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Abstract

The structural characterisation of Amyloid Beta (AB) interacting with cellular
membranes models has previously used Circular Dichroism (CD) and Electron
Microscopy (EM), however, these methods lack atomic resolution. This is overcome
by the use of solid-state Nuclear Magnetic Resonance (ssNMR) which provides
information at an atomic level. ssSNMR is a commonly used method in several
disciplinaries but has proved useful in the structural determination of many biological
systems. Although ssNMR has been employed in the structural determination of
proteins, including AR, its application has been limited due to low sensitivity. Dynamic
Nuclear Polarisation (DNP) utilises microwave (uw) irradiation to increase NMR
signals, allowing for the secondary structure elucidation of proteins. This method has
been shown to increase protein signals by orders of magnitude and is an efficient

method when investigating protein systems.

The AB peptide has been proposed to be the main cause of various downstream
events leading to Alzheimer’s disease (AD), due to the dysregulation of its production
and clearance within the brain. The exact mechanism causing neuronal cell death is
unclear, however, the direct interaction of AR with cellular membranes is thought to
be of key importance. Earlier studies suggested that AB fibrils, the thermodynamic
end point of the peptide’s self-assembly pathway, were the main causative agent in
AD. However, the lack of correlation between fibrillar concentration and AD severity
led to the proposal that other neurotoxic intermediate species may be present and
responsible for neurodegeneration. This includes oligomers of various sizes and
protofibrils, a meta-stable shorter fibrillar structure, as well as other fibrillar
polymorphs. Characterisation of AP interactions with lipid membranes, including
biologically relevant systems, at a range of stages of the self-assembly pathway is

therefore an important goal.

The main aim of this thesis is to apply DNP enhanced ssNMR to investigate the
structure of ABw4 during interactions with a range of membranes, including
biologically relevant systems. This also includes studies of the interaction between
DNP additives and membrane structure. The second part of this thesis focuses on the
application of Spherical Harmonic (SH) techniques to Double Electron-Electron
Resonance (DEER) datasets along with Principal Component Analysis (PCA) to
characterise orientation selection and deduce distance measurements in a variety of

biomolecules with the end goal of applying this method to AB1-40) datasets.
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Firstly, understanding the interaction between DNP additives, such as the polarising
agent and the cryoprotectant glycerol, and lipid membranes is crucial for investigating
membrane dynamics and protein-membrane interactions as well as ensuring
physiological conditions are maintained throughout the Ilater stages of
experimentation. A protocol was adapted for the production of a Lipid Mimic (LM)
membrane system which mimics the outer leaflet of Synaptic Plasma Membranes
(SPMs), introducing biologically relevant systems. This chapter employs *C
Paramagnetic Relaxation Enhancement (PRE) measurements to probe the insertion
depth of the AMUPol biradical into lipid membranes, focusing on 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) either alone or part of the Lipid Mimic (LM) system.
The ability of glycerol to partition into the membrane is highlighted, influencing the
biradical-membrane proximity. Changes to the lipid membrane structure were also
assessed by analysing static and Magic Angle Spinning (MAS) 3P Chemical Shift
Anisotropy (CSA) spectra in a range of membrane systems. This is possible due to
the phosphate groups contained within the lipid headgroups which can reveal
changes in the structure and dynamics of the membrane induced by the dopant and

cryoprotectant.

Secondly, ssNMR with signals enhanced by DNP was conducted to probe the
structure and conformational changes of AB.40) in a range of membrane systems
including the biologically relevant LM system. DNP enhancements of a factor of ~11-
50 were seen for lipid and protein *C spins under a range of conditions. Sample
conditions were optimised to give maximum protein to lipid binding and ensure lipid
homogeneity. 2D Double-Quantum Single-Quantum (DQSQ) correlation and Dipolar
Assisted Rotational Resonance (DARR) spectroscopy was shown to be effective
when studying labelled residues within the ABa-40) proteins. Useful contacts were
determined via 2D DARR spectroscopy, allowing for a predicted AB-40) Structural
model to be produced. DQSQ spectra was shown to be beneficial in reducing natural
abundance lipid and glycerol *C signals which otherwise crowd spectra. Secondary
chemical shifts of the labelled residues within AB.40) have suggested a B-sheet
conformation either at initial or later stage binding with a simple membrane. 'H-
detection is employed to determine the secondary structure of fibrils with comparisons
made to DNP regarding sensitivity and resolution. This work demonstrates the
exciting possibility of determining the structure of the protein at different stages of the

self-assembly process.

This work has also demonstrated the effective use of complementary studies between

DNP enhanced NMR, room temperature NMR, High-Performance Liquid
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Chromatography (HPLC), Transmission EM (TEM) and Atomic Force Microscopy
(AFM) to evaluate the structure of ABwu40 and the conformational changes it

undergoes when interacting with lipid membranes.

Finally, SH-techniques were applied to examine a range of published DEER datasets
along with PCA to characterise the degree to which orientation selection affects them.
Distance distribution analysis is conducted following PCA, offering a detailed
comparison of the obtained distances with those reported in the original publications.
Effects of biradical flexibility and field strength on the number of Principal Components
(PCs) was evaluated. This work provides the basis for distance measurements across
a variety of samples, wider than initially thought, including a varying level of flexibility

of biradicals, with the aim of utilising this method in the study of distances in AB-40).
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1. Introduction

Over the past 100 years our understanding of Alzheimer’s disease (AD) has expanded
dramatically and there are now a number of hypotheses attempting to explain the
pathology of the disease. However, research still lacks a singular theory which would
integrate existing research and explain variability in the disease development

between patients. This is now at the forefront of AD research?.

AD is a complex neurodegenerative disease and the most common form of dementia,
with an ever-increasing global cost partially attributed to an aging population?. It
involves the aggregation of proteins, chronic inflammation, and neuronal cell loss and
currently has no cure. Due to the complexity of AD, the neurotoxicity associated with
the disease is also thought to include a combination of genetic and environmental
factors which affect the brain over time®. The Amyloid Beta (AB) protein is at the centre
of AD research and is one of the major hallmarks of the disease, along with
neurofibrillary tau tangles. The amyloid cascade hypothesis suggests that the
dysregulation in the production and clearance of the AB protein is mainly responsible
for the pathogenesis of AD*. This theory alone has influenced the nature of research
carried out over the past few decades, however several therapeutics aimed at
reducing the production or aggregation of AR have failed in later trials and this has

brought more focus to this area®.

AB is produced by proteolytic cleavage of the Amyloid Precursor Protein (APP) by 3
secretase-1 enzyme (BACE1) forming secreted APP[3 (sAPPf) and a carboxyterminal
fragment (CTF). The CTF is then sequentially cleaved by y-secretase forming AR of
varying length, normally between 38-43 amino acids, as well as the amino terminal
APP intracellular domain (AICD) segment. APP is an integral membrane protein
expressed in several tissues particularly in the synapses of neurones. Supporting
evidence for the amyloid cascade hypothesis is the prevalence of AD in individuals
who carry mutations in APP or presenilin 1 or 2 (PSEN1 or 2) which are present within
y-secretase. These mutations increase the production of longer, more self-
aggregating forms of AR such as AB@-42. The other major common form within the
brain is ABu-40), a shorter, less aggressive self-aggregating form of the protein.
However there is an important inconsistency between the level of AR accumulation
and deposition and neuronal loss and cognitive decline implying there are other

important factors contributing the disease progression®. One of the proposed
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neurotoxic mechanisms is now suggested to be due to the presence of A assemblies

differing in structure from amyloid fibrils’.

