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ABSTRACT

The mechanism of action of the wheat defence proteins (puroindolines and purothionins) as
antifungal agents was investigated by monitoring their interactions with the lipid systems
mimicking the structures of the yeast cell membrane. The membrane models used were:
monolayers at the air/liquid interface, flat bilayers at the solid/liquid interface and the folded

bilayers in aqueous solutions (lipid vesicles).

Each lipid model was interacted with defence proteins as single protein or mixed protein
systems. The consequent changes in the structures of lipid membranes were then monitored
by means of various biophysical techniques selected to probe different aspects of interfacial

system.

Surface pressure measurements on a Langmuir trough revealed the preference of wheat
defence proteins towards membranes dominated by anionic, saturated phospholipids and,
together with X-Ray Reflectometry (XRR) studies, revealed different interaction kinetics
dependent on the phospholipid chain saturation. The monolayer studies also suggested that
there existed antifungal synergy between the two groups of proteins: puroindolines and

purothionins.

Protein penetration to the flat lipid bilayers was analysed by Attenuated Total Reflectance-
Fourier-Transform Infrared Spectroscopy (ATR-FTIR) and Neutron Reflectometry (NR). The
bilayer studies enabled to assess the lipid flipping between the leaflets and confirmed the
protein’s strong adsorptive properties towards the anionic, saturated phospholipids. Protein
interactions with the lipid vesicles were assessed by means of Differential Scanning
Calorimetry (DSC) and revealed the dependence of the protein’s membrane-solubilising

properties on the lipid net charge.

The project also involved the development of the technique for the controlled flat lipid
bilayer deposition on the ATR-FTIR solid support. For this purpose, a new Langmuir trough
was designed and equipped with a dipping arm, allowing the covering of the support with the

two-lipid-molecule-thick bilayers.

The findings from the research provided an insight into the antifungal mode of action of

wheat defence protein.
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XII

127

128

132

133

137

140

142



(1,3,5,7) and interacting with 0.025 mg/mL Pin-a solution (2,4,6,8) obtained in
the three isotopic contrasts: 100% DO (blue line), silicon-SLD-matched water

containing 38% D>0O (green line) and 100% H20O (red line).

Figure 6.18 Neutron reflectivity profiles (left) and the fits describing these
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Figure 7.1 Size distribution by number of the DPPC vesicles: MLVs (green)
obtained after five freeze-thawing cycles and SUVs (red) obtained after 2 hours

of sonication at 45°C.

Figure 7.2 DSC measurements of 3-Pth added to the DPPS MLVs in 1:10
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Figure 7.3 DSC measurements of the DPPC:DPPS 1:1 mol:mol MLVs. Dates

and repeats of the experiments are shown in the legend.

Figure 7.4 DSC measurements of B-Pth added to the DPPC:DPPS 1:1 mol:mol
MLVs in 1:100 protein:lipid molar ratio. The numbers of repeats are shown in

the legend.

Figure 7.5 DSC measurements of B-Pth added to the DPPC MLVs (batch 1) in
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Figure 7.6 DSC measurements of 3-Pth added to the DPPC MLVs (batch 2) in

1:10 protein:lipid molar ratio.
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Figure 7.7 DSC measurements of B-Pth added to the DPPS MLVs in various

protein:lipid molar ratios.

Figure 7.8 DSC measurements of 3-Pth added to the DPPC:DPPS 1:1 mol:mol

MLVs in various protein:lipid molar ratios.

Figure 7.9 DSC measurements of various wheat defence proteins added to the
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Figure 1. FPLC elution profiles showing the purification of Pin-a from the crude
wheat flour extracts, carried out by Luke Clifton (A),%° Michael Sanders (B)'*3

and Olga Florek (C). Pin-a peaks marked with red circle.

Figure 2. SDS-PAGE results of the Pin-a purification peaks corresponding to the
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(B)'*3 and Olga Florek (C). Pin-a bands marked with red circle.
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Michael Sanders (A)'*} and Olga Florek (B).
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Chapter 1

INTRODUCTION AND THE AIM OF THE PROJECT

The increased crop productivity is one of the aims of the agricultural development. New
strategies are applied to produce food of the improved quality. Among the measures taken
are: the use of artificially selected plant varieties that are more resistant to diseases, efficient
agricultural practice such as crop rotation or the use of fertilizers and pesticides. However,
many of these actions have shown undesirable side effects such as environmental pollution.
These inconveniences gave rise to the development in studies oriented at finding natural ways

of boosting plant immunity to infections.

Plants, as most living organisms, are constantly exposed to microbial attack or injury, to
which they have developed efficient physical barriers such as a surface layer of wax or a
thick cell wall. Moreover, plants are able to respond chemically to these adverse conditions
by synthesising antimicrobial compounds, among which are saponins (glycosylated steroids),
cyanogenic glycosides, phenolic compounds and defence proteins / peptides.!? The latter

ones are of a growing interest due to their potential use as natural biocidal agents.
In general, the antimicrobial peptides share the following features:3
(1) Relatively small size — they have low molecular weight (less than 7 kDa).

(2) Positive charge at neutral pH — characterised by the presence of basic amino acids in

their structures.
(3) Amphipathicity - value of the polar/non-polar amino acid usually from 0.5 to 1.2.
(4) They adopt a secondary structure stabilized by disulphide bridges.

(5) They are believed to act at the membrane level of the invaded cells and their biological

activity appears to have its origin in their sequence and structural characteristics.

The antimicrobial activity of the peptides was examined in many studies. For example,
cecropin A, a peptide isolated from the Cecropia moth (Hyalophora cecropia), was shown to
be lethal to the selected pathogenic fungal species from the genera Aspergillus and Fusarium,

when introduced to the solution containing the conidia of the aforementioned fungi.*



Chapter 1: INTRODUCTION AND THE AIM OF THE PROJECT

Moreover, the expression of the gene coding the insect-derived antimicrobial peptide
thanatin(S) in the Arabidopsis thaliana plants supported the host’s resistance to pathogenic

fungi Botrytis cinerea, powdery mildew, and pathogenic bacteria Pseudomonas syringae.’

Therefore, the defence proteins and peptides could serve not only as the environmentally
friendly enhancers of the plants’ immunity against the phytopathogens but they could also

find their application in vitro: as preservatives or pharmaceutical antimicrobial agents.

1.1 Plant defence proteins

There are many types of the plant defence proteins and they can be isolated from various
parts of the plant.® Most of these proteins, however, were found to be located in the seeds.’
This project focused on the defence proteins isolated from the grains of the common wheat,
Triticum aestivum (see the grain structure in Figure 1.1). The wheat defence proteins can be

classified into the following groups: thionins, indolines, defensins and lipid-transfer proteins.?

Starchy endosperm
Aleurone

Nucellar layer

Testa

Alerone [ayer

Germ

Figure 1.1 A scheme of the wheat grain showing aleurone and endosperm: the structures from which the
wheat defence proteins were isolated [reproduced by kind permission of Springer Science and Bus Media

B V via RightsLink, 17.03.2017].%
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The first three protein families, all isolated from wheat endosperm,? will be the subject of this
study. To simplify further discussion, the low-molecular-weight peptides, such as thionins

and defensins, will be referred to as proteins throughout this work.

1.1.1 Thionins

Thionins are a family of basic (pI > 8), cysteine-rich and low-molecular-weight (~ 5 kDa)

proteins sharing high sequential and structural similarities.” They are divided into 5 groups.

Type I are 45 amino acids long, basic and contain eight cysteine residues, and were first
reported in the wheat grain endosperm.!? Three different type I purothionins from wheat have
been isolated: o, o2, and B.'"12 Type II thionins were first extracted from barley leaves (o-
hordothionin and B-hordothionin) and are slightly less basic than type I, typically 46-47
amino acids long with four disulphide bonds.!* Type III are 45-46 amino acids and were
found in stems and leaves of mistletoe species.'* Crambin, isolated from seeds of Crambe
abyssinica, is a representative of the type IV thionins — it is neutral, 46 amino acids long and
has three disulphide bonds.!> Type V thionin has been isolated from wheat endosperm and

shares some structural similarities with type 1.1

Thionins were shown to act against wide range of pathogenic organisms.? For example,
purothionins were shown to be inhibiting the growth of the phytopathogenic bacteria from the
genera Pseudomonas, Xanthomonas, Erwinia, and Corynebacterium.'® Another group of
organisms susceptible to the biocidal action of purothionins were the yeast of the
Saccharomyces genera cultivated in various media.!” Moreover, purothionins caused
membrane leakages in the mammalian cell cultures, i.e. baby hamster kidney cells.'® The
biocidal properties of purothionins were further stressed in the study by Kramer et al.,'® who
found that the proteins caused high mortality of the tobacco hornworm’s (Manduca sexta)
larvae. Furthermore, expressing the gene coding for the barley thionin a-hordothionin in the
transgenic tobacco plant resulted in the increased plant’s immunity against the bacterial plant
pathogen Pseudomonas syringae.”® This study confirmed the protective role of thionins in

vivo.

The structure of purothionins resembles the letter L (see Table 1.3) — a molecule consists of
two antiparallel a-helices (forming a helix-turn-helix motif), a C-terminal coil and two short

antiparallel B strands (which form one antiparallel B-sheet) - their tertiary structure is
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stabilised by four disulphide bonds, salt bridges and intramolecular hydrogen bonds.?! The
groove between the a-helices and -sheets contains a Tyr13 residue which is believed to play
an important role in cell leakage.'® Wada et al.?? have suggested the involvement of positive
charge in thionins’ mode of action; it has been noted that a decrease of the positive charge

leads to a reduction of the toxicity, in proportion to the number of modified groups.

A few hypotheses have been proposed regarding the mechanisms of thionins’ toxicity, e.g.
formation of ion channels,? lipid rafts>* and solubilisation of membrane phospholipids.?
Moreover, there are studies with model membranes,?® proposing solubilisation to be the cause

of membrane leakage.

Furthermore, studies on the interaction of B-Pth with bacterial lipid membranes models have
shown that it is able to penetrate deeply into the lipid acyl chain regions of condensed phase
anionic lipid monolayers.?” This finding could support the formation of ion channels by the
thionins (proposed above),?? by considering the protein penetration as the initial stage of the
pore formation. This work also stressed the importance of the role of the wheat defence
protein’s structure in the adsorptive properties towards the anionic phospholipids by
revealing the differences in the penetrative abilities of B-Pth, Pin-a and Pin-b (see section

1.1.2 for more information on the latter two proteins).?’

The study by Richard er al.?® confirmed the importance of the initial electrostatic attraction of
B-Pth towards the anionic saturated phospholipids in the protein-lipid interactions and
revealed that the protein decreases the lipid’s lateral diffusion in the anionic phospholipid

bilayer.

The molecular structure of purothionins and, in particular, their hydrophobicity, has been
shown to play an important role in the proteins’ ability to interact with the anionic
phospholipids, i.e. the more hydrophobic o2-Pth removed more phospholipid from interfacial
monolayers than a;-Pth, as revealed by the Neutron Reflectometry (NR) and Brewster Angle

Microscopy (BAM) monolayer studies carried out by Clifton er al.?

The thionins from barley were shown to cooperate with the barley lipid-transfer-proteins in
their antifungal activity towards Fusarium solani cultures.®® For the findings on the synergy

between the thionins and indolines, please refer to section 1.1.2.
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1.1.2 Puroindolines

Puroindolines (Pins) are basic, cysteine-rich, lipid-binding family of the wheat defence
proteins having molecular weight of ~ 13 kDa.?! Two puroindoline isoforms are known, Pin-
a and Pin-b, both containing a Trp-rich domain which is believed to be the site of interaction
with lipid membranes (see Figure 1.3).%? Pin-a domain consists of five Trp residues
(WRWWKWWK), whereas Pin-b has a truncated domain containing three Trp residues
(WPTKWWK).333* The infrared studies revealed that Pin-a and Pin-b have similar secondary
structure: at pH 7 they consist of approximately 30% a-helices, 30% B-sheets and 40%

unordered structures.® For the more detailed structure of Pin-a, please refer to Figure 1.8.

The proteins’ structure is stabilised by the presence of disulphide bridges created by the

covalent bonds between the cysteine residues.’® Figure 1.2 shows the putative positions of the

disulphide bridges.
W
+ |
+ I I
I I |
......... 1000004020 covinnadicesoss s @0ins0ous MWinonases B0heanswun
AA MKTLFLLALLALVASTTFAQYSEVGGHYNEVGAGGGSQQCPLERPKLSSCKDY VMERCFTMKDFPVTYP
DB_state 1 1 1
DB_conf 6 7 8
| +
I [+
| 44 '
| [ I I
T0........ 80........ 90........ 100....... 110....... 120....... 130......
AA TKYWKGGCEHE VREKCCQQLSQIAPQCRCDSIRGMIQGKLGGFFGIWRGDAFKQIQRAQSLPSKUNNGA
DB_state 1 11 11 1
DB_conf 8 88 8 8 8

Figure 1.2 The predicting results of disulfide bonding state of Pin-b. AA, amino acid sequence; DB_state,
predicted disulfide bonding state (1 = disulfide bonded, 0 = not disulfide bonded); DB_conf, confidence of
disulfide bonding state prediction (0 = low to 9 = high).”’

Puroindolines have been reported to act against fungi as well as Gram-positive and Gram-
negative bacteria.*® For instance, Capparelli ef al.*® revealed the antimicrobial activity of the
recombinant puroindolines against Escherichia coli and Staphylococcus aureus strains. The
findings by Jing et al.*° stressed the importance of the Trp-rich domain in the antimicrobial

activity of Pins against the aforementioned bacterial strains.
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These proteins have also been shown to bind preferentially to anionic phospholipids*!' and are
known to contribute to the wheat texture, which is an important flour quality determinant.*>+3
Puroindolines were discovered as part of friabilin, a protein complex believed to mediate the
grain hardness by controlling adhesion of the starch-gluten interface.** Pin-a and Pin-b
proteins were later distinguished from the friabilin complex as the compounds directly

contributing to the grain hardness.*’

An allelic variation in Pin-b gene (Pinb-D1b) leads to the formation of Pin-b mutant forms
such as Pin-bH, found in Hereward wheat variety (containing Gly-46 to Ser-46 substitution)
or the Soissons-wheat-variety-derived Pin-bS (Trp-44 to Arg-44 mutation), which apparently

influence grain hardness, although the precise mechanism for this remains unsolved.*64748

Differences in the primary structure of Trp-rich loops between the three forms of Pin-b are
illustrated below.

29 48
Pin-b CFTMKDFPVTWPTKWWKGGC

PmbH CFTMKDFPVTWPTKWWKSGC
PnbS CFTMKDFPVTWPTKWRKGGC

Figure 1.3 Sequences of the Trp-rich loops of the wild-type Pin-b and the mutants Pin-bH and Pin-bS.%

Such point mutations also affect the level of interactions with lipid membranes, which has
been demonstrated by surface pressure measurements carried out by Clifton et al>° Pin-bS
mutant appeared to penetrate the lipid membranes to a lesser extent than the wild-type Pin-
b.%? Similar conclusion was drawn from the Neutron Reflectometry study by Sanders et al.

(2016).5!

The point mutation has been also shown to have a significant effect on synergistic interaction
between Pin-a and Pin-b during the lipid membrane penetration.’” Further investigation of the
puroindoline-lipid interactions revealed that Pins form a protein layer below the lipid surface

of approximately 35 A thickness.274%-30

Sanders et al. (2013)3 have examined the possibility of the synergistic lipid binding
properties between Pins and -Pth: the obtained results have not shown evidence of strong

synergy. Instead, the proteins’ behaviour resembled a competitive mechanism depicting
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differences in lipid binding modes between Pin and Pth families.>? This inconsistency with
the findings by Dubreil ef al.,*® who observed the synergy between the puroindolines and
purothionins could be explained by the fact that Sanders ef al. used the simple models of
bacterial membranes, whereas Dubreil et al. focused their research on the antifungal action of
the proteins by directly exposing the fungal strains to the protein solutions. Moreover,
Dubreil ef al. used a-purothionin as a representative thionin, whereas the reports by Sanders

et al. base on the synergy between -Pth and Pin-a.

These differences stress the complexity of the possible cooperative mechanisms between the

puroindolines and purothionins and will be further examined in this project.

1.1.3 Defensins

Initially classified as members of the thionins family, y-purothionins are a group of wheat
defence proteins that, due to the low degree of similarity to ai-, 02- and B-Pths (see Figure
1.4), have been assigned to a separate class - defensins.” Two forms of y-Pths have been

reported and their structures revealed.>*

Table 1.1 Primary structures of the defence proteins isolated from wheat — underlined: amino acids
conserved in all proteins, red: conserved amino acids of the three thionins, green: conserved amino acids

of the two defensins.

a;-purothionin®™ | KSCCRSTLGRNCYNLCRARGAQKLCAGVCRCKISSGLSCPKGFPK

ox-purothionin®™ | KSCCRTTLGRNCYNLCRSRGAQKLCSTVCRCKLTSGLSCPKGFPK

B-purothionin®® | KSCCKSTLGRNCYNLCRARGAQKLCANVCRCKLTSGLSCPKDFPK

yi-purothionin® | KICRRRSAGFKGPCWSWKNCAQVCQQEGWGGGNCDGPFRRCKCIRQC

Y2-purothionin™ | KVCRQRSAGFKGPCVSDKNCAQVCLQEGWGGGNCDGPFRRCKCIRQC

Many defensins exhibit powerful antifungal properties,>’>® which makes them another point

of interest of this project.
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Figure 1.4 Evolutionary phylogenetic tree of the plant thionins and defensins [reproduced by kind

permission of Elsevier via Rightslink, 15.03.2017].5

1.2 Possible modes of antimicrobial action

A common idea of the antimicrobial activity of the defence proteins is their initial binding to
lipid membranes which is believed to occur via electrostatic interactions.®® Further events
depend on the protein-lipid system and are the subject of many studies.’’ Several concepts
have been proposed to describe the mode of the biocidal activity of various proteins and
among them are barrel-stave, toroid pore (also referred to as toroidal or wormhole

mechanism®') and carpet mechanisms,® as illustrated in Figure 1.5.

The barrel-stave concept, first described by Ehrenstein and Lecar,%? assumes that after
binding to a lipid, the protein undergoes transition forcing lipids aside leading to local

membrane thinning. Afterwards, the hydrophobic part of the protein inserts itself into the
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membrane. More protein molecules aggregate and form a pore thanks to which more protein

can enter the cell.

Toroidal Barrel stave

% Carpet

Figure 1.5 Cartoon representation of the three modes of altering membrane permeability by
antimicrobial proteins illustrating a barrel-stave mechanism, toroid pore mechanism and carpet

mechanism.%?

In the toroid pore mechanism, used by Matsuzaki et al. % to describe the action of magainin,
the protein orientates itself parallel to the lipid membrane causing a strain and disruption of
an outer leaflet. When the threshold concentration is reached, protein changes its position to
perpendicular to the membrane and becomes finally intercalated between the lipids, which

gives rise to a transmembrane channel formation.

The carpet mechanism, introduced to describe the action of dermaseptin,® assumes initial
accumulation of the protein at the membrane. After the threshold concentration of the protein
is reached, the unfavourable energetics leads to loss of membrane integrity which finally

results in dissolution of the membrane.
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However, as the above models were proposed by observing a few groups of antimicrobial
proteins, the behaviour of the proteins analysed in this project can be described by alternative

concepts.

1.3 Fungal membrane models

To examine the protein-lipid interactions, one needed to develop model membrane systems
which would represent a cellular envelope of a fungus. Sanders et al. (2016)°! revealed the
dependence of the wheat defence proteins’ adsorptive properties on the lipid composition of
the bacterial membrane models. This topic will be expanded in this project using the fungal
membrane models. This subsection presents the reasoning behind the choice of the analysed

lipid membrane systems.

A representative organism of the fungal plasma membrane structure was baker’s yeast
Saccharomyces cerevisiae — a species frequently selected as a research tool due to the relative
simplicity of its lipidome and uncomplicated growth requirements.® This organism has been
shown to be affected by the growth-inhibiting action of purothionins, which further justifies

its use as a model for the experiments in this study.!’

Yeast plasma membrane is approximately 9 nm thick and separates the other cell
compartments from the external medium.®’ It is formed of a lipid bilayer with membrane
proteins ‘immersed’ in it.® The lipid composition of the cell membrane is prone to change
under different growth conditions.®-’" As a result, many studies present varying lipid

compositions of the yeast plasma membrane.”! 74

The study by Zinser ef al.”' was chosen to create the simple membrane models for the
experiments as it provided one of the first lipid profiles of the baker’s yeast membranes (see
Table 1.2). The study by Martin et al.”® enabled to further expand the lipid composition as it

revealed the fatty acid composition of the yeast cell membrane.

The starting model for the experiments will be a simple, zwitterionic DPPC
(dipalmitoylphosphatidylcholine, PC 16:0) monolayer which will create the neutral charge at

the interface and the lipid’s saturation will enable the dense packing of the molecules (see

10
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Figure 1.6). In the study by Zinser et al.,”! the phosphatidylcholines were shown to be the
second most abundant zwitterionic phospholipid group in the yeast plasma membrane and the
most common in the other cellular components. The dipalmitoyl chains formed the biggest
proportion of the saturated lipid fatty acids in yeast, as revealed by Martin et al.” The
monolayers composed of DPPC have been widely used for the studies on the protein-lipid

interactions, e.g. by Miano et al.’®

Table 1.2 Phospholipid composition of the yeast cell membrane — study by Zinser et al.”!

Phospholipid’s name % of total phospholipid
Phosphatidylcholine — PC 16.8
Phosphatidylethanolamine - PE 20.3
Phosphatidylinositol - PI 17.7
Phosphatidylserine - PS 33.6
Cardiolipin — CL 0.2
Phosphatidic acid - PA 39
Others 6.9

The analogous membrane, possessing the negative charge, will be composed of the anionic
DPPS (dipalmitoylphosphatidylserine, PS 16:0) molecule, as shown in the study by Zinser et
al.”! to belong to the most abundant anionic phospholipid group in the yeast’s cell membrane
(see the structure of the molecule in Figure 1.6). To further examine the influence of the
lipid’s net charge on the interactions with the proteins, a membrane system consisting of

equimolar ratios of DPPC and DPPS will be included in the experiments.

11
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Moreover, phosphatidylcholines and phosphatidylserines are the components found in high
proportions of the cell membranes of other fungi, e.g. selected strains of human pathogen
Candida albicans’” and plant pathogen ergot - Claviceps puprpurea.’® Therefore, the findings
from the experiments on these phospholipids could contribute to the development of the

natural pharmaceuticals and natural pesticides.

Another feature of the yeast cell membrane to be analysed will be its fluidity. As shown by
Palma-Guerrero et al.,” this property of the fungal membrane was shown to determine the
organism’s sensitivity towards antimicrobial agent chitosan. Fluidity will be examined by
building the membrane models containing a degree of unsaturation of the phospholipid
chains. For this purpose, a partially unsaturated phospholipid POPS (1-palmitoyl-2-
oleoylphosphatidylserine, PS 16:0 18:1) will be chosen to increase the chance for the
interaction’s visibility due to the presence of the anionic PS headgroup.®? Moreover, POPS
contains the two fatty acid chains C 16:0 and C18:1 shown to be the most common in the

yeast’s natural membrane.”

The results from the experiments on the POPS system will be compared with the ones
obtained for the saturated anionic analogue DPPS assuming that the introduction of two more
carbon atoms in the oleoyl chains will not contribute to the difference between the results

obtained for the two lipid systems (see the molecular structures in Figure 1.6).

The phospholipids containing two unsaturated fatty acid chains in their structure, e.g.
dioleoylphosphatidylcholine (DOPC), produced very unstable monolayers (data not shown),
possibly because of their adhesion to the hydrophobic polytetrafluoroethylene (PTFE)
barriers and walls of the Langmuir trough (see Chapter 2, page 22) and subsequent removal
of them from the air/liquid interface. Similar behaviour of such phospholipids was observed
by other researchers (Luke Clifton, personal communication, October 2013). Therefore, the

partially unsaturated POPS system was used for the experiments.

12
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DPPC

DPPG

DPPS

Ergosterol

Figure 1.6 Structural formulas of the lipids used in the monolayer experiments. Hydrophobic parts of

the molecules are marked yellow, hydrophilic parts of the molecules are marked blue.

The steroids in the natural membranes are believed to act as membrane stabilisers, providing
rigidity for the regions containing more fluidic lipids and more space for the regions with the

tightly packed saturated lipids.®' To examine the steroid’s effect on the protein-lipid

13
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interactions, an equimolar mixture of DPPS and ergosterol, the most common steroid in the

fungal membrane’! will be another lipid system used for the experiments.

For training and method development purposes, dipalmitoylphosphatidylglycerol (DPPG), a
saturated anionic phospholipid found in bacterial cell membranes,? was used in the
monolayer experiments. This lipid was shown to form stable monolayers at the air/liquid
interface and served as a model of the bacterial cell membrane in the previous studies on the

antibacterial behaviour of the wheat defence proteins.??

The abovementioned fungal lipid models will be recreated as flat bilayers deposited on the
solid support and as lipid vesicles (liposomes) to better mimic the natural structure of the
membrane and, in case of liposomes, include the membrane’s curvature. Use of the lipid
bilayers is also a chance to introduce membrane’s phospholipid composition asymmetry
between the inner and the outer leaflet.?3 In case of the artificial membranes, the phospholipid
flipping between the layers occurs spontaneously,3* whereas the natural membranes’

asymmetry is supported by the enzymes called flippases, floppases and scramblases.®

As a result of the mentioned enzymes’ action, the yeast’s cell membrane is highly
asymmetrical, i.e. sphingolipids and phosphatidylcholine are located mainly in the
exoplasmic leaflet whereas phosphatidylserine (PS), phosphatidylethanolamine (PE),
phosphatidylinositol (PI) and phosphatidic acid (PA) are confined to the cytosolic part of
membrane.® The lipid systems proposed for the experiments will not reflect the full
complexity of the natural membrane, nonetheless they will enable to examine the role played

by the specific feature of the lipid system in the protein-lipid interactions.

The above mentioned properties of the membrane lipids building the eukaryotic cell

membrane are summarised in Figure 1.7.

14
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Figure 1.7 (a) Membrane lipid properties and (b) the structure of a eukaryotic cell (not containing a cell
wall) with the detailed depiction of endoplasmic reticulum (ER) membrane and plasma membrane (PM)
showing the asymmetric phospholipid distribution between the membrane leaflets. Abbreviations used:
PtdCho - phosphatidylcholine, PtdEtn — phosphatidylethanolamine, SM - sphingomyelin [reproduced by
kind permission of Nature Publishing Group via RightsLink, 15.03.2017].3¢

1.4 Structures and features of the proteins used in the experiments

The proteins mentioned in this section will be introduced to the prepared lipid membrane
models (see page 10) and the changes in the lipid system’s structures will be monitored by

means of the analytical methods described in Chapter 2.

For training and method development purposes, chicken egg white lysozyme was chosen as
an easily obtainable protein with isoelectric point:®7 11.35 — a value close to the ones of the
defence proteins pI:3¢ 10.50-11.00, which in turn justified the use of lysozyme for the study
on its interaction with anionic phospholipid membrane. The high values of the
abovementioned isoelectric points arise from the relatively high content of the basic amino
acids in the proteins’ sequences (see Table 1.3). Furthermore, lysozyme has been shown to
interact with the anionic phospholipids in the study by Lad® and would, therefore, serve as a

good model to estimate the repeatability of the experiments.
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Table 1.3 Summary of the data on the proteins used in the experiments. Hydrophobic amino acids are
marked bold and basic amino acids are marked red. The 3-D models were generated at
www.proteinmodelporrtal.org using the protein sequences, therefore there is no tryptophan-rich loop

(underlined in the sequence) shown in the Pin-a three-dimensional structure.

Protein’s name 3-D model Sequence (Reference)

KVFGRCELAAAMKRHGLDNYRGYSLG
NWVCAAKFESNFNTQATNRNTDGSTD
YGILQINSRWWCNDGRTPGSRNLCNIP
CSALLSSDITASVNCAKKIVSDGNGMN
AWVAWRNRCKGTDVQAWIRGCRL
(90)

Lysozyme

DVAGGGGAQQCPVETKLNSCRNYLLD
RCSTMKDFPVTWRWWKWWKGGCQE
LLGECCSRLGQMPPQCRCNIIQGSIQG
DLGGIFGFQRDRASKVIQEAKNLPPRC
NQGPPCNIPGTIG (91)

Pin-a

KSCCKSTLGRNCYNLCRARGAQKLCAN

p-Pth VCRCKLTSGLSCPKDFPK (56)

KSCCRTTLGRNCYNLCRSRGAQKLCST

02-Pth VCRCKLTSGLSCPKGFPK (55)

Pin-a has been widely studied by Clifton et al.?’3%%2 in the context of its physical and lipid-

binding properties and was used in this project to assess its antifungal action.

Pin-a’s three-dimensional structure obtained from the two-dimensional nuclear magnetic
resonance (2D-NMR) studies is shown in Figure 1.8(a). The structure of the tryptophan-rich
domain, believed to take part in the protein’s antimicrobial action, is illustrated in Figure

1.8(b) and the protein’s charge distribution, believed to initiate its interactions with microbial
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membranes,® is presented in Figure 1.8(c). For more details on Pin-a’s properties, see section

1.1.2.

Figure 1.8 (a) Stick diagrams of the 20 final structures of Pin-a bound to sodium dodecyl sulphate (SDS)
obtained by the 2D-Nuclear Magnetic Resonance (2D-NMR) analysis; (b) Ribbon diagram of the
averaged structure of Pin-a with the side chains of all Trp residues (blue) and positively charged residues
(pink) are visible. (c) Charge distribution on the surface of Pin-a: positive and neutral potentials are blue
and white, respectively [reproduced by kind permission of American Society for Microbiology via

RightsLink, 15.03.2017].%3
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Pin-a’s potential cooperative / competitive behaviour with purothionins was assessed by

introducing an equimolar mixture of Pin-a and B-Pth as the tested protein solution.

The cooperative properties of B-Pth will be also assessed with another purothionin, a2-Pth.
The findings will be compared with the ones obtained by Sanders et al. (2013).5? B-Pth was
also used to assess the lipid’s net charge effect on the strength of the interactions due to its

antifungal properties.”* See protein’s detailed structure in Figure 1.9.

Figure 1.9 Three-dimensional structure of p-Pth, showing the a-helices (marked blue), p-sheets (marked

pink) and the four disulphide bridges (marked yellow) stabilising the protein’s structure.’

