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Abstract

The targeting and subsequent interaction of proteins with membranes and
membrane bound receptors is central to numerous cellular processes.
Membrane bound receptors play a vital function in cell signalling, and are thus a
target for many drugs, whereas aberrant membrane interactions play a major
role in human amyloid diseases such as Parkinson's disease. The analysis of
these interactions in their native environments poses problems, due to the
technical difficulty in depositing membranes for analysis by conventional
techniques such as, surface plasmon resonance (SPR). The optical method of
spectroscopic ellipsometry in its total internal reflection mode (TIRE) is a
combination of spectroscopic ellipsometry (SE) and SPR. This offers sensitive
detection of binding between a ligand and its receptor, and gives potential
solutions to the membrane deposition issues by Langmuir-Schaefer (LS)
deposition. Therefore, TIRE enables the study of natively derived membranes in

addition to synthetic lipid environments.

The aim of this research was to develop the method of TIRE by focusing on the
analysis of two distinct types of biological processes: model | tested protein:
lipid interactions via amyloid fibrils at natively derived membrane from the
neuronal cell line SH-SY5Y; and model Il tested protein: protein interactions
involved in the targeting and binding of molecular chaperones to cognate
receptors, using natively derived chloroplast (CP) membranes. Results of Model
| demonstrated how short amyloid fibrils can bring about a toxic gain of function
by increased membrane disruption, and Mode! |l showed specific chaperone
binding to cognate receptors, providing evidence that there are two predominant
chaperone receptors to reside at the outer CP membrane. Together the results
demonstrate that TIRE can be used with natively derived membranes to obtain

biologically relevant information.

The importance of studying membrane proteins is highlighted by the fact that
nearly half of the top-selling drugs target membrane proteins, and organelles as
potential therapeutic targets. Therefore this research will have a direct impact

on the development of new therapeutics and our understanding of disease.
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1.1. The biological importance of protein interactions.

Proteins play a central role in biological function, and it is these protein-
protein interactions that mediate metabolic and signalling pathways, cellular
processes and organismal systems. Protein structures and subsequent
interactions are predominantly governed by non-covalent bonding:
hydrophobic and Van der Waals forces, and electrostatic interactions. Whilst
hydrophobicity is the major driving force in protein folding, electrostatic
interactions also play a critical role in protein folding, specificity of protein
binding, flexibility, stability and function (Kumar et al., 2002). The careful
management of protein synthesis and folding is vital for healthy conditions,
with errors leading to a diseased state in organisms. Diseases are often
caused by mutations affecting the binding interfface or leading to
biochemically dysfunctional allosteric changes in proteins. For example, a
point mutation causes the replacement of a single nucleotide base and can
result in encoding for an entirely different amino acid. It was shown that a
point mutation in the endoplasmic reticulum (ER) SEC61 gene was found to
cause diabetes in mice via B-cell apoptosis, due to a loss of function
downstream causing ER stress (Lloyd et al., 2010). Furthermore, protein
misfolding and their undesired interactions can alter homeostasis causing the
loss of vital cellular functions resulting in cytotoxicity. A group of protein
folding diseases known as amyloidosis arise as a result of specific proteins
misfolding and their abnormal accumulation in deposits, for example Lewy
bodies (Parkinson’s disease) and plaques (Alzheimer's disease) associated

with the impairment of cellular function and neurodegeneration (Stefani et al.,

2
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However, the use of microarrays as routine diagnostics face some
operational challenges, including probe specificity, cross-reactivity between
antibodies in complex mixtures leading to background noise and false
positive results, and finally, the production of monoclonal antibodies as
capture agents is expensive and a labour-intensive process (Cretich et al,,
2014). Alternatively the direct labelling of proteins such as fluorescence-
based technologies can enable spatial and temporal changes in protein
complexes to be measured. For example, fluorescence resonance energy
transfer (FRET) detects the proximity of fluorescently labelled molecules over
distances < 100 A, and has been used to map in vivo protein: protein
interactions (Kenworthy 2001). However, like other label-based techniques it
is mainly an end point assay measuring changes in fluorescence signals
before and after binding, which is not directly suitable when determining
binding kinetics (Wang et al., 2012). Furthermore, the addition of a synthetic
label to proteins may affect protein conformation and subsequent biological
activity by interfering with native-folding and thus its function (Amau et al.,

2006).