AB has the ability to self-assemble into several structures, where AR fibrils are the
stable endpoint to the self-assembly pathway, and intermediary structures include
oligomers and meta-stable protofibrils. Amyloid fibrils are insoluble with structural
models showing U-shaped conformations, where the B-strand segments form an in-
register, parallel B-sheet®. These fibrils usually have diameters from 2 to 20 nm and
several micrometres in length®. However, it has been shown that there is a large level
of variation in the protein structures from published work. Electron and Atomic Force
Microscopy (AFM) showed long unbranching fibrils made up from protofilaments
which often twist around one another to form the mature fibril. To further this, cryo-
Electron Microscopy (EM) indicated a single fibril was comprised of four
protofilaments wound around a central core. The structure of AR has been shown to
differ dramatically depending on the stage of the self-assembly pathway?°. Protofibrils
for example have been shown to be shorter in length than mature fibrils with a greater
curvature. D23N- AB1-40) protofibrils contain residues that form 8 strands that interact
through hydrophobic side chain contacts. However the supramolecular structure
differs in that the alternating antiparallel alignment of the AB1-40) molecules creates a
double-layered antiparallel cross-f unit'!. Oligomers are shown to be more compact
enclosed structures some of which are thought to be composed of antiparallel 3-
sheets comprising B-hairpins. The twisted shape of the oligomers with hydrophobic
surfaces and exposed hydrogen-bonding edges allows the structure to be compact?2.
One of the main findings of published works is that the conformation in nonfibrillar
intermediates is similar to the stable conformation in fibrils. However most data
indicates that the in-register parallel beta sheets are not present in non-fibrillar
intermediates®®. There is also evidence to suggest that conformations similar to the
U-shape conformation in mature fibrils are populated at several earlier stages of the
pathway before the formation of ordered B-sheets and before the formation of large
oligomers*®. The interaction of such intermediary structures with cellular membranes
is thought to be of key importance to the neurotoxicity caused by AB. However, these

interactions are still not fully understood.

Simulations have now allowed investigation of the time evolution of monomer folding
events of ABu-40) along the self-assembly pathway. Initially AB(i-20) monomers are in
random coil conformation. Contacts are then formed between L34-V36 and the C-
terminal region. Contacts are then made between the Central Hydrophobic Cluster
(CHC) from residues L17-A21 and E22-G29, the CHC and residues A30-M35 and

14



CHC and C-terminal region which are associated with a turn structure in residues
E22-G29, creating the first structural element®1, Contacts can then develop between
the N-terminal region and CHC. Long range contacts can then develop between the
N- and C-terminal region. Overall, the folding starts at the C-terminal and progresses
towards the N-terminal®®. Important electrostatic interactions between pairs of
charged amino acids are crucial in the formation of oligomeric structures including
interactions between negatively charged D1 and E3 and positively charged K16 for
example. The process of fibril formation from monomeric structures is considered to
originate from a high entropic barrier and unfavourable thermodynamic event. The
aggregation is initiated by a conformational change from random coil or a-helix into a
B-strand. B-sheet conformations maximise hydrophobic interactions, with the
formation of fibrils dependant on nucleation and fibril elongation rate. The addition of
monomeric molecules to existing nuclei is thermodynamically favourable and occurs
by hydrogen bonding to the axis of the amyloid nucleus!’. These simulations have
provided an important insight into the structural changes that occur within the protein
which is relevant in its relation so AD.

Several mechanisms explaining the neurotoxicity of AR have been proposed. It is
theorised that AB can interact with cell membranes directly, either by inserting itself
into the membrane and forming pore like structures, or, by binding to the surface of
the membrane. Insertion is thought to trigger cell death by membrane leakage!®1?,
which increases with higher AB-to-lipid ratio®. Depending on the membrane structure,
insertion can also cause membrane permeabilization and often leads to AB structures
similar to cation selective ion channels. These voltage independent channels can be
blocked by zinc molecules leading to a destabilisation of ionic homeostasis due to
increased calcium influx. This eventually leads to apoptosis of neuronal cells®. AR
binding also often leads to the acceleration of amyloidogenesis, which is easily

affected by peptide concentration of membrane structure!®2?,

The study of the interactions between AR and biologically relevant membrane models
in vitro provides useful information regarding the possible neurotoxic effects of the
peptide, as well as the structural changes that occur and how the membrane structure
can effect this. This is vital in AD research. One important model previously used in
research is the Lipid Mimic (LM) model which mimics the outer leaflet of Synaptic
Plasma Membranes (SPMs) which when disrupted by AB is a suspected neurotoxic
mechanism. This model includes components such as charged phospholipids,
Cholesterol (Chol), Sphingomyelin (Sphin) and Ganglioside GM1 (GM1).

15



The fundamental structure of the SPM and other cellular membranes is the
phospholipid bilayer consisting of two layers of the phospholipids with a hydrophobic
interior and hydrophilic exterior. Depending on the structure of the phospholipid head
and therefore the structure of the membrane, the structural changes that occur in the
AP protein when it interacts with membranes can be very different. Depending on the
membrane structure, AB can either be firmly anchored to the membrane preventing
release and aggregation, or the membrane can accelerate aggregation ultimately
leading to neuronal cell death. This is due to a combination of electrostatic and
hydrophobic interactions which contribute differently depending on the membrane
structure. In a study focusing on multilamellar 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) and 1,2-Dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG)
vesicles, where the surface potential was varied, the presence of acidic lipid caused
a significant increase in concentration of surface-associated peptide, preventing its
release. This was stabilised by the hydrophobic terminal and promoted an a-helical
conformation. The membrane resulted in deeper insertion of the peptide. When A
was present in its monomeric form, charged membranes caused an accumulation of
surface associated AR leading to accelerated aggregation due to the 2D nature of the
membrane which acted as an aggregation-template. Surface associated AB also
shows a large population of B-sheet structures which contribute to the aggregation
process. This is increased when the negative surface potential increases, shown in
membranes with greater concentrations of negatively charged lipids. Interactions in

this case were mainly driven by electrostatic compared to hydrophobic interactions?2.

Another study investigating the impact of the phospholipid headgroup on the kinetics
of AB fibril assembly found that the headgroup largely affects the lag-times of fibrillar
formation whilst the growth time are all similar in six different lipids. The three anionic
headgroups used, Phosphatidic acid (PA), Phosphatidylserine (PS) and
Phosphatidylglycerol (PG) all accelerated fibril formation whilst Phosphatidylcholine
(PC) and sphin inhibited fibril formation?3. Zwitterionic Phosphatidylethanolamine (PE)
has also been shown to behave as an anionic phospholipid within bilayers and
accelerate AR fibril formation?*. The size of the headgroup can slightly affect the lag-
time, where smaller heads can accelerate fibril formation, such as PA and PE. Overall,
the size, shape, and charge of the headgroup influences the alignment of AB
monomers and concentration on the membrane surface. This increases the
opportunity for monomers to form primary nucleating oligomers and reduce lag-times
for fibril formation. All of the lipids used within this work contained 16:0 and 18:1 acyl-

chains due to their high abundance within neurones?:. The length of the acyl chain is
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another factor which can affect the structure of AR as well as AB generation.
Comparing fatty acids of three different chain lengths, longer chain lengths were
shown to increase the levels of APP, BACE1 and PS1, increasing AB production?®,
The length of the carbon chain is also known to affect the degradation of AB via
Insulin-degrading enzyme (IDE), important in AR homeostasis. Shorter-chained PC
lipids (PC10:0-14:0) significantly stimulated the degradation of A as well as causing

changes in the IDE sorting?®.