For more details on the protein’s properties, please refer to section 1.1.1.

1.5 Aim of the project

The aim of the project is to investigate the individual and synergistic activity of the plant
defence proteins against various fungal cell membrane models. Recent studies focused on the
characterisation of the lipid membrane interactions of the puroindoline and purothionin
proteins (both isolated from common wheat — Triticum aestivum) using air/liquid monolayer

and solid/liquid bilayer membrane models.?’-?
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Moreover, preliminary experiments shown that there is a synergistic activity between some
members of the puroindoline family.’® These results, together with the fact that plant defence
proteins are often found co-located in the host, led to the hypothesis that synergistic or
cooperative activity between Pins, Pths and defensins, such as y-Pth, can act to increase

microbial membrane disruption and, therefore, their antipathogenic activity.

Understanding of the toxicity mechanisms may provide new models and strategies for
developing the novel antimicrobial agents, which could not only augment plant immunity but
also enhance the efficiency of conventional antibiotics. The other expectations of these new
compounds are the minimal chances of the pathogenic species developing resistance to these
agents and that these will also be more environmentally friendly compared to commonly used

chemical agents.

1.5.1. Objectives of the project

The following objectives needed to be completed to test the hypothesis of the study and

complete the aim of the project.

e To obtain the sufficient amount of high purity wheat defence proteins to be tested: the

previously verified protocols described in Chapter 3 will be used for isolating and
purifying Pin-a, f-Pth and a»-Pth. Moreover, a new isolation and purification method
will be tested for obtaining two defensins: y1-Pth and y2-Pth. The purity and the identity
of the proteins will be confirmed by means of SDS-PAGE and mass spectrometry
techniques (see Chapter 3 for more details).

*  To examine the protein-lipid interactions in the lipid monolayer systems: the purified

proteins’ effect on the lipid monolayers will be analysed by means of surface pressure
measurements and X-Ray Reflectometry (XRR), which will provide the preliminary
information on the strength of the proteins’ antifungal action and will allow to choose the
protein-lipid combinations to be further analysed.

* To study the protein-lipid interactions in the flat lipid bilayer systems: the flat lipid

bilayers will be created on the solid supports and the changes in their structure upon the
protein adsorption will be analysed by means of Attenuated Total Reflectance-Fourier
Transform Infrared Spectroscopy (ATR-FTIR) and Neutron Reflectometry (NR). To
cover the ATR-FTIR solid supports with lipids, the Langmuir trough equipped with the
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dipping well and the dipping arm will be designed and purchased and the dipping
protocol developed.

¢ To describe the protein-lipid interactions in the folded lipid bilayer systems, also known

as lipid vesicles or liposomes: the multilamellar vesicles and the small unilamellar

vesicles will be created, their sizes assessed by means of Dynamic Light Scattering
(DLS) and the membrane solubilisation caused by the protein will be determined by

Differential Scanning Calorimetry (DSC).

The obtained results will contribute to better understanding of the wheat defence proteins’
antipathogenic mode of action and will reveal the potential synergistic / competitive

behaviour between the puroindolines and purothionins.
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Chapter 2

METHODOLOGY

2.1 Introduction

Protein interactions with lipids can be studied in a variety of systems, e.g. in the solution

(using vesicles), at the solid/liquid interface (by means of supported mono- and multilayers)

or at the air/liquid interface (involving lipid monolayers). Table 2.1 lists some of the

techniques employed to examine these phenomena.

Table 2.1 Techniques used to study the protein-lipid interactions and the information provided by each

technique.
Technique Examined property of the system Reference
Structural changes of the protein upon
Atter}uated Total Reflectance- adsorption and penetration into
Fourier Transform Infrared supported lipid layers at the solid/liquid o7
Spectroscopy (ATR-FTIR) o e d
. Visual change in lipid monolayer
?BreAv;/sIt)er Angle Microscopy structure during protein adsorption, 98
thickness of a monolayer
Differential Scanning Calorimetry | Effect of the protein addition on the 99
(DSC) stability of the lipid vesicles
Structural changes of the protein upon
Ezli‘t&glal Reflectance-FTIR (ER- adsorption and penetration into lipid 100
monolayers at the air/liquid interface
o . Kinetics, binding ratios and
gfl)‘tél)e rmal Titration Calorimetry thermodynamics of protein lipid 101
interaction
Neutron Reflectometry (NR) Quantitative analysis of the protein 102
“ y adsorbed lipid layers, layer thickness
. Secondary structure, orientation and
1(;1\}1;/};8;‘ Magnetic Resonance penetration of membrane surface of lipid 28
vesicles
Penetration/perturbation of lipid
Surface Pressure (SP) monolayers by a protein at the air/liquid 103

Measurements

interface
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2.2 Monolayer experiments

2.2.1 Langmuir Trough and Surface Pressure Measurements

The Langmuir technique is frequently used for monitoring phase transitions of a monolayer
through surface pressure measurements.? It exploits proteins’ amphipathicity as the biological
activity of these surface-active compounds occurs at lipid membrane interfaces, which makes
the Langmuir technique suitable for studying peptides interactions with lipid monolayers. The
advantage of this technique is that it allows for in situ study of interactions occurring at the
air/liquid interface without causing disruption to the monolayer system. The troughs used for
the experiments were equipped with movable barriers and surface pressure sensor, as

illustrated in Figure 2.1.

Surface
pressure
sensor

Movable barrier Movable barrier

l Air/liquid interface o Wilhelmy plate l

|

Subphase

PTFE trough

Figure 2.1 Scheme of the Langmuir trough apparatus used for preparation and monitoring of

monolayers at the air/liquid interface.

Surface pressure measurements were taken by means of a Wilhelmy plate method (see:

Figure 2.2).
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| _— Perimeter =2 (w +t)

Air /‘
Contact angle, 6 \

Water Width, w /L/

/ Thickness, t

Figure 2.2 Diagram of a Wilhelmy plate partially immersed in water.

The filter paper plate, attached to the surface pressure sensor, is partially immersed in the

liquid allowing measurement of the surface tension (y) from the following formula:

F
2 (wtt)

Y= )

where F is the net force acting down on the plate, w is the width of the plate and t is its

thickness.

Surface pressure (r) is then calculated by subtracting the measured surface tension (y) from
the surface tension of a clean water surface (yo - equal to 72.8 mN/m under ambient

conditions):

=7,y )

Material adsorbed at the surface will contribute to the change of the interface properties thus
altering surface tension and surface pressure. Hence, monitoring of the surface pressure is
used to detect interfacial changes upon the film compression or adsorption of material from

the bulk of the solution to its surface.1%
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2.2.1.1 Monolayer Behaviour Upon Compression

Substances capable of forming monolayers are amphipathic (or amphiphilic), i.e. they possess
both hydrophilic and hydrophobic parts in their molecules. Another requirement for a
monolayer to occur is the amphipathic balance within a molecule - if a substance is too
hydrophilic, it will be dragged into the bulk of the subphase and dissolved. On the other hand,
too much hydrophobicity could force molecules to form thicker multilayer films on surface or
to evaporate. The molecules at the interface are anchored, strongly oriented and with no

tendency to form a layer more than one molecule thick.

Phospholipids are an example of monolayer-forming amphiphiles and are therefore
convenient tools to mimic the biological membranes at the air/liquid interface. The behaviour
of a phospholipid monolayer upon compression is described by a surface pressure-mean

molecular area isotherm — or a n-A curve (see: Figure 2.3).
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Figure 2.3 Schematic representation of a surface pressure — mean molecular area isotherm [reproduced

by kind permission of John Wiley and Sons Limited via PLSClear, 8.03.2017].1%
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Typically, one can distinguish 4 stages of compression:

. Gaseous phase — in which a relatively big area is available for the molecules, allowing
them to float freely, mostly lying flat on surface without exerting much force on each
other; this phase is characterized by a constant dipole moment and exponential decrease of
surface pressure with increasing surface area.

. Liquid-expanded phase — surface pressure increases much more steeply with decreasing
area; intermolecular distances are much greater than in bulk liquids.

. Liquid-condensed phase - molecules become relatively close to each other, tilted with
respect to the surface.

. Solid (condensed) phase — molecules are packed as closely as possible, vertical isotherm

indicates low compressibility.

At very low compression areas the isotherm becomes broken and the monolayer is said to

have collapsed. At collapse pressure film loses its monomolecular form and multilayers are

formed - the molecules are ejected out of monolayer plane into either subphase (more

hydrophilic molecules) or superphase (less hydrophilic molecules).

However, many amphiphiles do not express exactly this kind of behaviour upon compression

and form different types of films:

* Condensed films — e.g. stearic and higher fatty acid chains acids; at high areas molecules

are not completely separated from each other, i.e. cohesion between molecules is strong
enough to maintain molecules in small clusters on surface. Due to this strong coherence
surface pressure remains very low as the film is compressed and then rises rapidly when
molecules become tightly packed together.

Expanded films — e.g. oleic acid — give much more expanded films than corresponding
saturated acids — i.e. the value of surface pressure is greater for any value of mean
molecular area. The presence of a double bond lessens the intermolecular cohesion.
Gaseous films — formed by molecules of negligible size with no lateral adhesion between

them — ideally, their n-A curve would resemble a rectangular hyperbola.

Many factors contribute to the lipid behaviour upon compression. Among them are size and

number of the polar head groups as well as number, length, saturation and branching of the

hydrocarbon chains.
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2.2.2 X-Ray Reflectometry

X-rays have been widely employed to investigate the structure of chemical compounds, e.g.
by Shankland et al.'* X-Ray Reflectometry (XRR) is a technique used for studying the
details of the surface structure.'?” In this technique X-rays are used to scan the electron
density perpendicular to the surface, which allows to obtain the information on the surface
roughness, thin film thickness and density.'® XRR involves measurement of the X-ray

reflectivity, R, defined as:

R=~ 3)

where: [ is the reflected intensity and Iy is the intensity of the incident beam.

Reflectivity is measured over a range of angles close to the critical angle of reflection, i.e. an
angle at which all incoming wave intensity is reflected. Reflectivity varies not only with the
structure of the interface but also with the beam wavelength and the angle of incidence. To
account for these differences, one can plot the reflectivity as a function of momentum

transfer, Q, defined as:

__ 4msing

Q= “4)

A

where: ¢ is the angle of incidence of a beam and A is the beam’s wavelength.

The obtained reflectivity profiles are then fitted into structural models by the modelling
software, as described in Chapter 4 (page 71). The changes in the obtained reflectivity
profiles correspond to the differences in the monolayer structure upon the adsorption of the

protein.?”

As X-rays interact mainly with the electron clouds of the atoms, the heavier the element
(characterised by the high atomic mass and atomic number) they encounter, the stronger they
are scattered. Scattering length density (SLD, p) is a quantity which characterises the
scattering properties of a molecule and which is used for the qualitative and quantitative

characterisation of the analysed film.
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The X-ray scattering length density (xrSLDs) of a molecule (or its part) was calculated from

the following formula:
xrSLD = %e ZiZi (5)

where: re is the Bohr electron radius (2.818 x 10715 m), V is the volume of a molecule or its

part (see Appendix, Table 2, page 172) and Z; is the atomic number of the component i.

The values of the calculated xrSLDs can be found in the table below (see Appendix, page 172

for an example of the calculation).

Table 2.2 Summary of the XRR data used for the analysis.

Compound Molecular M‘:}l:icgul:?r Moleculaor Te X py Z o)erLD_
Formula Volume*[A3] | [A x 10] | [A2x 10]
[g/mol]
PS headgroup | CsH11NOoP 312.00 275.40 453.70 16.47
DPPS C3sH73NO1oP 735.00 1088.00 1135.65 10.44
DP tails CsoHez 423.00 812.60 681.96 8.39
PO tails CHes 448.85 773.20 721.41 9.33
POPS C40H75NO1oP 761.00 1048.60 1175.11 11.21
B-Pth C203H356N6705658 |  4946.00 5921.70 7380.34 12.46

*calculated as described in the Appendix, page 172.

XRR experiments were carried out at the 07 beamline at the Diamond Light Source
(Harwell, Oxfordshire, UK). The I07 instrument uses a double-crystal deflection system,
which allows the angle of incidence to be varied without moving the sample.!” More details

on the experimental procedure can be found in Chapter 4, page 70.

2.3 Bilayer experiments

Lipid bilayers are a more realistic representation of the cell membrane structure than the lipid
monolayers. Experiments involving the lipid bilayer systems were therefore believed to better
reflect the antimicrobial activity of the wheat defence proteins. Two lipid bilayer systems
were used: bilayers deposited on a solid support and the spherical bilayers enclosed in the

form of lipid vesicles (liposomes) in the aqueous medium.
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2.3.1 Lipid Vesicles (Liposomes)

Lipid vesicles (liposomes) are spherical structures formed of at least one lipid bilayer. They
are a versatile research tool''%!'!:112 and have also found application as drug carriers.!'® They
are obtained by hydration of a dried lipid precipitate: this causes spontaneous formation of
spherical structures in the aqueous medium with hydrophilic headgroups pointing outwards
and inwards of the vesicle and hydrophobic tails isolated from the aqueous medium —

contributing to the backbone of the spherical shape.!!'*
Liposomes can be divided into 3 groups according to their size:''#

¢ Small unilamellar vesicles (SUVs) — of a size 25-100 nm in diameter.
* Large unilamellar vesicles (LUVs) ranging from 100 to 500 nm in diameter.
* Multilamellar vesicles (MLVs) of a diameter above 500 nm — the multiple lipid bilayers

forming concentric spherical shells.

The structures of the 3 liposome types are presented in Figure 2.4.
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Figure 2.4 Schemes of a small unilamellar vesicle (A), a large unilamellar vesicle (B) and a multilamellar
vesicle (MLYV) formed of phospholipids. Red spheres represent the polar phospholipid headgroups and

the blue springs represent the hydrophobic chains of fatty acid residues.

One of the advantages of using the vesicles in membrane research is their similarity to the

natural cell membrane: vesicles provide not only the bilayer structure but also sphericity of a
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natural membrane, which enables to examine the impact of the cell’s curvature on studying

the interactions of compounds with membranes.

2.3.2 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a thermoanalytical technique allowing for
monitoring the energy changes in the system upon heating. It is applied for stability testing!'

and monitoring the interactions between the molecules.!'¢

In this technique a sample is placed in the sample heating chamber and a reference containing
e.g. a sample solvent is poured into the reference chamber (see Figure 2.5). In a typical
experiment both chambers are heated at equal rates and the energy changes caused by the

thermal transitions of the sample are visualised as peaks.

Reference and sample loading tubes

Reference
cell

Calorimeter chamber

Figure 2.5 Scheme of a differential scanning calorimeter suitable for liquid analysis.

Changes in the values of the lipid vesicle sample’s thermal transition maxima, peak shapes
and intensities arise from the interactions with other compounds present in the sample and

reflect how strong was the impact of the compounds on the structure of the lipid vesicles.!!”
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2.3.3 Lipid Bilayers Deposited on the Solid Support

Lipid deposition on a solid support (sometimes referred to as a solid substrate) employs many

methods, among which are: Langmuir-Blodgett/Schaeffer dipping and vesicles spreading.!'®

2.3.3.1 Vesicles Spreading

Vesicles spreading is one of the simplest methods used for formation of the supported lipid

bilayers.!!” In this method, a dispersion of the small unilamellar vesicles is brought into

1

1. Vesiclesinjection 2. Incubation 3. Wash

contact with the hydrophilic surface of the solid support.'?

To waste

Supported bilayer

Ge crystal

Figure 2.6 Scheme of the phospholipid bilayer formation on the germanium crystal placed in an ATR-

FTIR cell by means of the vesicles spreading technique.

When the vesicles are in contact with the hydrophilic solid support, they spontaneously
unfold and form a bilayer in about an hour at room temperature.'?!-1>2 The excess of vesicles
is flushed out and the bilayer is not exposed to air during the spreading process — see Figure

2.6. The formed bilayers can be then analysed by means of e.g. ATR-FTIR.
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2.3.3.2 Langmuir-Blodgett dipping and Langmuir-Schaeffer dipping

The Langmuir-Blodgett and Langmuir-Schaeffer dipping methods involve the covering of the
solid support with a single one-molecule-thick layer of an amphiphile, e.g. a phospholipid

monolayer.'?3

Langmuir-Blodgett dip bases on immersing a solid support into the monolayer with the
covered surface being perpendicular to the air/water interface (see Fig. 2.7).'%* Langmuir-
Schaefer dip involves lowering the solid support surface directly onto the monolayer by

maintaining the surface to be covered in parallel to the air-liquid interface (see Fig. 2.7).!%*

Air/liquid
interface

Figure 2.7 Diagrams of the Langmuir-Blodgett (1) and the Langmuir-Schaeffer (2) dipping of a silicon
block used for preparation of the phospholipid bilayers. The red arrows indicate the direction of the

block’s motion. Langmuir-Blodgett dipping image is a simplified scheme as it does not account for

covering of all the block’s walls.

Covering the solid substrates using Langmuir-Blodgett method followed by the Langmuir-
Schaeffer dip results in the high quality bilayers suitable for research purposes.®* These
techniques provide the better control of the deposition process compared to the vesicles
spreading: the deposition surface pressures range from 32 to 40 mN/m.'?#123 The obtained
bilayer samples can be further analysed by means of ATR-FTIR or NR techniques. More
details on the dipping process can be found in Chapter 5, page 85.
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2.3.4 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

Infrared spectroscopy monitors the absorption of infrared radiation (10 to 102 cm’!
wavenumbers) by the sample. The absorbed energy is assigned to discrete quantized
frequency of vibrations occurring between atoms forming a bond in a molecule. Therefore, if
a wide range of beam wavelengths is passed through a sample, the exiting beams will include
a ‘fingerprint’ of a sample, which is then analysed by a detector. Finally, the resultant signal

is transformed to give the infrared spectra of the sample.!?

Attenuated Total Reflectance-FTIR bases on the phenomenon of the total internal reflection
of infrared beam passing through a crystal made of a material with high refractive index.'!8
Infrared beam ‘scratches’ the surface of a sample enabling investigation of the film

composition, as illustrated in Figure 2.8.

Protein in Lipid film in contact Protein out
with evanescent wave

ATR-FTIR cell

Xe N _NZ XX

I

Ge crystal
beam Beam coming out
to the detector

Incoming
infrared

Figure 2.8 Cross-section of an ATR-FTIR cell with a Ge crystal and the protein solution adapters.

In this technique, a germanium crystal is covered with a phospholipid bilayer and put into an
ATR cell which is then placed in the FTIR instrument. The protein solution is then flushed
through the cell and the protein adsorption is monitored by observing the size of the peak in

the Amide I region (~1650 cm™').!%
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2.3.5 Design of a Dipping Trough for the ATR-FTIR Experiments

To allow the controlled deposition of the lipid bilayers on the ATR-FTIR crystals, one

needed to design the Langmuir trough fitted with a well and a dipping arm.

The designed trough consists of a flat top wide enough for preparation of the condensed lipid
monolayers and the dipping well which contains an insert for the ATR-FTIR cell at its

bottom — as illustrated in Figures 2.9 and 2.10.

The trough’s well has been designed to accommodate the crystal in the Langmuir-Blodgett
and Langmuir-Schaeffer dipping positions, ATR-FTIR cell, insert to support the cell with the

attached adapters through which the protein solution is passed during the analysis.

Figure 2.9 Simple scheme of the dipping trough containing a deep well enabling to immerse the solid

supports.
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ATR cell , 2 HPLC adapters

Insert < 1/16” OD tubing

Figure 2.10 Length cross section of a dipping trough containing the ATR-FTIR cell with the attached
tubing.

A photograph presenting the assembled trough and the detailed description of the dipping
process can be found in Chapter 5 (pages 92 and 93).

2.3.6 Neutron Reflectometry (NR)

Neutron Reflectometry (NR) is a technique used widely for studying the structure of thin
films, such as protein-adsorbed lipid monolayers in the studies by Lu et al.'?%, Zhao et al.'?’

and Clifton et al.?®

Similarly as in XRR technique, the reflected beams are detected and the reflectivity profiles
are plotted against the momentum transfer. However, the fundamental difference between the
neutrons and X-rays is that the first ones interact with atomic nuclei and not the electron
clouds.'%® Therefore, the scattering lengths, and thus the probability of scattering the
neutrons, are not increasing with the atomic number but are more variable among the

atoms.!28

The fact that neutrons interact with nuclei allows to distinguish between the layer’s
components by applying the isotopic contrast.!? This means carrying out the experiment in

which one component or a few components are substituted with their isotopic equivalents,
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e.g. replacing H>O subphase with D>O subphase in monolayer experiments or analysing the
monolayer composed of partially- or fully-deuterated lipids. These equivalents have different
neutron scattering properties, resulting from the relatively big difference between the
scattering length of hydrogen and deuterium atoms!?® and allow the emphasis of the

components of interest.

Table 1 in the Appendix (see page 172) contains the scattering length values of the elements

occurring in this study. Neutron scattering length densities (SLDs) of the molecules (or their

parts) were calculated from the formula below:

b
SLD = v (6)

Where: b is the scattering length of the atom in the molecule and V is the volume of the
molecule or its part (see Appendix, Table 2, page 172). Protein SLDs have been obtained
from the Biomolecular Scattering Length Density Calculator created by Luke Clifton and
Daniel Myatt and available at http://psldc.isis.rl.ac.uk/Psldc/ - assuming the level of
replacement of the exchangeable hydrogen atoms equal to 95%.
Table 2.3 Summary of the NR data used for the analysis.

Molecular | Molecular | Scattering SLD

Compound Molecular Formula Weight Vollolme* Length b [A2 x 10°]
[g/mol] [A3] [A x 107]

PS headgroup CsHi1NOoP 312 275 0.84 3.06
DP h-tails** C30He2 423 813 -0.32 -0.39
PO h-tails** Cs2Hes 449 773 -0.27 -0.34
PC headgroup CioH1sNOsP 311 342 0.60 1.98
DP d-tails*** C30De2 485 813 6.13 7.45
Ergosterol CsHusO 397 634 0.27 0.43
Pin-a in DzO C559H65()N1680146512D225 13151 15553 51.71 3.33
Pin-a in SMW C559H790N1680146812D85 13038 15553 38.06 2.45
Pin-a in H,O Css0Hs75N 1680146512 12968 15553 29.69 1.91
B-Pthin DO | Cao3HassNg7Os6SsDior 5029 5921 20.42 3.45
B-Pth in SMW | Ca3Hz31sNe7Os6SsDss 4958 5921 11.63 1.96
B-Pth in H,O C203H356N67056Ss 4946 5921 10.15 1.71

*calculated as described in the Appendix, page 172.
**h-tails refers to the fatty acid chains whose hydrogen atoms have not been replaced with
the deuterium isotope.

***d-tails refers to the fatty acid chains whose all hydrogen atoms have been replaced with
the deuterium isotope.
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Protein SLDs have been calculated for 3 isotopic contrasts: D20, silicon-scattering-length-
density-matched-water (SMW, containing 38% D>0) and water. The values of the calculated
SLDs used in the study can be found in Table 2.3. See Appendix, page 173 for an example of
the calculated SLD.

The reflectivity profiles obtained from different isotopic compositions are fitted to the pre-
defined structural models basing on the layer’s composition, thickness and roughness (more
details can be found in Chapter 6, page 110). The fitted scattering length density for each
layer, denoted further as p, corresponds to the volume fraction of each component in the

system by:
Pcontrastl = Qlipid X SLDlipid + Qprotein X SLDprotein + Qwater X SLDwater (7)

where ¢ is the volume fraction of the layer’s component and SLD is the component’s

calculated scattering length density (see Table 2.3).

Volume fractions of the components can be calculated by solving a system of equations

obtained from fitting the data from the experiments with varied isotopic contrasts.

Knowing the volume fractions of the components, it is possible to calculate the area A (in A?)

occupied by the component’s molecule:

b

T SLDcomponent

®)

where 7 is the layer thickness obtained from data fitting.

Once the area is obtained, one can derive the surface excess I' (mg/m?) for each component

from the equation below:

MW
I'= 6.02 A ©)

where: MW is the molecular weight of the component.

The sum of the surface excesses in each layer gives the total surface excess of the peptide or
lipid at the interface. The quantity can be used to describe the ‘degree’ of the component’s

adsorption to the interface.

In a typical NR experiment carried out at the solid/liquid interface, the solid substrate is

covered with a lipid mono- or multilayer and the substrate is enclosed in the solid/liquid cell
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which allows the lipid layer to come in contact with the protein solution. The cell is then
placed in the neutron reflectometer room and the neutron beams are passed through the
sample at varying angles and wavelengths (see Figure 2.11).

Solid/liquid interface cell

containing
Reflected a silicone block

Detector

neutron beam

Incident neutron
- ( beam
w8 | /

Proteinin
—

Chopper

Beam
collimator

Protein out

Figure 2.11 The scheme of an NR experiment carried out at the solid/liquid interface containing a silicone

block as a solid substrate.

The beam is passed through a series of rotating devices called choppers, which allow to select
the specified neutron wavelength range from the incoming neutron beam.'? The post-chopper
beam is then targeted at the sample by the collimator which aligns it in the proper
direction.'?® The intensities of the reflected beams are collected by the detector and the

obtained reflectivity profiles are then fitted and analysed.

2.4 Conclusions

The analysis of protein-lipid interactions can be carried out by many techniques. The
techniques can be applied to lipid mono- and bilayer systems. Each system provides different

information on the interaction and can be used for various stages of research.

For example, surface pressure measurements carried out on lipid monolayers serve as the
simplest tool for detection of the interaction and the systems showing the most noticeable
changes upon the protein adsorption are further investigated by means of more advanced

analytical techniques, e.g. NR and ATR-FTIR on the lipid bilayer systems.
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Chapter 3

ISOLATION AND PURIFICATION OF THE DEFENCE
PROTEINS FROM WHEAT FLOUR

3.1 Introduction

3.1.1 Purification of Puroindolines and Purothionins

The purification protocol is based on a method developed by Day et al.!*® The procedure
involves extraction of lipid binding and membrane proteins with Triton X-114 (TX-114) —a
non-ionic surfactant frequently used for this purpose.'3! The obtained extract contains both
puroindoline isoforms, Pin-a and Pin-b, as well as purothionins and other membrane proteins.
Pin-b and purothionins are separated from Pin-a by adsorption onto carboxymethyl cellulose
(CMC). The Pin-a rich fraction is then precipitated and washed twice with cold 1:3 (v/v)
diethyl ether:ethanol mixture. Further separation of the CMC-bound (Pin-b rich) fraction is
achieved by means of ‘salting out’ of purothionins fraction with 3 M NacCl. Finally,
purothionins are purified by means of Reversed-Phase High Performance Liquid
Chromatography (RP-HPLC) as described by Jones et al.’ and puroindolines by means of
Cation Exchange Chromatography as described by Day er al.'3°

3.1.2 Purification of y-Purothionins

The protocol is based on a method described by Colilla et al.>* It involves removal of lipids
from wheat flour followed by the extraction of NaCl-soluble proteins. The salt-soluble
protein extracts are then fractionated with ammonium bicarbonate to remove anionic proteins
and the ammonium bicarbonate-insoluble crude extracts are purified by means of RP-HPLC

as carried out by Colilla ef al.>*
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3.2 Materials and Methods
3.2.1 Chemicals

Acrylamide/bis-acrylamide 30% solution, TEMED (N,N,N’,N’-Tetramethylethylenediamine),
wide range molecular weight markers (6.5 kDa — 200 kDa) (aprotinin [6.5 kDa], a-
lactalbumin [14.2 kDa], trypsin inhibitor [20 kDa], trypsinogen [24 kDa], carbonic anhydrase
[29 kDa], glyceraldehyde-3-phosphate dehydrogenase [36 kDa], ovalbumin [45 kDa],
glutamic dehydrogenase [55 kDa], albumin [66 kDa], phosphorylase B [97 kDa], -
galactosidase [116 kDa], myosin [200 kDa]), SDS-PAGE (Sodium Dodecyl Sulphate —
Polyacrylamide Gel Electrophoresis) sample buffer (4% sodium dodecyl sulphate (SDS),
20% glycerol, 10% 2-mercaptoethanol, 0.004% bromophenol blue, 0.125 M Tris HCI; pH =
6.8), diethyl ether, ethanol, acetone, chloroform (HPLC grade), methanol, acetonitrile (HPLC
grade) and ammonium persulphate (APS) were obtained from Sigma-Aldrich (Dorset, UK).
Carboxymethyl cellulose (CMC) pre-swollen micro granular CM52 was purchased from
Whatman (Maidstone, UK). Triton X-114 (tert-octylphenoxypolyethoxyethanol), SimplyBlue
SafeStain Coomassie G-250 stain, sodium dodecyl sulphate, potassium chloride, sodium
chloride, EDTA (ethylenediamine tetraacetic acid di-sodium salt dihydrate), phosphate buffer
salts, ammonium bicarbonate, Tris base [Tris(hydroxymethyl)aminomethane], glycine,
hydrochloric acid (HCI), petroleum ether (b.p. 40 - 60°C), ammonium acetate, trichloroacetic
acid (TCA) and trifluoroacetic acid (TFA) were purchased from Fisher Scientific
(Loughborough, UK). Water used was Ultra High Quality (UHQ) water obtained from ELGA
Purelab Ultra purification system (ELGA Lab Water, High Wycombe, UK). Claire wheat
variety flour was kindly donated by Hovis Ltd (Watnall, UK).

3.2.2 Extraction of Pin-a, 3-Pth and o2-Pth
3.2.2.1 Protein Extraction from Wheat Endosperm using Triton X-114

Wheat flour (500 g) was mixed with 2.5 L of PEK buffer (0.05 M sodium phosphate, pH 7.6,
0.05 M KCI, 5 mM EDTA) at 4°C for 1 hour to wash out starch and cellular components. The
solution was centrifuged at 3,500 x g for 10 minutes and the resulting pellet was stirred with
2.5 L of 4% TX-114 in PEK buffer at 4°C for 1 hour to extract membrane bound proteins.
The extract was then centrifuged at 13,000 x g for 10 minutes and the pellet containing cell

debris discarded. The pH of the supernatant was adjusted to 4.5 with glacial acetic acid.
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Twenty-four grams of CMC was added to the extract and the resulting mixture was stirred

overnight at 4°C. The mixture was centrifuged at 13,000 X g for 10 minutes.