With the human genome consisting of 20, 000 — 30, 000 genes coding for
over 500 000 different proteins (Berggard et al., 2007), membrane proteins
are estimated to be encoded by over 30 % of the genome (Arslan et al.,
2013), and their significance is highlighted by the fact that they are targets for
almost half of the top selling drugs in the current market (Gonzalez-Maeso
2010). The technique blue native polyacrylamide gel electrophoresis (BN-
PAGE) has been used to separate native membrane complexes, involving

the careful solubilisation of protein complexes with non-denaturing



detergents, followed by their separation using electrophoresis. Protein
separation is based on binding of Coomassie blue G which provides negative
charges to the surface of the proteins, during which protein complexes
separate according to molecular mass and/or size. The detergent enables
the extraction of membrane proteins whilst maintaining their intactness by
disrupting membrane lipid bilayers and lipid-protein assemblies. Detergents
are classified into three groups: anionic, non-ionic and zwitterionic with non-
ionic detergents being used primarily for the isolation of native membrane
protein complexes due to preferentially disrupting lipid-lipid and protein-lipid
interactions, for example Triton X-100 and DDM. Once optimal solubilisation
protocols have been established according to the nature of the protein and
the detergent type and concentration (between 0.5 - 2 % w/v final
concentration), there are many different methods available for further
analysis of separated protein complexes, including immuno-detection using
pecific antibodies (Reisinger et al., 2008). Difficulties posing BN-PAGE and
membrane protein analysis entails the screening and identification of a
detergent compatible with the target protein. The detergent micelles which
form a soluble protein-detergent complex are often unsatisfactory substitutes
for native lamellar membranes (Long et al., 2013). Furthermore, the use of
detergents can decrease protein stability, interfere with assays and cause
the partitioning of substrates and products into the excess detergent micelle

(Kriechbaumer et al., 2012 (C)).

The study of membrane-associated events is technically challenging when
monitoring in lipid environments, and therefore there is a lack of experimental

systems which can mimic native environments and quantify subsequent

6



protein-protein and protein-membrane interactions. This is mainly due to the
difficulties in replicating the intrinsic complexity of the cell membrane with its
varied components of lipids, sterols, proteins, efc.,, and also by the
purification and correct folding of the recombinant proteins of interest

(McGillivray et al., 2007).

1.3. Biosensing techniques and the study of bimolecular

interactions

The labelling of proteins, for example the addition of an affinity tag, has been
employed to improve protein yield, folding and purification, however as
previously noted, it can also exert negative effects resulting in a change in
target protein conformation, inhibition of enzyme activity, altered biological
functions and toxicity (Arnau et al., 2006). Thus the development of label-free
methods for the analysis of molecular interactions has been established
whilst aiming for increased sensitivity in a native-like environment. This has
been primarily through the coupling of a molecular recognition element such
as an antibody or target receptor, to a transducer that acts to convert a
chemical or biological interaction into an electrical signal, termed a biosensor
(Cooper et al., 2007). A type of biosensor includes optical, which provides
powerful detection and analysis with numerous applications in biomedical
research, healthcare and pharmaceuticals. By employing label-free optical
detection it is relatively cheap to perform and allows for quantitative and

kinetic measurements of molecular interactions (Fan et al., 2008).