As stated earlier, Sphin and Chol are important components of LM membranes
modelling SPMs. Sphin is a dominant sphingolipid in membranes of mammalian cells,
playing roles in signal transduction, whereas Chol has important membrane functions
maintaining structural integrity and regulates the membrane fluidity. Both are known
to co-enrich the same membrane compartments where the presence of Sphin can
affect Chol homeostasis. In the plasma membrane they can form microdomains
known as lipid rafts and act as platforms for signalling and trafficking events. These
domains are also often more ordered than the surrounding phase in biological
membranes. Lipid rafts play a crucial role in AD as they can promote the generation
of AB, facilitate the aggregation processes of the protein and host neuronal receptors
where neurotoxicity and memory impairments of the AR oligomers are transduced.
Sphin can bind the peptide on the cell membrane surface and initiate fibrillation, while
Chol present in the lipids deeper regions interacts with the hydrophobic regions of AB

which also promoted aggregation?’.

One final component of LM models found in mammalian cellular membranes is GM1.
This is the most common ganglioside found within mammalian SPMs and is enriched
within lipid rafts. It has many modulatory functions and is associated with the
development and differentiation of neuronal tissue. Published work has suggested
that the aggregation of AB is delayed with increasing GM1 concentration?® however
GM1 clusters have been shown to induce the pathological aggregation of AB%. The
basic functions covered here demonstrate the importance of using biologically
relevant membrane systems while investigating the effect of the membrane on AB.
Understanding the role of individual components of the membrane may also influence

the nature of AD therapeutics.

Qiang et al.?° used a series of experiments to characterise the structure of AR when
interacting with LM membranes modelling SPMs include Circular Dichroism (CD) and
Electron Microscopy (EM).The findings included that the addition of sphin and GM1

increased the populations of a-helices at the initial stage of binding suggesting that
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the membrane surface properties effect the binding conformations. These interactions
have also been shown to respond to different Protein-to-Lipid ratios (P:L) with the
populations of a-helices vs B-strand increasing with the P:L, however this may be
attributed to the increasing GM1:peptide. HPLC results showed that the protein to the
SPM mimicking membrane binding increased upon incubation, a trend seen across
several P:L ratios. Whilst these methods provide insight into the structure of AR when
interacting with lipid membrane systems, they lack atomic resolution. This may be

overcome by the use of Solid-state Nuclear Magnetic Resonance (ssSNMR).

SsNMR is a commonly used method in a variety of fields and has been used as an
analytical tool in a plethora of research. Since the first measurement in 1938 which
won Rabi the Nobel Prize (1944), the technology and equipment used has advanced
rapidly now making it widely available. Simply, NMR manipulates the interactions
between specific nuclei and an external magnetic field which is possible due to an
intrinsic property, spin. In the absence of a magnetic field, the atoms face all possible
directions in a random order. Placing the nuclei into a magnetic field aligns with the
direction of the magnetic field and splits the degenerate energy levels. In the presence
of an oscillating magnetic field, such as in the case of radio waves, which is applied
perpendicular to the static magnetic field, the spins transition between the energy
levels. The difference in population between these states is the measured NMR
signal. SSNMR of proteins employs multidimensional experiments to gain a structural
image of the protein. Each nucleus within the protein exists in a distinct chemical
environment resulting in discrete chemical shifts which can be assigned. For example,
this methodology allows for 3C backbone assignment®*® and with the addition of
isotopic protein labelling *C and *°N correlations can be made?! as well as other

heteronuclear quantum correlations.

Whilst ssNMR has been beneficial to investigate the structure of AR as well as the
interactions of A fibrils and membrane systems, ssNMR is limited by sensitivity. The
use of higher magnetic fields and larger quantities of the sample overcome this issue;
however, it is not always practical in an experimental setting. Although magnetic fields
are now available up to 28.2 T at the time of writing®, it is extremely resource
consuming to develop this. When investigating biomolecules in biologically relevant
conditions, low molecular concentrations in comparison to other molecules not under
investigation pose an issue. This limitation may be overcome by the application of
Dynamic Nuclear Polarisation (DNP) which utilises lower temperatures and electron
spin polarization transfer to nuclear spins, which is achieved by microwave (pw)

irradiation of the EPR spectrum, followed by NMR acquisition of nuclear signals. This
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has been shown to increase protein signals by several orders of magnitude and has
been utilised in the characterisation of several biological systems®. There are several
mechanisms of DNP, with the Cross Effect (CE) an efficient polarisation transfer
scheme for biological systems. This is a three-spin system technique whereby two
unpaired electrons are introduced into the sample in the form of a biradical. In short,
two spin eigenstates connected by an electron-electron-nuclear flip-flop-flip transition
are degenerate allowing for polarisation transfer when one of the electrons is
selectively irradiated, increasing the overall population difference and therefore
signal®*. The development of more efficient radicals, advanced gyrotrons and DNP
methodology development, DNP enhanced ssNMR has become an effective tool in
the investigation of protein structure and dynamics. Due to the cryogenic
temperatures required for DNP it is possible to take structural snapshots of AB which
may undergo conformational changes in typical room temperature NMR. It has
previously been employed to investigate the successive stages of AR with several
intermediary samples being taken along the self-assembly pathway!*. However, there
is limited work investigating the interaction of AR with biologically relevant lipid

membranes via DNP enhanced ssNMR.

Whilst DNP is a valuable method when investigating the structure of proteins, it is
generally implemented at cryogenic temperatures and requires the use DNP additives
such as glycerol and dopant. Applying methods to assess the structure of proteins
such as AP is more biologically relevant with methods that are undertaken at
temperatures closer to physiological conditions and do not require the need for
external additives. The development of MAS ssNMR means that proton detection is
now a suitable alternative method to assess the structure of proteins. Although some
literature differs in the definition of fast and ultra-fast MAS it is generally defined as
40-65 kHz as fast and above this as ultra-fast MAS (Agilent Technologies). This
method has already allowed the site-specific backbone assignment of amyloid fibril
domains at slower spinning speeds of 12 kHz*®, however much faster speeds are now
available. This method provides an option for obtaining structural information of the
AB protein at different stages of the self-assembly pathway as well as the possibility
of gaining information on its interactions with cellular membranes under physiological

conditions.

Another method beneficial in the study of distance measurements in biomolecules is
Electron Paramagnetic Resonance (EPR). The application of pulse EPR involves
measuring the dipolar interaction between a pair of paramagnetic spin labels enabling

distance measurements to be made. Orientation information can also be determined
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from pulse EPR techniques such as Double Electron-Electron Resonance (DEER)
applications. Instead of exciting nuclear spins as done in NMR, pulses excite the spins
of unpaired electrons. DEER spectroscopy stands as a powerful tool in structural
biology, enabling the measurement of distances between paramagnetic centres in
biomolecules. Recent work has used DEER spectroscopy and molecular modelling to
probe the structure of AR oligomers. It has been shown that spherical harmonic
expansions can be used on DEER datasets to make distance measurements in a
model biradical as well as characterising orientation selection, important in
biomolecules®. With this comes the possibility of applying this method to other DEER
datasets as well as the future use of applying this to more datasets focusing on the
AB protein.

The background and techniques briefly described above form the basis for this thesis.

Thesis aims and chapter overview

The main aim of this thesis is to apply DNP enhanced ssNMR and other advanced
magnetic resonance techniques to study the biomolecular structure of the A protein

when interacting with membrane systems.

e This will provide information relevant in AD research and contribute to our
current understanding of the involvement of AB, specifically its structure when
interacting with biologically relevant membranes.

e Due to the nature of DNP and the additives required, the interplay between
polarising agent and glycerol, and lipid membrane is also of key focus. This
thesis utilises methods such as Paramagnetic Relaxation Enhancement
(PRE) and 3P Chemical Shift Anisotropy to assess the insertion depth of the
AMUPol biradical into the membrane in the presence and absence of glycerol,
used as the cryoprotectant in DNP experimentation.