3.2.2.2 Extraction of the Pin-a Containing Protein Fraction from the non-CMC-Bound

Proteins

The TX-114 rich supernatant was incubated at 30°C for one hour and centrifuged at 13,000 X
g for 10 minutes. The TX-114-poor upper phase was discarded and the lower detergent rich
phase (approx. 600 mL) was stirred with 1.2 L of a 1:3 (v/v) mixture of diethyl ether and
ethanol at -20°C. The solution was stored overnight at -20°C to precipitate the non-CMC-
bound proteins and centrifuged (13,000 x g, 10 minutes). The supernatant was removed and
the pellet was washed twice with 800 mL of the 1:3 (v/v) mixture of diethyl ether and ethanol
at -20°C. The pellet was dried under vacuum and dissolved in 80 mL of 0.05 M acetic acid.
The solution was dialysed against 0.05 M acetic acid (2 x 5 L, at 4°C for 48 h) and freeze-

dried. The lyophilized protein extract was stored at -20°C prior to further purification.

3.2.2.3 Extraction of the Purothionin Rich Protein Fraction from the CMC-Bound Proteins

The CMC pellet was washed twice with 0.05 M acetic acid (400 mL) to remove the traces of
TX-114 and the non-CMC-bound proteins, and centrifuged at 13,000 x g for 10 minutes.
After discarding the supernatant, the CMC-bound proteins were eluted by mixing the pellet
with 160 ml of 1 M NaCl in 0.05 M acetic acid and stirring at 4°C for 1 hour. The solution
was then filtered through a 0.2 um filter and the CMC pellet was discarded. Twenty-eight
grams of solid NaCl was added to the filtrate to give a final concentration of 4 M. The
mixture was stirred at 4°C for 1 hour, then centrifuged at 13,000 x g for 10 minutes and the
supernatant (purothionin rich fraction) was separated from the pellet — the Pin-b rich fraction.
The supernatant was dialysed against 0.05 M acetic acid (2 X 5 L, at 4°C for 48 h) and freeze-

dried. The lyophilized protein extract was stored at -20°C prior to HPLC purification.
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3.2.2.4 RP-HPLC Purification of the Crude Purothionin Extracts

The method was based on the protocol developed by Jones et al.”> RP-HPLC technique
involves using the non-polar stationary phases (e.g. silica beads with covalently attached
hydrocarbon chains) and the mobile phases with the gradually increasing hydrophobicity. The
hydrophobicity gradient is achieved by raising the amount of the organic solvent present in
the running buffer. The compounds bound to the stationary phase are sequentially eluted

basing on the difference in their hydrophobicity.

The apparatus used was AKTA Fast Protein Purification System (FPLC) purchased from GE
Healthcare (Little Chalfont, UK) and run by the UNICORN software. The device was used

for all protein purification protocols.

Crude purothionin rich samples (0.7 mL each) containing about 7 mg/mL of protein in 15%
acetonitrile (CH3CN) / 0.1% trifluoroacetic acid (TFA) were incubated at 35 °C for 15 min
and centrifuged at 13,000 x g for 3 minutes. The obtained aggregate-free samples were
applied to a Supelco (250 X 10 mm; 5 pm bead size) C18 reversed phase HPLC column
(Supelco Analytical, USA). Acetonitrile gradients were obtained by mixing a solution
containing 80% CH3CN in 0.1% TFA with 15% CH3CN in 0.1% TFA. Purification was
carried out at 4°C and the absorbance at 280 nm was monitored. Fractions were manually
collected, dialysed against UHQ water (2 X 5 L, at 4°C for 48 h) and freeze-dried. The

fractions were stored at -20°C.

3.2.2.5 Cation Exchange Purification of the Crude Pin-a Extracts

The protocol based on the one described by Day et al.'*° Cation Exchange Chromatography
uses anionic resins as the stationary phases (e.g. sulphonates or carboxylic acid derivatives)
and the mobile phase buffers with gradually increasing salt content. The compounds are
separated on the bases of their affinity for the anionic resin. The electrostatically bound
proteins are eluted by increasing the number of ions that compete with the proteins for the

access to the anionic resin.

Crude Pin-a rich samples (4 mL each) containing about 6 mg/mL of protein in 0.05 M

ammonium acetate in 25% acetonitrile pH 5.5 were incubated at 35 °C for 30 min and
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centrifuged at 13,000 X g for 3 minutes. The resulting aggregate-free samples were injected to
a Resource S (6 mL) Cation Exchanger pre-packed column (GE Healthcare, Little Chalfont,
UK). Ammonium acetate gradients were obtained by mixing 0.05 M ammonium acetate in
25% acetonitrile pH 5.5 with 1 M ammonium acetate in 25% acetonitrile pH 5.5. The
separation process was carried out at 4°C and the absorbance at 280 nm was monitored.
Fractions were manually collected, dialysied against UHQ water (2 x 5 L, at 4°C for 48 h)

and freeze-dried. The fractions were stored at -20°C.

The protocol of the puroindolines and purothionins extraction is summarized in Figure 3.1.

Removal of starch and cellular
components

!

Extraction of cell membrane-bound
proteinswith TX-114

!

Separation of Pin-a from Pin-b and
Pth on CMC resin

Precipitation of Pin-a with diethyl Separation of Pth by salt
ether:ethanol precipitation of Pin-b

Dialysis and lyophilisation Dialysis and lyophilisation

of the crude Pin-a extract of the crude Pth extract
Purification of the Pin-a Purification of the B-Pth
by Cation Exchange Chromatography and a,-Pth by RP-HPLC

Dialysis and lyophilisation Dialysis and lyophilisation

of the pure Pin-a of the pure B-Pth and a,-Pth

Figure 3.1 Diagram of the Pin-a and f-Pth and a2-Pth extraction and purification.
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3.2.3 Extraction of y-Purothionins

3.2.3.1 Removal of Lipids and Volatiles

Wheat flour (50 g) was stirred with 500 mL of chloroform/methanol (2:1 v/v) mixture for 1 h
at room temperature. The solvent was vacuum-evaporated on the rotary evaporator Rotavapor
R-215 obtained from BUCHI (Flavil, Switzerland). The chloroform/methanol (2:1 v/v)
extraction was repeated and the solvent vacuum-evaporated. The dried flour cake was
dissolved in 500 mL of petroleum ether (b.p. 40 — 60°C) and stirred for 1 h at room

temperature. The solvent was vacuum-evaporated as previously.

3.2.3.2 Extraction of the NaCl-soluble Proteins

Wheat flour (50 g) was stirred with 500 mL of 0.5 M NaCl for 1 h at 4°C and centrifuged at
13,000 x g for 10 minutes. The supernatant has been collected and the pellet again extracted
with 500 mL of 0.5 M NaCl. A 100 % (w/v) trichloroacetic acid (TCA) solution was made by
dissolving 250 g of powdered acid in 113.5 mL of UHQ water as described by Sambrook and
Russel.!3? The supernatants were combined (total mass 980.5 g) and to precipitate the
proteins 80 mL of 100% (w/v) TCA was added to reach the final concentration of 15%. The
mixture was shaken gently, incubated for 1 h at 4°C and centrifuged at 13,000 x g for 10
minutes. The supernatant was removed and the pellet was dissolved in cold acetone (4°C).
The salt-soluble protein extract was centrifuged at 10,000 x g for 10 minutes. The
supernatant was removed and the acetone wash was repeated to remove the traces of TCA.
The residual acetone was vacuum-evaporated in the desiccator. The freeze-dried protein

extracts were stored at -20°C prior to HPLC purification.

3.2.3.3 Fractionation of the NaCl-soluble protein extract

The dry pellet (~ 200 mg) containing the NaCl-soluble proteins was dissolved in 20 mL of
0.05 M ammonium bicarbonate and stirred overnight at room temperature to extract the
anionic proteins and peptides. The solution was centrifuged at 17,000 X g for 10 min. The
supernatant was collected and the pellet washed twice with 10 mL of 0.05 M ammonium

bicarbonate solution. The supernatants and the pellet were lyophilized.
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3.2.3.4 RP-HPLC Purification of the Ammonium Bicarbonate-insoluble Extracts

The method was based on the protocol developed by Colilla ef al.>* The ammonium
bicarbonate-insoluble samples (0.7 mL each) containing about 10 mg/mL of protein in 10%
acetonitrile / 0.1% TFA were incubated at 35 °C for 15 min and centrifuged at 13,000 X g for
3 minutes. The obtained aggregate-free samples were applied to a Cosmosil (250 X 20 mm; 5
pum bead size) C4 reversed phase HPLC column (Nacalai Tesque, Japan). Acetonitrile
gradients were obtained by mixing a solution containing 80% CH3CN in 0.1% TFA with 10%
CH3CN in 0.1% TFA. The separation process was carried out at 4°C and the absorbance at
220 nm was monitored. Fractions were manually collected, dialysed against UHQ water (2 X
5 L, at 4°C for 48 h) and freeze-dried. The fractions were stored at -20 °C. The ammonium
bicarbonate-soluble samples could not have been applied to a column due to their

precipitation at 4°C.

Removal of lipids

A 4

Extraction of the NaCl-soluble
proteins

v

Separation from the ammonium
bicarbonate-soluble proteins

v
Dialysis and lyophilisation
of the crude y-Pth extract

\ 4

Purification of the y-Pth
by RP-HPLC

v
Dialysis and lyophilisation
of the pure y-Pth

Figure 3.2 Diagram of the y-Pths extraction and purification.
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The summary of the y-Pths extraction and purification protocol is presented in Figure 3.2.

3.2.4 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis

The purity of the eluted fractions was assessed with SDS-PAGE (Sodium Dodecyl Sulphate
Polyacrylamide Gel Electrophoresis). The technique involves separation of the proteins
basing on their mass to charge ratio. SDS binds to a protein molecule (approximately 1.4 g
per 1 g protein), linearises it and imparts a negative charge. The denatured and charged
protein samples are placed in the polyacrylamide gel lanes and subjected to the external
constant electric field. The distance they travel, dependent on the proteins’ molecular
weights, is compared to the distances travelled by the protein molecular weight markers, thus

allowing the preliminary identification of the samples and their purity assessment.

The analysis was carried out using 12% polyacrylamide resolving gels of a 2 mm thickness.
Each gel slab consisted of two layers: a stacking layer allowing the proteins to combine into
one band and travel at equal rate and the resolving gel where the protein separation took
place. For 4 gel slabs, 25 mL of 12% resolving gel was prepared by mixing 8.2 mL of UHQ
H>0, 10 mL of 30% acrylamide/bis-acrylamide mix, 6.3 mL of 1.5 M Tris pH 8.8, 0.25 mL
of 10% SDS, 0.25 mL of 10% APS and 0.01 mL of TEMED. The stacking gel (6 mL for 4
gel slabs) was prepared by combining 4.1 mL of UHQ H20, 1 mL of 30% acrylamide/bis-
acrylamide mix, 0.75 mL of 1 M Tris pH 6.8, 0.06 mL of 10% SDS, 0.06 mL of 10% APS
and 0.006 mL of TEMED.

The apparatus used was a BioRad Mini-PROTEAN Tetra Cell SDS-PAGE kit into which 2
gel slabs were placed for each analysis. The gels and the apparatus were filled with
approximately 700 mL of the pre-prepared SDS-PAGE running buffer (3.03 g Tris base, 14.4
g glycine, 1 g SDS per litre). Protein samples (20 pL. each) were combined with equal
volumes of the SDS-PAGE sample buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol,
0.004% bromphenol blue, 0.125 M Tris HCI; pH = 6.8) and incubated at 100°C for 10
minutes to denature the proteins, reduce the disulphide bridges and impart a negative charge

on the protein molecules.

The denatured protein samples (20 pL each) were added to the appropriate lanes of the
stacking gel. To the outermost lanes 5 pL of the wide range molecular weight markers

solution was added. Gels were run at 150 V for 45 minutes, flushed with UHQ water and
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stained in approximately 100 mL of the Coomassie G-250 solution for 1 h. The gels were de-

stained by incubating in approximately 100 mL of the UHQ water for 1 hour.

3.3 Results

3.3.1 Pin-a Purification

Figure 2.3 illustrates a typical elution profile of the Pin-a rich sample and the result of the
electrophoretic analysis of the marked peaks. The profile corresponds well to the
chromatograms obtained by Clifton®® and Sanders'?? using the Mono S Cation Exchange
column (see Figure 1, Appendix, page 173). Both researchers reported a peak of a relatively
high intensity eluting at ~ 0.4 M ammonium acetate concentration (see peak 1, Figure 3.3 A);
it appeared as a prominent band in the SDS-PAGE analysis of the crude extract confirming

the relatively high content of the associated protein.

The peak emerged as a single SDS-PAGE band at approximately 15 kDa suggesting the
presence of a puroindoline'** and the high purity of the protein. Basic nature of the
puroindolines is the most probable explanation of the proteins’ SDS-PAGE band appearing at
15 kDa,”! as opposed to their true molecular weight of 13 kDa.’! The shift towards a higher
molecular weight is believed to be caused by the counter-balancing of the negative charge

imparted by SDS with the positive charge present on the basic amino acid residues.

High content of the protein eluting at 0.4 M ammonium acetate concentration and the
matching results of the other researchers®®!33 confirmed that the peak 1 contained the Pin-a
protein. Peak’s content was analysed by means of Liquid Chromatography-Mass
Spectrometry (LC-MS) and confirmed the presence of Pin-a (see Figure 5, Appendix, page
176).

Peak 2 representing protein eluting at around 0.55 M ammonium acetate concentration and

appearing on the SDS-PAGE gel at 15kDa is most probably Pin-b.

The SDS-PAGE results are in agreement with the ones obtained by Clifton®® and Sanders!*3

(see Figure 2, Appendix, page 174).
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Figure 3.3 FPLC chromatogram (A) and SDS-PAGE (B) analysis of the fractions collected during

Resource S cation exchange purification of the Pin-a rich crude protein extract.
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3.3.2 B-Pth and a»-Pth Purification

Figure 2.4 shows a typical elution profile of a purothionin rich sample. The purification took
place in the HPLC mode which increased the resolution of the peaks, as compared to the

chromatograms obtained from the Resource S purification of Pin-a.
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Figure 3.4 RP-HPLC chromatogram obtained from purothionin rich fraction of the Triton X-114 wheat

protein extract.

The obtained chromatogram matches the results achieved by Sanders!'?3 (see Figure 3,
Appendix, page 175). The fractions eluted at 28, 34 and 42 mL were trypsin-digested,
subjected to LC-MS analysis and identified as B-Pth, a;-Pth and ax-Pth, respectively by
others (Luke Clifton, personal communication, 5.07.2013). The mass spectrum of -Pth,
described by Sanders,'* can be found in Figure 4, Appendix, page 175. o2-Pth fraction used
in the experiments was the one used by Clifton ef al. in the research characterizing the protein

hydrophobicity impact on the interactions with anionic phospholipid monolayers.?
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3.3.3 y-Purothionins Purification

Figure 3.5 shows the SDS-PAGE analysis of the ammonium bicarbonate-soluble and
insoluble fractions obtained from ammonium bicarbonate partitioning of the NaCl-soluble

extracts as described in section 3.2.3.3.
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Figure 3.5 SDS-PAGE analysis of the pellets (1p and 2p) and supernatants (1s and 2s) after final

ammonium bicarbonate wash of the NaCl-soluble protein extract.

The similarity of the SDS-PAGE profiles between 1p and 2p samples, as well as between 1s
and 2s ones suggests good reproducibility of the ammonium bicarbonate washing process.
Both pellet and supernatant appeared to contain the abundance of the NaCl-soluble proteins.

The dark bands appearing below 6.5 kDa in 1p and 2p samples could be the y-Pth isoforms.

49



Chapter 3: ISOLATION AND PURIFICATION OF THE DEFENCE PROTEINS FROM WHEAT FLOUR

A 1100 - r 90
1000 - 80
900 -

—_ 3 - 70

3 800 -

£ - 60

g 700 @

=

g 600 - land 4 2 - 50 £

3 g

-

§ 500 - - 40;

=
400 -

8 - 30

g 300 -

- 20
200 -+
100 - - 10
yow .
(o] L-‘AI—’ T T T T T T T T T T (o]

o 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Elution volume [mL]

Y
43
E - e
s 5 252 5
2zy 8533 32y
85 EXSC 9w
o e $ u
seeg E§22% 1 2 3 4 SSE
116 kDa
97.4 kDa
84 kDa
66 kDa
55 kDa
45 kDa
36 kDa
29 kDa
24 kDa
20.1kDa —
14.2kDa e
6.5kDa ——

Figure 3.6 RP-HPLC chromatogram (A) and SDS-PAGE (B) analysis of the fractions collected during

Cosmosil C4 RP-HPLC purification of the ammonium bicarbonate-insoluble crude protein extract.

50



Chapter 3: ISOLATION AND PURIFICATION OF THE DEFENCE PROTEINS FROM WHEAT FLOUR

The elution profile in Figure 3.6 shows a good separation of the peak eluting at 35%
acetonitrile concentration, which corresponds well with the results obtained by Colilla et al.>*
However, the absorbance at 280 nm monitoring revealed no peak, indicating that the
compound does not possess any phenol derivatives in its structure (data not shown). This was
in contradiction to both yi- and y>-Pths amino acid sequences (see Chapter 1, page 7)

containing both tryptophan and phenylalanine.

SDS-PAGE analysis of the peak did not reveal any band, indicating that the sample may
contain either a very small peptide (< 5 kDa) or a non-protein compound, e.g. a lipid. The
mass spectrometry analysis of the peak showed the compound of molecular weight close to

500 g/mol (data not shown), suggesting that it might contain a relatively polar lipid.

The chromatogram also revealed that the sample contained a high proportion of compounds
eluting above the 50% acetonitrile concentration, also absorbing at 280 nm. None of the
compounds, however, produced a band on the SDS-PAGE gel, which may mean that the

peaks consisted either of the very light amino acid chains or their complexes with lipids.

The elution profiles were reproducible but revealed errors made at the extraction stage. The
purification process emphasized the importance of the proper lipid removal from the wheat
flour and of the protein denaturation avoidance at the crude extraction stage. The future

extraction attempts should focus on eliminating the above-mentioned mistakes.

3.4 Conclusions

Purification of the Pin-a and - and o2-Pths was successful and characterized by good
reproducibility of the results, well corresponding to the ones obtained by the others.3%!33 It

provided the high purity proteins used in the further described experiments.

The y-Pth extraction protocol, however, needs to be improved, e.g. by introducing the

following steps:

* Filtration and/or centrifugation of the organic solvents and flour mixtures between the
delipidation stages allowing better separation of the extracted lipids.

* Incubation of the NaCl-soluble protein extracts with 15% TCA for more than 1 h at the
temperature lower than 4°C to isolate more proteins and reduce the risk of their

denaturation.

51



Chapter 3: ISOLATION AND PURIFICATION OF THE DEFENCE PROTEINS FROM WHEAT FLOUR

* Use of the acetone stored at the temperature below 4°C to minimize the risk of protein

denaturation.

Implementation of the abovementioned steps should result in the better protein extraction

yield and maintenance of the y-Pths’ native structures.
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Chapter 4

LIPID MONOLAYER STUDIES

4.1 Introduction

Once the sufficient amount of protein was obtained as described in Chapter 3, it was possible
to carry out the experiments on the protein effect on the various lipid systems. The protein-
lipid interactions were preliminarily assessed by means of the Langmuir monolayer
technique. It bases on spreading the lipid monolayer on the surface of aqueous solution,
compressing it to the surface pressure corresponding to the lipid arrangement in the natural
cell membrane, injecting the interacting compound and monitoring the surface pressure

changes.?

Using the monolayers allows the precise control of the film thickness and packing density,
and can be further developed into forming the multilayers of the accurate thickness.
However, the technique requires absolute chemical purity and many artefacts, like dust
particles, can disturb the surface pressure readout. Despite the mentioned difficulties, the
Langmuir monolayers were successfully employed for studying the interactions of various

proteins with artificial cell membranes.

For example, Lad et al.'® in 2005 used the stearic acid and DPPC monolayers to study the
interfacial phenomena occurring during the adsorption of lysozyme, bovine serum albumin
and human serum albumin. Further investigation of the protein structure on the interactions
with the monolayers was carried out by Clifton ef al.> who examined the effect of the Pin-b

mutations on the protein’s adsorption to the DPPG monolayers.

The antimicrobial properties of the cationic peptides were the topic of the study by Lad et
al.'® from 2007, in which the DPPG and DPPC monolayers were subjected to the action of
melittin, magainin Il and cecropin P1. Sanders et al.” focused their experiments on revealing
the synergistic and competitive behaviour of the different groups of wheat defence proteins
against the bacterial model membranes: DPPG monolayers. PC and PG monolayers were also

used by Chen et al.,'3® who examined the antitumor and antimicrobial properties of the
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synthetic peptides and the effect of the steroid presence in the membrane on the strength of

the interactions with the peptides.

This chapter describes the monolayer study of the puroindoline and purothionin interactions
with phospholipids found in the cell membrane of baker’s yeast Saccharomyces cerevisiae
(see Chapter 1, page 11). The results from these studies will allow to further develop the lipid
systems to be analysed, thus providing a primary insight into the antifungal mode of action of

the wheat defence proteins.

4.2 Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, synthetic, purity > 99%), 1,2-
dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DPPG, synthetic, purity > 99%), 1,2-
dipalmitoyl-sn-glycero-3-phospho-L-serine (DPPS, synthetic, purity > 99%) and 1-palmitoyl-
2-oleoyl-sn-glycero-3-phospho-L-serine (POPS, synthetic, purity > 99%) were all purchased
from Avanti Polar Lipids (Alabaster, AL, US). All lipids were used without further
purification. Lipid solutions of DPPC and POPS (1 g/L) were prepared in HPLC grade
chloroform (Sigma Aldrich, Dorset, UK). The solutions containing DPPS and DPPG were
prepared in chloroform:methanol mixture 2:1 vol:vol — HPLC grade methanol was purchased
from Sigma-Aldrich (Dorset, UK). The solutions were stored at room temperature (saturated

lipids) or at -20°C (unsaturated lipids and their mixtures).

Phosphate buffer salts were obtained from Fisher Scientific (Loughborough, UK) and chicken
egg white lysozyme (protein > 90%) from Sigma Aldrich (Dorset, UK). For surface pressure
measurements, protein stock solutions were prepared in 20 mM phosphate buffer solution at
pH 7.0 using UHQ grade water (resistivity 18.2 MQ-cm obtained from ELGA LabWater
purifier — High Wycombe, UK) and the concentrations were checked with UV absorbance at

280 nm.

For the reasons behind the lipids and proteins used in the experiments and their molecular

structures, please refer to Chapter 1, pages 10 and 15.
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4.3 Surface Pressure Measurements

Surface pressure measurements were carried out using a polytetrafluoroethylene (PTFE)
Langmuir trough (model 611, Nima Technology Ltd, Coventry, UK) and the surface tension

decrease was monitored via a Wilhelmy plate sensor.

The trough was filled with 80 mL of 20 mM phosphate buffer (pH 7). Ten microlitres of the
lipid solution (1 g/L) was spread at the air/water interface, the solvent was allowed to
evaporate for 10 minutes and the monolayer was compressed to a surface pressure of 22
mN/m at constant barrier speed 10 cm?/min. The monolayer has been compressed and

expanded three times to assess the purity of the monolayer and its stability.

Stability of the compressed monolayers was then monitored via surface pressure vs. time
measurements. A sample of an appropriate protein solution was added with a syringe to the

subphase, without disturbing the monolayer, as depicted in Figure 4.1.

Changes in surface pressure were then monitored by plotting surface pressure vs. time,
keeping the interfacial area constant. The experiments on the 80 mL trough were used mainly
for assessing the compression behaviour of the lipids and the protein adsorption experiments

were carried out on the small PTFE trough (94 X 22 X 5 mm) — see Figure 4.2.

Injection syringe

Figure 4.1 An 80 mL Langmuir trough used for monitoring the surface pressure changes caused by the

adsorption of the tested protein / protein mixture to the lipid monolayer.
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Control experiments were carried out in an analogous manner using a sample of the pure

buffer solution instead of the protein solution. The experiments have been done at least in
triplicates and reported as the average of three readings corresponding to the total surface
pressure change upon the interaction. Standard deviation was used for describing the

measurement uncertainty. All experiments were carried out at room temperature: 22-25°C.

Injection syringe

Figure 4.2 A 10 mL trough used for carrying out the monolayer experiments basing on the monitoring of

the changes in the surface pressure.

4.3.1 Method Development: Lysozyme vs. DPPG

Lysozyme’s effect on the DPPG monolayer was examined at the film surface pressure of 22
mN/m corresponding to the liquid-condensed phase of the lipid compression.!?” Figure 4.3
shows the surface pressure-area curve of a DPPG monolayer, depicting the conditions the
monolayer was held at prior to the protein injection — a constant area per molecule of 56.7 A2,
The shape of a DPPG isotherm allows for clear indication of the intermediate compression
phases suggesting that at the moment of spreading the molecules are relatively well
separated, which was further confirmed by the Brewster Angle Microscopy images obtained
by Clifton et al.’> The isotherm matches the ones obtained by Lad,'® Sandez et al.” and Liu

et al.!3®
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Figure 4.3 Surface pressure — Area isotherm of DPPG showing the surface pressure point at which a

sample of lysozyme was injected (*).

The experimental conditions are summarized in the table below.

Table 4.1 Experimental conditions of the surface pressure measurements: lysozyme vs. condensed phase

DPPG monolayer.

Components of the
analysed system

Amount used per 80 mL
subphase (final concentration
in the subphase) / per 100 cm?

initial interfacial area

Amount used per 9 mL
subphase (final concentration
in the subphase) / per 17.16
cm? initial interfacial area

Protein: Lysozyme

2 mL of 42.64 g/L (72.66 uM)

0.5 mL of 19.76 g/L (72.66 pM)

Lipid: DPPG

10 uL of 1 g/LL

2.5uL of 1 g/L
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Figure 4.4 Surface pressure vs. time measurements showing the change in surface pressure during the
adsorption of lysozyme to the condensed phase DPPG monolayers on 10 mL trough (left) and 80 mL
trough (right).

The experiments on both 80 and 10 mL troughs showed a significant rise in surface pressure
right after the protein injection. This indicated the strong interaction of lysozyme with the
DPPG monolayer. The maximal values reached imply good consistency of the results
between the 2 troughs. This is further confirmed by the observed surface pressure changes -
in the 80 mL trough they were equal to 4.50 = 0.23 mN/m whereas in 10 mL trough the
surface pressure rose to 4.72 = 0.73 mN/m. A faster increase of w has been observed in the 10
mL trough due to the faster protein diffusion towards the monolayer caused by the special
limitation. The results support the idea of initial electrostatic interactions between a cationic
protein and a negatively charged head group of the phospholipid, which ultimately lead to the

protein adsorption to a monolayer with the possibility of the monolayer penetration.

Table 4.2 Summary of the experiment results of the lysozyme interacting with condensed phase DPPG
monolayers using two different trough volumes. The P value corresponds to the result of an independent

2-tailed t-test.

Trough volume [mL] Surface pressure rise A7 [mN/m] P value
10 4.72 £0.73
0.16
80 4.50£0.23

58




Chapter 4: LIPID MONOLAYER STUDIES

The independent 2-tailed t-test revealed that there was no significant difference between the
results obtained from the 2 trough volumes at the 95% confidence level. The agreement
between the experiments carried out on the two different troughs justifies the use of the 10
mL trough for further monolayer experiments with defence proteins. Switching to the lower
volume trough enabled to save the amounts of analytes used per experiment and time of the
equipment preparation. The 10 mL trough has also been successfully employed by Clifton®

and Sanders.'33

4.3.2 B-Pth vs. Saturated Phospholipid Systems

The saturated phospholipids DPPC and DPPS, typical of the fungal cell membrane (see:
Chapter 1, page 11), were chosen for the preliminary study of the biocidal action of 3-Pth. In
order to examine the influence of the phospholipid charge, 3 lipid systems were analysed:
anionic DPPS, zwitterionic DPPC and the mixture of DPPC and DPPS at the molar ratio 1:1

providing intermediate charge between the anionic and electrostatically neutral systems.
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Figure 4.5 Surface pressure — Area isotherm of the saturated phospholipid systems showing the surface

pressure point at which a sample of B-Pth was injected (*).
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The isotherm of DPPS showed no distinct intermediate phases upon its compression,
suggesting that this lipid spontaneously forms condensed domains when spread at the
air/water interface (see Figure 4.5 — green line). The isotherm’s shape was in good agreement
with the one obtained by Ronzon et al.!*® and Rosengarth et al.'*’ A steep increase of surface
pressure at low compression areas is typical of condensed films. Prior to injection, the

monolayers were held at 22 mN/m which corresponded to the molecular area of 59.89 A2

In contrast to DPPS, a DPPC monolayer appears to have better separation of molecules at the
moment of spreading. Hence, distinct liquid phases could be observed during the
compression, as depicted in Figure 4.5 (blue line), well matching the isotherms from the
studies by Lad,'® Miano ef al.’® and Yun et al.'*' Before the peptide injection, the
monolayers were held in condensed phase at surface pressure of 22 mN/m and the mean

molecular area of 44.27 A2,

The 1:1 DPPC:DPPS mixed lipid isotherm resembles a combination of the isotherms of its
two components. The liquid phase, approximately at 80 A2, positioned between the DPPC
and DPPS curves is likely to represent the intermediate characteristics of the mixed lipid, i.e.
there is a proportion of the initially separated molecules but not as many as in case of the pure

DPPC lipid.

Moreover, the transition to the condensed phase appears to be more gradual than the one of
the DPPS lipid, yet quicker than the one of the DPPC monolayer. The protein injection point
of the 22 mN/m surface pressure reflected the lipid mean molecular area of 51.34 A? which is
relatively close to the median of the molecular areas between DPPC and DPPS condensed

phase monolayers (equal to 52.08 A2).

Overall, the mixed lipid system seems to represent the middle point between the systems
containing only its single components. Similar findings of displaying intermediate features by
the mixed lipid systems were reflected in the isotherms obtained by Luna ef al.,'* Rosengarth

et al.,'* Saleem et al.'** and Dietrich et al.'**
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Figure 4.6 Surface pressure — Area isotherms of the DPPC:DPPS 1:1 mol:mol monolayer presenting the

multiple compressions of the film.

Mean molecular areas of the condensed phase are also indicative of the accuracy of the lipid
samples’ concentrations, as the shapes of the isotherms are sensitive to the amount of the

amphiphile present at the interface.