1.3.1. Surface Plasmon Resonance

A well-established analytical method of surface plasmon resonance (SPR)
was pioneered by Ingemar Lundstréom and his team at Linkdéping University
in collaboration with the BIAcore™ Company, whose SPR machine monitors
biological binding interactions in real-time (Turner 2013). This optical method
measures changes in refractive index (RI) of a medium in close vicinity to a
metal surface (typically gold), thus enabling monitoring of binding of analyte
molecules to immobilised receptors at the sensors surface. SPR exploits the
phenomenon of surface plasmon resonance between plasmon oscillations in
thin metal films. The incident light from a laser source is coupled through a
prism at total internal reflection conditions at a surface-solution interface,
generating an evanescent wave which penetrates the thin metal layer
propagating along the metal/prism interface, extending into the solution
(~300 nm) (Fig. 1.1). The changes in the surface plasmon resonance caused
by binding of biomolecules alter the Rl which is measured to derive binding

kinetics (Patching 2014).
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provides a robust experimental platform for many surface-base-
characterisation techniques (Yildiz et al., 2012), the capability to directly
study binding kinetics of proteins within their native environment is highly
desired, not only to validate ex situ methods but also in revealing novel
features (Wang et al., 2012). An extensive review of SPR and its applications
by Patching (2014) highlights the developments of next-generation SPR
instruments in screening small molecule compounds for drug discovery. Next
generation SPR instruments use a sensor based on nano-structured
materials, using extraordinary optical transmission as opposed to a prism in
BlAcore to focus the light, where specific wavelengths are transmitted
through nanopores in thin metal films. The sensing capability due to the large
number of nanopores is much greater than can be achieved by a
conventional SPR instrument, overcoming sensitivity issues caused by the

cushioning of the lipid bilayer for substrate accessibility to both sides.

One particular method combines SPR with microscopy (SPRM) allowing
simultaneous optical and fluorescence imaging in single living cells without
extracting the proteins from the cell membranes (Fig 1.2). Wan‘g et al,
(2012) studied the specific interactions between glycoproteins (membrane
protein) and lectin (ligand) by culturing human epithelial cells (SH-EP1) on a
gold film modified with poly-L-lysine solution, and visualised using an

inverted microscope.
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change (Af) from the oscillating crystal to the mass adsorbed (Am) on the
surface in gas-phase measurements, as demonstrated by Sauerbrey in
1959: (Equation 1.1. C = sensitivity factor of crystal, and n = harmonic

number)

Am =— Af

Equation 1.1

Any changes to the crystals surface is reflected by changes in the resonant
frequencies and depict surface-bound mass, thus immobilization of
substrates and subsequent binding of ligands can be tested. QCM
measurements are frequently used to follow a range of biomolecular
processes, such as; protein-protein interactions: antigen-antibody binding or
ligand-receptor interactions (Wegener et al., 2001) and newer applications
involving complex biochemical and biomimetic systems in drug discovery

and biosensors.

Figure 1.3 was taken from the survey of the Quarz crystal microbalance
review by Speight et al, (2012) depicting the applications of QCM,
highlighting the focus of a vast majority of papers on small molecules and the
adsorption of proteins. To name but a few, QCM has been used for detection
of bacteria, eukaryotic cell interactions, protein adsorption and binding and

biochemical assays.
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membrane thinning and lateral expansion of lipid head-groups linked to

membrane remodelling effects.

Specific emphasis has been given to the description and application of
classic in vitro biochemical methods, and the development of biophysical
methods in the characterisation and identification of protein: protein
interactions and subsequent binding in lipid model membranes. Difficulties
that have been documented include: attaining the required concentration and
purity of protein preparations (membrane proteins), sensitivity and specificity
of methods to derive accurate data avoiding false-positive results,
establishing immobilisation protocols which retain ligand activity whilst using
membrane mimetics to replicate a native-like environment, and deriving
binding kinetics. These methods have provided an invaluable insight into the
binding dynamics of proteins and modes of interactions in relation to their
roles within the pathogenesis of disease, proving to be incredibly powerful
when two complementary techniques have been combined. Thus highlighting
the importance of these studies, but nevertheless recognising the need for
the development of novel biophysical techniques that can characterise
protein: protein and protein: lipid interactions within a native in vivo

environment.
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thickness (d), and any changes at the adsorbed layer are associated with

changes in film thickness.
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