¢ DNP has been applied to a wide range of protein/lipid systems investigating
the structure of ABu.40) and its changes as a function of time when added to
biologically relevant membranes. Initial stage experimentation includes the
use of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) lipid, an
abundant anionic lipid within nature. This was mainly to test the preparation
protocol and deduce whether the structure of AB-40) could be determined at
several points of incubation time when interacting with lipid membranes via
DNP enhanced ssNMR.

¢ In order to investigate the structure of AB when interacting with more complex,

biologically relevant systems, the LM system was then produced. This model
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is crucial for understanding the nature of AB-40) In physiological conditions
with a relevance to AD and includes DMPC, anionic 1,2-dimyristoyl-sn-
glycero-3-phospho-L-serine (DMPS), Sphin, Chol and GML1.

e Proton detection is applied to AB-40 fibrils as an alternative method of DNP
to assess resolution and sensitivity and allow measurements to be taken at
room temperature without the need for additives required for DNP. High

spinning speeds achievable in this work were up to 65 kHz.

The second aim of the thesis is to apply Spherical Harmonic (SH) techniques to
several DEER datasets to characterize orientation selection and distance distributions
in biomolecules with the later aim of investigating distance measurements within AB .-

40).

e Several raw and scraped datasets were obtained from published work with a
range of systems with a range of biradicals of varying flexibility.
¢ Distance distribution analysis was conducted on all datasets which allowed

comparisons to the published work.
A brief overview of each chapter is given below:

Chapter 2 introduces relevant NMR and DNP theory as well as the techniques which

have been applied experimentally throughout.

Chapter 3 explores the insertion depth of the DNP dopant AMUPol into lipid
membranes and the effect of glycerol on this. Membrane samples include the Lipid
Mimic (LM) system as well as simpler membrane systems. The disruption to the
vesicle membrane homogeneity upon addition of DNP additives is also explored.
These experiments utilise sSSNMR experiments on systems with *H frequencies of 600
and 800 MHz.

Chapter 4 presents a number of 1D and 2D ssNMR experiments that were applied to
AB-40) sSamples introduced into a number of lipid membrane systems, including simple
one-component systems, lipid mimic, and brain extract samples. Methodology stages
are optimised to increase membrane homogeneity and optimal protein to lipid binding.
The protein to lipid ratio (P:L) and membrane components are investigated in relation
to the protein to lipid binding. Methods are applied to reduce natural abundance *C
signals and determine the secondary structure of ABu-40 Over a range of incubation
periods. Proton detection is also applied to mature fibrils to assess their secondary

chemical structure.
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Chapter 5 applies spherical harmonic (SH) techniques to examine experimental
DEER datasets. Principle Component Analysis (PCA) is used to characterize the
degree to which orientation selection affects the data. Distance distribution analysis
is conducted, and the results compared to the published work, forming a basis for
methodology which can be applied to other pulse EPR distance enhancements in a

range of biomolecules including AB1-40).
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2. Nuclear Magnetic Resonance and
Dynamic Nuclear Polarisation theory and

methodology

2.1 Introduction

All atoms possess an intrinsic property, known as spin, which is a form of angular
momentum, however, it is not produced by the rotation of the particle. Nuclear
Magnetic Resonance (NMR) in simple terms manipulates these nuclear spins. In the
absence of an external magnetic field, particles with spin have spin polarisation axes
pointing in all possible directions. When nuclei are placed into a static magnetic field,
the atoms tend to align with the field. Applying an oscillating magnetic field along the
perpendicular axis of the static magnetic field, causes the spins to transition between
their degenerate energy levels, which are split. The population difference between the
states is effectively the NMR signal. The larger the population difference the larger
the NMR signal.

The understanding of the mechanisms behind NMR and the ability to manipulate the
magnetic field and electromagnetic pulses has led to overcoming some of the
limitations first encountered in earlier NMR studies, and is now a common method

used by scientists in a plethora of fields?.

This chapter introduces the theory behind NMR as well as some of the basic
techniques which can be used in structural elucidation, which are relevant to the work
presented in later chapters of this thesis. Brief descriptions of the equipment used in
order to achieve NMR and Dynamic Nuclear Polarisation (DNP) enhanced NMR
spectra as well as some of the pulse sequences used in order to achieve structural

elucidation are also discussed.

2.2 Principles of NMR

A nucleus with a spin I placed into a static magnetic field yields 21 + 1 energy levels,

a phenomenon known as the nuclear Zeeman effect?. Figure 2.1A) shows this

schematically for a spin [ = % The Boltzmann distribution causes the lower energy
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Figure 2.1 A) Diagram of the Zeeman splitting of a spin = %2 nucleus in an external magnetic
field. B) Representation of the two energy levels showing the spin populations of each of
those two levels.

eigenstates to be more populated than the higher energy eigenstates also

represented in Figure 2.1B).

The Hamiltonian of the Zeeman interaction is represented by:

Hz = —yhBly, (2.1)

where [, is the vector of spin angular momentum parallel to the external magnetic
field, B, and y is the gyromagnetic ratio. The strength of the external magnetic field
and the gyromagnetic ratio determine the difference in the energy levels, AE, due to

Zeeman splitting:

AE = yhB,. (2.2)

An oscillating magnetic field at the Larmor frequency, w, = yB, may induce transitions
between the sublevels of the spin system. At the magnetic fields typically used in
NMR, the nuclear Larmor frequencies of most nuclei belong to the radiofrequency
range. The magnetic properties of nuclei used in this thesis work are shown in Table

2.1
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Table 2.1 Natural abundance, gyromagnetic ratio, and Larmor frequency at 14.1 T3,

Isotope Spin Natural Gyromagnetic TH NMR
abundance ratioy/10’rad s  frequency @ 14.1
T1 T/ MHz
H V2 99.98 26.75 600.1
13C Y2 1.07 6.73 150.9
5N V2 0.36 -2.71 60.8
3p V2 100 10.84 242.9

NMR spectroscopy is a study of the transitions between Zeeman nuclear spin states,
which is achieved by irradiation of the spin active nuclei close to the Larmor frequency

in an external magnetic field.

2.3 Bulk magnetisation

As shown in Figure 2.1B), a spin of 2 has two possible energy levels represented as

m, = % and m, = —% states, denoted for brevity as T and | respectively. The total

magnetic moment of the sample, or sample magnetization, is given by:

M =Ny + pN,, (2.3)

where u are the magnetic moments and N; , N, are the number of spins in states T

and { respectively. Since:

yh
Hr ==
2 (2.4)
__r
Hy = K
the total sample magnetization can be calculated as:
yh
M = 7(NT _Nl)- (25)

Larger sample magnetization leads to larger signal strength in NMR experiments.
However, instead of magnetization it is more convenient to characterize the sample
using a dimensionless quantity called polarization, defined as:

Ny — N,
P= :
Ny + N,

(2.6)
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Since an ensemble of spins follows the Boltzmann distribution (schematically shown

in Figure 2.1B), the polarization can be calculated as:

P=t h( AE ) 27
= tan 2K.T)’ (2.7)
where K, is the Boltzmann constant and T is temperature. Therefore, greater NMR
signals, i.e., greater experimental sensitivity, can achieved by performing experiments

at higher fields and lower temperatures.