Figure 4.6 shows the multiple compressions of the mixed lipid film. The good agreement of
the isotherm shapes during each compression is indicative of the high purity of the lipid
monolayer and its high quality achieved by the film annealing.'* Good isotherm repeatability
was particularly evident in the condensed phase of the monolayer (18-25 mN/m) which was

crucial for the experiments’ outcomes.

The blank experiment, illustrated in Figure 4.7 showed a relatively small drop in the surface
pressure caused by the moderate relaxation of the monolayer which after 80 minutes still
remained in the condensed phase — the overall pressure drop equal to 3.18 mN/m. As there
was no clear evidence of any significant change to the monolayer structures for other lipid
systems (data not shown), the results of the protein adsorption experiments were reported

directly as raw data without the subtraction of the blank experiment values.
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Figure 4.7 An example of the blank monolayer experiment showing the changes in surface pressure after

the injection of the phosphate buffer pH 7.0 sample to the condensed phase DPPC monolayer.

Table 4.3 contains the amounts of components used for studying the 3-Pth adsorption to the

saturated phospholipid monolayers with varying net charge.

Table 4.3 Experimental conditions of the surface pressure measurements: f-Pth vs. condensed phase

saturated phospholipid monolayers.

Components of the analysed
system

Amount used per 9 mL subphase (final

concentration in the subphase) / per 17.16 em’
initial interfacial area

Protein: B-Pth

0.5 mL of 0.044 g/L (0.48 uM)

Lipid: DPPC, DPPS, DPPC:DPPS
1:1 mol:mol

2.5uLof 1 g/LL

Figure 4.8 shows the results of the B-Pth adsorption experiments aiming at studying its

interaction with condensed phase saturated phospholipid monolayers differing in the net

charge. For the fully zwitterionic DPPC-only monolayer, the overall changes in surface

pressure obtained from measurements taken in 10 ml trough were equal to 1.55 £ 0.13 mN/m.
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A small increase in 7 has been observed within the first 5 minutes, indicating the slight
rearrangement and/or perturbation of the monolayer.

12
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Figure 4.8 Surface pressure vs. time isotherms showing the change in surface pressure after the injection

of the pB-Pth to the condensed phase saturated phospholipid monolayers with varying net charge values.

Within 50 minutes, the surface pressure values tended to slightly drop which could be
assigned to relaxation of the monolayer.'¢ From around the 60" minute the surface pressure
has been moderately rising, possibly due to the low level of the protein adsorption to the
monolayer. The overall rise of the surface pressure, however, was not as pronounced as in the

case of the lipid systems containing the negative charge.

Similarly to wild-type Pin-b* and lysozyme (see Figure 4.4), B-Pth appears to be favouring
the interactions with anionic phospholipids, which is further confirmed by comparing surface
pressure changes caused by this thionin injected below the DPPC monolayer with the results
obtained for DPPS monolayer: overall pressure change 1.55 = 0.13 mN/m and 9.88 £0.16
mN/m, respectively (see Table 4.4). The shape of the surface pressure vs. time isotherm for
the DPPS-only system resembles the shapes obtained by the experiments on the other

strongly interacting protein-lipid systems, e.g. B-Pth vs. DPPG?’ or melittin vs. DPPG.!%
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Table 4.4 Summary of the monolayer experiments of B-Pth (final concentration in the subphase 0.48 pM)
interacting with saturated phospholipid systems. An independent 2-tailed t-test showed significant

differences at P < 0.05.

Lipid svstem Features of the tested | Surface pressure Significant difference test
pid sy system rise A [mN/m] P value Compared
system
0.02 2
1. DPPS Saturated, anionic 9.88 £0.16
<0.01 3
2. DPPC:DPPS Saturate.d, h.alf—.anlonlc, 6.02 + 0.4 <0.01 3
1:1 mol:mol half-zwitterionic
3. DPPC Saturated, zwitterionic 1.55+0.13 See above

The intermediate lipid system DPPC:DPPS 1:1 mol:mol composed of zwitterionic and
anionic phospholipids with the net charge equal to half of the DPPS-only system has been
affected by B-Pth to the smaller extent than the fully anionic system but much more than the
fully zwitterionic monolayer (see Figure 4.8 and Table 4.4). The surface pressure rise
displayed slightly different kinetics than for the DPPS-only system, i.e. the saturation was
reached around 40™ minute and the insignificant drop of the surface pressure was observed

thereafter, which could be assigned to the gradual monolayer relaxation.

The overall surface pressure rise value 6.02 £ 0.24 mN/m seems to be relatively close to the
arithmetic mean between the values obtained from the experiments on DPPC-only and DPPS-
only systems, equal to 5.72 £ 0.15 mN/m. This suggests that there might be a directly
proportional relationship between the surface pressure rise and the number of molecules
bearing the anionic charge present in the system. However, more studies on the phospholipid
systems containing various proportions of zwitterionic and anionic components would need

to be carried out to confirm this hypothesis.
What can be stated with certainty is that the monolayer’s net charge plays a significant role in

the cationic protein interactions with phospholipid membranes. This conclusion is in good

agreement with the ones obtained from the studies by Lad,'® Clifton®® and Sanders.!3?
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4.3.3 B-Pth vs. Saturated and Unsaturated Lipid Systems

As mentioned in Chapter 1 (see page 12), fungal membranes contain a significant proportion
of unsaturated phospholipids in their cell membranes. It has been shown in the previous
section that one could expect much stronger protein-lipid interactions using the anionic
phospholipid system than the zwitterionic one. Therefore, to examine the effect of the
phospholipid unsaturation on its interaction with the antimicrobial proteins, two anionic
phospholipid systems were used for the experiments: the saturated DPPS and unsaturated

POPS (see the molecular structures in Chapter 1, Figure 1.6, page 13).

The amounts of components used for the experiments match the ones in Table 4.3. Figure 4.9
shows the compression isotherms of DPPS and POPS phospholipid monolayers. Due to the
presence of 2 more carbon atoms and the cis-double bond in one of its fatty acid residue
chains, the POPS molecule occupies more space than the molecule of a fully saturated DPPS
(see Figure 1.6, page 13 for the structure of the molecule). This is confirmed by the obtained
value of the POPS mean molecular area at 22 mN/m: 76.44 A2 which is much higher than the

one of the DPPS molecule held at the same surface pressure: 44.27 A2,
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Figure 4.9 Surface pressure — Area isotherm of the saturated DPPS and unsaturated POPS phospholipid

systems showing the surface pressure point at which a sample of -Pth was injected (¥).

65



Chapter 4: LIPID MONOLAYER STUDIES

The shape of the POPS isotherm indicates the smooth transition from the expanded to
condensed phase, suggesting no initial spontaneously formed condensed domains as in case
of DPPS. The POPS isotherm is well corresponding to the ones obtained by Nerdal et al.'*’

and Steinkopf et al.'*®
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Figure 4.10 Surface pressure vs. time isotherms showing the change in surface pressure after the injection
of the B-Pth to the condensed phase of saturated DPPS monolayers (blue) and unsaturated POPS

monolayers (red).

Figure 4.10 and Table 4.5 summarise the results of the B-Pth interactions with saturated and
unsaturated anionic phospholipid monolayers. Both protein-adsorbed systems showed the
notable increase in the surface pressure. However, the POPS system displayed the different

interaction kinetics than the DPPS one.

While protein-adsorbed DPPS showed the growth in surface pressure that reached its plateau
around 115 min and stayed constant since then, the POPS monolayer appeared to have been
saturated by the protein within 50 minutes. Still, after this point, the surface pressure dropped
which could be a result of the monolayer loosening and/or slow protein desorption. The
results reported in Table 4.5 for POPS monolayer refer to the maximal value of surface

pressure reached after 52 minutes.
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Table 4.5 Summary of the monolayer experiments of B-Pth (final concentration in the subphase 0.48 pM)
interacting with the saturated and unsaturated lipid systems. An independent 2-tailed t-test showed

significant differences at P < 0.05.

Features of the tested Surface pressure rise Aw
Lipid system P value
system [mN/m]
DPPS Saturated, anionic 9.88+0.16
<0.01
POPS Unsaturated, anionic 6.25 £0.46

Similar plot shape including initial overcompression and gradual drop of the surface pressure
was observed by Bougis et al.'* who studied the adsorption of cardiotoxin to the negatively

charged short-chain phospholipid monolayers.

The maximal change in the surface pressure of the POPS monolayer was significantly lower
than the one obtained for the DPPS system (see Table 4.5). This suggests that the saturation
of the anionic lipid molecules, and therefore their degree of packing in the monolayer prior to
protein injection has a significant impact on their interacting capabilities with the cationic

proteins and on the interaction kinetics.

4.3.4 Pin-a, ap-Pth and B-Pth vs. DPPS

Some antimicrobial proteins were shown to cooperate with each other to maximise the
antimicrobial effect, e.g. the thionins’ synergistic activity with lipid-transfer-proteins (LTPs)
against the fungal pathogens has been described by Molina and Garcia-Olmedo.*’ In this
section, different wheat defence proteins and their mixtures will be used to examine their
impact on the DPPS monolayer. This saturated anionic phospholipid system was chosen as it
showed the strongest interactions with $-Pth and therefore the effect of the other proteins

could be easily compared.

The compared proteins were Pin-a and a-Pth against f-Pth. To examine the synergy effects

between the proteins, a 1:1 mol:mol -Pth:Pin-a and a 1:1 mol:mol B-Pth:az-Pth solutions
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were prepared to study the co-operation or competition between the thionins and indolines

and between two different thionins, respectively.

All proteins showed strong interactions with the DPPS monolayer when injected at 0.48 uM
final concentration (see Tables 4.6 and 4.7). B-Pth had the strongest effect on the monolayer

whereas Pin-a and o»-Pth caused only slightly lower surface pressure rises.

The average values of surface pressure rises for f-Pth and Pin-a were found to be smaller
when the protein concentration decreased by half (see Table 4.6). However, at the 95%
confidence level there were no significant differences shown between the results obtained by
injecting the proteins at final concentrations 0.24 uM and 0.48 uM for both proteins,
suggesting that the lower concentration could be considered for the future studies on the j3-

Pth and Pin-a proteins.

Similar conclusion could be drawn for the use of lower concentration of o2-Pth as there was
no significant difference between the results obtained for the two protein concentrations at

the 95% confidence level (see Table 4.7).

Table 4.6 Summary of the monolayer experiments of p-Pth, Pin-a and their 1:1 mol:mol mixture
interacting with condensed DPPS monolayers. An independent 2-tailed t-test was used for indicating the

significant differences (marked bold) at P < 0.05.

Tested protein / protein Significant difference test
mixture and the final Surface pressure rise An
protein concentration in [mN/m] System
P value
the subphase compared
1. B-Pth 0.48 uM 9.88 +0.16 0.07 2
2. B-Pth 0.24 uM 7.89 £0.97 See above
3. Pin-a 0.48 uM 8.48 £0.58 0.05 4
4. Pin-a 0.24 uyM 7.24 +0.55 See above
0.02 1
5. (B-Pth:Pin-a 1:1 <0.01 2
mol:mol) 11.59 £0.78
0.48 uM <0.01 3
<0.01 4
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The result for the mixed protein system B-Pth:o2-Pth 1:1 mol:mol turned out to be not
significantly different from the ones obtained from any other analysed protein system. This
suggests that there is no noticeable influence on the interacting capabilities by mixing az-Pth
with B-Pth. Taking into account only the average results, one could suspect slight competition
between the two thionins, as their mixed system produced an average result 7.34 mN/m,
which is lower than the average results obtained by injecting the proteins separately to their
final concentration 0.48 pM. Still, the competitive action between the two thionins cannot be

stated as the obtained results were not significantly different.

In contrast to the thionin mixture, the system consisting of Pin-a and -Pth gave rise to the
results that were significantly different from all other compared protein systems (see Table
4.6). Mixing the indoline and the thionin resulted in an increased value of the surface
pressure rise: 11.59 £ 0.78 mN/m vs. the 9.88 + 0.16 mN/m for -Pth at 0.48 uM final
concentration and 8.48 + 0.58 mN/m for Pin-a at 0.48 uM final concentration. This suggests
that there is some synergy between the Pin-a and B-Pth proteins and that these proteins used

as an equimolar mixture could exhibit stronger antimicrobial properties against the fungi.

Table 4.7 Summary of the monolayer experiments of p-Pth, az2-Pth and their 1:1 mol:mol mixture
interacting with condensed DPPS monolayers. An independent 2-tailed t-test was used for indicating the

significant differences at P < 0.05.

Tested protein / proteins Significant difference test
mixture and the final Surface pressure rise An
protein concentration in [mN/m] System
P value
the subphase compared
1. B-Pth 0.48 uM 9.88 +0.16 0.07 2
2. B-Pth 0.24 uM 7.89 £0.97 See above
3. a2-Pth 0.48 uM 8.39+0.22 0.07 4
4. ap-Pth 0.24 uyM 7.98 £0.19 See above
0.05 1
5. (B-Pth:ax-Pth 1:1 0.46 2
mol:mol) 7.34 £0.61
0.48 M 0.08 3
0.20 4
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Similar study has been carried out by Sanders ef al.>* on the thionin, indoline and mixed
protein systems adsorption to the condensed phase DPPG, in which B-Pth and Pin-a were not
found to express any synergy. Moreover, the study suggested the competitive behaviour

between B-Pth and Pin-b.>3

Differences in the mentioned study would imply that there may be different competitive and
co-operative behaviours between the different members of the thionin and indoline family
and that these properties might be influenced by the concentration in the subphase and the

anionic phospholipid used.

4.4 X-Ray Reflectometry (XRR)

Monolayer experiments can be developed by using the Langmuir trough in combination with
advanced biophysical techniques, such as Neutron Reflectometry (NR)'?7 or X-Ray
Reflectometry (XRR).!Y

The XRR experiments were carried out at the I07 beamline at the Diamond Light Source
(Harwell Science and Innovation Campus, Chilton, UK) at a wavelength of 0.992 A (12.5
keV). The beamline uses a double-crystal deflector allowing the angle of incidence at the

sample position to be varied without moving the sample.'®”

The samples were prepared in an analogous way to the one applied in the surface pressure
experiments. The Langmuir trough used was a 380 mL model obtained from Nima

Technology (Coventry, UK).

To avoid the sample damage by the high-energy X-ray beam, a fast shutter was employed and
the trough was placed in the protective chamber containing a helium atmosphere (see Figure

4.11).
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Figure 4.11 Experiment room at 107 XRR reflectometer in which the monolayer studies were carried out.
The Langmuir trough used for creating the lipid monolayers was enclosed in the chamber, into which

helium was pumped to minimise the destructive effects of X-rays on the monolayer.

The reflectivity was measured in three momentum transfer ranges with decreasing attenuation
to include the full dynamic range of measurement. The Dectris Pilatus 100 k detector used
two ‘regions of interest’ (ROI) to measure the signal and the background at the same time.

The background has been subtracted from all the data.

The XRR profiles were analysed using the data fitting software RasCal (developed by Arwel
Hughes, ISIS Spallation and Neutron Source, Harwell, UK), which describes interface as a
series of slabs, each of which characterised by its SLD, thickness and roughness. The
reflectivity for the modelling starting point is then calculated and compared with
experimental data. The xrSLD values used for the data fitting can be found in Chapter 2
(page 27). The three-layer fitting model, consisting of the lipid tails layer, lipid headgroup
layer and the protein layer, was applied as it has been proven successful for the previous

XRR monolayer studies.

Two phospholipid monolayer systems DPPS and POPS have been analysed and prepared in

an analogous manner as in the surface pressure measurements section. The injected protein
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samples were 1 mL of 0.89 g/L. B-Pth solution to achieve the 0.48 uM final protein

concentration in the subphase.

4.4.1 Discussion of the XRR Results

Figures 4.12 and 4.13 contain the results of the XRR experiments on the DPPS monolayer.
The corresponding fitting parameters can be found in Table 4.8 and the surface pressure
measurements in Figure 4.14. The experiment was characterised by an overall good match of

the reflectivity profiles to the fits (see Figure 4.12, plots on the left).

The surface pressure rise 10.13 mN/m (obtained by subtracting the minimum surface pressure
value from its maximum during the experiment) for the B-Pth-adsorbed DPPS monolayer
experiment is very close to the value obtained from the experiments on the 10 mL trough

equal to 9.88 £0.16 mN/m.

The changes in the tails region SLD can be described as gradually increasing within 90
minutes to the approximately stabilised after this time. Tails thickness rose to about 18 A
within the first hour to later fluctuate around the value 17.5 A. This indicates that there was a
slightly denser packing of the molecules in the tails region as compared to their arrangement
prior to injection. The degree of the molecules packing seemed to have ultimately stabilised.
Similar changes to the dipalmitoyl tails were observed by Majewski and Stec?® studying the

purothionins mixture adsorption to the mixed DPPC:DPPS monolayer after 180 min.

Headgroup’s thickness decreased upon the protein action by around 2 A and fluctuated
around 8-9 A for the next 150 minutes. The layer’s SLD rose by 2 x 10 A2 within 60 min
and the value slightly decreased after this time to oscillate around 14.71 x 10 A2, This
suggests the condensation of matter within 60 minutes and the slight loosening of molecular
arrangement after 1 h. Lipid monolayer’s roughness has increased by approximately 1 A
upon the adsorption. The slight differences between the headgroup SLD values plotted in
Figure 4.13 and the corresponding values gathered in Table 4.8 occurred due to the roughness

parameter applied by the fitting software.

Protein layer’s thickness kept changing throughout the experiment, which could indicate the
significant dynamics of the layer resulting from the continuing adsorption and desorption of

the protein to the interface. This can be confirmed by the surface pressure values which
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reached plateau around 150 min, indicating dynamics at the interface occurring within this

time (see Figure 4.14).

The overall changes for the DPPS experiment have not been as pronounced as the ones
obtained by Clifton et al.>> who analysed the adsorption of ai-Pth and a,-Pth to the DPPG
monolayers. This could be assigned to the nature of the phospholipid headgroup, i.e. DPPS
was characterised by much higher initial SLD values in this part of a molecule. The matching
observation was the increase of the palmitoyl tails’ SLD upon the adsorption indicating the

tighter packing of these parts of the molecule.

To summarise, there were clear changes in the interfacial structure of the DPPS monolayer
upon the protein adsorption and they resulted in the tighter packing of the molecules at the

interface.
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Figure 4.12 XRR reflectivity profiles with the model data fits (left) plotted against the momentum

transfer Q and the scattering length density profiles these fits describe (right), plotted against the distance
Z, for the DPPS condensed phase monolayer held at 22 mN/m (1), §-Pth-adsorbed DPPS monolayer after

60 min (2), 90 min (3), 120 min (4) and 150 min (5).
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Figure 4.13 Overlaid XRR scattering length density profiles plotted vs. distance Z, obtained from the

reflectivity data fitting of the experiment on B-Pth interacting with condensed phase DPPS monolayers.
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Figure 4.14 Surface pressure measurements of the g-Pth-adsorbed DPPS condensed phase monolayer.

The numbers on the plot correspond to the reflectivity profiles in Figure 4.12.
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Table 4.8 Fitting parameters obtained for the XRR experiment on -Pth adsorption to the condensed phase DPPS monolayers.

Tails Headgroup Lipid Protein Protein Surf
monolayer layer urface
System h h pressure
Thickness S%D , Thickness S%D , rouginess Thickness S%D , rouganess | ' mN/m)
[A] [10° A% [A] [10° A7 [A] [A] [10° A% [A]
1. DPPS N N N N N
only 16.26 = 0.06 8.39 £0.05 11.77 £0.05 13.93 +0.10 3.40 £0.02 N/A N/A N/A 22.00
2. DPPS
+ B-Pth 18.04 £ 0.04 8.96 £0.05 8.19 £0.15 16.47 £ 0.05 3.87+£0.03 22.66 +0.03 9.73 £0.15 461 +0.11 26.58
— 60 min
3. DPPS
+ B-Pth 17.65 £ 0.09 9.69 +£0.31 9.28 £0.23 15.74 £0.29 4.15+0.09 7.63£2.60 10.30 £ 0.10 2.77+0.10 27.00
— 90 min
4. DPPS
+ B-Pth 17.44 £ 0.09 9.33+0.10 9.01 £0.15 13.60 = 0.07 413 +0.04 7.07+1.23 10.02 £ 0.06 2.96 £0.09 27.26
— 120 min
5. DPPS
+ B-Pth 17.62 £0.05 9.59 +£0.09 8.00 £ 0.06 1471 £0.14 4.09 +£0.03 20.64 +0.41 9.66 +0.10 4.80 +0.09 27.43
— 150 min
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The experiment on the POPS monolayer revealed a dramatic change in the interface structure
upon the protein adsorption. A drop in tails thickness and 5-fold increase in their SLD could
be an indication of the molecules rearrangement into much more condensed structures (see
Table 4.9). This result is in good agreement with the sudden increase in the surface pressure
(see Figure 4.17), the shape of which is well corresponding to the kinetics of the previous
surface pressure experiments (see Table 4.6). Similarly to the DPPS monolayer tails, the
POPS tails seemed to have achieved the stabilised structure around 90 minutes after protein

injection.

Headgroup region experienced a dramatic decrease in thickness while roughly maintaining its
SLD value. This could indicate the replacement of some of the water molecules initially

hydrating the hydrophilic headgroups by the protein molecules.

The fitting parameters in Table 4.9 also point out that the changes in the protein layer were
not as pronounced as in case of the DPPS monolayer, which suggests the relative stabilisation
of the analysed system. The protein layer’s SLD insignificantly dropped indicating the slight

loosening of the molecules and/or desorption of the protein.

Lipid monolayer roughness and the protein layer roughness did not change notably during the
experiment, the lipid monolayer seemed to become slightly smoother within the first 20

minutes of the interaction and this level was maintained throughout the experiment.

In general, the lipid monolayer underwent the rapid changes, clearly seen from the dramatic
difference in the reflectivity profiles. The structure stabilised within 90 minutes and the
overall kinetics profile matched the one obtained in the analogous experiments (see Figure

4.10).
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Figure 4.15 XRR reflectivity profiles with the model data fits (left) plotted against the momentum
transfer Q and the scattering length density profiles these fits describe (right), plotted against the distance
Z, for the POPS condensed phase monolayer held at 22 mN/m (1), B-Pth-adsorbed POPS monolayer after
20 min (2), 80 min (3), 140 min (4) and 200 min (5).
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reflectivity data fitting of the experiment on B-Pth interacting with condensed phase POPS monolayers.
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Figure 4.17 Surface pressure measurements of the p-Pth-adsorbed POPS condensed phase monolayer.

The numbers on the plot correspond to the reflectivity profiles in Figure 4.15.
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Table 4.9 Fitting parameters obtained for the XRR experiment on $-Pth adsorption to the condensed phase POPS monolayers.

Tails Headgroup Lipid Protein .
Protein layer Surface
System monolayer . roughness pressure
y Thickness S%D , Thickness S%D , roughness Thickness S%D " [A] [mN/m]
[A] [10° A7) [A] [10” A7) [A] [A] [10° A
1. POPS N N N N
only 1593 £0.41 1.79 £0.28 18.37 +£0.27 12.71 £ 0.65 6.55+0.09 N/A N/A N/A 21.90
2. POPS
+ B-Pth 12.60 £0.18 10.75 £0.16 8.00 £0.12 11.87 £0.16 | 5.66 £0.05 1598 +1.26 9.84 £0.99 2.00+0.12 28.32
— 20 min
3. POPS
+ B-Pth 12.76 £0.19 | 11.25+0.16 8.00+0.11 12.13 £0.13 5.49 +£0.05 14.64 +1.15 9.94 £0.08 2.00+0.10 26.90
— 80 min
4. POPS
+_B1_5(t)h 12.84 +0.54 | 12.46+0.17 8.58 £0.25 1222+0.24 | 5.83+0.04 | 13.59+1.57 10.14 £0.19 2.18+0.19 27.37
min
5. POPS
+_B2_(I))(t)h 12.59 £ 0.21 11.33+0.18 8.62+0.17 11.61 £0.15 5.83+0.03 14.14 £ 1.12 9.95 +0.09 2.00+0.12 27.66
min
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Both experiments provided a more detailed insight into the structural changes of the interface
upon the protein adsorption and reflected the dynamic processes at the interface. These XRR
experiments could not be used, however, for the qualitative analysis of the interface and thus
assessing the level of protein insertion into each layer. This inconvenience can be solved by

using the isotopic substitution and the use of neutron reflectometry (see Chapters 5 and 6).

4.5 Conclusions

The monolayer experiments were used to preliminary assess the protein-lipid interactions.
The protein adsorption was confirmed to be driven by the electrostatic attraction to the
anionic phospholipids. The reduction of charge significantly lowered the extent of the

structural changes in the monolayer upon the protein adsorption.

The kinetics of the interactions turned out to be affected by the level of packing of the
molecules at the interface. The monolayer was continuously becoming more condensed in the
case of the saturated lipids. Unsaturation of the phospholipid tails resulted in a quick rise of
the surface pressure that gradually fell indicating the relaxation of the monolayer and/or
desorption of the material. The structural changes were examined in more detail by XRR and

confirmed the dependence on the process’ kinetics on the phospholipid saturation.

Pin-a and B-Pth showed the slight synergy in the form of an equimolar mixture against the
DPPS. In contrast, B-Pth in combination with a-Pth did not reveal significant differences in

the lipid-adsorbing properties.

Certain differences between the experiments above and the previous studies on the wheat
defence proteins could indicate the antimicrobial activity dependence on the anionic

headgroup structure (the previously analysed phospholipid was DPPG).

To summarise, all monolayer experiments provided the preliminary knowledge on the
protein-lipid interacting systems and enabled to select the protein-lipid combinations to be

further examined by means of the advanced biophysical techniques.
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Chapter 5
LIPID BILAYER STUDIES

PART I - NEUTRON REFLECTOMETRY SYSTEM
DEVELOPMENT AND ATR-FTIR STUDIES

5.1 Introduction

As shown in Chapter 4, phospholipids can be used as the building blocks of the biological
membrane models in the form of the monolayers spread at the air/liquid interface. These
simple systems, however, do not reflect the true structure of the biological membranes, whose

backbone is formed of the phospholipid bilayer.

Artificial lipid bilayers form, therefore, a better model of the natural membranes than the
lipid monolayers, as they can deliver the naturally occurring phenomena of the lipid flipping

between the leaflets.!>0

The bilayers served as a research tool in many studies. For example, the lipid-flipping
between the leaflets and thus the true structure of the created lipid bilayers were the subject of
the work by Gerelli e al.'>' Similar study, enabling to characterise the composition of the
model outer membrane of the Gram-negative bacteria cell, was carried out by Clifton et al.3*
Bilayers can be also used to study the adsorption of the biocompounds to the interfaces, e.g.
adsorption of the lipopepetide surfactant bilayers to the solid liquid interface, as analysed by

Jia et al.!2

Moreover, artificial lipid bilayers can be subjected to the action of various compounds. For
instance, lactoferrin and lysozyme adsorption to the floating lipid bilayer was studied by
Clifton et al.'>® The effect of an antifungal agent, amphotericin B, on the model fungal

bilayers was investigated by Foglia et al.'>*

One way to create the lipid multilayers is by spreading the solution of the lipid vesicles in the
chamber containing the target solid surface exposed to the coverage. The vesicles

spontaneously unfold and create multilayers (see Chapter 2, page 30 for more details).
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Langmuir-Blodgett and Langmuir-Schaeffer techniques are the other methods of the bilayer
deposition on the solid substrate (sometimes referred to as solid support), allowing to obtain
the lipid films of the controlled level of the molecules packing and the controlled number of
layers (see Chapter 2, page 31 for more details). The formed multilayers are then placed in
the chamber or compartment allowing them to be brought into contact with the injected

solution, which in this study contained the wheat defence proteins.

Thus obtained samples were later analysed by means of ATR-FTIR to study the adsorption of
the protein to the interface and its penetration of the formed lipid bilayer. The created lipid
bilayers were also exposed to the stream of neutrons and the neutron reflectivity profiles were
recorded, allowing to assess qualitatively and quantitatively the structure of the phospholipid
bilayer.">3 More details on ATR-FTIR and NR methods can be found in Chapter 2, pages 32
and 34.

5.2 Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, synthetic, purity > 99%), 1,2-
dipalmitoyl-sn-glycero-3-phospho-L-serine (DPPS, synthetic, purity > 99%) and 1-palmitoyl-
2-oleoyl-sn-glycero-3-phospho-L-serine (POPS, synthetic, purity > 99%) were all purchased
from Avanti Polar Lipids (Alabaster, AL, US). Lipid solutions were prepared and stored as
for the monolayer experiments (see Chapter 4, page 54). HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) was purchased from Sigma-Aldrich (Dorset, UK).

The protein stock solutions were prepared in the H>O and D20 phosphate buffer solution at
pH/pD 7.0 using UHQ grade water (resistivity 18.2 MQ-cm obtained from ELGA LabWater
purifier — High Wycombe, UK) and the deuterium oxide (D20, 99.9 atom % D, purchased
from Sigma Aldrich, Dorset, UK). The protein concentrations were checked with the UV

absorbance at 280 nm.

The ATR-FTIR solid supports in the form of germanium (Ge) crystals (74 mm x 10 mm
lower base dimensions — the surface exposed to the bilayer coverage and protein adsorption;
thickness 6 mm) were obtained from Crystran (Dorset, UK) and the NR solid supports in the

form of silicon (Si) crystals, also referred to as silicon blocks (50 mm x 80 mm bilayer
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coverable surface polished to the 3 A roughness, thickness 20 mm), were purchased from PI-

KEM (Tamworth, UK).

The saturated phospholipids DPPC and DPPS were chosen to create the phospholipid bilayer
systems as they are the most abundant in the natural fungal membrane (see Chapter 1, page
11). The mono-unsaturated anionic phospholipid POPS was used to introduce the fluidity of
the phospholipid membrane, the characteristic feature of the fungal membrane (see Chapter 1,

page 12).

The bilayer nomenclature applied throughout this chapter was the following:
‘Name_of_the_Lipid_in_the_Inner_Leaflet:
Name_of_the_Lipid_or_Lipid_Mixture_in_the_Outer_Leaflet’,

e.g. DPPC: DPPS bilayer means that the lipid deposited in the inner leaflet was DPPC and

that the outer leaflet was composed of DPPS.

5.3 Neutron Reflectometry (NR) Experiments

Neutron Reflectometry has been widely employed to study the structures of the lipid

monolayer and bilayer systems.

