea = peptidefirst;

end

end

completearea = zeros(n lay,1);

for x = 1:inc:n lay;

completearea(x) = A tail(x) + A head(x) + waterarea(x) + peptidearea(x);

end

contrast flags = [1 1; 1 0; 0 1];

thisContrast = contrast flags(contrast,:);

if thisContrast(1) == 1

tailSLD = dtailSLD;

else

tailSLD = htailSLD;

end

if thisContrast(2) == 1

peptideSLD = dpeptideSLD;

else

peptideSLD = hpeptideSLD;

end

sld tail = zeros(n lay,1);

for x = 1:inc:n lay;

sld tail(x) = (A tail(x) / max totalarea) * tailSLD;

end

sld head = zeros(n lay,1);

for x = 1:inc:n lay;

sld head(x) = (A head(x) / max totalarea) * (PCheadSLD*0.75 + PGhead-

SLD*0.25);

end

sld water = zeros(n lay,1);

for x = 1:inc:n lay;

sld water(x) = (waterarea(x) / max totalarea) * sld sub;

end
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sld peptide = zeros(n lay,1);

for x = 1:inc:n lay;

sld peptide(x) = (peptidearea(x) / max totalarea) * peptideSLD;

end

sld = zeros(n lay,1);

for x = 1:inc:n lay;

sld(x) = sld tail(x) + sld head(x) + sld peptide(x) + sld water(x);

end

z = zeros(n lay,1);

for x = 1:inc:n lay;

z(x) = x;

end

output = [z sld];
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Figure A.1 Neutron reflectivity data (circles, with errors) and simultaneous
fits (lines) for 0.5:0.5 DPPC:DPPG (left - profiles offset by 10
for clarity), and the corresponding SLD profiles (right) at (top
- bottom): 20 mN/m without 4 µM MinD-mts present in the
subphase; 30 mN/m without 4 µM MinD-mts present; 30 mN/m
with 4 µM MinD-mts present; and 20 mN/m with 4 µM MinD-mts
present.
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Figure A.2 Neutron reflectivity data (circles, with errors) and simultaneous
fits (lines) for 0.75:0.25 DPPC:DPPG (left - profiles offset by 10
for clarity), and the corresponding SLD profiles (right) at (top
- bottom): 20 mN/m without 4 µM MinD-mts present in the
subphase; 30 mN/m without 4 µM MinD-mts present; 30 mN/m
with 4 µM MinD-mts present; and 20 mN/m with 4 µM MinD-mts
present.
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Figure A.3 Neutron reflectivity data (circles, with errors) and simultaneous fits
(lines) for 0.715:0.235:0.05 DPPC:DPPG:CL (left - profiles offset
by 10 for clarity), and the corresponding SLD profiles (right) at
(top - bottom): 20 mN/m without 4 µM MinD-mts present in the
subphase; 30 mN/m without 4 µM MinD-mts present; 30 mN/m
with 4 µM MinD-mts present; and 20 mN/m with 4 µM MinD-mts
present.
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Figure A.4 Neutron reflectivity data (circles, with errors) and simultaneous
fits (lines) for 0.75:0.25 POPC:POPG (left - profiles offset by 10
for clarity), and the corresponding SLD profiles (right) at (top
- bottom): 20 mN/m without 4 µM MinD-mts present in the
subphase; 30 mN/m without 4 µM MinD-mts present; 30 mN/m
with 4 µM MinD-mts present; and 20 mN/m with 4 µM MinD-mts
present.

202



Figure A.5 Neutron reflectivity data (circles, with errors) and simultaneous fits
(lines) for 0.715:0.235:0.05 POPC:POPG:CL (left - profiles offset
by 10 for clarity), and the corresponding SLD profiles (right) at
(top - bottom): 20 mN/m without 4 µM MinD-mts present in the
subphase; 30 mN/m without 4 µM MinD-mts present; 30 mN/m
with 4 µM MinD-mts present; and 20 mN/m with 4 µM MinD-mts
present.
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Figure A.6 Neutron reflectivity data (circles, with errors), original simul-
taneous fit and adjusted fit (lines) for 0.75:0.25 DPPC:DPPG
at 20 mN/m (left - profiles offset by 10 for clarity), and the
corresponding SLD profiles (right).

fit original adjusted
contrast simultaneous d62:d62 against D2O

Al(Å
2) 50.7±2.6 42.5±2.0

σa−t(Å) 6.0±0.2 —

σt−h(Å) 6.0±0.2 —

σh−s(Å) 6.0±0 3.2±1.0

It−h(Å) 12.0±0.6 18.3±0.9

Ih−s(Å) 18.3±0.7 25.8±0.9

Table A.1 Original and adjusted neutron reflectivity fit parameters for 0.75:0.25
DPPC:DPPG at 20 mN/m - only required adjustments have been
noted.
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Figure A.7 Neutron reflectivity data (circles, with errors) and simultaneous
fits (lines) for 0.75:0.25 POPC:POPG (left - profiles offset by 10
for clarity), and the corresponding SLD profiles (right) at (top -
bottom): 20 mN/m without 4 µM PXG present in the subphase;
30 mN/m without 4 µM PXG present; 30 mN/m with 4 µM PXG
present; and 20 mN/m with 4 µM PXG present.
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Appendix B

Appendix: Investigating the

conformation of smooth

lipopolysaccharide

B.1 sLPS neutron reflectivity model

The MATLAB code written to fit the neutron reflectivity data measured from

sLPS:DPPC monolayers, to the micro-slab model described in Section 4.3.4, is

shown below.

function [output,sub rough] = sLPS fit(params,bulk in,bulk out,contrast)

sub rough = params(1); % chain-subphase roughness - held at 4

n lay = params(2); % number of slices in the chain layer - held at 29.9

S = params(3); % chain swelling parameter - fitted (1.5 - 25)