2.4 Effect of aradio frequency pulse

Solving a Hamiltonian containing both the term for static magnetic field as presented
in Eg. 2.1, and an oscillating magnetic field is possible. It is more intuitive, however,
to describe the effect of an RF pulse using a semiclassical model, which assumes an

isolated spin% interacting with the external magnetic fields.

. . .1 . . .
In a semiclassical model, each spin > can be represented with a magnetic dipole. In

the absence of an external magnetic field, the magnetic dipoles are oriented at
random, thus giving a net zero magnetic moment as shown in Figure 2.2A). If an
external magnetic field is applied, the nuclei partially align with respect to the magnetic
field thus giving a non-zero net magnetization of the sample as shown schematically
in Figure 2.2B). Lower temperatures and a higher Bo magnetic field also results in a

greater net magnetisation as shown in Figure 2.2C).
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Figure 2.2 Semiclassical model of bulk spin magnetisation. A) In the absence of an external
magnetic field, spin vectors are arranged randomly resulting in no net magnetisation. B) In
the presence of a magnetic field, spins partially align in the direction of the magnetic field
which results in bulk magnetisation. C) Higher fields and lower temperatures result in
greater net bulk magnetisation in the direction of the applied magnetic field due to

Boltzmann distributions.

The time dependency of the macroscopic magnetisation, M, is described by the Bloch

eguation:

The vector M results from the interaction of the magnetization with the effective
external magnetic field Eeff. In the frame rotating around z-axis with the frequency

wo:
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Eeff =B ——&,. (29)

If the rotating frame frequency equals the nuclear Larmor frequency, then §eff =0.

A magnetic field oscillating at a frequency wgr with an amplitude B; produces an

effective magnetic field:

- L Wgp— Wy

Berr = Biex + %ez- (2.10)
For the on-resonance magnetic field, this reduces to §eff = B, é,. According to Eq.

2.8 such field causes a rotation of the equilibrium magnetization M, around the x-axis.

Applying an RF pulse for a duration, t,, rotates the magnetisation around the x-axis

by an angle:

0= wt, (2.11)

Therefore, following a RF pulse with 8 =90°, also called a %pulse, shown in Figure

2.3 the initial z-magnetization turns into y-magnetization and stays aligned along y-
axis in the rotating frame. However, in the laboratory frame that would correspond to

a y-magnetization precessing around the field B, with the nuclear Larmor frequency.
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Figure 2.3 Diagram showing the effect of RF pulses on a nuclear spin. A) Thermal
equilibrium with an external magnetic field applied along the z-axis with the arrow
representing the bulk magnetisation of the sample. B) After a RF pulse of length T, power
yB1 and phase y (rotation about y-axis), the bulk magnetisation is rotated by an angle yB:T
away from the z-axis, leaving the magnetisation vector in the xz plane. C) When yB1T = n/2,

the magnetisation is rotated to point along the -y-axis.

This oscillating magnetic field produced by this magnetization induces a voltage
across a pickup coil. This induced voltage is detected by the sensitive electronics of
the NMR spectrometer and represents the basis of the NMR signal from which the
NMR spectra are obtained by Fourier Transform (FT). This process is shown in Figure
2.4.
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Figure 2.4 A) Oscillating magnetic field produced by magnetization induces a voltage

across a coil. B) An FID is produced after radiofrequency pulse. C) This is then Fourier

transformed to produce the signal.

It is important to note that an interactions of a spin with the RF field can also be
described in the language of quantum mechanics. Specifically, one should consider

the spin system evolution under the following Hamiltonian:

ﬁRF = —yhBl COS((I)RFt) ix, (212)

however, for brevity it will not be discussed here.

2.5 Nuclear spin relaxation

In the laboratory frame with the external magnetic field B, along z-axis Eq. 2.8 can be

written as its components:

—Y = —yM,B, (2.13)

Ideally, this represents a magnetization precessing around the direction of field B,.
However, for an ensemble of spins there are numerous dissipative processes that
drive this magnetization towards an equilibrium defined by the Boltzmann distribution.

The Bloch equations, Eqg. 2.13, then become:
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e yM, By — T—2

am,, M,

T —YM, By — T_z (2.14)
dM, M, — M,
dx T,

The constants T, and T, are known as longitudinal and transverse relaxation times
respectively, they depend on various spin-lattice and spin-spin relaxation processes.
On the microscopic level, relaxation arises due to tiny random fluctuations of the local
magnetic field experienced by the nuclei. Such fluctuations cause either energy

transitions or loss of spin coherence.

T, relaxation, also known as longitudinal relaxation, is the process where the z
component of the bulk magnetisation is restored. This is the component parallel to the
static magnetic field. T1 also quantifies the rate of energy transfer from the nuclear
spin system to neighbouring molecules, also known as the lattice. This relaxation is
therefore also known as spin-lattice relaxation and restores the Boltzmann
equilibrium. The lattice causes a fluctuating magnetic field experienced locally. The
RF pulse affects all of the spins in the same way, the pulse is coherent. The local field
is randomly different at the site of each spin in any instant, the field is incoherent. One
of the most common sources of the local fluctuating fields for spin %2 nuclei is the
dipolar interaction. T, relaxation can be measured using an inversion-recovery pulse
sequence where the magnetisation is inverted to the -z axis. A varying time period

allows the relaxation to occur followed by a final 90° pulse and recording of the FID.

T, relaxation is defined as the transverse relaxation whereby the xy component of the
bulk magnetisation decays, following a simple exponential decay. After an RF pulse
the spins are coherent, and all aligned. This synchronicity is gradually lost due to field
inhomogeneities experienced by the individual spins. It is also related to the linewidth
at Full Width Half Maxima (FWHM). This relaxation does not produce an energy
transfer from the spins to the lattice and is termed spin-spin relaxation. T, relaxation
is measured by a spin echo pulse which eliminates the field inhomogeneity
contribution and allows measurements of T,. T; and T, relaxation are related since an
increase in z magnetisation is not possible without a reduction in either the x or y

magnetisation.

Relaxation can be an important tool in NMR for example with Paramagnetic

Relaxation Enhancement (PRE) measurements. This is a technique whereby
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paramagnetic ions are introduced into a sample, often in the form of a biradical, and
can act as a source of relaxation. The PRE arises from magnetic dipolar interactions
between unpaired electrons in a paramagnetic centre and a nucleus resulting in an
increase in nuclear relaxation rates. Because the magnetic moment of the unpaired
electron is large, the PRE can be measurable up to 35 A. While both T;and T, PRE
rates can be measured, it is generally considered that T, measurements provide the
most reliable and accurate data. Many PRE studies have made use of a simplistic
approach in which the ratio of peak intensities of samples are evaluated. This can
provide information on where the biradical sits within the membrane and can also be
used for structural determination due to the r® depedance*. This method has
previously been used in the study of biomolecules including actin-binding proteins®,
maltose-binding protein® and can also be used in drug discovery’. PRE analysis has
also shown that AB1-40) monomers and seeds of AB.42) interact via their C-terminal
region in a parallel fashion with the N-terminal region not contributing to the
interaction®. The distribution of biradicals in lipid membranes can be measured via the
'H and **C spectral intensities. It has previously been shown that AMUPol caused the
largest intensity reduction to the lipid headgroup signals in the *H spectra and the top
of the acyl chains showing where the biradical sits in the membrane®. As shown in
Chapter 3, this method is used to investigate the binding of the biradical in LM
samples containing AMUPol with and without glycerol, an important step in DNP

sample optimisation.