For instance, Dabkowska et al.'> used NR to investigate the effect of the presence of the
membrane protein cytochrome c on the structure of the lipid bilayers. The technique also
enables to study the adsorption processes to the interfaces, e.g. the assembly of the -hairpin
proteins to the water surface, as analysed by Lu et al.'">® The protein-lipid interactions at the

air/liquid interfaces were the subject of the NR studies by Clifton er al.?*-1>3

In NR experiments, by applying the isotopic substitution of the components, one is able to
detect their position and amount in relation to other components. For more details on the

principles of the technique, please refer to Chapter 2, page 34.
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5.3.1 Lipid Bilayer Preparation on the Solid Support by Langmuir-Blodgett and Langmuir-
Schaeffer Dipping

The lipid bilayers have been prepared using the purpose-built Langmuir trough equipped with
a dipping arm and the water level calibration device (all obtained from KSV Nima, Biolin
Scientific, Finland). The bilayer deposition was carried out at the ISIS Neutron and Muon
Spallation Source (Harwell, UK). The artificial membranes were created on the Piranha-
cleaned surface (covered with a thin layer of silicon oxide SiO» after cleaning) of the silicon

crystals.®

For the Langmuir-Blodgett dip, the silicon block was vertically attached to the LB-dip sample
holder (see Figure 5.1) and fully immersed to the 0.05 M calcium chloride subphase at the
room temperature. This solution has been shown to produce better lipid coverage due to the

opposite-charge-driven, more ordered arrangement of the lipid molecules.!'’

Surface
pressure
sensor

Figure 5.1 Langmuir-Blodgett dip of the silicon block using purpose-built Langmuir trough. The block is
moved upwards through the lipid monolayer deposited on the water surface and its vertical surfaces

become covered with the monolayer.
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The surface cleanliness was checked and the lipid monolayers were prepared as described in
Chapter 4 (see page 55). The submerged silicon block was then lifted at the speed of 4

mm/min while the surface pressure was kept constant at 35 mN/m.

When the block detached from the monolayer surface, the monolayer and the subphase were
removed and the lower base of the NR cell was placed into an insert at the bottom of the
trough’s dipping well. The fresh, cold (4°C) calcium chloride solution was poured into the
trough and the temperature of the subphase was kept constant at 4°C throughout the LS-dip
stage. The lowered temperature kept the anionic lipid molecules closer to each other, thereby
lowering the negative-charge-driven repulsion effects between the headgroups, which could

lower the final coverage of the bilayer’s outer leaflet.

Calibration
laser

Figure 5.2 Calibration of the dipping arm position before the Langmuir-Schaeffer dip of the silicon
block. The process sets the dipping arm in the horizontal position in respect to the water surface, allowing

the controlled coverage of the silicon block’s surface with the lipids present on the water surface.

The LB-dipped silicon block, covered with one-molecule-thick layer of the lipid (the
bilayer’s inner leaflet) was then attached horizontally to the LS-dip sample holder (see:

Figure 5.2). The liquid surface was then analysed with the calibration laser and the sample
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holder’s position was adjusted to allow the fully horizontal position of the attached block in

relation to the liquid surface below it.

The monolayer formed of the lipid or lipid mixture to be present in the bilayer’s outer leaflet
was prepared as described previously. The monolayer was compressed to 35 mN/m and the
pressure was kept constant throughout the L.S-dip. The sample holder was lowered to a few
mm above the liquid surface and was then further lowered at the constant speed of 4 mm/min.
The fully immersed block was then lowered to the NR cell base at the bottom of the trough,
the sample holder was removed and, still under liquid surface, the upper base of the NR cell
was attached to keep the silicon block in the cell and prevent the liquid leakage (see: Figure

5.3).

Tubing for
flushing the
cell with
solutions

Figure 5.3 A sample cell used for the Neutron Reflectometry solid-support experiments with the lipid
bilayer-covered solid substrate enclosed. The buffer and protein solutions were delivered to the cell

through the attached tubing.

The NR cells containing the lipid bilayer-covered silicon blocks were then placed in the NR
instrument rooms (see Figure 5.4) and flushed with DO to remove the traces of calcium ions,
which could react with the phosphate buffer salts forming the precipitate. Afterwards, the
cells were flushed with three pH 7.0/pD 7.0 buffer solutions providing the three isotopic
contrasts: 100 % D>O0, silicon-SLD-matched water (SMW) containing 38% D»0O and 100%

H>O. The NR reflectivity profiles were measured for each of the contrasts. The samples were
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then flushed with the appropriate protein solutions prepared in the aforementioned buffers

and the reflectivity profiles were taken for each contrast, as previously.

Figure 5.4 Interior of the NR instrument Inter showing three NR cells containing the lipid-bilayer

covered silicon blocks.

5.3.2 System Development: the Effect of the Inner Leaflet Lipid on the Multilayer Structure

To examine the effect of the phospholipid chain unsaturation on the antimicrobial action of
the wheat defence proteins, a symmetric POPS: POPS bilayer was created as described in
section 5.3.1. The anionic phospholipid was chosen for the experiment as it produced the
stable monolayers (see Chapter 4, page 65) and was a good representative of the fungal

membrane phospholipid (see Introduction, page 11).

The NR instrument used was SURF at the ISIS Neutron and Muon Spallation source
(Harwell, UK). The obtained reflectivity profiles were then fitted to the pre-defined models
using the reflectivity data fitting software RasCal'>® which takes into account layer’s
composition, thickness and roughness. Moreover, the programme introduces the hydration
parameter, which can be applied to directly determine the water percentage in the fitted layer

throughout all 3 contrasts.

The followed protocol described in section 5.3.1 produced a multilayer structure, as shown in

Figure 5.5.
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Figure 5.5 Reflectivity data (left) and the fits describing these data (right) of the double symmetric POPS
bilayer. The isotopic contrasts applied were: D20 (red line), SMW (green line), H2O (blue line).

The reflectivity profiles obtained in 3 different contrasts did not resemble the shapes obtained
typically for the fully hydrogenated (not containing any deuterated component) lipid
bilayer.?* Therefore, the pre-defined fitting model was set to be: two POPS bilayers separated
by thin layers of water (see the summary of the fitting parameters in Table 5.1): one layer
attached to the silicon surface and the other floating just above the first one. This model

turned out to be fitting perfectly to the obtained reflectivity data.

The created double POPS bilayer appeared to be very fragile and was fully removed by
another D>O flush of the NR cell (data not shown). The folding into the double bilayer could
be explained by the higher mobility of the molecules due to the presence of the unsaturated
phospholipid chain and the fact that the silicon oxide covered block’s surface, serving as a
source of unpaired electrons producing a slightly negative charge could have a repelling
effect on the anionic headgroups of POPS, thereby decreasing the chance of their attachment

to the block’s surface.
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Table 5.1 Summary of the fitting parameters obtained for the double POPS bilayer experiment. The SLD values were kept constant and only the hydration

parameter varied. The SLD values with no uncertainties were kept constant throu

ghout the process of data fitting.

Layer Thickness [A] SLD [10-¢ A2] Plipid Dwater Avipia [A?] Tipia [mg m?2] Roughness [A]
Layer I: 16593 = 0754 3.410 N.A. 0221 + 0012 N.A. 7000 + 0.638
silicon oxide
Layer 2: 0000 + 0834 NA. NA. 1.000 NA. 3000 + 0976
water layer 1
Layer 3:

12761  +  0.709 3.060 0309 =+ 008 | 0691 *+ 008 | 69.810 = 19764 | 0.742 = 0.210
headgroup 1
L;yifsrf: 29217 £ 1570 -0.343 0537 + 0017 | 0463 + 0017 | 49274 =+ 3077 | 1513 + 0094 | 5861 + 0229
Layer 5:

8000 £ 0722 3.060 0205 = 0079 | 0795 + 0079 | 168.031 = 66200 | 0308 = 0.122
headgroup 2
Layer 6: 0.783 £ 1.044 N.A. N.A. 1.000 N.A. 3000 + 1.092
water layer 2
Layer 7:

8000 +  0.792 3.060 0500 % 0050 | 0500 * 0050 | 250.000 = 35198 | 0207 =+ 0.029
headgroup 3
L;yifsr;: 33696 +  0.802 0.343 0500 + 0010 | 0500 + 0010 | 45892 =+ 1456 | 1.625 + 0052 | 6202 =+ 0.402
Layer 9:

9542 = 0555 3.060 0250 + 0026 | 0750 + 0026 | 115446 =+ 13655 | 0449 % 0.053
headgroup 4
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Therefore, for the future experiments the zwitterionic phospholipid DPPC was chosen for the
component of the inner leaflet as it decreased the risk of the charge-driven repulsion from the
silicon oxide surface. Moreover, the chosen phospholipid is abundant in the fungal membrane
(see Chapter 1, page 11) and thus the future bilayer models would still well correspond to the

natural membrane.

5.4 Development and Lipid Characterisation for the Attenuated Total Reflectance-
Fourier Transform Infrared Spectroscopy (ATR-FTIR) Spectroscopy

Infrared experiments on the solid Ge supports were carried out to assess the protein
adsorption and its penetration into the artificial lipid bilayers representing the fungal cell

membrane.

ATR-FTIR was used for many solid/liquid interface studies, e.g. Hiibner and Mantsch!> used
the polarised ATR-FTIR to investigate the structures of the lipid multilayers by determining
the orientation of the carbonyl groups. Bahng ef al.'® investigated the effect of an
antimicrobial peptide indolicidin on the phospholipid bilayers. B-lactoglobulin interactions
with lipid bilayers were the subject of the work by Verity et al.,'®! who used ATR-FTIR and

atomic force microscopy (AFM) simultaneously.

For the ATR-FTIR experiments in this study, the lipid bilayers were prepared by following
the two methods: vesicles spreading and Langmuir-Blodgett and Langmuir-Schaeffer dipping
(see the sections 5.4.1 and 5.4.2 for details). The lipid-covered crystals were then placed in
the ATR-FTIR cell obtained from Specac (Orpington, UK) with the attached tubing adapters
(see Figure 5.6).

The ATR-FTIR cell containing the crystal was put into the ATR-FTIR accessory (purchased
from Specac, Orpington, UK) inside the sample chamber of the ThermoNicolet Nexus
instrument (Madison, WI, USA) and allowed to dry overnight. Protein solutions (1.2 mL)
prepared in the D>O phosphate buffer were injected to reach the final concentration in the cell

of 0.48 uM (0.01 g/L solutions of a2-Pth and B-Pth and 0.025 g/L of Pin-a).

The instrument was fitted with a deuterated triglycine sulphate detector (DTGS) and

connected to an air-dryer to purge the instrument of water and carbon dioxide. All FTIR
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spectra were collected at a resolution 4 cm!, where 128 interferograms were collected, co-

added, and ratioed against a background spectrum of the D>O buffer solution.

Figure 5.6 An ATR-FTIR cell with the attached adapters through which the protein solution was

injected during the experiments.

Interactions of the protein with the lipid bilayer were observed by monitoring the Amide I
band at ~ 1650 cm™'.125162 Deuterium oxide has been chosen as the solvent because, as
opposed to H20, it does not absorb infrared radiation in the Amide I region, thus allowing

better analysis of the protein contribution to the spectra.'®

5.4.1 Bilayer Deposition: Vesicles Solution Spreading

Lipid vesicles (liposomes) were prepared according to the protocol found at
http://avantilipids.com/tech-support/liposome-preparation/ (see the details in Chapter 7, page
152).

The DPPC multilamellar vesicles (DPPC MLVs) solution of the 1 g/L. concentration was
prepared in the D>O phosphate buffer. The cleaned and dried germanium crystal was placed
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in the ATR-FTIR cell and the cell was put into the ATR accessory in the sample chamber of
the FTIR instrument.

The D20 phosphate buffer solution was injected via syringe into the cell through the attached
adapters (see Figure 5.6) to completely fill the cell. Afterwards, the background scan was
taken. The vesicles solution (1.2 mL) was then injected in the same way into the cell to fully

replace the buffer, and left to incubate at room temperature overnight.

The solution was flushed out with D>O phosphate buffer and the lipid-only FTIR sample scan
was taken. Lysozyme solution (1.2 mL of 4.26 g/L to reach the final concentration 0.48 uM)
in the D20 phosphate buffer was injected into the cell and the sample scans were taken right

after injection, 1 h, 2 h and 24 h after injection.

5.4.2 Bilayer Deposition Method Development: the Langmuir-Blodgett and Langmuir-

Schaeffer Dipping

In the further experiments, the covering of the Ge crystal with a lipid bilayer involved a two-
stage process: first step was the vertical Langmuir-Blodgett (LB) lipid monolayer deposition
(see the details in Chapter 2, page 31). The crystal, already covered with a single lipid layer
accounting for the inner leaflet of the bilayer, was then subjected to the Langmuir-Schaeffer
(LS) horizontal dip into a fresh lipid monolayer and immediately placed in the ATR-FTIR
cell (see the details in Chapter 2, page 32).

The bilayers were created using a purpose-built PTFE dipping Langmuir trough obtained
from Brown & Waite Engineering (Daventry, UK). The trough was equipped with the
dipping well of approximately 1 L volume and the software-steered dipping arm with the

vacuum-driven crystal holder (see Figure 5.7 and 5.9).

Before each use, the trough was wiped twice with ethanol and UHQ water, and filled next
with UHQ water to obtain a few mm high meniscus above the trough’s rim. The cleanliness
of the surface was checked by monitoring the surface pressure while closing the barriers. If
the surface pressure increase was observed, the impurities were removed from the surface by

vacuum-suction.
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The ATR-FTIR crystal was cleaned by gently wiping its surface with isopropyl alcohol and
allowing it to air-dry. For the LB-dip the clean, dry crystal was then vertically attached to the
sample holder of the dipping arm (with the crystal bases facing the sides) and fully immersed
under the surface of the UHQ water (see: Figure 5.7). The surface’s cleanliness was checked
again as described previously and any impurities were removed. If necessary, more UHQ

water was added to equalise the initial level.

Figure 5.7 Langmuir-Blodgett dip of the germanium ATR-FTIR crystal using the purpose-built
Langmuir trough showing the fully immersed crystal right before being dragged up through the

condensed phase lipid monolayer kept at the constant surface pressure.

The condensed phase lipid monolayer was then created on the water surface in the way
described in Chapter 4, page 55. For the reasons described in section 5.3.2 (see page 88),
DPPC was chosen as the lipid used for the first monolayer, which after the dipping process

would account for the inner leaflet of the created bilayer.
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The lipid molecules were compressed to the surface pressure of 35 mN/m, which represented
the upper limit of the liquid-condensed phase or the solid-condensed phase of the monolayer,
and at the same time prevented the monolayer collapse. This relatively high surface pressure

allowed to reach the high level of coverage of the crystal surface with the lipids.

The monolayer was kept at the constant surface pressure of 35 mN/m by the Nima software’s

‘Pressure Control’ function allowing the barriers to move accordingly. With this software

function on, the crystal was dragged up at the constant speed of 3 mm/min by the software-

% ATR-FTIR cell
1

controlled dipping arm.

Dipping
Langmuir
trough

Figure 5.8 Scheme of the dipping trough preparation for the LS-dip showing the insert and the ATR-
FTIR cell to be placed at the bottom of the trough’s dipping well.

When the crystal was lifted high enough to detach from the water surface, the LB-dip has
finished and thus obtained lipid monolayer-covered crystal was put on the tissue with its

bigger base (the surface of interest) fronting upwards, and covered to protect from the dust.

The lipid monolayer was removed by vacuum suction and the UHQ water was poured out.

For the LS-dip the PTFE insert for holding the ATR-FTIR cell was placed at the bottom of
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the trough’s dipping well, onto which the ATR-FTIR cell was put (see Figures 5.8 and 2.10
in Chapter 2, page 34). The trough was then filled with the fresh UHQ water and the crystal
was attached horizontally (bigger base facing down) to the arm holder just above the water

surface (see Figure 5.9).

The surface cleanliness was checked and the monolayer formed of the lipid to be found in the
bilayer’s outer leaflet was prepared as described previously. The surface pressure was
software-controlled to be constant at 35 mN/m and the dipping arm was steered to lower at

the constant speed of 3 mm/min.

After piercing the monolayer’s surface the crystal was lowered directly to the ATR-FTIR
cell, the crystal holder was detached and removed and, still under water surface, the cell’s
upper base was screwed on top of the crystal thereby holding it firmly and preventing the

leakage.

The ATR-FTIR cell was dried with the paper towel, placed in the FTIR instrument’s sample

chamber and left to dry overnight. A fresh bilayer was created before each experiment.

;b < ‘I 7

elmy plate

Figure 5.9 Langmuir-Schaeffer dip of the germanium ATR-FTIR crystal using purpose-built Langmuir
trough. The lipid-monolayer-covered Ge crystal will pierce the lipid monolayer spread on the water
surface and will be inserted to the ATR-FTIR cell placed at the bottom of the trough’s well.
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5.4.3 ATR-FTIR Analysis of the Protein Adsorption to the Phospholipid Bilayers Formed
by Different Methods

Two different bilayer deposition methods were compared to choose the one giving the more
reliable results for the future bilayer experiments. Lysozyme has been chosen as the testing
compound due to the reasons stated in Chapter 1 (see page 15) and due to the fact that it
adsorbs to the bare interfaces.!> DPPC was chosen as the model phospholipid as it did not

interact strongly with the cationic proteins (see Chapter 4, Figure 4.8)

Therefore, the adsorption of lysozyme to the symmetric DPPC bilayer and the protein
penetration to the solid interface could be a preliminary indication of the bilayer’s coverage
directly associated with the bilayer’s overall quality. The DPPC bilayer with a high coverage

would then form a barrier between the lysozyme and the bare interface.

. N
1
A__z
P 3
& 2 & 3
g °
2 e
< < 4
3
5
N
a4
1800 1700 1600 1800 1700 1600
Wavenumbers (cm-1) Wavenumbers (cm-1)

Figure 5.10 ATR-FTIR results on the lysozyme adsorption to the symmetric dipped DPPC bilayer (left)
showing spectra of: 1) the lipid bilayer before injection, 2) right after injection, 3) 1 h after injection, 4) 24
h after injection, and the DPPC bilayer formed by spreading vesicles (right) showing spectra of: 1) the
lipid bilayer before injection, 2) right after injection, 3) 1 h after injection, 4) 2 h after injection and 5) 24
h after injection. The two peaks of interest shown are the carbonyl stretch at ~ 1750 cm™! indicating the

presence of the phospholipid and the Amide I band at ~ 1650 cm™ indicating the presence of the protein.

The wheat defence protein interaction with the lipid monolayers the air-liquid interface has

been widely studied by FTIR.? It involved monitoring of the changes in the Amide I band (~
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1650 cm™) indicating the protein penetration of the lipid monolayer and the lipid acyl chains
vibrations (~ 2920 and 2850 cm™) informing about the state of the phospholipid tails upon

the interaction.

Lysozyme was shown to adsorb strongly to the bare germanium interface, as shown in Figure
5.11. The carbonyl stretch peak (~ 1750 cm™) was observed in both DPPC bilayer
experiments, indicating the lipid presence at the solid-liquid interface. There was no
significant difference in the acyl chain vibrations region (2920 and 2850 cm™'), suggesting no

dramatic changes to the lipid tails arrangement (data not shown).

A slight increase in the Amide I peak was observed for the lysozyme-adsorbed DPPC bilayer
formed by the LB-dip and LS-dip (see Figures 5.10, 5.11 and Table 5.2). The initial dipped
DPPC bilayer showed a tiny peak fused with the carbonyl stretch peak, indicating possible
contamination of the bilayer caused by the initial stages of the dipping method development.

However, the Amide I area was not strongly affected by this contamination.

Table 5.2 Summary of the ATR-FTIR experiments on the lysozyme adsorption.

Integrated Amide I peak area
Time Adsorption to the Adsorption to the AdSOI‘ptlf)n to the
. symmetric DPPC
bare Ge crystal symmetric DPPC s
. . bilayer formed by
surface dipped bilayer . .
vesicles spreading
Right after 0.2728 0.0680 0.1870
injection
1 h after 0.3406 0.0970 0.3150
injection

In contrast to the first bilayer’s spectrum, the FTIR spectrum of the DPPC bilayer formed by
the vesicles showed a significant increase in the Amide I region after 24 h incubation with the
protein solution, indicating the lysozyme’s penetration to the interface. Knowing that this
protein does not interact strongly with DPPC,* it can be speculated that the bilayer produced
by vesicles spreading must have contained the holes in at least one of the points from which

the infrared beam reflected (see Chapter 2, Figure 2.8).

Moreover, it cannot be said with certainty that the structures formed by vesicles spreading

were of the exactly two phospholipid molecules thickness. This uncertainty, together with the
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risk of the uneven bilayer coverage, were the arguments for using the LB-dip and the LS-dip

methods to produce the lipid bilayers in the future experiments.
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g 0.20 1 DPPCdipped bilayer
ki
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Figure 5.11 ATR-FTIR results on the lysozyme adsorption to the bare Ge interface, symmetric dipped
DPPC bilayer and the DPPC bilayer formed by vesicles spreading.

5.4.4 ATR-FTIR Study of the Wheat Defence Proteins Adsorption to the Fungal Bilayer

Artificial phospholipid membranes, representing a fungal cell membrane, were created by
depositing the DPPC as the inner leaflet lipid (see section 5.3.2) by the LB-dip and DPPC or
DPPS as the outer leaflet lipid by LS-dip on the ATR-FTIR germanium crystal.

The formed bilayers were then allowed to interact with the wheat defence protein solutions in
the D20 phosphate buffer (see Table 5.2 for the experiment details). The experiments were
carried out in triplicates. The use of DPPS as the outer leaflet lipid meant the initial presence
of the Amide I peak (see molecule’s structure in the Chapter 1, page 13).!% Therefore, the
results were reported as the rise in the Amide I peak area, i.e. the difference between the
integrated peak area at the specified time-point reduced by the integrated peak area of the

unaffected bilayer.

Figure 5.12 illustrates the effect of the outer leaflet lipid’s net charge on the bilayer’s

interaction with B-Pth.
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Figure 5.12 ATR-FTIR results on the p-Pth adsorption to the symmetric dipped DPPC bilayer (left)
showing spectra of: 1) the lipid bilayer before injection, 2) right after injection, 3) 1 h after injection, 4) 2
h after injection, 5) 24 h after injection and to the asymmetric dipped DPPC:DPPS bilayer (right)
showing spectra of: 1) the lipid bilayer before injection, 2) right after injection, 3) 1 h after injection, 4) 2
h after injection and 5) 24 h after injection. The two peaks of interest shown are the carbonyl stretch at ~
1750 cm! indicating the presence of the phospholipid and the Amide I band at ~ 1650 cm™ indicating the

presence of the protein and the PS headgroup.
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Figure 5.13 ATR-FTIR spectra showing the a2-Pth (left) and Pin-a (right) adsorption to the symmetric
dipped DPPC:DPPS bilayer: 1) the lipid bilayer before injection, 2) right after injection, 3) 1 h after
injection, 4) 2 h after injection, 5) 24 h after injection. The two peaks of interest shown are the carbonyl
stretch at ~ 1750 cm’! indicating the presence of the phospholipid and the Amide I band at ~ 1650 cm™!
indicating the presence of the protein and the PS headgroup.
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For the symmetric DPPC:DPPC bilayer, no significant rise in the Amide I area was observed
within 24 h, indicating that there was hardly any penetration of the protein to the bilayer and

interface.

The Amide I area of the DPPC:DPPS spectrum, on the other hand, showed a noticeable rise
(see Table 5.3 for details), pointing out the penetration of the bilayer by -Pth. This is in
agreement with the findings from the monolayer studies, confirming the huge impact the
lipid’s charge has on the protein adsorption (see Chapter 4, page 63) and its potential

antimicrobial action.

Two other wheat defence proteins were tested against the DPPC:DPPS bilayer: Pin-a and o,-
Pth, both already shown to interact with DPPS monolayers (see Chapter 4, pages 68 and 69).
Similarly to B-Pth, both proteins penetrated the DPPC:DPPS bilayer (see Figure 5.14 and

Table 5.3) causing an increase in the Amide I peak area.

Pin-a caused the biggest changes to the Amide I area, similarly to a>-Pth. However, B-Pth
adsorption produced the smallest overall rise in the Amide I area (significantly different from
the other proteins’ effect, as shown in Table 5.3), which does not correspond to the results
obtained for the three proteins interacting with the DPPS monolayer (see Chapter 4, pages 68
and 69).
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Figure 5.14 ATR-FTIR results on the wheat defence proteins adsorption to the dipped DPPC:DPPS
bilayer.
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This inconsistency, together with the relatively big deviation between the experiment

replicates, can be explained by the fact that the lipid mixing might have occurred

spontaneously and randomly between the leaflets of the bilayer.

To assess the lipid mixing in the bilayer, the NR bilayer experiments were carried out (see

Chapter 6) by using the tail-deuterated DPPC in the inner leaflet and the hydrogenated DPPS

in the outer leaflet.

For all experiments no significant change in the area of acyl chain vibrations peaks was

observed (data not shown), suggesting that the phospholipid tails were hardly affected by the

action of any protein.

Table 5.3 Summary of the ATR-FTIR results on the wheat defence proteins adsorption to the dipped

DPPC:DPPS bilayer. An independent 2-tailed t-test was used for indicating the significant differences
(marked bold) at P < 0.05.

Rise in the integrated Amide I peak area P value
) Protein added: | Protein added: | Protein added: | B-Pth p-Pth Pin-a
Time result result result
B-Pth a,-Pth Pin-a compared compared [compared
with with with
(0.010 mg/ml) | (0.010 mg/ml) | (0.025 mg/ml) Pin-a 0,-Pth 0,-Pth
Right after
LS 0.0360 £ 0.0030]0.0560 = 0.0306(0.0317 £ 0.0176 0.71 0.38 0.31
injection
Ihafter ) 5870+ 0.0193[0.1587 £ 0.0129{0.1627 +0.0171| <0.01 | <0.01 | 076
injection
2hafter 5 he63 4 0.0161[0.1507 +0.0172{0.1773 = 0.0200] <0.01 | <0.01 | 0.16
injection
24hafter 15 1060 +0.0195(0.1717 + 0.0155[0.1997 + 0.0402|  0.04 0.01 0.35
injection

ATR-FTIR technique proved to be a useful tool to preliminarily assess the interactions

between the wheat defence proteins and the phospholipid bilayers. However, one cannot

assess the degree of penetration into each layer using this technique. Therefore, neutron

reflectometry data were carried out to provide a more detailed view on the proteins’

interaction with fungal membranes.
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5.5 Conclusions

The bilayer studies provided a more in-depth and more realistic analysis of the wheat defence

proteins’ antimicrobial action.

Two techniques were used for studying the structures of the artificial bilayers: ATR-FTIR
and Neutron Reflectometry (NR). The preliminary NR studies revealed the importance of the
charge influence on the bilayer attachment to the solid surface and allowed to improve the

analysed bilayer system by introducing a zwitterionic lipid on the inner leaflet.

For ATR-FTIR studies, the two bilayer deposition methods were tested: vesicles spreading
and the Langmuir-Blodgett/Langmuir-Schaeffer dipping. The second method turned out to

provide the high quality bilayers with the higher lipid coverage than the first method.

The ATR-FTIR experiments used a newly developed bilayer deposition and interaction
analysis protocols. The studies on Pin-a, az-Pth and B-Pth confirmed the proteins’ preference
for their interaction with the anionic lipids. The slight differences between the levels of
interaction between each protein did not match the levels of interactions obtained during the
monolayer studies, suggesting that the additional factors like lipid flipping between the
leaflets and the bilayer coverage could be the artefacts causing the aforementioned

deviations.

The protein-lipid systems in the ATR-FTIR experiments were examined in more detail by
NR (see Chapter 6), which enabled to assess the lipid flipping between the leaflets and the

degree of the protein penetration to the lipid bilayer.

103



Chapter 6: LIPID BILAYER STUDIES - PART II - NEUTRON REFLECTOMETRY EXPERIMENTS

Chapter 6
LIPID BILAYER STUDIES

PART II - NEUTRON REFLECTOMETRY EXPERIMENTS

6.1 Introduction

As shown in Chapter 5, lipid bilayers deposited on the solid surface can serve as the model
membranes in the analysis of the protein-lipid interactions. Langmuir-Blodgett and
Langmuir-Schaeffer dipping turned out to be the better bilayer deposition methods when
compared to the vesicles spreading and were chosen for the production of the lipid bilayers in

the next experiments.

It has also been shown that the choice of the lipid deposited on the inner leaflet of the bilayer
plays an important role in the bilayer’s stability and coverage (see Chapter 5, page 89).
Therefore, the experiments described in this chapter were carried out on the lipid bilayers
containing zwitterionic lipid DPPC on their inner leaflets, which increased the bilayer

coverage and stability.

The technique used for the experiments in this chapter, Neutron Reflectometry (NR), has
been widely used for studying the structure of the thin films adsorbed at the interfaces, e.g.
the adsorption of bovine serum albumin (BSA) to the silicon surface as in the research by

Cowsill er al. 103

The technique proved successful in monitoring the wheat defence protein interactions with
model bacterial membranes. For example, Clifton er al.?’ described in 2011 the different
lipid-binding mechanisms between Pin-a and 3-Pth by allowing the protein to adsorb to the

DPPG monolayers.

Analogous monolayers were also exposed to the action of a;-Pth and a2-Pth in the work by
Clifton er al.” from 2012, which revealed the relationship of the protein’s hydrophobicity
and its lipid-binding properties: the more hydrophobic a2-Pth removed more lipid from the

air/liquid interface.
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The mode of antimicrobial action of Pin-b and its isoform Pin-bS (see Chapter 1, page 5 for
more details) was examined by Sanders ef al.’! using NR and stressed the influence of both

protein and lipid structures on the strength and mode of the protein-lipid interactions.

Neutron Reflectometry also enabled to determine the structure of the lipid bilayers deposited
on the solid support, as shown by Clifton ef al.®* who analysed the lipid flipping between the
leaflets of the bacterial outer membrane model, and described the role of the divalent ions on

the lipid deposition process and the bilayer’s stability.!>’

Another subject studied by NR were floating bilayer systems, providing natural membrane
fluidity, as summarised by Fragneto et al.'®* For example, Hughes er al.'®® developed the
dipping protocols for the formation of the floating bilayer and analysed the structure of the

distearoylphosphaitdylcholine (DSPC) floating bilayer using NR.