RU = params(4); % number of repeat units in the chain - held at 17

r = params(5); % chain inter-slice roughness - held at 0

APM = params(6); % area per lipid molecule - fitted (40 - 220)

n w = params(7); % number of waters associated with lipid headgroup - fitted

(0 - 20)

n wc = params(8); % number of waters associated with sLPS core - fitted (0 - 10)

xLPS = params(9); % mole fraction of sLPS in monolayer - fitted (0.02 - 0.04)

for xsLPS=0.04, and (0.04 - 0.074) for xsLPS=0.074

rt = params(10); % air-acyl tail roughness - fitted (0 - 8)
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rh = params(11); % acyl tail-headgroup roughness - fitted (0 - 8)

bC = 0.6646e-4;

bO = 0.5843e-4;

bH = -0.3739e-4;

bP = 0.513e-4;

bN = 0.936e-4;

bD = 0.6671e-4;

b hc = 0.00308;

b dc = 0.00617;

b hLA h = 0.00233;

b dLA h = 0.00316;

b LA t = -0.000825;

b hLPS = 0.00149;

b dLPS = 0.00399;

D2O = (2*bD) + (1*bO);

H2O = (2*bH) + (1*bO);

v PC h = 326;

v PC t = 889;

v LA h = 890;

v LA t = 2166;

v w = 30;

v c = 1645;

v LPS = 932;

sld sub = bulk out(contrast);

b sub = sld sub*v w;

xd2o = (b sub-H2O) / (D2O - H2O);

b d9PC h = (10*bC) + (9*bH) + (8*bO) + (1*bN) + (1*bP) +(9*bD);

b hPC h = (10*bC) + (18*bH) + (8*bO) + (1*bN) + (1*bP);

b d62PC t = (30*bC) + (62*bD);

b hPC t = (30*bC) + (62*bH);

nLPS = xLPS/(1-xLPS);

T = (RU*xLPS*v LPS)/((1-xLPS)*APM);

H = S*T;
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t h = (v PC h + (v LA h*nLPS) + (n w*v w))/APM;

t t = (v PC t + (v LA t*nLPS))/APM;

t c = ((v c*nLPS) + (n wc*v w))/APM;

t LPS = H/n lay;

b LA h = b hLA h + xd2o*(b dLA h - b hLA h);

b c = (b hc*(1-xd2o)) + (b dc*xd2o);

b LPS = b hLPS + xd2o*(b dLPS - b hLPS);

sld d9PC h = (b d9PC h + (b LA h*nLPS))/(v PC h + (v LA h*nLPS));

sld hPC h = (b hPC h + (b LA h*nLPS))/(v PC h + (v LA h*nLPS));

sld d62PC t = (b d62PC t + (b LA t*nLPS))/(v PC t + (v LA t*nLPS));

sld hPC t = (b hPC t + (b LA t*nLPS))/(v PC t + (v LA t*nLPS));

sld c = b c/v c;

sld LPS = b LPS/v LPS;

phi h = (v PC h + (v LA h*nLPS))/(t h*APM);

phi c = (v c*nLPS)/(t c*APM);

sld d9PC h = (sld d9PC h*phi h) + ((1-phi h)*sld sub);

sld hPC h = (sld hPC h*phi h) + ((1-phi h)*sld sub);

sld c = (sld c*phi c) + ((1-phi c)*sld sub);

w LPSr1 = 100*(1-(1.5*(T/(Ĥ3))*(Ĥ2)));

d62PC t = [t t sld d62PC t rt 0 1];

hPC t = [t t sld hPC t rt 0 1];

d9PC h = [t h sld d9PC h rh 0 1];

hPC h = [t h sld hPC h rh 0 1];

c = [t c sld c rh 0 1];

LPSr1 = [t LPS sld LPS rh w LPSr1 1];

for i = 1:1:n lay;

w LPSr(i) = 100*(1 - (1.5*(T/(Ĥ3))*((Ĥ2) - (i*(H/n lay)) 2̂)));

LPSr(i,:) = [t LPS sld LPS r w LPSr(i) 1];

if i == n lay;

LPSr = [t LPS sld LPS sub rough w LPSr(i) 1];

end

end

contrast flags = [1 0; 1 0; 0 0; 0 1; 0 1; 0 1];
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thisContrast = contrast flags(contrast,:);

if thisContrast(1) == 1

tails = d62PC t;

else

tails = hPC t;

end

if thisContrast(2) == 1

heads = d9PC h;

else

heads = hPC h;

end

output = [tails; heads; c; LPSr1; LPSr];
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Figure B.1 Brewster angle microscopy images of monolayers of hDPPC (left),
0.04:0.96 sLPS:hDPPC (centre), and 0.074:0.926 sLPS:hDPPC
(right), at surface pressures of 5, 7.5 and 10 mN/m (top - bottom).
The scale bar is 50 µm.
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Figure B.2 Brewster angle microscopy images of monolayers of hDPPC (left),
0.04:0.96 sLPS:hDPPC (centre), and 0.074:0.926 sLPS:hDPPC
(right), at surface pressures of 12.5, 15 and 17.5 mN/m (top -
bottom). The scale bar is 50 µm.
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Figure B.3 Brewster angle microscopy images of monolayers of hDPPC (left),
0.04:0.96 sLPS:hDPPC (centre), and 0.074:0.926 sLPS:hDPPC
(right), at surface pressures of 20, 22.5 and 25 mN/m (top -
bottom). The scale bar is 50 µm.
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Figure B.4 Brewster angle microscopy images of monolayers of hDPPC (left),
0.04:0.96 sLPS:hDPPC (centre), and 0.074:0.926 sLPS:hDPPC
(right), at surface pressures of 27.5 and 30 mN/m (top - bottom).
The scale bar is 50 µm.
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Figure B.5 Neutron reflectivity data (circles, with errors) and simultaneous fits
(lines) for 0.04:0.96 sLPS:DPPC at 5 mN/m (left - profiles offset
by 10 for clarity), and the corresponding SLD profiles (right).

Figure B.6 Neutron reflectivity data (circles, with errors) and simultaneous fits
(lines) for 0.038:0.962 sLPS:DPPC at 20 mN/m (left - profiles
offset by 10 for clarity), and the corresponding SLD profiles (right).