2.6 Spin interactions

Under external magnetic fields, there are a number of interactions which are
experienced by the nuclear spins, including those with the field, known as external
interactions, also known as the Zeeman interaction, and those with other nuclear and

electronic spins, known as internal interactions, represented by the Hamiltonian:

P —~

ﬁ = Hext + Hint- (215)

The Zeeman interaction , A, with radiofrequency radiation, Hgy is shown as:

ﬁext = ﬁz + ﬁRF' (216)

The internal interactions include chemical shift, g, J-coupling, ﬁ] , dipolar coupling,

Hpp, quadrupolar coupling, H, and hyperfine coupling, Hyr as shown:
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ﬁint = ﬁCS + ﬁ] + ﬁDD + ﬁQ + ﬁHF. (217)

2.6.1 Chemical shift

All nuclei resonate at their respective Larmor frequencies, however the shielding

effect of the electrons produces an additional magnetic field ES = a§0 , Where ¢ is
chemical shift tensor with components:

Oxx Oxy Oxz
0'=(ny Oyy Oyz ) (2.18)

Ozx Ozy Ozz

The Hamiltonian of the chemical shift is then given by:

H. = yfaﬁo = y(fxaxz + fyayz + fzazz). (2.19)
In the high field approximation, i.e., the nuclear Zeeman interaction is much greater
than all other interactions, and the latter reduces to:

H = yhByl,0,, (2.20)

The value of the component o,, depends on the magnitude of the principal
components of tensor ¢ (071,025, 033) and its orientation with respect to the external
magnetic field. In a sample where all orientations are equally probable, e.g.,
molecules in frozen solutions, the NMR spectrum would follow a powder pattern

shown in Figure 2.5.
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A) Fast MAS

==

spinning
sidebands
B) Slow MAS
C) Static
Bieo ppm

Figure 2.5 Solid-state NMR spectrum obtained under A) fast MAS, B) slow MAS and C)
static conditions. Spinning sidebands are highlighted?©.

The Chemical Shift Anisotropy (CSA) is described in more detail in Chapter 3. The
main elements consist of the isotropic chemical shift, g;5,, anisotropy ;s and
asymmetry, n. Examples of the powder pattens created when the elements are of

certain values is also shown in Figure 2.5. These terms are also defined:

1
Oiso = 5(011 + 022 + 033)

Oaniso = 033 T Oiso (2.21)
= 022 — 011
Ogniso

CSA patterns show detail on the local environments and can show interactions such
as those between peptides and cellular membrane systems. This is typical for solid
state NMR spectroscopy, whereas sufficiently fast random reorientation of molecules
under conditions of solution NMR eliminates the anisotropy. However, for solid-state
samples, Magic Angle Spinning (MAS) can be applied to remove anisotropic
interactions as will be explained further in the Section 2.7. MAS is a useful technique

that allows us to simplify the spectra and improve resolution and sensitivity.

In NMR experiments the resonant frequencies are reported with respect to the

reference frequency which in the case of *H and **C is the Larmor frequency of
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Tetramethyl Silane (TMS) due to its strong signal. The chemical shift, o, or the
fractional difference between the resonance frequency v and the resonance

frequency of TMS, is then given by:

V—V
o =106 ——TMS (2.22)

Vrums
Analysis of chemical shift values allows the information about the local environment
to be gained and can be used to identify certain groups and atoms within a molecule.
In particular in proteins amino acids have **C chemical shifts depending on the local
1 and ¥ angles in the polypeptide chain. In other words, the chemical shift of amino
acids depends on the secondary structure, i.e., a-helices, B-sheets, of the protein
segment where it is located. It turns out that certain secondary structure elements
produce their own typical effect on the chemical shifts, known as the secondary

chemical shifts:
Ao = 0Oopserved — Orandom coils (2.23)

where o,pserveq IS the observed chemical shift and o,4n40m coir 1S the chemical shift of
the same residue in a protein with random coil conformation!. There is a correlation
between the chemical shifts of specific carbon atoms where they either have a more
positive or negative shift when in an a-helix or B-sheet conformation when compared

to random coil confirmation which is summarised in Table 2.2,

Table 2.2 Correlations between the chemical shifts of specific carbon atoms when in an a-

helix or B-sheet conformation when compared to random coil confirmation.

a-helix B-sheet
C. Positive Negative
Ce Negative Positive
Cco Positive Negative

This allows the elucidation of the secondary structure.
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2.6.2 Dipolar coupling

Dipolar coupling results from the additional magnetic field experienced by one spin
due to the magnetic dipolar moments of the other spins in its vicinity. In static powder
(or frozen solution) samples where the dipole interaction is between two spin-¥z nuclei,
the NMR spectra forms the Pake Doublet, which has a characteristic line shape.
These interactions are shown in Figure 2.6. This coupling is very useful for molecular
structural studies since its magnitude depends on the internuclear distance.

A B, B)

A

e Y T f T bd T v
v 0 —V

1H — 15N
Figure 2.6 A) Diagram of the through-space dipolar coupling between to spins i and s. B)

Simulation of H-15N with dipolar interaction Pake doublet extracted from a SLF-2D
experiment acquired using PITANSEMA under 11 kHz MAS*2,

The peaks of the doublet correspond to the signals arising from molecules in which
the principal axis of the coupling interaction are perpendicular to the magnetic field.

The bottom of the line shape is where it is parallel to the magnetic field.

The dipole-dipole Hamiltonian between two homonuclear spins can be shown:

. 1 X . e
Hyp = Ebis(1 — 3c0s%0;5) (313,15, — 1. 1)

_ UoYiYsh (2.24)

= =
4mrig

is

where y; and y, are the gyromagnetic ratios of both spins, r is the distance between
the spins and 6, is the angle between the external magnetic field and the vector

between the two spins.

In the case of heteronuclear dipolar couplings, Eq. 2.24 can be simplified to:

1 P
App = 5 bis(1 = 3¢05°0;5) (I 1), (2.25)
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2.7 MAS

NMR of static powder samples or solids poses the issue of powder pattens or CSA
patterns which are difficult to analyse and cause a significant overlap when many
species are present. This can be overcome by the fast spinning of the sample at the
‘Magic Angle’ of 54.73° with respect to the applied magnetic field.

This method was first introduced Raymond Andrew in 1958%3. The sample is rotated

around the axis tilted in relation to the external magnetic field as shown in Figure 2.7.

Dipolar coupling and CSA have an angular dependence shown in Eq. 2.26:

~3cos? 6 — 1. (2.26)

The interactions are therefore averaged to zero when the magic angle is applied as

shown:

3c0s? 0 —1 = %(3c0s20 — 1)(3cos?f — 1). (2.27)

B represents the angle between the z-axis of the shielding tensor principal axis frame
and the spinning axis and takes on all possible values in a powder. If the magic angle

is not set properly, there can be significant line broadening.

In order for the MAS to reduce the powder pattern to a single line the spinning rate
must be fast, around 3 or 4 factors greater than the anisotropy being ‘spun out’. Any
slower will create spinning sidebands which are set at the spinning rate apart and
radiate out from the line at the isotropic chemical shift. However, the spinning

sidebands can be useful as they determine the details of anisotropic interaction which

A
Bo

Spinning axis

GM A Rotor

Figure 2.7 Diagram of the rotor containing the sample orientated at Bua = 54.7° with respect
to the By field.

41



are averaged out by MAS. The combination of both MAS and decoupling allows for
resolved spectra to be obtained, allowing for the structures of proteins and peptides

to be determined. 2.8 Heteronuclear decoupling

When studying nuclei such as *C, coupling between this and the network of *H nuclei
results in broadening of the spectrum that cannot be completely removed by MAS,
which becomes problematic in studies of biomolecules, e.g., proteins in lipid
membranes addressed in this thesis work. Applying a continuous RF pulse at the
Larmor frequency of the H, while at the same time acquiring the *3C signal, removes
this broadening by averaging the coupling between the nuclei, known as decoupling,

as shown in Figure 2.8.