The lipid bilayers were also subjected to the action of the external compounds and their effect
on the bilayer structure was assessed, as in the study by Clifton er al.,'>3 who examined the
adsorption of lactoferrin and lysozyme to the model membrane of the Gram-negative

bacterium Escherichia coli.
For more details on the NR technique principles, please refer to Chapter 2, page 34.

This chapter focuses on the NR experiments carried out on the wheat defence protein-
adsorbed model fungal bilayers. The obtained information on the changes in the lipid
bilayers’ structure upon the protein adsorption can be then used for assessing the strength of
the protein-lipid interaction and thus the degree and mode of the antifungal action of the
tested protein. Therefore, the lipid systems analysed in this chapter reflect the different
structural characteristics of the natural lipid membranes and their impact on the strength of

the interaction with various wheat defence proteins.

The synergy between the two proteins, Pin-a and B-Pth has been assessed by exposing the
model fungal bilayer to the solution composed of the 1:1 molar ratio of the two compounds

and analysing the changes in the bilayer structure by means of Neutron Reflectometry.
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6.2 Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, synthetic, purity > 99%), 1,2-
dipalmitoyl(d62)-sn-glycero-3-phosphocholine (tail-deuterated d-DPPC, synthetic, purity >
99%), 1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine (DPPS, synthetic, purity > 99%) and
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS, synthetic, purity > 99%) were
all purchased from Avanti Polar Lipids (Alabaster, AL, US). Ergosterol (purity > 95%) was
obtained from (Sigma Aldrich, Dorset, UK). Lipid solutions were prepared and stored as for

the monolayer experiments (see: Chapter 4, page 55).

The protein stock solutions were prepared in the H2O and D20 phosphate buffer solution at
pH/pD 7.0 using UHQ grade water (resistivity 18.2 MQ-cm obtained from ELGA LabWater
purifier — High Wycombe, UK) and the deuterium oxide (D20, 99.9 atom % D, purchased
from Sigma Aldrich, Dorset, UK). The protein concentrations were checked with the UV

absorbance at 280 nm.

The saturated phospholipids DPPC and DPPS were chosen to form the phospholipid bilayer
systems as they are the most abundant in the natural fungal membrane (see Chapter 1, page
11). To create the isotopic contrast for NR experiments and thus assess the lipid flipping
between the bilayer leaflets, a tail-deuterated DPPC (later referred to as d-DPPC) was

applied.

The mono-unsaturated anionic phospholipid POPS introduced the fluidity of the phospholipid
bilayer, the characteristic feature of the fungal membrane (see Chapter 1, page 12).
Ergosterol, a steroid found in fungal membranes (see Chapter 1, page 13) was used to assess
the effect of the steroid presence on the structure of the artificial bilayers and its impact on

the interaction with the wheat defence proteins.

The bilayer nomenclature applied throughout this chapter was the following:
‘Name_of_the_Lipid_in_the_Inner_Leaflet:
Name_of_the_Lipid_or_Lipid_Mixture_in_the_Outer_Leaflet’,

e.g. d-DPPC: h-DPPS bilayer means that the lipid deposited in the inner leaflet was tail-
deuterated DPPC and that the outer leaflet was composed of the fully hydrogenated DPPS.

The lipid bilayers containing the d-DPPC on the inner leaflet were used for assessing the lipid

mixing between the leaflets and the bilayers containing only fully hydrogenated lipids were
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used for the quantitative analysis of the layers forming the protein-adsorbed systems and,

thus, allowing to determine the strength of the protein interaction with the bilayer.

The latter lipid systems were chosen to determine the amount of protein in each layer because
the protein scattering length densities were the highest in such lipid systems, thereby making
the fully hydrogenated lipid system more sensitive to the SLD changes occurring upon the

adsorption (see Chapter 2, Table 2.3, page 35 for more details).

6.3 Bilayer Preparation: Surface Pressure Changes

This section focuses on the molecular side of the dipping process, illustrating the surface
pressure changes occurring at LB-dip and LS-dip stages. Figure 6.1 shows multiple
compressions obtained during the d-DPPC film annealing (a cycle of expansions and
compressions of the monolayer) and their good repeatability indicating the good quality of
the film. Similarly to its hydrogenated component (see Chapter 4, Figure 4.5, page 59), d-
DPPC shows the distinct gaseous, liquid-expanded, liquid-condensed and solid phases during

its compression.
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Figure 6.1 Compression isotherms of the d-DPPC monolayer showing good repeatability of the

compression and expansion processes, indicating high purity of the lipid film.
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Figure 6.2 shows the LB-dip stage of the deposition process held at constant pressure of 35
mN/m. The low deviation around this number during the dipping suggests the good quality of
the deposition leading to the high lipid coverage. The moment of the bilayer detaching was
characterised by the sudden drop in the surface pressure caused by the elimination of the
solid immersed in the subphase. The software-driven barriers moved then to the trough’s

middle to retain the set value.

The small spikes present around 500 — 520 cm? were a result of the unavoidable vibrations
caused by e.g. the door being closed nearby. Fortunately, these imperfections happened very
rarely and did not affect the quality of the obtained bilayer, as verified by the obtained

reflectivity data.
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Figure 6.2 Pressure-Area isotherm showing the Langmuir-Blodgett dip of the silicon block being covered

with a d-DPPC monolayer.

Figure 6.3 illustrates the repeatability of the film compressions obtained for the h-DPPS
monolayer being prepared for the outer leaflet deposition. The shape of the isotherm

corresponds well to the one obtained for the monolayer studies (see Chapter 4, Figure 4.5).
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Figure 6.3 Compression isotherms of the h-DPPS monolayer, showing the overall good repeatability of

the compression and expansion processes, indicating the high quality of the lipid film.
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Figure 6.4 Isotherm showing the Langmuir-Schaeffer dip of the silicon block being covered with the

outer leaflet lipid mixture h-DPPS:ergosterol 1:1 mol:mol. The marked point indicates the moment of the

direct contact of the silicon block’s covered surface with the lipid monolayer.
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The changes in the surface pressure recorded during the LS-dip are presented in Figure 6.4.
Similarly to the LB-dip, one can see the software-driven surface pressure being kept constant
at the value of 35 mN/m. A spike in the surface pressure, appearing around 80" second of the
recording, is an indication of the surface being pierced by the block, and immediate reaction

of the barriers to restore the pre-defined pressure of 35 mN/m.

Software-driven deposition together with the subphase’s lowered temperature and the
presence of calcium ions provided the high coverage, high quality lipid bilayers for the NR

experiments.

6.4 Neutron Reflectometry Data Fitting

The experiments were carried out at the ISIS Neutron and Muon Spallation Source (Harwell,
UK). The obtained reflectivity profiles were fitted using RasCal software to the pre-defined
lipid bilayer models consisting of five layers: silicon oxide, inner lipid headgroup, inner lipid
tails, outer lipid tails and outer lipid headgroup. The protein-adsorbed files had an additional
protein layer added between the outer lipid headgroup and the bulk solvent (see Figures 6.5
and 6.6 for the examples). The fitting uncertainties were obtained by the software’s bootstrap

error analysis.

The following assumptions were made for fitting the lipid bilayer-only reflectivity data:

1. Full bulk solvent exchange for each layer during a contrast change — also applies to the
hydration parameter of each layer (see below).

2. Hydration parameter (percentage of water in the layer), allowing to directly determine
the water content was applied for all layers. This significantly shortened the time of the
data analysis by simplifying the model and guaranteeing the constant water fraction for
each contrast.

3. Constant thickness, hydration, SLD and roughness kept for all contrasts — the parameters
kept different for each silicon block. This arises from the assumption that the bilayer
structure remained intact during the contrast replacement.

4. Theoretical SLDs of the lipids do not change during the contrast variation due to the lack

of the exchangeable hydrogen atoms.
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The lipid and water volumetric fractions for the lipid-only fits were determined directly from

the hydration parameter:

Lipid hydration parameter
100

Qlipid = 1 — (10)
and:

Lipid hydration parameter
Qwater = 100

(11)

To assess the lipid flipping between the leaflets in the lipid-only fits with the deuterated lipid

deposited on the inner leaflet, the following approach was employed:

1) Water fraction was determined directly from the hydration parameter for the inner tails
and outer tails layers as shown in Equation 11 — the results reported in the lipid-mixing
tables did not take the headgroups’ hydrations into account.

2) Inner tails and outer tails regions of the fits were used to determine the lipid mixing owing
to the relatively big difference between the tails theoretical SLDs: 7.45 x 10 A2 for the
deuterated dipalmitoyl tails and -0.39 x 10 A2 for the fully hydrogenated tails. Because
of this, the distribution of the lipids between the leaflets can be assessed with a fairly high
level of confidence. For more theoretical SLD values, please refer to Chapter 2, Table 2.3,
page 35).

3) The volumetric fractions of the inner lipid (the lipid deposited during the LB-dip) and the
outer lipid (the lipid deposited during the LS-dip) for the inner tails layer and the outer

tails layer were calculated using the equations:

FIT SLDuayer = Qinner tipid X SLDinner tipid + Qouter lipid X SLDouter lipid (12)
and:
Qinner lipid T Qouter lipid = 1 (13)

where @ is the volume fraction of the layer component and SLD is the component’s

calculated scattering length density (see Table 3.3).
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Therefore, for the given layer:

FIT SLDlayer - SLDyter lipid

(14)

inner lipid =
(P P SLDjnper lipid ~ SLDoyter lipid

and:
Qouter lipid = 1- Qinner lipid (15)

The lipid volumetric fractions above were describing the layer composed of the lipid only.
Therefore, the obtained numbers needed to be corrected to take the fraction of water into

account:
Qinner lipid corrected = a- (Pwater) X Qinner lipid (16)
and:

Qouter lipid corrected = 1- ((Pinner lipid corrected T (Pwater) (17)

The values reported in the tables describing the inner and the outer lipid distribution among
the leaflets were the ones obtained from equations 16 and 17. As the differences between the
SLDs of the hydrogenated lipid chains were relatively small (see Chapter 2, Table 2.3), it was
impossible to determine the level of the lipid mixing between the leaflets in the bilayers

formed of the hydrogenated lipids only.

The approach for fitting and analysing the protein-adsorbed reflectivity data was the

following:

1. A file containing the fits with the lipid-only reflectivity data was copied and renamed to
the protein-adsorbed one, and the reflectivity data files were updated.

2. To keep the analysis relatively simple, no protein penetration and no change in the layer
structure were assumed for the inner headgroup and inner tails layers, thus all parameters
describing these layers remained unchanged.

3. To simplify the comparison of the components’ volumetric fractions before and after the
protein adsorption, all lipid components thicknesses were kept constant in both compared
files.

4. To allow the better detection of the smallest changes in SLD in the outer headgroup and

outer tails layers, the hydration parameter was removed from these layers and the three
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separate SLDs (one describing each contrast) were calculated basing on the parameters

obtained from the lipid-only fit as below:

SLDlayer,conlraStl = Qlipid X SLDlipid + Pwater X SLDwaler,contrastl (18)

The obtained values served as the starting points for the fitting of the layer, thus allowing to
better estimate if any SLD changes occurred during the protein adsorption. The removal of
the hydration parameter in the lipid-only fits produced the SLD values which gave rise to the
unacceptable values of the components’ volumetric fractions, e.g. numbers greater than 1.

Therefore, the hydration parameter was used for all layers in the lipid-only fits.

5. The protein layer has been added in each file, the layer was assigned three protein SLD
values, one for each contrast (see Chapter 2, Table 2.3). This took into account the
exchangeable hydrogen atoms in the protein molecule. The values were kept constant
throughout the fit and one hydration parameter for all contrasts was allowed to fluctuate
in order to assess the protein fraction in the layer. The other fitted parameters for this
layer were roughness and thickness, the latter one with the starting value 0 A.

6. The order of unlocking the fitting parameters was as follows:

*  Firstly, only the protein thickness and roughness allowed to be fitted; no protein
penetration to the bilayer assumed, only adsorption.

*  Secondly, the outer headgroup SLDs in D,O, SMW and H>O contrasts were
unlocked, assuming the structural changes in the outer headgroup region only.

*  Finally, the outer tails SLDs in D.O, SMW and H>O contrasts were unlocked,
assuming the protein presence can affect the structure of the outer headgroup and the
outer tails.

7. The adsorbed protein does not remove the lipid molecules, it is assumed that the
equilibrium stage was reached by the adsorbed protein and the adsorbed-bilayer structure
remained constant throughout the contrast changes. This enabled the thickness and

roughness parameters to remain constant for all 3 contrasts.

Monitoring the changes in each layer’s SLDs allowed to assess the composition of the layer.
The variations in the SLDs of the H2O contrasts were chosen to assess the protein insertion to

the layer as this contrast was the most sensitive to the SLD changes.
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The following approach was applied:

- If the fitted SLD value of the outer headgroup decreased, i.e. changed in the direction of
the SLD of the H>O value, the change in the water content of the layer (or pore
formation) and no protein penetration was assumed.

- If the fitted SLD value of the outer headgroup increased, i.e. changed in the direction of
the protein’s SLD value, the protein was assumed to have reached the layer and its
content was calculated as described by Equation (19), assuming no change to the initial
proportions between the lipid and water.

-~ With an increase of the outer headgroup’s SLD value, a concomitant increase in the outer
tails SLD value was interpreted as the protein insertion to the outer tails layer and the
protein amount was calculated analogically as for the outer headgroup layer, following
the same assumptions.

—  The decrease in the outer headgroup value resulted in all changes in the outer tails SLD
values to be interpreted as the changes in the water content, i.e. if the protein did not
penetrate the headgroup region, it did not penetrate the outer tails region at the same

time.

From the assumption that the ratios of lipid to water remain the same when protein penetrates
the layer and that the rise in SLD is a consequence of the protein penetration only, one can

calculate the protein fraction in the layer:

- SLD
layer from the protein-adsorbed file layer from the lipid-only file
Pprotein = (19)
SLD

protein in H20

When the protein penetrated the layer, the water and lipid volumetric fractions were assumed
to stay in the same ratios as they were in case of the lipid-only file, therefore the lipid fraction

was:
Qlipid in the protein-adsorbed file = (1 — @protein) X Plipid in the lipid-only file (20)
and the water fraction became:

QPwater = 1- ((Plipid + (Pprotein) (21)
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If there was no penetration of the protein to the layer, the water-to-lipid ratio was changed

and the water fraction was obtained as follows:

SLDlayer in D20 - SLDlayer in H20 (22)

Pwater = SLDp2o - SLDmoo

And the lipid fraction became then:

Plipid = 1- Pwater (23)

The formula (22) was derived by solving the system of 2 equations (see Eq. 7, Chapter 3) for
D»0 and H»O contrasts. These contrasts were chosen as they provide the biggest difference in

the SLD values, enabling to interpret even the smallest change in the values.

For the protein layer with assigned hydration parameter, the protein fraction was determined

as follows:

Protein hydration parameter
100

Pprotein = 1- (24)

The listed assumptions allowed to create a relatively simple algorithm for the fitted data

analysis, which gave rise to the calculated values that made mathematical and physical sense.

6.5 Results
6.5.1 B-Pth vs. Net Charge-Varying Saturated Lipid Systems

The experiments were carried out using the instrument CRISP at ISIS Neutron Spallation

Source (Harwell, UK).

Four bilayer systems were prepared for the experiment: d-DPPC:h-DPPS, d-DPPC:(h-
DPPS:d-DPPC 1:1 mol:mol) and their two fully hydrogenated counterparts. The
hydrogenated lipid bilayers were subjected to the 0.01 mg/mL solutions of B-Pth using the
isotopic contrasts described above. The bilayers containing the deuterated DPPC in their

inner leaflet had their lipid composition in both leaflets assessed.
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Figure 6.5 Neutron reflectivity profiles (left) and the fits describing these profiles (right) of the
asymmetrically deposited d-DPPC: h-DPPS bilayer obtained in the three isotopic contrasts: 100% D20
(blue line), silicon-SLD-matched water containing 38% D20 (green line) and 100% H:O (red line).

Table 6.1 Composition of the d-DPPC: h-DPPS bilayer showing the mixing of the lipids between the two

leaflets. The water content values do not take into account the hydration levels of the phospholipid

headgroups.

Layer

Thickness [A]

d-DPPC

Ph-DPPS

Pwater

Roughness [A]

Layer 1:
silicon oxide

5.365

+

0.693

N.A.

N.A.

0.218

0.021

5748 + 0438

Layer 2:
inner
headgroup

15.000

I+

1.356

Layer 3:
inner tails

25.000

I+

1.012

0.617 = 0.076

0.293 + 0.073

0.090

0.022

Layer 4:
outer tails

22.114

I+

1.227

Layer 5:
outer
headgroup

13.750

I+

1.022

0.188 + 0.052

0.678 + 0.062

0.134

0.034

5000 =+ 0.510
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The d-DPPC:h-DPPS bilayer was characterised by a fairly high asymmetry (see Figure 6.5
and Table 6.1). The lipid proportions in the outer and inner leaflet were well corresponding to
the lipid distribution results for the similar lipid bilayer system in the study by Clifton et al.,3*

who also analysed the bilayer containing only the palmitoyl (C16:0) fatty acid chains.

Figure 6.6 shows the effect of B-Pth on the fully hydrogenated h-DPPC:h-DPPS bilayer. It
can be seen from the reflectivity profiles obtained in the H2O contrast that the introduction of

B-Pth caused significant changes in the bilayer structure.

This has been confirmed by the appearance of the protein layer in the fit SLD profiles (see
plot 8 in Figure 6.6) and in the calculated values of the protein fractions. A thick, fairly
concentrated protein layer (see Table 6.2) enabled the protein molecules to take around a

third of the volume of the outer headgroup layer.

This is in good agreement with both ATR-FTIR data (see Chapter 5, page 101) and with the
surface pressure measurements results vs. the DPPS monolayer (see Chapter 4, page 63). The
protein’s presence also caused a slight increase in the water content of the outer tails region,

which could be interpreted as loosening of the lipid structure to the small extent.

The thickness parameters for both deuterated and hydrogenated lipid bilayers correspond well
to the ones obtained in the similar neutron reflectivity study carried out by Dabkowska et

al‘155
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Figure 6.6 NR reflectivity profiles (1 — 6) and the fits describing these profiles (7 — 8) for the
asymmetrically deposited h-DPPC:h-DPPS bilayer on its own (1,3,5,7) and interacting with 0.01 mg/mL
p-Pth solution (2,4,6,8) obtained in the three isotopic contrasts: 100% D20 (blue line), silicon-SLD-
matched water containing 38% D20 (green line) and 100% H:O (red line).
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Table 6.2 Results of the NR experiment on 0.01 mg/mL p-Pth interacting with the h-DPPC:h-DPPS lipid bilayer. The SLD values with no uncertainties were kept

constant throughout the process of data fitting.

. 2 -6 o - 02 ) 02 -2 o
Layer Contrast | Thickness [A] [SLD [10° A Pripia P protein P vater Apa A1 (D [mgm ] protein A1 [l progein [Mg m ]| Roughness [A]
Layer I: N.A. [11.835+0424| 3410 N.A. 0.000 £ 0.003 NA. 3.000 + 1.195
silicon oxide
D,0
. Layer2: SMW | 8733 +1.039/3.060 + 0.056(0.500 + 0.030|  0.000  |0.500 + 0.030|78.412 + 10.438[0.659 + 0.088 0.000 0.000
inner head-group
H,0
D,0
lﬁsgfiafls SMW [20251 +0.183|  -0.390  [1.000 £ 0.000|  0.000  [0.000  0.000|40.127 + 0.362 |1.751 + 0.016 0.000 0.000
H,0
3.000 £ 0.000
D,0 -0.390 + 0.000
O]l‘;t‘gfia‘l‘ls SMW |19.187 + 0.332]-0.332 + 0.055(0.975 % 0.0010.000 % 0.000[0.025 % 0.001|43.439 + 0.753 |1.618 + 0.028| 0.000 + 0.000 |0.000 + 0.000
H,0 -0.560 £ 0.021
D,0 4.910 % 0.327
OuterLﬁeyzgzmup SMW | 8.000 +0.000]2.962 +0.096(0.599 % 0.058/0.301 % 0.002]0.100 % 0.058|57.471 + 5.565 |0.902 + 0.087|2458.871 + 16.339]0.337 + 0.002
H,0 3.060 +0.054
D,0 3.448
Layer 6: 7o iw [54.132 £1.953]  1.964 NA. (0327 £ 0.017/0.673 + 0.017 N.A. 333.996 +21.293]2.481 = 0.158 |7.000 + 0.000
adsorbed protein o
H 1.714
2
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Table 6.3 Summary of the NR experiment on 0.01 mg/mL p-Pth interacting with the h-DPPC:h-DPPS

lipid bilayer.
Layer Plipid (Pprotein Pwater
Outer tails before protein 1.000 = 0.000 0.000 0.000 = 0.000
Outer tails with the protein 0975 £ 0.001 | 0.000 = 0.000 | 0.025 = 0.001
Outer headgroup before protein | 0.857 % 0.034 0.000 0.143 = 0.034
Outer headgroup with the protein | 0.599 + 0.058 | 0.301 * 0.002 | 0.100 * 0.058

The next analysed system of the fully saturated lipids was a bilayer consisting of an

equimolar mixture of DPPC and DPPS deposited in its outer leaflet. This allowed to examine

how the reduction in the net charge on the outer leaflet, caused by replacing half of the

anionic DPPS molecules with the zwitterionic DPPC, influenced the action of B-Pth.

Figure 6.7 shows the smoother fringe in the reflectivity D>O contrasts, characteristic of the

relatively symmetric bilayers. The use of d-DPPC in both inner and outer leaflet allowed to

better highlight the presence of the h-DPPS and led to the results presented in Table 6.4. Not

surprisingly, the dominating lipid in both leaflets was d-DPPC, which is in agreement with

the relatively high symmetry of the layer and can be expected to possess a significantly lower

net charge in the outer headgroup region than the bilayer composed of h-DPPS only in the

outer leaflet.
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Figure 6.7 Neutron reflectivity profiles (left) and the fits describing these profiles (right) of the

asymmetrically deposited d-DPPC:(h-DPPS:d-DPPC 1:1 mol/mol) bilayer obtained in the three isotopic
contrasts: 100% D20 (blue line), silicon-SLD-matched water containing 38% D20 (green line) and 100%
H:0 (red line).

Table 6.4 Composition of the d-DPPC:(h-DPPS:d-DPPC 1:1 mol/mol) bilayer showing the mixing of the

lipids between the two leaflets. The water content values do not take into account the hydration levels of

the phospholipid headgroups.

Roughness [A]

Layer | Thickness [A] (pd-DPPC Ph-DPPS Pwater
Layer 1:
silicon 7.001 =+ 0.535 N.A. N.A. 0.000 + 0.023 | 3.000 + 0.708
oxide
Layer 2:
inner 14632 = 1.278
headgroup 0925 + 0.023 | 0.075 =+ 0.003 | 0.000 *= 0.023
Laver3: 15987+ 1.346
inner tails
3.000 =+ 0.239
Layerd: 12904+ 1497
outer tails
Layer 5: 0631 + 0.172 ] 0235 + 0.176 | 0.134 =+ 0.035
outer 9.752  + 1.235
headgroup
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Figure 6.8 NR reflectivity profiles (1 — 6) and the fits describing these profiles (7 — 8) for the
asymmetrically deposited h-DPPC:h-DPPS bilayer on its own (1,3,5,7) and interacting with 0.01 mg/mL
p-Pth solution (2,4,6,8) obtained in the three isotopic contrasts: 100% D20 (blue line), silicon-SLD-
matched water containing 38% D20 (green line) and 100% H:0 (red line).
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As a consequence, the adsorbed protein layer turned out to be more dilute and thinner than
the one described for the previous systems (see Figure 6.8 and Table 6.5). The experiment
also revealed slight protein penetration to the outer headgroup region with the minimal

increase in the water content of the outer tails layer (see Table 6.6).
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Table 6.5 Results of the NR experiment on 0.01 mg/mL p-Pth interacting with the h-DPPC:(h-DPPS:h-DPPC 1:1 mol/mol) lipid bilayer. The SLD values with no

uncertainties were kept constant throughout the process of data fitting.

. o SLD 02 lipid o2 rotein Roughness
Layer |Contrast| Thickness [A] [10° A7 Pripia P protein Dy ater Appia [A7] [t l;n 2 protein [A "] [mpg :n_Z] [A]
Layer 1:
o S| N.A. | 15.080 +2.083]  3.410 N.A. 0.04440.043 N.A. 5.096+0.255
silicon oxide
Layer 2: D,0
inner head- | SMW | 8.000 %2.0103.060 +0.4060.552+0.093  0.000  [0.448%0.093(77.553+23.459(0.666+0.201 0.000 0.000
group H,0
D,0
lﬁr?gf{afls SMW | 24.420 +1.546] -0.390  [1.000£0.000  0.000  [0.000%0.00033.275+ 2.106 [2.112+0.134 0.000 0.000
H,0
3.000+0.005
D,0 -0.390 +0.047
o];?g:ia?is SMW | 17.187 +1.598/-0.231 +0.046/0.975£0.003(0.000 £0.0000.025 +0.00348.492 + 4.512 [1.449+0.135| 0.000 + 0.000 [0.000%0.000
H,0 -0.560 +0.001
Layer5: | D0 5471 +0.995
outer head- | SMW | 8.000 +0.0082.291 +0.156/0.475%0.001/0.049 £0.0000.475%0.001/78.878 + 0.183 0.656+0.002/15104.492+ 14.602 [0.055=0.000!
group H,0 1.129 +0.689
Layer 6: DZO 3.448
adsorbed | SMW | 2.950 +8.605  1.964 N.A.  [0.3610.5930.639£0.593 NA. 5555.667 +18594.227/0.149+0.499(7.000%0.600
protein Hzo 1714
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Table 6.6 Summary of the NR experiment on 0.01 mg/mL B-Pth interacting with the h-DPPC:(h-
DPPS:h-DPPC 1:1 mol/mol) lipid bilayer.

Layer Plipid (protein Qwater
Outer tails before protein 1.000 + 0.000 0.000 0.000 = 0.000
Outer tails with protein 0.975 £ 0.003 | 0.000 £ 0.000 | 0.025 = 0.003
Outer headgroup before protein | 0.500 + 0.012 0.000 0.500 = 0.012
Outer headgroup with the protein | 0.475 %= 0.001 | 0.049 *= 0.000 | 0.475 %= 0.001

All results confirm the tendencies described in Chapter 4 (see page 63) that there is a strong
relationship between the intensity of the protein’s interaction with the lipid and the net charge

the protein faces when adsorbing.

6.5.2 B-Pth vs. Fatty Acid Chain Saturation-Varying Lipid Systems

Similarly to the monolayer experiments, the bilayer study also covered the effect of the lipid

unsaturation on the interaction with the wheat defence proteins.

The measurements were carried out using a reflectometer Inter at ISIS Neutron and Muon
Spallation Source (Harwell, UK). Due to the relatively quick data collection on this
instrument, it was possible to monitor the changes in the reflectivity profiles of the D-O

contrast directly after protein introduction (see Figures 6.10 and 6.12).

The analysed bilayers were composed of either d-DPPC or h-DPPC deposited on the inner
leaflet of the bilayer and h-POPS or the equimolar mixture of h-DPPC and h-POPS providing

the half-anionic and half-saturated properties of the lipid system in the outer leaflet.

The concentrations of the proteins were 0.01 mg/mL for the systems with h-POPS on the
outer leaflet and 0.02 mg/mL for the systems with an equimolar mixture of DPPC and POPS
in the outer leaflet (introduced due to no interaction observed for 0.01 mg/mL protein

concentration).
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Figure 6.9 Neutron reflectivity profiles (left) and the fits describing these profiles (right) of the
asymmetrically deposited d-DPPC:h-POPS bilayer obtained in the three isotopic contrasts: 100% D20
(blue line), silicon-SLD-matched water containing 38% D20 (green line) and 100% H:O (red line).

Table 6.7 Composition of the d-DPPC:h-POPS bilayer showing the mixing of the lipids between the two

leaflets. The water content values do not take into account the hydration levels of the phospholipid

headgroups.
Layer Thickness [A] d-DPPC Ph-POPS Pwater Roughness [A]
JLayerIi g g0+ 0642 NA. N.A. 0.000 + 0000 | 7000 * 0.003
silicon oxide
Layer 2:
inner 8978 + 0.842
headgroup 0.509 =+ 0.006 | 0491 =+ 0.006 | 0.000 = 0.000
Layer3: 1 rg00 + 1329
inner tails
P 3.000 + 0.128
ayer & 18823 + 1.507
outer tails
Layer 5: 0316 + 0014|0684 =+ 0014|0000 = 0.000
outer 9.628 =+ 1.441
headgroup
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The d-DPPC: h-POPS bilayer turned out to be fairly symmetric, showing a smooth fringe in
the D>O contrast’s reflectivity profile, as illustrated in Figure 6.9. Particularly high symmetry
was noticed in the inner tails region and the water content was very low, which indicated the

good coverage of the block with the lipids.
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Figure 6.10 NR profiles of the d-DPPC:h-POPS bilayer recorded immediately after the protein injection
(left) and the summary of the changes in the profile (right) showing the Kkinetics of the protein’s

interaction with the bilayer.

There was a noticeable change in the reflectivity profile upon the protein adsorption, yet it

cannot be described as a particularly big one (see Figure 6.10).
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Figure 6.11 NR profiles of the h-DPPC:h-POPS bilayer recorded immediately after the protein injection
(left) and the summary of the changes in the profile (right) showing the kinetics of the protein’s

interaction with the bilayer.
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Figure 6.12 NR reflectivity profiles (1 — 6) and the fits describing these profiles (7 — 8) for the

asymmetrically deposited h-DPPC:h-POPS bilayer on its own (1,3,5,7) and interacting with 0.01 mg/mL

p-Pth solution (2,4,6,8) obtained in the three isotopic contrasts: 100% D20 (blue line), silicon-SLD-
matched water containing 38% D20 (green line) and 100% H:0 (red line).
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The hydrogenated lipid bilayer did not show any dramatic changes in the D2O contrast in the

kinetic studies (see Figure 6.11).

The reflectivity profile obtained for the protein-adsorbed bilayer in the silicon-scattering-
length-density-matched contrast (SMW) showed slightly higher values at the low momentum
transfer (see plot 4, Figure 6.12), which could possibly be due to the too fast data collection
range without the full exchange of the D>O buffer as this fragment of the profile was obtained
as first. This imperfection has appeared occasionally in the other studies carried out on the

lipid bilayers using Inter.