Figure B.7 Neutron reflectivity data (circles, with errors) and simultaneous fits
(lines) for 0.03:0.97 sLPS:DPPC at 30 mN/m (left - profiles offset
by 10 for clarity), and the corresponding SLD profiles (right).
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Figure B.8 Neutron reflectivity data (circles, with errors) and simultaneous fits
(lines) for 0.074:0.926 sLPS:DPPC at 5 mN/m (left - profiles offset
by 10 for clarity), and the corresponding SLD profiles (right).

Figure B.9 Neutron reflectivity data (circles, with errors) and simultaneous fits
(lines) for 0.074:0.926 sLPS:DPPC at 20 mN/m (left - profiles
offset by 10 for clarity), and the corresponding SLD profiles (right).

Figure B.10 Neutron reflectivity data (circles, with errors) and simultaneous
fits (lines) for 0.061:0.939 sLPS:DPPC at 30 mN/m (left - profiles
offset by 10 for clarity), and the corresponding SLD profiles
(right).
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B.2 sLPS and PXG neutron reflectivity model

The MATLAB code written to fit the neutron reflectivity data measured from

sLPS:DPPC monolayers when peptide is present in the subphase, to the micro-

slab model described in Section 4.4.2, is shown below.

function [output,sub rough] = LPS PXG(params,bulk in,bulk out,contrast)

sub rough = params(1); % chain-subphase roughness - held at 4

n lay = params(2); % number of slices in the chain layer - held at 29.9

S = params(3); % chain swelling parameter - fitted (1.5 - 25)

RU = params(4); % number of repeat units in the chain - held at 17

r = params(5); % chain inter-slice roughness - held at 0

APM = params(6); % area per lipid molecule - fitted (40 - 220)

n wh = params(7); % number of waters associated with lipid headgroup - fitted

(0 - 20)

n wc = params(8); % number of waters associated with core - held at 0

xLPS = params(9); % mole fraction of sLPS in monolayer - fitted (0.025 - 0.04)

rt = params(10); % air-acyl tail roughness - fitted (0 - 8)

rh = params(11); % acyl tail-headgroup roughness - fitted (0 - 8)

rp = params(12); % chain-peptide roughness - held at 4

n pLPS = params(13); % number of peptides associated with chain - fitted (0 - 4)

n pp = params(14); % number of peptides associated with lipid - fitted (0 - 0.5)

n wp = params(15); % number of waters associated with peptide - fitted (0 - 1000)

bC = 0.6646e-4;

bO = 0.5843e-4;

bH = -0.3739e-4;

bP = 0.513e-4;

bN = 0.936e-4;

bD = 0.6671e-4;

b hc = 0.00308;

b dc = 0.00617;

b hLA h = 0.00233;

b dLA h = 0.00316;

b LA t = -0.000825;

b hLPS = 0.00149;

b dLPS = 0.00399;
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b hp = 0.004223;

b dp = 0.009325;

D2O = (2*bD) + (1*bO);

H2O = (2*bH) + (1*bO);

v PC h = 326;

v PC t = 889;

v LA h = 890;

v LA t = 2166;

v w = 30;

v c = 1645;

v LPS = 932;

v p = 3315.7;

sld sub = bulk out(contrast);

b sub = sld sub*v w;

xd2o = (b sub-H2O) / (D2O - H2O);

b d9PC h = (10*bC) + (9*bH) + (8*bO) + (1*bN) + (1*bP) +(9*bD);

b hPC h = (10*bC) + (18*bH) + (8*bO) + (1*bN) + (1*bP);

b d62PC t = (30*bC) + (62*bD);

b hPC t = (30*bC) + (62*bH);

nLPS = xLPS/(1-xLPS);

T = (RU*xLPS*v LPS)/((1-xLPS)*APM);

H = S*T;

t h = (v PC h + (v LA h*nLPS) + (n wh*v w))/APM;

t t = (v PC t + (v LA t*nLPS))/APM;

t c = ((v c*nLPS) + (n wc*v w))/APM;

t LPS = H/n lay;

t p = (v p*n pp + v w*n wp)/APM;

b LA h = b hLA h + xd2o*(b dLA h - b hLA h);

b c = (b hc*(1-xd2o)) + (b dc*xd2o);

b LPS = b hLPS + xd2o*(b dLPS - b hLPS);

b p = b hp + xd2o*(b dp - b hp);

sld d9PC h = (b d9PC h + (b LA h*nLPS))/(v PC h + (v LA h*nLPS));

sld hPC h = (b hPC h + (b LA h*nLPS))/(v PC h + (v LA h*nLPS));
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sld d62PC t = (b d62PC t + (b LA t*nLPS))/(v PC t + (v LA t*nLPS));

sld hPC t = (b hPC t + (b LA t*nLPS))/(v PC t + (v LA t*nLPS));

sld c = b c/v c;

sld LPS = b LPS/v LPS;

sld p = b p / v p;

phi h = (v PC h + (v LA h*nLPS))/(t h*APM);

phi c = (v c*nLPS)/(t c*APM);

phi pp = (v p*n pp)/(t p*APM);

sld d9PC h = (sld d9PC h*phi h) + ((1-phi h)*sld sub);

sld hPC h = (sld hPC h*phi h) + ((1-phi h)*sld sub);

sld c = (sld c*phi c) + ((1-phi c)*sld sub);

sld pp = (sld p*phi pp) + ((1-phi pp)*sld sub);

d62PC t = [t t sld d62PC t rt 0 1];

hPC t = [t t sld hPC t rt 0 1];

d9PC h = [t h sld d9PC h rh 0 1];

hPC h = [t h sld hPC h rh 0 1];

c = [t c sld c rh 0 1];

v hLPS = H*APM - (nLPS*v LPS*RU);

phi pLPS = (n pLPS*v p)/v hLPS;

phi w = 1 - phi pLPS;

phi hLPSr1 = (1-(1.5*(T/(Ĥ3))*(Ĥ2)));

sld hLPSr1 = (sld LPS*(1-phi hLPSr1)) + (phi hLPSr1 * (sld sub*phi w +

sld p*phi pLPS));