H

/2
130| /\AAAA

L

Figure 2.8 Pulse sequence involved in the heteronuclear decoupling of nuclei. The

decoupling pulse is applied during the acquisition time of the X nuclei.

If the applied RF field is near the Larmor frequency it becomes capable of decoupling
the nuclei, for example the heteronuclear coupling between *H and *3C. The irradiation
affects the z-component of a proton spin, which has a similar resonance as the RF
pulse. The exact mechanism involves the proton spin to transition between the a and
the B state. The rate of this oscillation is determined by the amplitude of the RF field,
w1. As long as the transitions between the spin states is fast compared to the strength
of the coupling, the two coupled nuclei will not experience an indirect dipole
interaction. In samples, the protons are also coupled together via homonuclear
coupling therefore the irradiation only needs to be at one nuclear frequency as
homonuclear dipolar coupling between the protons means that any frequency along
the proton spectrum is transmitted to all coupled protons. This then effects all the

other z-components of the protons through the coupled network.
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The two common methods used in solid-sate NMR (ssNMR) and in this thesis are
Two-Pulse Phase Modulated decoupling (TPPM)* and Small Phase Incremental
Alteration with 64-steps (SPINAL-64)'® decoupling. Both of which have been shown
to be effective in the removal of heteronuclear coupling and reducing line broadening

effects.

2.9 Essential techniques in ssSNMR

Apart from the application of MAS and dipolar decoupling, there are a number of
techniques which are used for acquiring NMR signals. 1D and 2D experiments can
be used to gain information about the environment of a nucleus as well as structural
information. Utilising RF pulses in specific sequences can manipulate the polarisation
transfer between nuclei due to dipolar interactions. This allows for more detailed
spectra to be formed as well as enhancing the signal of certain nuclei with low natural

abundancy such as *C.

However, complex molecules can also produce overcrowded 1D spectra. Utilising 2D
spectra can allow for individual amino acid chemical shift determination and structural
elucidation. Several 1D and 2D methods have been applied in this thesis which has
allowed the conformational changes of the Amyloid Beta (AB) protein in some

biological membranes to be tracked, with the main methods described below.

2.9.1 Cross polarisation

Cross polarisation (CP) allows the polarisation to be transferred from protons to other
nuclei that are usually less abundant. This is achieved via irradiation of both nuclei at
their correct Larmor frequencies, satisfying the Hartmann-Hahn condition. Applying

this method under MAS conditions is as shown:

y!Bl = ¥SB§ + no,. (2.28)

Where w, is the MAS frequency, where n can be 1, 2, and B! and BS are the applied
magnetic fields to both channels, whereby meeting this condition sets an equal energy
gap between the proton and X spins. This condition is met during a contact pulse
between the two channels as shown in Figure 2.9. Since this method is based on
dipolar interactions, it is sensitive to internuclear distances and the mobility of
molecules, allowing CP to be nucleus selective. For example, proton — a**C CP,

increasing the signal mainly of the a'3C.
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Figure 2.9 shows the pulse sequence used for CP experiments for the increase in

signal of low y-nuclei, such as *3C.

2

. /\/\AA/\
JvY

Figure 2.9 Pulse sequence used for cross polarlsatlon, enhancing the signal of lower

abundance nuclei such as 13C.

The basic sequence first involves a proton 90° pulse which brings the magnetisation
into the transverse plane. A contact CP pulse is then applied to both channels in which

magnetisation is transferred from the proton to the low y-nuclei.

2.9.2 POST-C7

The use of dipolar recoupling sequences are valuable in the application of MAS
ssNMR and are used for excitation of DQ coherence which can probe internuclear
distances and torsion angles. POST-C7 is an example of such a sequence. The C7
element is based upon Levitt's symmetry based pulse sequences which was
improved by the Permutationally Offset stabilised (POST) pulse element to give
POST-C7%, also known as a Double-Quantum single-Quantum (DQSQ) method.
DQSQ POST-C7 is a common way to remove lipid and glycerol background signals
from spectra. The single quantum shift is shown in the direct dimension and the
double quantum shift shown in the indirect dimension. The sum of the SQ chemical
shifts due to the spins exchanging magnetisation via dipolar interaction show as cross
peaks in the indirect dimension. Whilst some SQ signal can persist after the DQ
filtering, the spectra produced tend to be dominated by the magnetisation build up
between 3C nuclei which are separated by one bond. This is due to the phase cycling
behaviour of the pulse sequence!’. The C7 element converts the longitudinal
magnetisation into DQ coherence, which after an evolution time, is reconverted into
observable magnetisation by a second C7 sequence!®. Using proteins which are *C
labelled at specific residues means two **C nuclear spins separated by one bond is

~10000x more likely than in lipids where the natural abundance is 1%. This allows for
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one bond correlations and the assignment of cross peaks as well as the reduction of

lipid and background signals. Figure 2.10 shows the POST-C7 pulse sequence.

/2

/

/2

n/2

I tz
. /\/\/\AAV
IR

Flip angle /2 21 2r/3 Flip angle n/2 2n 2n/3

Phase 2nN/7 (2nN/7)+ 2nN/7 Phase | 2nM+r/2 | (2nM/7)+ (2nN/7)
3n/2 +1/2

A

>
»

A
v

N=0,1,2,.Ly-1 N=0,1,2,.L,-1
2t 2t
M=N+1 ' M=N+1 r
Ly =7, 14,.. Ly=7,14,..

Figure 2.10 Pulse sequence for POST-C7 DQSQ experiment. The DQ excitation and
reconversion are looped Lo times, which is set to a multiple of 7. The phase is incremented
by 2m/7 after each loop. The nutation frequency is set to 7x the MAS frequency so that one

DQ loop takes exactly two rotor periods.

The sequence consists of a DQ excitation and reconversion period which contain the
POST-C7 pulse elements. For nuclei such as 3C, w,, is set to 7x the w,, which is the
MAS frequency. 7 POST-C7 pulse elements fit into exactly two rotor cycles. The
excitation and reconversion blocks are repeated Lo times, where Lo is a multiple of 7.
With each repeat of the basic sequence element, the phase is incremented by 21/ 7
so that after Lo loops the phase cycle is reset. Excitation periods are set dependant
on the dipolar coupling strength and therefore the separation. For one bond
interactions short excitation periods are chose. In a review of the efficiency of four
recoupling pulse sequences, POST-C7 was shown to have the highest experimental

DQ efficiency of 61% compared to 55% for the next highest sequence?®.
2.9.3 DARR

Dipolar Assisted Rotational Resonance (DARR) is a useful method in contact

assignment and structural calculations. The experiment is a second order dipolar
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recoupling scheme which can be used to observe long range *C-3C correlations.
The simpler version of DARR is known as Proton Driven Spin Diffusion (PDSD). The
mechanism behind DARR is a spin diffusion between two nearby carbons, assisted
by neighbouring proton spins. Random flip-flops between the protons causes
fluctuations of the 3C nuclear frequencies, so that a dipolar interaction between the
two 3C is experienced for a short time. Unlike PDSD, a weak RF is applied on the

protons in a DARR sequence, so dipolar recoupling between the two **C occurs.