However, as the fitted SLDs obtained for the SMW contrast were not directly involved in the
quantification of the bilayer’s components, these fitting deviations did not affect the

numerical results of the NR experiments.

The protein that adsorbed to the h-DPPC: h-POPS bilayer formed a thick, diluted layer (see
Figure 6.12), yet no penetration was observed in both outer headgroup and outer tails regions
(see Table 6.9). Outer headgroup’s water content was slightly increased, suggesting the

looser packing of the lipid molecules caused by the interaction.
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Table 6.8 Results of the NR experiment on 0.01 mg/mL f-Pth interacting with the h-DPPC:h-POPS lipid bilayer. The SLD values with no uncertainties were kept

constant throughout the process of data fitting.

o SLD o2 ) AN o2 tei Roughness
L Contrast | Thick A 6 - . . A . [A P [A profel X
ayer ontras 1cKness [ ] [10 6 A 2] ¢llpld ¢protem ¢water lipid [ ] [mg m Z] protein [ ] [mg m 2] [A]
Layer 1: N.A. |10.314 £1.487  3.410 N.A. 0.222+0.050| N.A. 3.000+0.031
silicon oxide
Layer 2: D,0
inner head- | SMW | 8.127 +1.694] 3.060 +0.0300.500£0.003 0.000  0.500%0.003/84.265+17.571/0.613+0.128 0.000 0.000
group H,0
D,0
ul;rallgre{a?ls SMW | 15.000 +0.406/-0.390 +0.014/0.714£0.039,  0.000  0.286%0.039(75.872 + 4.635 [0.926+0.057 0.000 0.000
H,0
3.000+0.007
D,0 1.184 +0.105
Oﬁ‘gfia‘i‘l's SMW [24.176 +0.970-0.390 +0.045/0.779£0.033(0.000£0.0000.221 £0.033[41.055+ 2.395 [1.81620.106] 0.000 + 0.000 [0.000+ 0.000
H,0 -0.343 +0.027
Layer 5: D,0 4710 £0.292
outer head- | SMW |11.640 +0.767 2.916 +0.1350.431%0.046/0.000%0.0000.569+0.046/54.896 + 6.885(0.944+0.118| 0.000 + 0.000 [0.000+ 0.000
group H,0 0.776 +0.071
Layer 6: D,0 3.448
adsorbed | SMW |75.000 +3.158  1.964 N.A.  [0.085£0.0120.915%0.012 N.A. 926.707 +138.3930.894+ 0.134 [3.000+0.637
protein HO 1.714
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Table 6.9 Summary of the NR experiment on 0.01 mg/mL p-Pth interacting with the h-DPPC:h-POPS

lipid bilayer.
Layer Plipid (Pprotein Pwater
Outer tails before protein 0.818 = 0.011 0.000 0.182 = 0.011
Outer tails with protein 0.779 %= 0.033 | 0.000 = 0.000 | 0.221 = 0.033
Outer headgroup before protein | 0.500 *+ 0.028 0.000 0.500 %= 0.028
Outer headgroup with the protein | 0.431 % 0.046 | 0.000 = 0.000 | 0.569 = 0.046

Reducing the fluidity by half produced a much more symmetric bilayer (see Figure 6.13 and
Table 6.10).

Reducing the net negative charge in the outer leaflet by half did not cause any significant
changes in the direct interaction with the protein, i.e. there was no protein insertion observed
in any part of the bilayer (see Tables 6.11 and 6.12), yet the adsorbed protein layers had their
thicknesses reduced with the slight increase in the protein fraction in these layers (see Tables
5.20 and 5.22).

This could indicate the initial strong attraction of the protein that rapidly decreased leaving
the very thin protein film on top of the bilayer, suggesting the overall weaker protein
attraction as compared to the result obtained for the fully anionic outer leaflet system due to
the fact that twice as much protein was used for the experiments on the half-saturated

systems.
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Figure 6.13 Neutron reflectivity profiles (left) and the fits describing these profiles (right) of the

asymmetrically deposited d-DPPC:(h-DPPC:h-POPS 1:1 mol/mol) bilayer obtained in the three isotopic
contrasts: 100% D20 (blue line), silicon-SLD-matched water containing 38% D20 (green line) and 100%
H2O0 (red line).

Table 6.10 Composition of the d-DPPC:(h-DPPC:h-POPS 1:1 mol/mol) bilayer showing the mixing of

the lipids between the two leaflets. The water content values do not take into account the hydration levels

of the phospholipid headgroups.

Layer

Thickness [A]

pd-DPPC

(Ph-DPPC:POPS 1:1

(Pwater

Roughness [10&]

Layer 1:
silicon
oxide

10.000 %= 0.176

N.A.

N.A.

0.148 =+ 0.039

3.000 =+ 1.255

Layer 2:
inner
headgroup

15.000

I+

0.248

Layer 3:
inner tails

15.740

I+

0.829

0.687

I+

0.089

0219 = 0.082

0.094 =+ 0.035

Layer 4:
outer tails

H+

15.000 0.685

Layer 5:
outer
headgroup

11.953

I+

1.191

0254 =+ 0.135

0.626 = 0.149

0.120 *= 0.062

3.000 *= 0415
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Figure 6.14 NR reflectivity profiles (1 — 6) and the fits describing these profiles (7 — 8) for the
asymmetrically deposited h-DPPC:(h-DPPC:h-POPS 1:1 mol/mol) bilayer on its own (1,3,5,7) and
interacting with 0.02 mg/mL B-Pth solution (2,4,6,8) obtained in the three isotopic contrasts: 100% D20
(blue line), silicon-SLD-matched water containing 38% D20 (green line) and 100% H:O (red line).
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The bilayer’s fluidity seemed to have reduced the protein’s insertion to the bilayer, which is
in a fairly good agreement with the lower values of the overall surface pressure rise obtained

for the monolayer experiments when compared with the DPPS system (see Chapter 4, page

66).

The reduction in charge and fluidity by half in the outer leaflet and increasing the protein
concentration twice did not introduce noticeable changes in the protein penetrating

capabilities but has slightly changed the pattern of the protein adsorption to the bilayer.
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Table 6.11 Results of the NR experiment on 0.02 mg/mL B-Pth interacting with the h-DPPC:(h-DPPC:h-POPS 1:1 mol/mol) lipid bilayer. The SLD values with no

uncertainties were kept constant throughout the process of data fitting.

. o SLD o2 lipid o2 rotein Roughness
Layer Contrast | Thickness [A] [ 0° A.z] Pripia P orotein D ater A“pi a[A] (mg :n'z] protein [AT] [m"g m'z] [A]
Layer 1: N.A. [13.125 £ 1.186 3.410 N.A. 0.205 £ 0.037 N.A. 5.832+ 1.361
silicon oxide
Layer 2: D,0
inner head- | SMW [10.463 + 1.797 | 1.980 +0.389/0.684£0.093]  0.000  |0.316 +0.09347.875 + 10.500(1.079 +0.237 0.000 0.000
group H,0
D,0
ir%;‘eyfia?{s SMW [15.000 + 1.358 | -0.343 +0.027(0.818+£0.076|  0.000  [0.182%0.076(66.251 + 8.612 |1.061 +0.138 0.000 0.000
H,0
3.000 + 0.793
D,0 0.298 +0.049
ol:ligreia?is SMW [22.233 + 1.307 | -0.200 +0.018(0.892 0.020(0.000 0.000(0.108  0.020[40.048 + 2.520 |1.808+0.114| 0.000 + 0.000 [0.000+ 0.000
H,0 -0.447 +0.037
Layer 5: D,0 4.438 +0.521
outer head- | SMW |9.864 + 1.240 | 2.462 +0.078]0.466 £0.068]0.000 £0.000[0.534 £ 0.068/65.211 + 12.558/0.793 £0.153| 0.000 + 0.000 [0.000 + 0.000
group H,0 0.751 +0.343
Layer 6: D,0 3.448
adsorbed | SMW |2.620 + 9.363 1.964 N.A.  [0.607 £0.652/0.393 +0.652 N.A. 3725.126 + 13901.320(0.222 + 0.830(4.802 + 2.388
protein H20 1.714
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Table 6.12 Summary of the NR experiment on 0.02 mg/mL B-Pth interacting with the h-DPPC:h-POPS

lipid bilayer.
Layer Plipid (Pprotein Pwater
Outer tails before protein 0.877 = 0.034 0.000 0.123 = 0.034
Outer tails with protein 0.892 £ 0.020 | 0.000 = 0.000 | 0.108 = 0.020
Outer headgroup before protein | 0.517 + 0.050 0.000 0.483 = 0.050
Outer headgroup with the protein | 0.466 %= 0.068 | 0.000 = 0.000 | 0.534 *= 0.068

6.5.3 B-Pth vs. Steroid-Containing Lipid Systems

Another tested parameter potentially affecting the interactions with the wheat defence

proteins was the presence of the steroid in the membranes: the fungal steroid ergosterol

formed half of the outer leaflet of the bilayer and the other half was h-DPPS. Therefore, the

net charge of the outer leaflet’s lipid mixture matched the half-anionic lipid systems used

previously.

The experiments were carried out using instrument Inter at ISIS Neutron and Muon

Spallation Source (Harwell, UK).

Table 6.13 Composition of the d-DPPC:(h-DPPS:ergosterol 1:1 mol/mol) bilayer showing the mixing of

the lipids between the two leaflets. The water content values do not take into account the hydration levels

of the phospholipid headgroups.

Layer | Thickness [A] Pd-DPPC (Ph-DPPS:ergosterol 1:1 Pwater Roughness [A]
Layer 1:
silicon 10.000 =+ 0.063 N.A. N.A. 0.108 * 0.038 | 7.000 =+ 2.038
oxide
Layer 2:
inner 10.824 = 0.725
headgroup 0.602 =+ 0.343 | 0.369 + 0342 | 0.028 = 0.026
Layer3: 5000 = 0276
inner tails
3.000 + 0.113
Layerd: | 1g610 = 0.838
outer tails
Layer 5: 0.237 + 0.024 | 0.479 + 0.032 | 0284 == 0.021
outer 11.836 * 0.350
headgroup
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Figure 6.15 NR reflectivity profiles (1 — 6) and the fits describing these profiles (7 — 8) for the
asymmetrically deposited d-DPPC:(h-DPPS:ergosterol 1:1 mol/mol) bilayer on its own (1,3,5,7) and
interacting with 0.02 mg/mL p-Pth solution (2,4,6,8) obtained in the three isotopic contrasts: 100% D20
(blue line), silicon-SLD-matched water containing 38% D20 (green line) and 100% H:O (red line).
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The reflectivity studies on the obtained half-anionic, steroid containing lipid systems were
carried out on the instrument Inter at ISIS Neutron and Muon Spallation Source. Due to the
time restrictions, the data on the fully hydrogenated bilayer were not collected. The kinetics
studies (analogous to the ones in Figures 6.10 and 6.11) did not reveal any noticeable changes

in the reflectivity profile and were, therefore, not shown.

The obtained bilayer turned out to be fairly symmetric (see Table 6.13), as most bilayers that

contained at least half of the outer leaflet occupied by the unsaturated lipid.

The changes in the reflectivity profiles were hardly noticeable when the protein’s solution of
the concentration 0.01 mg/mL was introduced (data not shown). Therefore, the concentration

was doubled.

The adsorbed-protein layer was very thin and the protein did not reach any lipid layer (see:
Tables 6.14 and 6.15). The presence of steroid did not show any impact on the interaction
with the protein as the results resemble the ones obtained for the h-DPPC:(h-DPPC:h-POPS
1:1 mol/mol) bilayer.

Table 6.14 Summary of the NR experiment on 0.02 mg/mL B-Pth interacting with the d-DPPC:(h-DPPS:

ergosterol 1:1 mol/mol) lipid bilayer.

Layer Qlipid @protein Qwater
Outer tails before protein 0.716 = 0.021 0.000 0.284 = 0.021
Outer tails with protein 0.785 £ 0.011 | 0.000 = 0.000 | 0.215 = 0.011
Outer headgroup before protein | 0.960 + 0.046 0.000 0.040 = 0.046
Outer headgroup with the protein | 0.688 % 0.016 | 0.000 = 0.000 | 0.312 = 0.016
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Table 6.15 Results of the NR experiment on 0.02 mg/mL B-Pth interacting with the d-DPPC:(h-DPPS: ergosterol 1:1 mol/mol) lipid bilayer. The SLD values with

no uncertainties were kept constant throughout the process of data fitting.

Thickness SLD ¢ 2 L 02 protein Roughness
Layer Contrast [A] [10° 3% Pripia P protein P ater A [A] (mg m’] protein LA ] [mg m"] [A]
Layer L: N.A. [10.000+0.063| 3.410 N.A. 0.108+0.038 N.A. 7.000 +2.038
silicon oxide
D,0
Layer 2: SMW
inner head- 10.824+0.7253.060 +0.08200.584 £0.051]  0.000  (0.416%0.051/54.160 +5.948/0.954 +0.105 0.000 0.000
group H,0
D,0
n%r?gf{a?is SMW  [15.000+0.276/4.625 +0.095/0.972£0.026|  0.000  (0.028 +0.026/55.734 + 1.823(1.446 +0.047 0.000 0.000
H,0 3.000+0.113
D,0 3.185 +0.090)
o]ﬁilgfia?is SMW  [18.610+0.8382.900 +0.043/0.785 £ 0.011/0.000  0.0000.215 + 0.01179.374 +3.742[1.015 £0.048 0.000 + 0.000 0.000+ 0.000
H0 1.696 +0.068
Layer 5: D,0 3.500 +0.000)
outer head- | SMW [11.836+0.35012.355 £0.0950.688 0.016(0.000 £ 0.0000.312 £0.016/33.819 + 1.272[1.532+£0.058| 0.000 + 0.000 0.000+ 0.000
group H,0 1.345 +0.220
D,0 3.448
Layer & oyviw ™ [3.018 £0.907]  1.964 N.A.  [1.000£0.0010.000 £0.001 N.A. 1961.882 +589.543(0.422 + 0.127 [7.000 +1.375
adsorbed protein 0O 714
R .
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6.5.4 Pin-a vs. Saturated Phospholipid Bilayers

The DPPC:DPPS lipid bilayers were shown to be strongly interacting with B-Pth (see:
Section 6.5.1). Therefore, this system was used to assess the interactions of another wheat
defence protein: Pin-a. The experiments were carried out using instrument Inter at ISIS

Neutron and Muon Spallation Source (Harwell, UK).

The bilayer containing the deuterated lipid was highly asymmetric as illustrated in Figure
6.16 and Table 6.16. This is in good agreement with the results obtained for the identical

bilayer in section 6.5.1.
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Figure 6.16 Neutron reflectivity profiles (left) and the fits describing these profiles (right) of the
asymmetrically deposited d-DPPC:h-DPPS bilayer obtained in the three isotopic contrasts: 100% D20
(blue line), silicon-SLD-matched water containing 38% D20 (green line) and 100% H:O (red line).
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Table 6.16 Composition of the d-DPPC:h-DPPS bilayer showing the mixing of the lipids between the two

leaflets. The water content values do not take into account the hydration levels of the phospholipid

headgroups.

Layer Thickness [A] (d-DPPC Ph-DPPS Qwater Roughness [A]
Layer 1: 6000+ 0529 NA. NA. 0.087 + 0036 | 3423 + 0841
silicon oxide

Layer 2:

inner 13790 + 0.923

headgroup 0.720 + 0.024 | 0.144 =+ 0.018 | 0.136 =+ 0.016

Layer3: 19074 &+ 1206

inner tails

: 3.501  +  0.390

Layerd: 1 169763 = 1.052

outer tails

Layer 5: 0.020 + 0.018] 0912 = 0027|0069 =+ 0.020

outer 12359 + 0.937

headgroup

No significant changes in the bilayer structure were detected upon the protein adsorption and

the resulting protein layer, although thick, did not contain much protein (see Tables 5.28 and

5.30).

This conclusion is not in agreement with the corresponding monolayer studies, suggesting

that B-Pth and Pin-a might have a different mode of the interaction with the anionic

phospholipids.

One of the reasons behind the weak interaction of Pin-a is the tendency of the protein to

adsorb to the solid interfaces, as observed by Clifton ef al.®? and it can be speculated that the

protein adhered to the walls and surface of the NR cell base.

Table 6.17 Summary of the NR experiment on 0.025 mg/mL Pin-a interacting with the h-DPPC:h-DPPS

lipid bilayer.
Layer Plipid (Pprotein (Pwater
Outer tails before protein 0.955 = 0.009 0.000 0.045 = 0.009
Outer tails with protein 0.942 = 0.015 | 0.000 = 0.000 | 0.058 = 0.015
Outer headgroup before protein | 0.727 = 0.045 0.000 0.273 = 0.045
Outer headgroup with the protein | 0.661 = 0.015 | 0.000 £ 0.000 | 0.339 = 0.015
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Figure 6.17 NR reflectivity profiles (1 — 6) and the fits describing these profiles (7 — 8) for the
asymmetrically deposited h-DPPC:h-DPPS bilayer on its own (1,3,5,7) and interacting with 0.025 mg/mL
Pin-a solution (2,4,6,8) obtained in the three isotopic contrasts: 100% D20 (blue line), silicon-SLD-

matched water containing 38% D20 (green line) and 100% H:0 (red line).
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Table 6.18 Results of the NR experiment on 0.025 mg/mL Pin-a interacting with the h-DPPC:h-DPPS lipid bilayer. The SLD values with no uncertainties were kept

constant throughout the process of data fitting.

Layer | Contrast | Thickness[A] |SLD[10°A%)| P protein D, ter A, A7) lipid_ LAY protein Roughness
P [mg m] r [mgm] [A]
Layer 1:
silicon N.A. [11.594 + 0217| 3410 N.A. 0.000+0.008 N.A. 4.655+0.769
oxide
Layer 2: D0
inner head-| SMW |13.600 + 0.870| 2.676 +0.1790.622£0.026 0.000  [0.378%0.026/40.493 +3.0901.276+0.097, 0.000 0.000
gI'Ollp H2O
D,0
nl;seyfia?is SMW |15.082 + 1.472| -0390  [1.000£0.020|  0.000  [0.000+0.02053.879+5.363/1.304+0.130 0.000 0.000
HO
2 3.000+0.066
. D,0 20.161 £0.041
O%li‘gfiaﬂ's SMW |24.054 + 1.402(-0.390 +0.029/0.942%0.015/0.000%0.000/0.058+0.01535.863+2.166/1.959+0.118| 0.000 + 0.000 [0.000+ 0.000
H,0 10.560 +0.001
Layer5: | D0 4340 +0.193
outer head-| SMW | 8.000 + 0.730] 2.622 %0.147/0.6610.0150.000£0.0000.339+0.015/52.080£4.895(0.995+0.094 0.000 + 0.000 0.000 0.000
group H,0 2.000 +0.119
Layer 6: D,0 3.325
adsorbed | SMW | 66.010 + 5470 2447 N.A.  [0.058£0.0090.942%0.009 N.A. 4065.165+734.294/0.534+ 0.096 |4.717 +1.407
protein H,0 1.909
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6.5.5 p-Pth and Pin-a 1:1 mol/mol Mixture vs. Saturated Phospholipid Bilayers

The monolayer experiments on synergy between the wheat defence proteins revealed that
there might be some cooperation in the antimicrobial mechanism of action between Pin-a and

B-Pth (see Chapter 4, page 68).

This feature was examined by introducing an equimolar mixture of Pin-a and -Pth (total
final protein concentration 0.48 pM) to the DPPC:DPPS bilayers. The experiments were

carried out on Inter at ISIS Neutron and Muon Spallation Source (Harwell, UK).

1.E+00 A

Silicon
Inner tails

1.E-01

Outer tails

Outer headgroup

Silicon oxide

1.E-02 6

Inner headgroup

1.E-03 A

Reflectivity

-

m

<)

=
1

1.E-05

1.E-06 T

o
o
=
=]
N

1.E+00 4 Q[A]
1.E-01 -

1.E-02 A

Bulk solvent

1.E-03 A

Reflectivity

1.E-04 -

1.E-05

Scattering length density [106 A2]

\
O

1.E-06 T

1.E+00 - Q[AY]

1.E-01 4
1.E-02
1.E-03 A

1.E-04 - ~

1.E-05

Reflectivity

1.E-06 T -1 T T T T T
0.01 0.1 0 20 40 60 80 100 120

Q[A1] Distance Z [A]

Figure 6.18 Neutron reflectivity profiles (left) and the fits describing these profiles (right) of the
asymmetrically deposited d-DPPC:h-DPPS bilayer obtained in the three isotopic contrasts: 100% D>O
(blue line), silicon-SLD-matched water containing 38% D20 (green line) and 100% H:O (red line).
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Table 6.19 Composition of the d-DPPC:h-DPPS bilayer showing the mixing of the lipids between the two

leaflets. The water content values do not take into account the hydration levels of the phospholipid

headgroups.

Layer Thickness [A] (d-DPPC Ph-DPPS Qwater Roughness [A]
Layer 1: 6000+ 0434 NA. NA. 0242 + 0009 | 7000 * 0367
silicon oxide

Layer 2:

inner 12211 + 0.516

headgroup 0.795 + 0.064 | 0.164 + 0.062 | 0041 = 0016

Layer3: 145000 & 0.167

inner tails

" 3.000 = 0.035

Layerd: 1 o644+ 0392

outer tails

Layer 5: 0.149 + 0011|0851 = 0011|0000 =+ 0.002

outer 11.503 £ 0.002

headgroup

The bilayer containing the deuterated lipid was highly asymmetric and did not contain much

water, which indicates the high quality lipid bilayer with high level of coverage (see Table

5.32). This is well corresponding to the previous d-DPPC:h-DPPS bilayer structures (see

Figures 6.5 and 6.16).

The fully hydrogenated bilayer revealed the proteins insertion to the outer headgroup to

around a third of the layer’s volume (see Tables 6.20 and 6.21). Moreover, a fairly thick

protein layer was observed (see Table 6.21), indicating the relatively high adsorption to the

bilayer. The result could not confirm the possible synergy between the Pin-a and -Pth

suggested in the monolayer studies (see Chapter 4, page 68). This could be due to the Pin-a’s

tendency to adhere to the surfaces of the NR cell and, therefore, not fully taking part in the

adsorption to the lipid bilayer.

Table 6.20 Summary of the NR experiment on (Pin-a:p-Pth 1:1 mol:mol 0.0125:0.005 mg/mL) solution
interacting with the h-DPPC:h-DPPS lipid bilayer.

Layer Plipid (protein Qwater
Outer tails before protein 0.981 = 0.023 0.000 0.019 = 0.023
Outer tails with protein 0.975 %= 0.000 | 0.000 = 0.000 | 0.025 = 0.000
Outer headgroup before protein | 0.581 = 0.043 0.000 0.419 = 0.043
Outer headgroup with the protein | 0.417 * 0.010 | 0.284 * 0.000 | 0.300 =+ 0.010
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Figure 6.19 NR reflectivity profiles (1 — 6) and the fits describing these profiles (7 — 8) for the
asymmetrically deposited h-DPPC:h-DPPS bilayer on its own (1,3,5,7) and interacting with (Pin-a:p-Pth
1:1 mol:mol 0.0125:0.005 mg/mL) solution (2,4,6,8) obtained in the three isotopic contrasts: 100% D20

(blue line), silicon-SLD-matched water containing 38% D20 (green line) and 100% H2O (red line).
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Table 6.21 Results of the NR experiment on (Pin-a:p-Pth 1:1 mol:mol 0.0125:0.005 mg/mL) solution interacting with the h-DPPC:h-DPPS lipid bilayer. The SLD

values with no uncertainties were kept constant throughout the process of data fitting.

2 o . 2 Fi i 2 rotein
Layer Contrast| Thickness [A] | SLD [10'6 A 2] Pipia P protein D ater Al AZ] lipid_ T AZ] protein Roughness
’ [mgm"] P [mg m] [A]
Layer I: N.A. | 7.040 +0.491 3.410 N.A. 0.184+0.034 N.A. 3.000+0.204
silicon oxide
Layer 2: D,0
inner head- | SMW | 15.000 +0.991| 1.980 +0.01200.733£0.015, 0.000  [0.267%0.01531.124+2.149[1.660+0.115 0.000 0.000
group H2O
D,0
iﬁsgre{afl's SMW | 21.434 +0.532 -0.390  [0.866£0.017, 0.000  |0.134£0.01743.777+1.396/1.605+0.051 0.000 0.000
H,0
3.000+0.056
B D,0 -0.390 +0.000
O];";‘gfiaﬂ's SMW | 15.000 + 0.399| -0.390 +0.029/0.975+0.0000.0000.000/0.025+0.000/55.562 +1.476[1.265+0.034 0.000 + 0.000 0.000+0.000]
H,0 0.560 +0.000
Layer 5: D,0 3.940 £0.188
outer head- | SMW | 10.892 +0.683| 2.740 +0.084/0.417£0.010/0.284%0.0000.300%0.010/60.635 £4.069/0.855+0.057]3481.908 +218.245/0.430+0.027
group H,0 2018 +0.121
Layer 6: D,0 3.387
adsorbed | SMW | 47.496 + 4.385 2.206 NA.  [0.112£0.012(0.888+0.012 N.A. 2021.503+279.8900.741+0.103(7.000+0.000)
protein H,0 1.812
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6.6 Conclusions

Wheat defence protein adsorption to the model fungal bilayers and the structure of the lipid

bilayers were studied by NR.

The lipid flipping between the bilayer leaflets in the deuterated lipid containing bilayers has
been shown to be affected by the lipid composition, i.e. the higher bilayer asymmetry was
observed for the fully saturated lipid systems, which could be due to the limited molecular

movement arising from the tighter packing of the lipid molecules.

Assuming the similar lipid distribution for the fully hydrogenated lipid bilayers, it can be
stated that the high asymmetry of the bilayer and, therefore, the high amount of negative
charge in its outer leaflet, led to the stronger interaction with B-Pth. This result, together with
the weaker protein adsorption to the lipid bilayers bearing more zwitterionic lipids, confirms
the importance of the lipid charge in the protein-lipid interactions and is in good agreement

with the findings from the monolayer studies (see Chapter 4, page 63).

The weaker adsorption of B-Pth to the POPS-containing bilayers could be explained by the
presence of more zwitterionic lipids on the outer leaflet, following the assumption that the
fully hydrogenated bilayers bear the similar lipid distribution to the bilayers containing the
tail-deuterated analogues. The weakened attraction of the protein to the unsaturated
phospholipid could be also caused by the fact that B-Pth showed slightly lower adsorptive
properties towards the POPS in the monolayer studies (see Chapter 4, page 66).

The presence of the steroid in the bilayer did not result in strong interactions with the protein.
However, as the experiment was carried out using the deuterated phospholipid system, the
control experiments on the fully hydrogenated lipid bilayer would need to be carried out to
increase the sensitivity of the lipid system to the changes in the SLD profile caused by the

protein (see section 6.2, page 107).

To summarise, the study of the B-Pth adsorption to the lipid bilayers with varying lipid
composition stressed the importance of the role of the lipid charge and lipid chain saturation

in the protein-lipid interactions.

Table 6.22 contains all results of the NR experiments described in this chapter, pointing out
the key features used to assess the strength of the protein interaction with the lipid bilayers,

and thus the protein’s potential level of antimicrobial action.
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Table 6.22 Summary of the NR bilayer experiments showing the properties of the analysed lipid systems

and the protein effect on their structure.

Penetration to

Penetration to

Protein

Properties . the outer the outer tails | fraction in the
. . . . Protein added headgroup ., .
Lipid of the lipids . ., (protein’s protein layer
and its (protein’s .
system on the outer . . volumetric and the
concentration volumetric .. . y
leaflet . fraction if protein layer’s
fraction if applicable) thickness [f&]
applicable) PP

h-DPPC: h- Anionic, Yes No 0.327 £0.017,

DPPS saturated (0.301 =£0.002) 54.132 £1.953
h-DPPC:

(h-DPPS: h- | Half anionic, B-Pth Yes No 0.361 £ 0.593;
DPPC 1:1 saturated (0.01 mg/mL) (0.049 £ 0.000) 2.950 * 8.605
mol:mol)

h-DPPC: h- Anionic, No No 0.085 £0.012;

POPS unsaturated 75.000 = 3.158
h-DPPC: Half anionic
(h-DPPC: half ’ No No 0.607 + 0.652;
POPS 1:1 2.620 +9.363
saturated
mol:mol)
B-Pth
d-DPPC: (0.02 mg/mL)
(h-DPPS: Half anionic, ' )
ergosterol steroid- No No 1.000 +0.001;
£ e 3.018 £0.907
1:1 containing
mol:mol)
. Pin-a
h-DPPC: h- Anionic, (0.025 N N 0.058 = 0.009;
DPPS saturated ' © © 66.010 = 5.470
mg/mL)
Pin-a:B-Pth
h-DPPC: h- Anionic, 1:1 mol:mol Yes No 0.112 £0.012;
DPPS saturated (0.0125:0.005 | (0.284 =0.000) 47.496 £ 4.385
mg/mL)

The fully hydrogenated h-DPPC:h-DPPS bilayer has been also exposed to the other proteins

to examine the role of the protein structure on the adsorption to the model fungal bilayer and,

therefore, its antifungal mode of action.

There were some inconsistencies between the NR and ATR-FTIR results (see Chapter 5, page

101), e.g. the result for Pin-a, which could be explained by the high tendency of the protein to

stick to many surfaces. However, in order to examine the cause of the disagreements between

the results, the repeated experiments on the Pin-a interaction with the lipid bilayers are

recommended in the future research (see Chapter 8, page 169).

Moreover, the results on the synergy between the Pin-a and -Pth showed slightly weaker

interaction than for the B-Pth on its own, which did not confirm the finding from the
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monolayer studies (see Chapter 4, page 68). This could be due to the aforementioned
adhesive properties of the Pin-a protein. Nevertheless, more repeats of the experiment would

need to be carried out to test this hypothesis.

The good agreement between the NR and ATR-FTIR results was obtained for the -Pth
interaction with h-DPPC:h-DPPS bilayer. As mentioned before, the effect of the protein on

the bilayer structure has been the most noticeable for this protein-lipid system.

It needs to be stressed, however, that nearly all protein-adsorbed bilayers produced very small
changes in their reflectivity profiles. Therefore, the small changes in the calculated values

e.g. volumetric fractions of water and lipid cannot be treated with high level of confidence.