LPSr1 = [t LPS sld hLPSr1 rh 0 1];

for i = 1:1:n lay;

phi hLPS(i) = (1 - (1.5*(T/(Ĥ3))*((Ĥ2) - (i*(H/n lay))ˆ2)));

sld hLPS(i) = (sld LPS*(1-phi hLPS(i))) + (phi hLPS(i) * (sld sub*phi w +

sld p*phi pLPS));

LPSr(i,:) = [t LPS sld hLPS(i) r 0 1];

end

peptide = [t p sld pp rp 0 1];

contrast flags = [1 0; 1 0; 0 0; 0 1; 0 1; 0 1];
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thisContrast = contrast flags(contrast,:);

if thisContrast(1) == 1

tails = d62PC t;

else

tails = hPC t;

end

if thisContrast(2) == 1

heads = d9PC h;

else

heads = hPC h;

end

output = [tails; heads; c; LPSr1; LPSr; peptide];

Figure B.11 Neutron reflectivity data (circles, with errors) and simultaneous
fits (lines) for 0.032:0.968 sLPS:DPPC at 5 mN/m (left - profiles
offset by 10 for clarity), and the corresponding SLD profiles
(right).

Figure B.12 Neutron reflectivity data (circles, with errors) and simultaneous
fits (lines) for 0.032:0.968 sLPS:DPPC at 20 mN/m (left - profiles
offset by 10 for clarity), and the corresponding SLD profiles
(right).
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Figure B.13 Neutron reflectivity data (circles, with errors) and simultaneous
fits (lines) for 0.032:0.968 sLPS:DPPC at 22 mN/m (left - profiles
offset by 10 for clarity), and the corresponding SLD profiles
(right).

Figure B.14 Neutron reflectivity data (circles, with errors) and simultaneous
fits (lines) for 0.032:0.968 sLPS:DPPC at 22 mN/m with 1 µM
PXG present in the subphase (left - profiles offset by 10 for clarity),
and the corresponding SLD profiles (right).

Figure B.15 Neutron reflectivity data (circles, with errors) and simultaneous
fits (lines) for 0.032:0.968 sLPS:DPPC at 22 mN/m with 2 µM
PXG present in the subphase (left - profiles offset by 10 for clarity),
and the corresponding SLD profiles (right).
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Figure B.16 Neutron reflectivity data (circles, with errors) and simultaneous
fits (lines) for 0.032:0.968 sLPS:DPPC at 22 mN/m with 4 µM
PXG present in the subphase (left - profiles offset by 10 for clarity),
and the corresponding SLD profiles (right).

Figure B.17 Neutron reflectivity data (circles, with errors) and fits (lines)
for 0.032:0.968 sLPS:d62DPPC against D2O at 22 mN/m for
different concentrations of PXG present in the subphase (left -
profiles offset by 10 for clarity), and the corresponding SLD profiles
(right).
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Table B.1 Comparison of fitted neutron reflectivity parameters obtained for sLPS:DPPC monolayers at different surface pressures, on
different beamlines.

π
(mN/m)

Beamline xsLPS S
Al

(Å2)
nwh nwc

σt
(Å)

σh
(Å)

5
SURF 0.040±0.004 1.5±3.0 116.6±5.7 18.1±6.8 0±0 4.0±1.1 0±0.3
INTER 0.032±0.006 1.5±0 108.2±3.4 4.2±2.3 0±0 1.2±1.7 0±0.2

20
SURF 0.038±0.009 14.4±4.5 60.3±0.9 15.6±3.4 0±0 3.8±1.0 2.3±2.1
INTER 0.032±0.004 25.0±0 71.4±1.4 12.1±3.2 0±12.6 2.9±0.9 2.4±1.4

Table B.2 Comparison of fitted neutron reflectivity sLPS:DPPC monolayer thicknesses and associated derived values obtained at
different surface pressures, on different beamlines.

π
(mN/m)

Beamline xsLPS
tt

(Å)
th

(Å)
tc

(Å)
tps
(Å)

Aps
(Å2)

Hps

(%)
dps
(Å)

5
SURF 0.040±0.004 8.4±0.4 7.8±1.8 0.6±0.1 8.5±16.8 2797±350 33±66 60±4
INTER 0.032±0.006 8.9±0.3 4.4±0.7 0.5±0.1 7.2±1.4 3316±642 33±9 65±6

20
SURF 0.038±0.009 16.2±0.4 13.8±1.8 1.1±0.3 149.0±59.1 1530±378 93±44 44±5
INTER 0.032±0.004 13.4±0.3 10.1±1.4 0.8±0.1 180.9±22.5 2189±269 96±17 53±3
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Table B.3 Comparison of fitted neutron reflectivity parameters obtained using different fitting models for sLPS:DPPC monolayers at
different surface pressures, with different concentrations of PXG present in the subphase.

PXG
(µM)

PXG
layer?

xsLPS S
Al

(Å2)
nwh

σt
(Å)

σh
(Å)

npps npl nwp

1
yes 0.032±0.003 25.0±1.9 60.1±0.9 8.3±2.4 0±0.8 2.7±1.1 0.10±0.10 0.33±0.27 879±219
no 0.032±0.000 25.0±0 59.6±0.9 8.7±2.0 0±1.1 2.7±1.2 0.09±0.09 — —

2
yes 0.032±0.000 25.0±0 59.9±0.9 1.1±2.8 3.1±0.6 4.9±0.7 0.19±0.12 0.36±0.28 776±303
no 0.032±0.000 25.0±0 59.0±1.3 2.4±3.7 3.5±0.9 4.8±1.3 0.17±0.12 — —

4
yes 0.032±0.001 25.0±0.4 61.2±1.2 7.6±4.1 2.6±1.1 4.0±1.2 0.25±0.13 0.38±0.28 659±377
no 0.032±0.000 25.0±0 58.9±2.7 15.9±7.2 4.5±1.7 1.2±3.3 0.24±0.15 — —

Table B.4 Comparison of fitted neutron reflectivity sLPS:DPPC monolayer thicknesses and associated derived values obtained at
different surface pressures, with different concentrations of PXG present in the subphase, using different fitting models.

PXG
(µM)

PXG
layer?

xsLPS
tt

(Å)
th

(Å)
tc

(Å)
tps
(Å)

tp
(Å)

Aps
(Å2)

Hps

(%)
dps
(Å)

1
yes 0.032±0.003 16.0±0.3 10.0±1.3 0.9±0.1 215±28 457±125 1840±239 96±18 48±3
no 0.032±0.000 16.1±0.2 10.3±1.0 0.9±0 217±3 — 1826±0 96±1 48±0

2
yes 0.032±0.000 16.0±0.2 6.5±1.4 0.9±0 216±5 409±167 1834±33 96±3 48±0
no 0.032±0.000 16.3±0.4 7.2±1.9 0.9±0 219±5 — 1807±0 96±2 48±0

4
yes 0.032±0.001 15.7±0.3 9.5±2.0 0.9±0 211±11 343±200 1877±87 96±7 49±1
no 0.032±0.000 16.3±0.7 14.1±3.7 0.9±0 220±10 — 1804±0 96±4 48±0
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Appendix C

Appendix: Neutron and x-ray

reflectivity measurements of BslA

film formation at the air-liquid

interface

C.1 BslA structural neutron reflectivity model

The MATLAB code written to fit the structural neutron reflectivity data

measured from BslA monolayers, to the continuous distribution model described

in Section 5.3.2, is shown below.

function [output] = BslA mono trial(params,bulk in,bulk out,contrast)

I p = params(1); % air-protein interface - held at 0

I w = params(2); % protein-subphase interface - fitted (11 - 40)

th p1 = params(3); % protein length - fitted (25 - 55)

n w = params(4); % number of waters associated with protein - fitted (1 - 10000)

sig s = params(5); % air-subphase roughness - fitted (0 - 30)

sld hpd = params(6); % h-protein against D2O SLD - held at 3.23e-6

sld hpn = params(7); % h-protein against NRW SLD - held at 1.92e-6

sld dpn = params(8); % d-protein against NRW SLD - fitted (1.92e-6 - 6.21e-6)

sld hpd2 = params(9); % h-protein against D2O #2 SLD - held at 3.23e-6
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v w = 30;

v p = 18497.4;

a = 13;

b = 16.5;

c = 27.5;

d = (c - a)/30;

e = 55 - th p1;

qa = a+(d*e);

qc = c-(d*e);

n lay = 150;

inc = 1;

th w = (I p + th p1) - I w;

z w = I w + 0.5*th w;

W = (v w*n w) / (2*th w);

Ws = sig s * sqrt(2);

I 1 = I p + round(th p1);

bo = 0.5843e-4;

bh = -0.3739e-4;

bd = 0.6671e-4;

H2O = 2*bh + bo;

D2O = 2*bd + bo;

sld s = bulk out(contrast);

contrast flags = [0; 1; 2; 3];

thisContrast = contrast flags(contrast,:);

if thisContrast(1) == 0

sld p = sld hpd;

end

if thisContrast(1) == 1

sld p = sld hpn;

end

if thisContrast(1) == 2

sld p = sld dpn;

end

if thisContrast(1) == 3

sld p = sld hpd2;
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end

A p1 = zeros(n lay,1);

for x = 1:inc:n lay;

A p1(x) = ((pi*qa*b)/(qĉ2))*(x-I p)*(2*qc - (x-I p));

if (A p1(x) <0)

A p1(x) = 0;

else

A p1(x) = A p1(x);

end

end

[M,I] = max(A p1(:));

Ap max = M;

max Ap = I;

A w = zeros(n lay,1);

for x = 1:inc:n lay;

A w(x) = W * ( (erf( (x - z w + 0.5*th w) / Ws )) - (erf( (x - z w - 0.5*th w) /

Ws )) );

end

[M,I] = max(A w(:));

Aw max = M;

max Aw = I;

if (Aw max >Ap max)

A max = Aw max;

else

A max = Ap max;

end

Aw orig = zeros(n lay,1);

for x = 1:inc:n lay;

if (x <max Aw)

Aw orig(x) = A w(x);

else

Aw orig(x) = Aw max;

end
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end

Aw p1 = zeros(n lay,1);

for x = 1:inc:n lay;

Aw p1(x) = Aw orig(x) - A p1(x);

if (Aw p1(x) <0)

Aw p1(x) = 0;

elseif (Aw p1(x) >0)

Aw p1(x) = Aw p1(x);

end

end

sld p1 = zeros(n lay,1);

for x = 1:inc:n lay;

sld p1(x) = (A p1(x) / A max) * sld p;

end

sld w1 = zeros(n lay,1);

for x = 1:inc:n lay;

sld w1(x) = (Aw p1(x) / A max) * sld s;

end

sld = zeros(n lay,1);

for x = 1:inc:n lay;

sld(x) = sld p1(x) + sld w1(x);

end

z = zeros(n lay,1);

for x = 1:inc:n lay;

z(x) = x;

end

output = [z sld];
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Figure C.1 Neutron reflectivity data (circles, with errors) and fit (line) for
0.002 mg/mL BslA dWT against NRW (left) and the corresponding
SLD profile (right).

Figure C.2 Neutron reflectivity data (circles, with errors) and simultaneous fits
(lines) for 0.005 mg/mL BslA WT (left - profiles offset by 10 for
clarity) and the corresponding SLD profiles (right).

Figure C.3 Neutron reflectivity data (circles, with errors) and simultaneous fits
(lines) for 0.02 mg/mL BslA WT (left - profiles offset by 10 for
clarity) and the corresponding SLD profiles (right).
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Figure C.4 Neutron reflectivity data (circles, with errors) and fit (line) for
0.07 mg/mL BslA hWT against D2O (left) and the corresponding
SLD profile (right).

Figure C.5 Neutron reflectivity data (circles, with errors) and simultaneous fits
(lines) for 0.005 mg/mL BslA L77K (left - profiles offset by 10 for
clarity) and the corresponding SLD profiles (right).

Figure C.6 Neutron reflectivity data (circles, with errors) and simultaneous fits
(lines) for 0.02 mg/mL BslA L77K (left - profiles offset by 10 for
clarity) and the corresponding SLD profiles (right).
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Figure C.7 Neutron reflectivity data (circles, with errors) and simultaneous fits
(lines) for 0.07 mg/mL BslA WT (left - profiles offset by 10 for
clarity) and the corresponding SLD profiles (right).