The findings from the experiments described in this chapter allowed to confirm the strong
dependence of the protein-lipid interactions on both model lipid composition and the type of
protein / protein mixture. This is in good agreement with the conclusions from the monolayer

experiments (see Chapter 4, page 81) and the results obtained by Sanders et al.”!

To summarise, the use of bilayers as the tested systems requires the more complex
preparation and analysis than the monolayer experiments, yet generates the more detailed,
more informative results, better reflecting the real mechanisms of the antimicrobial action of

the proteins.
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Chapter 7

STUDIES ON LIPID VESICLES

7.1 Introduction

As shown in Chapters 5 and 6, lipid bilayers can serve as the models of natural lipid
membranes. Flat bilayers deposited on the solid support are a better representations of the
true membranes than the monolayer systems, yet they do not account for the natural
membrane curvature. This feature can be examined in the studies involving lipid vesicles
(liposomes). For more details on the types of vesicles and their structure, see Chapter 2, page
28.

Liposomes have been widely used to investigate the lipid interactions with various

compounds by means of e.g. membrane leakage tests,'®®

assessing the changes in the intrinsic
protein fluorescence upon the interaction with vesicles,'®” isothermal titration calorimetry
(ITC) experiments describing the thermodynamic parameters of the protein-lipid
interaction,'®® and differential scanning calorimetry (DSC) indicating the changes in the

thermal transitions of the lipid vesicles as a result of the protein interaction.'®

For example, Ravishankar et al.'”

studied the influence of the anticancer compounds on the
DPPC Multilammellar Vesicles (MLVs) by DSC to reveal the membrane-penetrating

properties of the synthetic flavonoid derivatives.

Moreover, Sanders'3 used DSC technique to examine the antibacterial properties of the Pin-b
proteins by studying their influence on the Multilamellar Vesicles composed of DPPG,
dipalmitoylphosphatidylethanolamine (DPPE) and DPPC. The findings stressed the influence

of the phospholipid charge and the protein structure on the protein-lipid interactions.'3?

This chapter aims to investigate the influence of the vesicles size and their composition on
their interactions with wheat defence proteins. The experiments were carried out using
Multilamellar Vesicles (MLVs) to reflect the microbial cell’s size and Small Unilamellar
Vesicles (SUVs) to provide more external charge on the membrane, a parameter shown to be

crucial for the interactions (see Chapter 4, page 81).
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7.2 Materials and Vesicles Preparation

Phospholipids and solvents used were the ones listed in Chapter 4, page 54. The vesicles
solution were prepared following the protocol at the Avanti Polar Lipids website
https://avantilipids.com/tech-support/liposome-preparation/. The choice of the lipids for the
analysed liposome systems based on the membrane composition of the yeast Saccharomyces
cerevisiae (see Chapter 1, page 11) and the findings from the monolayer studies (see Chapter

4, page 81).

The lipid solutions (1 g/L) were prepared as described in Chapter 4 (see page 55). The
solvent was removed on the rotary evaporator Rotavapor R-215 obtained from BUCHI
(Flavil, Switzerland). The obtained lipid cake was hydrated with phosphate buffer pH 7 to the
lipid concentration of 1 g/L. To create MLVs, the resulting lipid dispersion underwent five
freeze-thawing cycles using dry ice and water bath. This ensured the good mixing of the
lipids and creation of multiple layers. The SUVs were obtained by sonicating the hydrated

lipid film for 2 h at the temperature above the melting point of the used lipid/lipid mixture.!'*

Protein solutions were prepared in phosphate buffer pH 7 as described previously (see

Chapter 4, page 55).

7.3 Dynamic Light Scattering (DLS) Measurements

For quality control purposes, the vesicles solutions had their average sizes assessed by means
of the Dynamic Light Scattering (DLS) technique. DLS is based on measuring the intensity
of the scattered light from the moving particles in the analysed suspension. Knowing the
analyte’s viscosity and the refractive index, one can obtain the size distribution of the
particles in the analysed sample.!”! The DLS measurements enabled to determine the size

distribution of the particles in the vesicles solution and were used for this purpose only.

The measurements were carried out using a ZetaSizer Nano (obtained from Malvern
Instruments, Malvern, UK) equipped with a 5003 multi-digital autocorrelator. The linearly
polarised light of the 633 nm wavelength, produced by a He-Ne laser, was scattered at the

angle 6 = 173°. For each measurement, 1 mL of the vesicles solution was pipetted into a
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polystyrene cuvette and the sample was placed in the instrument’s sample chamber for the

light intensity readings at 25°C.

7.4 Differential Scanning Calorimetry (DSC) Experiments

Differential Scanning Calorimetry analyses the changes in the substance’s thermal
transitions, thereby informing about the compound’s stability or its interaction with other

compounds. More details on the principles of this technique can be found in Chapter 2, page

29.

The technique served as a tool to estimate the interaction between the compounds in various
experiments: dendrimers,'’? drugs such as tamixofen,'”® cyclic peptides such as gramicidin
S'" and cyclodextrins!” interacting with membrane vesicles. It was also used for studying
the wheat defence protein interactions with the bacterial cell membranes.'*3 The most
frequent two modes of the DSC experiments studying the protein-lipid interactions are:
creating the vesicles with the proteins embedded in the membranes or mixing the pre-
prepared vesicles solution with the protein solution. This study examines the protein

antimicrobial action in vitro, therefore the second approach was chosen for carrying out the

DSC experiments.

Each analysed sample contained 0.2 mg lipid and the appropriate amount of protein solution
was added to reach the proper lipid-protein molar ratios (listed further in each section). The
protein-lipid mixture was topped up with phosphate buffer to the final volume of 0.75 mL
and shaken well to mix. The sample was then degassed under vacuum for 15 minutes,

vortexed and inserted into the DSC calorimeter’s sample cell.

The measurements were carried out using a Nano DSC calorimeter obtained from TA
Instruments (Borehamwood, UK) in a heating mode between 20°C and 80°C at the rate
1°C/min using pure phosphate buffer pH 7 in the reference cell. Before each measurement,
the purity of the cells was determined by scanning the blank sample containing phosphate
buffer pH 7 and if there were no peaks detected (i.e. the sample cells were clean), the protein-

lipid samples were analysed.

The peaks in all DSC thermograms point to the direction of the endothermic changes. The

sample containing only the protein solution (0.2 mg of protein) was run as control experiment
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and there was no peak present between 20°C and 120°C (data not shown). This result was
expected due to the high thermal stability of the wheat defence proteins, resulting from the
presence of the disulphide bridges in their structures (see Chapter 1, pages 5 and 18).

Therefore, no peak in the DSC scans was assigned to the protein-only structure.

7.5 Results
7.5.1 Vesicles Size Determination by Dynamic Light Scattering (DLS)

Figure 7.1 shows the size distribution of the DPPC vesicles prepared by two different
methods: the MLVs obtained after five freeze-thaw cycles (green peak) and the SUVs
exposed to 2 h of sonication at 45°C (red peak). The MLVs diameters ranged from 2000 nm
to 6000 nm, which is well corresponding to the average size of the baker’s yeast
Saccharomyces cerevisiae cell: 3-6 um.!” Therefore, the measurement justified the use of the

DPPC MLVs as models of the fungal cell.
40
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Figure 7.1 Size distribution by number of the DPPC vesicles: MLVs (green) obtained after five freeze-
thawing cycles and SUVs (red) obtained after 2 hours of sonication at 45°C.

The vesicles became dramatically smaller, around ten-fold, after incubating them in the
sonication bath above the lipid’s melting point: ~ 41°C.!'”7 The high mobility of the molecules
and the external mechanical waves enabled the huge agglomerates of the lipids to
significantly shrink in diameter (see red peak in Figure 7.1). The liposomes’ sizes were then
much closer to the diameter range typical of the Small Unilamellar Vesicles (SUVs): 25-100

nm (see Chapter 2, page 28). Therefore, more direct exposure of the protein to the charge is
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expected in the Differential Scanning Calorimetry experiments involving SUVs than in the

case of the MLVs studies.

7.5.2 Differential Scanning Calorimetry (DSC) Sample Preparation Development: Effect of
the Sample Vortexing on the DSC Results

The effect of the sample homogenization technique on the produced DSC scans was assessed

by comparing four samples:

1. shaken sample of the DPPS lipid

2. shaken sample DPPS lipid interacting with B-Pth at the lipid-molar ratio 10:1
3. vortexed sample of the DPPS lipid

4. vortexed sample DPPS lipid interacting with B-Pth at the lipid-molar ratio 10:1

The results are presented in Figure 7.2: the first three scans include the sharp peak at ~ 54°C,
which is the DPPS melting point.!”’

i DPPS and B-Pth 10:1
E -\\
= i
(]
Qo 4
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-
©
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] DPPS only
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Figure 7.2 DSC measurements of f-Pth added to the DPPS MLVs in 1:10 protein:lipid molar ratio (red
line) and of the DPPS ML Vs on their own (blue line) without vortexing (left plot) and with vortexing
(right plot).

The DPPS transitions remained unchanged for the lipid-only samples, suggesting that the

vesicle structures did not undergo any solubilisation stage.
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In contrast to the lipid-only samples, the peak disappeared in the vortexed lipid sample with
B-Pth (Figure 7.2 red line, right plot). This indicates the complete destruction with possible
solubilisation of the DPPS vesicles, i.e. there are not enough DPPS molecules present next to

each other to produce the typical melting point signal.

The peak is still present in the analogous sample that underwent shaking only, indicating that
some of the vesicles remained intact. However, the reduced size of the peak suggests that the
significant portion of the vesicles was destroyed. The difference between the scans of the
protein-including samples can be explained by the increased contact area between the protein
and the vesicles, occurring as a consequence of the increased mechanical impact caused by
vortexing. Therefore, to better depict the interaction of B-Pth with lipid vesicles, the next

samples for the DSC experiments were prepared including the vortexing step.

7.5.3 Repeatability of the Measurements

To establish the reproducibility of the DSC experiments, the following measurements were
carried out in triplicates. The lipid system consisting of the equimolar amounts of DPPC
(zwitterionic lipid) and DPPS (anionic lipid) allowed to examine the effect of the lipid
system’s charge reduction by half on the interactions with B-Pth (also see the monolayer

experiments, page 63).

The mixed lipid system displayed the intermediate phase change behaviour: there was one
smooth transition at around 46.5°C (see Figure 7.3), which is nearly the middle value
between the phase transition temperature values of the system components: DPPC (41°C)!"’
and DPPS (54°C).!”7 The smoothness of the transition, relative symmetry of the transition
peak and the middle value of the melting point of the system’s components indicate a high

level of the lipids mixing in the vesicles and, therefore, the uniform charge distribution.

The splitting of the peak and rough transition, on the other hand, would be an indication of
the lower degree of mixing and possible presence of the DPPC-only and DPPS-only islets /
rafts in the liposomes’ structure. Good mixing of the lipids allowed to better control the net
charge value of the vesicles and, therefore, more reliable results of the experiments on the

charge reduction effect on the interactions with B-Pth.
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Figure 7.3 DSC measurements of the DPPC:DPPS 1:1 mol:mol MLVs. Dates and repeats of the

experiments are shown in the legend.

Both lipid-only system (Figure 7.3) and the one interacting with the protein (Figure 7.4)
showed the good repeatability of the readouts.
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Figure 7.4 DSC measurements of -Pth added to the DPPC:DPPS 1:1 mol:mol ML Vs in 1:100

protein:lipid molar ratio. The numbers of repeats are shown in the legend.
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The experiments with the protein were carried out on the same day whereas the lipid-only
readouts were obtained for the freshly prepared vesicles (Figure 7.4 blue line) and after

overnight incubation at -20°C (Figure 7.4 green and red line).

Short storage of the vesicles in the freezer did not affect the lipid transition, which suggests
the relatively high stability of the liposome solutions. It can be also noted that adding -Pth to
the DPPC:DPPS 1:1 mol:mol lipid vesicles at the 1:100 protein:lipid molar ratio did not
result in significant changes to the lipid system. The effect of this protein on the mixed lipid

system at various protein:lipid proportions is described in detail in Section 7.5.5.

7.5.4 B-Pth vs. DPPC and the Effect of the Lipid Batch on the DSC Profile

The effect on the DPPC lipid batch on the DSC profile was examined by creating the DPPC
MLVs from two different batches of the lipid. Batch nr 1 (showed in Figure 7.5 blue line)

showed a smooth transition with no significant pre-transition peak.

Batch 2 of the DPPC vesicles, on the other hand, produced a much sharper transition with a
pre-transition peak at around 36.5°C (see: Figure 7.6 blue line), similar to the one in the study

by Ali et al.'”®

==DPPC only
—B-Pth : DPPC 1:100
—B-Pth : DPPC 1:20
=—(3-Pth : DPPC 1:10

Excess heat capacity

T

46 47 48 49 50

\_
\_
\_

35 36 37 38 39 40 41
Temperature [°C]

Figure 7.5 DSC measurements of f-Pth added to the DPPC MLVs (batch 1) in various molar ratios.

158



Chapter 7: STUDIES ON LIPID VESICLES

It also showed the main transition starting around 39°C. Despite the clear differences in the
transition kinetics, both batches produced the main transition peak with the maximum around

41°C, characteristic of the DPPC lipid.!”’

The DPPC liposomes produced from both batches did not interact strongly with B-Pth.
Increase of the protein concentration did not result in any significant changes in the
liposomes’ structure, i.e. the peak’s intensity stayed roughly the same and the peaks became
more symmetric, suggesting the more ordered transition, possibly driven by the initial weak
electrostatic interaction with the protein. This interaction, however, did not lead to the
destruction of the vesicles’ structure as seen in the case of the DPPS liposomes (see Figure

7.2).

Excess heat capacity
1

b =DPPC MLVs

R —B-Pth: DPPC1:10

Temperature [°C]

Figure 7.6 DSC measurements of p-Pth added to the DPPC MLVs (batch 2) in 1:10 protein:lipid molar

ratio.

Repeatability of the DSC profiles between the batches was not as pronounced as in case of
the repeats obtained from the same vesicles solution but the results of the protein interaction
with both batches allow to draw the same conclusion: no significant shift or decrease in the

peak area indicating very weak effect of the protein on the DPPC vesicles.
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7.5.5 B-Pth vs. Vesicle Systems with Varying Net Charge

It has been shown in previous sections that 3-Pth interacts stronger with the anionic DPPS
system than with the DPPC one, which is in agreement with the findings from the monolayer

experiments (see page 63).
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Figure 7.7 DSC measurements of §-Pth added to the DPPS MLVs in various protein:lipid molar ratios.

Figure 7.7 illustrates how the intensity of the interactions with DPPS vesicles varies with the
amount of the protein added. The vesicles are not particularly affected by the protein in the
protein:lipid 1:100 molar ratio experiment, only insignificant reduction in the peak’s area can
be observed. Doubling the protein amount, however, resulted in the noticeable decrease in the
peak’s size, suggesting that there was the destruction of some part of the vesicles. The ratio of
protein:lipid 1:10 showed the strongest destructive properties of the protein and the

solubilisation of the vesicles indicated by the absence of the transition peak at around 52.8°C.

Figure 7.8 shows the B-Pth effect on the mixed DPPC:DPPS 1:1 mol:mol lipid system,
representing the intermediate system between DPPC and DPPS possessing half of the DPPS-
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only lipid system’s net charge. As seen in Section 7.5.4, introducing the protein at the 1:100
protein:lipid molar ratio did not produce significant changes to the system, which is in
agreement with the previous analysed systems. At the 1:10 molar ratio, however, the main
transition peak significantly shrank and a small peak around 43°C appeared. Because the
appearance of the peak indicates the presence of the molecules sharing the same melting
point and being adjacent to each other, it can be speculated that a small group of DPPC
molecules was isolated, possibly forming the DPPC-rich lipid raft.!”® Furthermore, the

reduced size of the main transition peak indicates partial solubilisation of the mixed lipid

vesicles.
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Figure 7.8 DSC measurements of §-Pth added to the DPPC:DPPS 1:1 mol:mol ML Vs in various

protein:lipid molar ratios.

The findings from this experiment are in good agreement with the ones from the monolayer
studies (see Chapter 4, page 63) and the NR data (see Chapter 6, pages 120 and 125) and
stress the strong dependence of the protein’s action on the net charge of the phospholipids it

faces.
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7.5.6 Various Wheat Defence Proteins vs. DPPS MLVs

As shown in the previous section, the anionic DPPS lipid system displayed the strongest

interactions with B-Pth when the protein is introduced at the 1:10 protein:lipid molar ratio

(see Figure 7.7). Therefore, this lipid system and this protein:lipid ratio were chosen to test

the antimicrobial action of other wheat defence proteins: Pin-a and o2-Pth.

Excess heat capacity

==DPPS only
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Figure 7.9 DSC measurements of various wheat defence proteins added to the DPPS MLVsin 1:10

protein:lipid molar ratios.

All proteins acted destructively on the DPPS lipid vesicles as none of the DSC scans showed

any sign of the main transition peak (see Figure 7.9). The results are in good correlation with

the findings from the studies on the lipid monolayer systems (see Chapter 4, page 81) and the

lipid bilayer systems (see Chapter 5, page 103).
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7.5.7 Experiments on Small Unilamellar Vesicles (SUVs)

The studies on the lipid SUVs allowed for better protein exposure towards the charge, i.e. the
lipid headgroups were not hindered by the multilayers as in case of the MLVs (see vesicle
structures in Chapter 2, page 28). The experiments were carried out by student Sylwia
Meszko as part of the MPharm project ‘The interaction of the wheat defence protein -Pth

with models of fungal membranes’.!8°
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Figure 7.10 DSC thermograms of the DPPC SUVs (blue line) and DPPC SUVs interacting with p-Pth in
180

1:10 protein:lipid molar ratio.
All SUVs experiments show good agreement with the MLV experiments when assessed by
the melting point values. The DPPC SUVs, similarly to the DPPC MLVs, were hardly
affected by the presence of the protein (compare Figures 7.5 and 7.10). Just like the DPPC
MLVs lipid batch 1, the DPPC SUVs did not produce any pre-transition peak in their DSC
scans and the thermograms with the protein resemble more the analogous ones obtained for

the MLVs created from the lipid batch 1 (see Figure 7.5).

The DPPS SUVs, however, interacted strongly with the protein, yet no full solubilisation was
observed (see Figure 7.11). There was a smaller peak in the main transition region and the
new peak appeared around 43°C, suggesting partial solubilisation of the SUVs and the
formation of structures possessing a different melting points, possibly protein-lipid islets or

aggregates.'8!
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Figure 7.11 DSC thermograms of the DPPS SUVs (blue line) and DPPS SUVs interacting with p-Pth in

1:10 protein:lipid molar ratio.'8

The mixed lipid vesicles (see Figure 7.12) underwent the slight structure separation, which

can be deduced from the peak splitting.!” This splitting, however, was not very pronounced

and, together with the overall decreased peak size, suggest the intermediate-strength

interaction with the protein.'8!
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Figure 7.12 DSC thermograms of the DPPS:DPPC 1:1 mol:mol SUVs (blue line) and DPPS:DPPC 1:1

mol:mol SUVs interacting with B-Pth in 1:10 protein:lipid molar ratio (green line).!3
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The findings from the SUV experiments are in good overall agreement with the ones obtained
from the MLV ones: the direct dependence of the interactions on the lipid’s net charge. In the
project by Meszko'® it was also shown that the SUVs had limited stability and that the
storage conditions affected the quality of the lipid samples. This difficulty also occurred in
the studies by Drazenovic ef al.'®? It is, therefore, recommended that the studies on the SUV

lipid systems are carried out as soon as the lipid sample is produced.

The slightly milder action of the B-Pth on the DPPS and mixed lipid systems in the SUV
experiments may suggest that the protein’s presence is more destructive for the lipid
structures of the size close to a microorganism’s cell. This could indicate that the natural cell
membrane curvature could potentially strengthen the antimicrobial action of the wheat

defence proteins.

7.6 Conclusions

The study examined the wheat defence proteins interactions with lipid vesicles. The folded
lipid bilayer systems enabled to investigate how the membrane’s curvature affects the

proteins’ mode of action.

Wheat defence proteins showed the strong membrane-interacting properties when exposed in
a high-enough concentration to the anionic lipid system. The dependence of the interactions
on the lipid’s net charge was confirmed by both ML'Vs experiments and SUVs experiments.
The above-mentioned findings are in good agreement with the results from the monolayer
experiments (see Chapter 4, page 81) and the flat bilayer experiments (see Chapter 5, page
103).

The membrane-solubilising properties of the wheat defence proteins described in this chapter
were much more pronounced than the ones obtained in the research by Sanders!*? on Pin-b
interaction with model bacterial membranes. This difference stresses the influence of both

lipid and protein structures on the strength of the protein-lipid interactions.

The MLVs lipid systems showed good repeatability of the measurements if stored overnight
in the freezer, whereas the stability of the SUV solutions in various storage conditions was

not as high as the MLV lipids.'3° This fact, together with the generally stronger membrane-
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solubilising properties observed for the MLVs experiment, allows to recommend the use of

MLVs systems for the studies on the protein-lipid interactions.

Although it was impossible to determine the exact distribution of the lipid components in the
mixed lipid systems (compare with the lipid mixing results in the flat bilayer leaflets —
Chapter 6, page 116), the experiments using liposomes gave valuable insight into the study
on the protein-lipid interactions: the impact of membrane curvature, which could play a role

in enhancing the antimicrobial action of the wheat defence proteins.
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Chapter 8

CONCLUDING REMARKS AND FUTURE WORK

The research aimed at describing the antifungal properties of the wheat defence proteins. The
biocidal effect of the proteins was assessed by studying the protein-lipid interactions using
the lipid systems mimicking the natural cell membrane of the yeast S.cerevisiae. Each
analysed lipid system, therefore, consisted of the components found in the yeast’s cell
membrane and reflected different physical properties: membrane’s negative charge created by
the anionic phospholipids, membrane’s fluidity coming from the presence of the unsaturated
fatty acid chains in the phospholipid molecules or presence of steroid affecting the rigidity of

the membrane.

Each analysed lipid system, in the form of monolayer, bilayer or a vesicle, provided valuable
insight into the protein-lipid interactions. Various analytical techniques allowed to determine
different details on the interaction’s strength and kinetics. The main findings of this research

are gathered in Table 8.1.

All wheat defence proteins showed strong adsorptive properties towards the anionic,
saturated phospholipids, which has been confirmed by the studies on the monolayer, bilayer
and vesicle lipid systems. There was hardly any interaction seen with the fully zwitterionic
lipid systems and the medium-strength interactions was observed for the systems composed
of the equimolar amounts of the anionic and zwitterionic lipids. These results confirm the

direct dependence of the interaction’s strength on the net charge the protein is facing.

Slightly milder interactions appeared for the unsaturated lipid systems and the protein
adsorption displayed the different kinetics than the saturated system, which suggests that the
presence of the more fluidic lipids in the membrane could play the supportive role in the
lipid-binding by the protein and / or could lead to the further membrane destruction once the

protein’s action was initiated.
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Table 8.1 Summary of the information gathered from all experiments in the study.

Protein

Lipid system

Results

B-Pth

DPPS

Monolayer: high surface pressure rise due to the high level
of the protein adsorption, gradual monolayer saturation
reflected by the XRR measurements

Flat bilayer: significant penetration of the bilayer reflected
by the ATR-FTIR and NR experiments

Vesicle: complete destruction of the MLVs

and of the significant proportion of the SUVs

DPPC

Monolayer: no significant surface pressure rise indicating low
protein adsorption

Flat bilayer: no bilayer penetration detected by ATR-FTIR
Vesicle: no changes in the MLVs and SUVs structure

DPPC:DPPS 1:1
mol:mol

Monolayer: medium surface pressure rise due to the mean
level of the protein adsorption

Flat bilayer: no penetration of the bilayer reflected in the NR
experiments

Vesicle: partial destruction of the MLV and of the small
proportion of the SUVs

POPS

Monolayer: medium surface pressure rise due to the mean
level of the protein adsorption, different adsorption kinetics
than the saturated, anionic DPPS system shown by XRR:
adsorption rapid at the beginning and quickly stabilised.
Flat bilayer: no penetration of the bilayer shown in the NR
experiments

DPPC:POPS 1:1
mol:mol

Flat bilayer: no penetration of the bilayer reflected in the NR
experiments

DPPS:ergosterol
1:1 mol:mol

Flat bilayer: no penetration of the bilayer reflected in the NR
experiments

Pin-a

DPPS

Monolayer: high surface pressure rise due to the high level
of the protein adsorption

Flat bilayer: significant penetration of the bilayer reflected by
ATR-FTIR and no penetration reflected by the NR
experiments

Vesicle: complete destruction of the MLV

Pin-a:f3-
Pth 1:1
mol:mol

DPPS

Monolayer: high surface pressure rise due to the high level
of the protein adsorption: slightly synergistic behaviour
between the proteins

Flat bilayer: slight penetration to the outer headgroup region
reflected in one of the NR experiments

a-Pth

DPPS

Monolayer: high surface pressure rise due to the high level
of the protein adsorption

Flat bilayer: significant penetration of the bilayer reflected by
ATR-FTIR

Vesicle: complete destruction of the MLVs

op-Pth:
B-Pth 1:1
mol:mol

DPPS

Monolayer: high surface pressure rise due to the high level
of the protein adsorption: possibility of slightly competitive
behaviour between the thionins.
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The research also involved the successful design and introduction of the new piece of
equipment: the dipping trough allowing to cover the solid support with the lipid bilayers of
the controlled molecular thickness. The trough enabled the development of a new analytical
method: ATR-FTIR applied to study the protein adsorption to the lipid bilayers deposited on
the germanium crystal’s surface by means of the Langmuir-Blodgett and Langmuir-Scaheffer
dipping techniques. It provided the reproducible results that served as the preliminary studies
used for the selection of the lipid bilayer systems to be further analysed by means of Neutron

Reflectometry.

The collected data allow to speculate that the thionins could act as pore formers and could
potentially display the synergistic antifungal behaviour with puroindolines. There were no
significant indications of the competition or synergy between the members of the purothionin
group: B-Pth and ax-Pth. It can be speculated that the mechanism of antimicrobial action of
thionins based on the initial electrostatic attraction towards the anionic phospholipid-rich
regions of the curved cell membrane and, with possible help of unsaturated lipids, on the

further formation of small pores leading eventually to membrane solubilisation.

This process could be supported by a puroindoline, e.g. Pin-a, which, having been initially
attracted to the membrane, could form the carpet-like layer thanks to its adhesive properties,”?
preventing the exchange of the molecules in the cell. The two processes combined could lead
to the faster destruction of the microbial cell than each of them individually, which could
serve as an explanation of the cooperative biocidal mechanism of the puroindolines and the

purothionins.

Future experiments aiming at characterising the antifungal activity of the wheat defence
proteins could involve both analytical method development side and the analysed lipid /
protein system development side. The method development part of the work could focus on
advancing the dipping technique of the ATR-FTIR crystal, thus allowing the better coverage
with the lipid bilayer.

The inconsistency between the ATR-FTIR and NR experiments on the Pin-a’s antifungal

action could be further examined by repeating the NR bilayer experiments using the simple

DPPC: DPPS bilayer.
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Moreover, the more elaborate lipid systems could be used for the bilayer and MLVs
experiments. For example, as the NR studies on the lipid systems containing ergosterol were
carried out only using the deuterated lipid systems, the future work could involve studying
the fully hydrogenated lipid bilayer containing ergosterol and its structural changes upon the
protein adsorption. This steroid could also be used as a partial component in the MLV studies
— the SUV studies gave a very low intensity peak.!8" Furthermore, ergosterol could be
incorporated into the more complex flat bilayers used for the ATR-FTIR techniques.
However, the use of steroid in the monolayer experiments as a partial component led to the

irreproducible results (data not shown).

More detailed studies on the unusual kinetics of the protein adsorption to the unsaturated lipid
systems could be carried out by analysing the various saturated lipid: unsaturated lipid ratios
in the lipid systems by e.g. an experiment on the protein adsorption to the partially
unsaturated monolayers using the NR reflectometer Inter (ISIS Neutron and Muon Spallation

Source, Harwell, UK).

Another suggestion for the future work would be the experiments using other wheat defence
proteins, e.g. ai-Pth, Pin-b+, Pin-bS and their mixtures to test the destructive effect on the

fungal membranes.

The development of the purification protocols of two wheat defensins yi1-Pth and y2-Pth could
lead to further tests on the antimicrobial action of the defence proteins, with possible
experiments on the synergistic / competitive behaviour between the various wheat defence

protein families.
To sum up, the work presented in this research gave an insight into the mechanism of the

antimicrobial action of the wheat defence proteins and successfully developed the tools that

could be used for the future analysis of the protein-lipid interactions.
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Table 1. Neutron scattering length values of the elements appearing in this study.

APPENDIX

128

Element

Scattering length, b [10-5 A]

6.65

-3.74

6.67

2.85

5.80

9.40

U|Z|O|»n|TZ|0

5.10

Table 2. Volumes of the bonds and functional groups used for calculating the scattering length densities

of the molecules.®’

Bond type Volume, V [A3]
>C=, big trigonal, unbranched and aromatics 9.7
>CH-, aliphatic CH branched 13.2
CH; 24.3
CH3 36.7
NH;* 21.4
0= 15.9
OH 18.0
PO4 89.0

Examples of the calculations on a DPPS molecule:

Molecular formula: C3sgH73NO0P

Molecular volume calculation:

V=(3-97+2-132+31-243+2-367+21.4+6-15.9+954+89) A’ =1088 A’ (25)

XRR SLD calculation:
«rSLD= 2.818-10° A-(38-6+73 }3+10 8+1-7+1-15) _ 10.44 - 10‘6A2
1088 A
NR SLD calculation:
(38-6.65+73-(-3.74) +10-5.8+ 9.4+ 5.1)- 107 A 6 12
SLD = — =0.48-10°A
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Figure 1. FPLC elution profiles showing the purification of Pin-a from the crude wheat flour extracts,
carried out by Luke Clifton (A),* Michael Sanders (B)'>* and Olga Florek (C). Pin-a peaks marked with
red circle.
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Figure 2. SDS-PAGE results of the Pin-a purification peaks corresponding to the chromatograms in
Figure 1, obtained by Luke Clifton (A),* Michael Sanders (B)'* and Olga Florek (C). Pin-a bands
marked with red circle.
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Figure 3. RP-HPLC chromatograms showing the purothionin purification by Michael Sanders (A)'3* and

Olga Florek (B).
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Figure 4. Deconvoluted mass spectrum from raw data for f-Pth indicating the purity of the mass
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