Figure C.8 Neutron reflectivity data (circles, with errors) and fit (line) for
0.1 mg/mL BslA hL77K against D2O (left) and the corresponding
SLD profile (right).

Figure C.9 Neutron reflectivity data (circles, with errors), original simultane-
ous fit and adjusted fit (lines) for 0.005 mg/mL BslA hWT against
D2O (left) and the corresponding SLD profiles (right).
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Figure C.10 Neutron reflectivity data (circles, with errors), original simultane-
ous fit and adjusted fit (lines) for 0.02 mg/mL BslA hWT against
D2O (left) and the corresponding SLD profiles (right).

Figure C.11 Neutron reflectivity data (circles, with errors), original simultane-
ous fits (dashed lines) and adjusted fits (lines) for 0.005 mg/mL
BslA L77K (left - profiles offset by 10 for clarity) and the
corresponding SLD profiles (right).

Figure C.12 Neutron reflectivity data (circles, with errors), original simultane-
ous fits (dashed lines) and adjusted fits (lines) for 0.02 mg/mL
BslA L77K (left - profiles offset by 10 for clarity) and the
corresponding SLD profiles (right).
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Figure C.13 Neutron reflectivity data (circles, with errors), original simultane-
ous fits (dashed lines) and adjusted fits (lines) for 0.07 mg/mL
BslA L77K (left - profiles offset by 10 for clarity) and the
corresponding SLD profiles (right).

C.2 BslA kinetic neutron reflectivity model

The MATLAB code written to fit the kinetic neutron reflectivity data measured

from BslA monolayers, to the model described in Section 5.3.3, is shown below.

function [output,sub rough] = product(params,bulk in,bulk out,contrast)

sub rough = params(1); % protein-subphase roughness - fitted (0 - 20)

thickness = params(2); % protein layer thickness - held at 55

sld protein = params(3); % protein SLD - fitted (0.1 - 2.5)

r protein = params(4); % air-protein roughnesss - fitted (0 - 20)

sld = sld protein*(1e-6);

protein = [thickness sld r protein 0 1];

output = protein;
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Table C.1 Fitted neutron reflectivity parameters and associated derived values for hWT BslA at different subphase concentrations.

C
(mg/mL)

0.005 0.02 0.07

t
(mins)

SLD
(x10−7Å−2)

σa−p
(Å)

σp−s
(Å)

T
(Å)

SLD
(x10−7Å−2)

σa−p
(Å)

σp−s
(Å)

T
(Å)

SLD
(x10−7Å−2)

σa−p
(Å)

σp−s
(Å)

T
(Å)

2 4.27±0.53 0±34 0±34 12.2±1.5 7.66±0.48 0±22 0±23 22.0±1.4 8.19±3.70 0±21 0±24 23.5±10.6
10 4.93±0.48 0±12 0±12 14.1±1.4 7.38±0.44 0±9 0±10 21.2±1.3 8.43±2.41 0±3 5±16 24.2±6.9
20 5.44±0.45 0±11 0±11 15.6±1.3 8.08±0.60 0±0 0±0 23.2±1.7 8.22±2.30 0±12 0±14 23.6±6.6
30 6.71±0.96 20±23 20±23 19.2±2.8 7.85±0.26 0±0 6±11 22.5±0.7 8.10±1.57 0±3 0±2 23.2±4.5
40 6.32±0.46 0±0 0±0 18.1±1.3 8.11±0.34 0±4 0±4 23.2±1.0 8.99±0.73 0±3 0±3 25.8±2.1
50 6.82±0.38 0±3 0±3 19.6±1.1 8.22±0.41 0±3 0±3 23.6±1.2 8.16±1.58 0±0 0±1 23.4±4.5
60 7.41±0.46 0±7 0±6 21.3±1.3 — — — — 9.60±0.86 0±4 0±4 27.5±2.5
70 7.11±0.41 0±4 0±4 20.4±1.2 — — — — 8.94±1.08 0±3 0±3 25.6±3.1
80 7.91±0.49 0±1 0±1 22.7±1.4 — — — — 7.45±2.41 0±4 0±4 21.4±6.9
90 7.73±0.29 4±7 4±7 22.2±0.8 — — — — 8.43±1.00 0±3 0±2 24.2±2.9
100 7.89±0.64 0±16 13±17 22.6±1.8 — — — — – — — —
110 8.23±0.92 0±7 0±8 23.6±2.6 — — — — – — — —
120 8.34±0.34 0±5 0±4 23.9±1.0 — — — — – — — —
122 8.12±0.29 0±10 0±10 23.3±0.8 — — — — – — — —
130 8.05±0.31 0±5 0±6 23.1±0.9 — — — — – — — —
140 8.58±0.31 1±0 6±10 24.6±0.9 — — — — – — — —
150 8.31±0.42 0±6 0±5 23.8±1.2 — — — — – — — —
160 8.35±0.37 0±9 0±9 23.9±1.1 — — — — – — — —
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Table C.2 Fitted neutron reflectivity parameters and associated derived values for dWT BslA at different subphase concentrations.

C
(mg/mL)

0.002 0.005 0.02

t
(mins)

SLD
(x10−7Å−2)

σa−p
(Å)

σp−s
(Å)

T
(Å)

SLD
(x10−7Å−2)

σa−p
(Å)

σp−s
(Å)

T
(Å)

SLD
(x10−7Å−2)

σa−p
(Å)

σp−s
(Å)

T
(Å)

2 2.43±5.49 0±28 0±28 3.4±7.7 5.58±0.51 0±19 0±21 7.5±0.7 16.49±0.38 0±13 0±13 18.8±0.6
10 3.60±3.96 15±27 23±24 5.1±5.6 6.49±0.59 0±1 0±1 8.7±0.8 18.70±0.77 0±2 0±2 21.3±1.0
20 3.57±0.90 0±12 0±11 5.0±1.4 7.55±0.52 0±3 0±3 10.1±0.7 18.98±0.29 0±1 0±1 21.6±0.6
30 2.26±1.04 0 (held) 0 (held) 3.2±1.5 8.15±0.47 0±17 0±18 10.9±0.7 19.09±0.37 0±1 0±1 21.8±0.6
40 2.83±1.40 0±7 0±7 4.0±2.0 9.21±0.38 0±12 0±12 12.3±0.6 19.72±0.29 0±1 0±1 22.5±0.6
50 3.36±1.65 0±18 0±18 4.7±2.4 9.64±0.38 0±8 0±8 12.9±0.6 19.31±0.41 0±2 0±2 22.0±0.7
60 3.97±1.32 9±16 9±16 5.6±1.9 10.41±0.35 0±5 0±5 13.9±0.6 19.90±0.37 0±2 0±3 22.7±0.7
70 4.51±0.83 0±7 0±6 6.3±1.3 10.86±0.42 0±1 0±1 14.5±0.7 20.40±0.64 0±2 0±2 23.3±0.9
80 4.66±1.21 0±10 0±10 6.6±1.8 11.61±0.33 0±5 0±5 15.5±0.6 19.93±0.41 0±1 0±2 22.7±0.7
90 5.30±1.09 0±5 0±6 7.5±1.7 12.33±0.47 0±12 0±12 16.5±0.7 20.47±0.63 0±13 0±9 23.3±0.9
100 4.75±1.16 4±15 0±9 6.7±1.8 12.62±0.33 0±4 0±4 16.9±0.6 — — —
110 4.95±1.16 0±4 0±3 7.0±2.0 13.09±0.38 5±11 0±9 17.5±0.7 — — —
120 4.44±3.29 0±13 0±13 6.3±4.7 13.80±0.89 0±4 0±3 18.5±1.3 — — —
122 4.82±0.44 0±7 0±7 6.8±0.9 13.68±0.44 0±2 0±2 18.3±0.7 — — —
130 5.35±0.28 0±11 0±11 7.5±0.8 14.20±0.33 0±0 0±1 19.0±0.6 — — —
140 5.38±0.45 0±7 0±7 7.6±1.0 14.32±0.50 0±11 0±11 19.2±0.8 — — —
150 5.57±0.47 0±13 0±13 7.8±1.0 — — — — — — — —
160 5.67±0.39 0±9 0±8 8.0±1.0 — — — — — — — —
170 6.18±0.46 0±4 0±4 8.7±1.1 — — — — — — — —

235



Table C.3 Fitted neutron reflectivity parameters and associated derived values for dL77K BslA at different subphase concentrations.

C
(mg/mL)

0.005 0.02

t
(mins)

SLD
(x10−7Å−2)

σa−p
(Å)

σp−s
(Å)

T
(Å)

SLD
(x10−7Å−2)

σa−p
(Å)

σp−s
(Å)

T
(Å)

2 2.81±0.43 0±18 0±19 4.9±0.8 2.04±0.65 32±26 32±26 3.0±1.0
10 3.07±0.67 7±18 7±18 5.4±1.2 3.33±0.90 0±3 0±3 5.0±1.4
20 3.73±0.35 0±7 0±7 6.6±0.7 4.64±0.36 0±3 0±3 6.9±0.8
30 4.13±0.51 0±4 0±4 7.3±1.0 5.26±0.37 0±10 0±10 7.8±0.9
40 4.23±0.68 0±5 0±5 7.4±1.2 6.59±0.80 0±5 0±4 9.8±1.5
50 5.04±0.31 0±6 0±5 8.9±0.7 7.52±0.41 0±3 0±3 11.2±1.2
60 5.35±0.33 0±0 0±0 9.4±0.8 8.17±0.46 0±8 0±8 12.2±1.3
70 6.28±0.49 0±15 0±14 11.0±1.0 8.44±0.44 0±5 0±5 12.6±1.3
80 6.27±0.77 0±4 0±5 11.0±1.5 9.63±0.37 2±11 0±13 14.3±1.4
90 6.63±0.40 0±16 0±16 11.6±0.9 9.51±0.44 0±9 0±9 14.2±1.5
100 7.35±0.58 0±17 0±16 12.9±1.2 — — — —
110 6.94±0.40 0±1 0±2 12.2±0.9 — — — —
120 7.25±0.59 10±17 0±25 12.7±1.2 — — — —
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Figure C.14 Technical drawing of the PEEK base for the liquid-liquid cell. All
lengths are stated in mm.
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Figure C.15 Technical drawing of the aluminium top for the liquid-liquid cell.
All lengths are stated in mm.
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Figure C.16 Technical drawing of the aluminium window frames for the liquid-
liquid cell. All lengths are stated in mm.

Figure C.17 Technical drawing of the steel frame for the liquid-liquid cell. All
lengths are stated in mm.
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C.3 BslA x-ray reflectivity model

The MATLAB code written to fit the x-ray reflectivity data measured from BslA

monolayers, to the continuous distribution model described in Section 5.4.2, is

shown below.

function [output] = BslA mono t2(params,bulk in,bulk out,contrast)

I p = params(1); % air-protein interface - held at 0

I w = params(2); % protein-subphase interface - fitted (11 - 40)

th p = params(3); % protein length - fitted (25 - 55)

n w = params(4); % number of waters associated with protein - fitted (1 - 10000)

sig s = params(5); % air-subphase roughness - fitted (0 - 30)

sig p = params(6); % protein-subphase roughness - fitted (0 - 30)

sld p = params(7); % h-protein against H2O SLD - held at 1.23e-5

sld s = params(8); % subphase SLD - held at 9.43e-6

v w = 30;

v p = 18497.4;

a = 13;

b = 16.5;

c = 27.5;

d = (c - a)/30;

e = 55 - th p;

qa = a+(d*e);

qc = c-(d*e);

n lay = 150;

inc = 1;

th w = (I p + th p) - I w;

z w = I w + 0.5*th w;

W = (v w*n w) / (2*th w);

Ws = sig s * sqrt(2);

z p1 = I p + 0.5*th p;

P 1 = v p / (2*th p);

PI 1 = sig p * sqrt(2);

I 1 = I p + round(0.5*th p);
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A p1 = zeros(n lay,1);

for x = 1:inc:n lay;

A p1(x) = ((pi*qa*b)/(qĉ2))*(x-I p)*(2*qc - (x-I p));

if (A p1(x) <0)

A p1(x) = 0;

else

A p1(x) = A p1(x);

end

end

[M,I] = max(A p1(:));

Ap max = M;

max Ap = I;

A p11 = zeros(n lay,1);

for x = 1:inc:n lay;

A p11(x) = P 1 * ( (erf( (x - z p1 + 0.5*th p) / PI 1 )) - (erf( (x - z p1 - 0.5*th p)

/ PI 1 )) );

end

A p11 max = max(A p11);

ratio = Ap max/A p11 max;

for x = 1:inc:n lay;

A p12(x) = ratio * A p11(x);

end

A p = zeros(n lay,1);

for x = 1:inc:I 1;

A p(x) = A p1(x);

end

for x = (I 1+1):inc:n lay;

A p(x) = A p12(x);

end

A w = zeros(n lay,1);

for x = 1:inc:n lay;

A w(x) = W * ( (erf( (x - z w + 0.5*th w) / Ws )) - (erf( (x - z w - 0.5*th w) /

Ws )) );
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end

[M,I] = max(A w(:));

Aw max = M;

max Aw = I;

if (Aw max >Ap max)

A max = Aw max;

else

A max = Ap max;

end

Aw orig = zeros(n lay,1);

for x = 1:inc:n lay;

if (x <max Aw)

Aw orig(x) = A w(x);

else

Aw orig(x) = Aw max;

end

end

Aw p1 = zeros(n lay,1);

for x = 1:inc:n lay;

Aw p1(x) = Aw orig(x) - A p(x);

if (Aw p1(x) <0)

Aw p1(x) = 0;

elseif (Aw p1(x) >0)

Aw p1(x) = Aw p1(x);

end

end

sld p1 = zeros(n lay,1);

for x = 1:inc:n lay;

sld p1(x) = (A p(x) / A max) * sld p;

end

sld w1 = zeros(n lay,1);

for x = 1:inc:n lay;

sld w1(x) = (Aw p1(x) / A max) * sld s;
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end

sld = zeros(n lay,1);

for x = 1:inc:n lay;

sld(x) = sld p1(x) + sld w1(x);

end

z = zeros(n lay,1);

for x = 1:inc:n lay;

z(x) = x;

end

output = [z sld];
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[69] J. Kalová and R. Mareš. Reference Values of Surface Tension of Water. Int.

J. Thermophys., 36(7):1396–1404, 2015.

[70] R. Esteves, B. Dikici, M. Lehman, Q. Mazumder, and N. Onukwuba.

Determination of Aqueous Surfactant Solution Surface Tensions with a

Surface Tensiometer. Beyond Undergrad. Res. J., 1:27–35, 2016.

[71] T. Hianik. Structure and physical properties of biomembranes and model

membranes. Acta Phys. Slovaca, 56(6):687–806, 2006.

[72] G.L. Gaines. The thermodynamic equation of state for insoluble

monolayers. J. Chem. Phys., 69(2):924–930, 1978.

[73] K.Y.C. Lee. Collapse Mechanisms of Langmuir Monolayers. Annu. Rev.

Phys. Chem., 59:771–791, 2008.

[74] M D Phan and K Shin. Effects of Cardiolipin on Membrane Morphology:

A Langmuir Monolayer Study. Biophys. J., 108(8):1977–1986, 2015.

[75] S.L. Duncan and R.G. Larson. Comparing Experimental and Simulated

Pressure-Area Isotherms for DPPC. Biophys. J., 94(8):2965–2986, 2008.

[76] C. Knobler. Phase Transitions in Monolayers. Annu. Rev. Phys. Chem.,

43(1):207–236, 1992.

251



[77] C.C. Logisz and J.S. Hovis. Effect of salt concentration on membrane lysis

pressure. Biochim. Biophys. Acta, 1717(2):104–108, 2005.

[78] J. Kubiak, J. Brewer, S. Hansen, and L.A. Bagatolli. Lipid Lateral Or-

ganization on Giant Unilamellar Vesicles Containing Lipopolysaccharides.

Biophys. J., 100(4):978–986, 2011.

[79] M.A. Kiselev and D. Lombardo. Structural characterization in mixed lipid

membrane systems by neutron and X-ray scattering. Biochim. Biophys.

Acta, 1861(1):3700–3717, 2016.

[80] G. Pabst, J. Katsaras, V.A. Raghunathan, and M. Rappolt. Structure and

Interactions in the Anomalous Swelling Regime of Phospholipid Bilayers .

Langmuir, 19:1716–1722, 2003.

[81] P. Beales. Phase Separation in Binary Phospholipid Vesicles Studied

Using Fluorescence Microscopy Techniques. PhD thesis, The University

of Edinburgh, 2005.

[82] P. Pincus, J.F. Joanny, and D. Andelman. Electrostatic Interactions,

Curvature Elasticity, and Steric Repulsion in Multimembrane Systems.

Europhys. Lett., 11(8):763–768, 1990.

[83] J.N. Israelachvili, S. Marcelja, and R.G. Horn. Physical principles of

membrane organization. Q. Rev. Biophys., 13(2):121–200, 1980.

[84] R. Koynova and M. Caffrey. An index of lipid phase diagrams. Chem. Phys.

Lipids, 115(1-2):107–219, 2002.

[85] M.L. Gee, M. Burton, A. Grevis-James, M.A. Hossain, S. McArthur,

E.A. Palombo, J.D. Wade, and A.H.A. Clayton. Imaging the action of

antimicrobial peptides on living bacterial cells. Sci. Rep., 3:1557, 2013.

[86] G. Fragneto, T. Charitat, and J. Daillant. Floating lipid bilayers: models

for physics and biology. Eur. Biophys. J., 41(10):863–874, oct 2012.

[87] A V Hughes, S A Holt, E Daulton, A Soliakov, T R Charlton, S J Roser,

and J H Lakey. High coverage fluid-phase floating lipid bilayers supported

by ω-thiolipid self-assembled monolayers. J. R. Soc. Interface, 11(98):1–10,

2014.

252
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