DARR also has the advantage of probing distances which are intra and inter-residue.
Assignment of cross peaks at short mixing times means the polarisation transfer by
dipolar interactions would occur mostly for directly bonded nuclei, probing intra-
residue contacts, dominating the spectra. Longer mixing times allows for long range
distance correlations to be observed, therefore probing inter-residue contacts. The

pulse sequence for the DARR experiment is shown in Figure 2.11.

/2 /2

Build-up

time

t'] I teX I t2
13C /\ /\ A /\ VA

AR

Figure 2.11 Pulse sequence for the DARR experiment. A CP step is followed by t; which is

incremented. During tex magnetisation build up occurs between 13C spins while continuous
wave irradiation is applied to the protons at a power level equivalent to the rotation rate of
MAS.

A CP step allows the magnetisation transfer from proton to 3C which is then
exchanged between other *C nuclei which are close in space during an exchange
time, tex. During this exchange time, continuous wave (CW) irradiation is applied to
the proton at a power level equal to the rotation rate. The DARR pulse on the 'H
channel, which is in this thesis work is equal to one MAS frequency, causes recoupling

of the proton and *3C dipolar interactions, allowing magnetisation to be transferred via
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the protons. Setting the exchange time allows the difference between intra and inter-
residue contacts to be probed. Cross-peaks are again produced which can allow

contact assignment.

Both 2D POST-C7 and DARR have been implemented in this thesis work and allows
for structural information to be gained, in this case conformational data of the AB1-40)

protein.

2.10 Ultrafast MAS and proton detection

Although the use of standard 3.2 mm rotors in MAS ssNMR provides important detail
for the structural determination of proteins and biomolecules, the use of smaller rotors
and higher spin rates can have advantages. Currently, speeds over 170 kHz have
been record using a 0.5 mm rotor?®. Most applications of biological NMR are based
on 3C detection due to the ability to resolve carbon atoms compared to protons,
where there is insufficient averaging of large *H-'H dipole interactions by MAS.
Increasing the MAS frequency, the proton linewidths can be reduced making proton
detection a desirable alternative. With the need for smaller rotors such as 1.3 and 0.7
mm, sample quantity required is reduced. Under fast MAS conditions the proton
dipolar couplings are significantly averaged out and the use of low power irradiation
for heteronuclear decoupling becomes possible. As a result, the sample heating due
to RF fields becomes significantly smaller. Therefore, overall fast MAS rises to the
opportunity of studying biological compounds that may only be available in small
guantity. A representation of a homonuclear *H detected pulse sequence for 2D hCH

correlations with CP and water suppression is shown in Figure 2.12.
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Figure 2.12 Pulse program for *H detected experiment for hCH homonuclear correlation. A
CP step is followed by a 90° pulse on the carbon channel. This is then followed by water

suppression and CP back to the proton channel.

After an initial 90° pulse on the proton channel a CP step is applied. This is then
followed by decoupling and suppression of water H signals, with another 90° pulse
on the X channel. CP is then applied with acquisition on the proton channel and

decoupling on the X channel occurring simultaneously.

In previous work, high spinning speeds of 60 kHz have been shown to be insufficient
in measuring *H CSA due to the incomplete suppression of *H dipolar couplings. This
justifies the need for higher magnetic fields beyond 1 GHz and ultrafast MAS beyond
100 kHz?!. A more recent study allowed for the protein proton side chain assignments
of a hepatitis B viral capsid assembled from 120 core-protein dimers using 160 kHz
spinning speeds and a field of 1.2 GHz. This combination allowed the assignment of
61% of the aliphatic protons of the core-protein, opening up possibilities for further
structural studies of biomolecules®. Relaxation data was acquired from the model
protein ubiquitin with MAS frequencies at 126 kHz again showing the need for ultra-
high spinning speeds above 111 kHz?. However, this methodology has allowed the
110 resonance assignments of a Zinc loaded superoxide dismutase in short times
with good resolution at lower spinning speeds of 60 kHz?*. This however involved
triple resonance *H/*3C/**N pulse sequences with addition CP and 90° pulse steps. It
has also been demonstrated that the use of MAS frequencies of 30 kHz the *H NMR
peaks are narrow enough to provide sensitivity gains by proton detection in two

different peptides?. In this thesis work, hCH methodology was applied to investigate
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the conformational structure of AB-40 fibrils which is discussed further in Chapter 4

and allowed some residue assignments at 65 kHz.

2.11 NMR hardware

There are a number of hardware components that are used together for sSSNMR. This
includes a stable magnet capable of producing a homogeneous field, a RF transmitter
and receiver able to produce and detect RF signals, A MAS unit, control of matching
conditions as well as probes and rotors capable of achieving suitable MAS
frequencies. A cabinet is used to store the different spectrometer units and power
connections as well as providing shielding from external radiation. This includes the
Acquisition Control system (AQS), Magnet system, in the case of Bruker the Bruker
Smart Magnet System (BSMS) and the Variable Temperature Unit (VTU), which can
all be accessed by a connected computer, as well as other amplifiers. The principal

units are described briefly below.

2.11.1 The magnet

The main magnetic field B, is produced by a superconducting magnet. The
superconducting material provides zero resistance below a certain temperature which
is usually achieved by liquid helium temperatures. A chamber of liquid nitrogen
surrounds the helium absorbing external heat and reducing the helium boil off rate,
optimising cost effectiveness. The homogeneity of the magnetic field is adjusted via
shimming the current carrying coils. Figure 2.13 shows a diagram of the inside of a

typical NMR magnet.

Sample insert \

ﬂ | ] —— > Heliumfill port
Nitrogen fill port <

Vacuum

v

Liquid nitrogen

v

Liquid helium

RF coil «—f———— |

Probe containing < I
sample

Probe

Figure 2.13 Diagram showing the main features of a NMR magnet, allowing the B, magnetic

field to be maintained and NMR signal produced.
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2.11.2 The probehead and MAS

Recent advances in ssNMR now means there are a range of probeheads capable of
holding a range of different NMR rotors of various diameters, such as 3.2 mm, 2.5
mm, 1.3 mm, and 0.7 mm sample rotors. Probes can be tuned to a particular
resonance frequency making signals selective for specific nuclei, such as *H, 13C, 1°F
and 3!P. The probe is placed in the centre of the magnetic field in which the sample
can be placed. RF coils are contained within the probe, tuned to the specific nuclear
frequency, allowing RF signals to be produced, exciting the nuclei contained within

the sample and the resultant signals generated by nuclear relaxation to be received.

Table 2.3 highlights rotor size compared to its associated sample volume as well as

maximum MAS frequency.

Table 2.3 Rotor size as well as sample volume and maximum MAS frequency achievable
(Bruker).

Rotor Diameter Sample Maximum MAS
(mm) volume (pL) frequency (kHz)

7 360 7

4 106 15

3.2 47 24

1.9 12 42

1.3 3 67

0.7 0.4 1M1

In order to achieve the high MAS frequencies needed for narrow line widths on NMR
spectra, a Pneumatic Unit (PU) is required. The rotor is spun inside a stator located
at the top of the probe. Drive and bearing pressure are directed onto the rotor via the
stator allowing MAS. Bearing pressure raises the rotor within the stator allowing
frictionless rotation while the drive pressure allows rotation facilitated by drive cap fins

present on the rotor.

2.11.3 NMR at the University of Nottingham

The University of Nottingham houses a four channel 800 MHz NMR spectrometer
including *H/**C/**N,3!P probe allowing high field NMR. The set up is shown in Figure
2.14.
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Figure 2.14 800 MHz set up at the University of Nottingham. A) 800 MHz (*H Larmor

frequency) magnet with cabinet. B) MAS unit and C) selected probe inserted into the base

of the magnet.

The selection of probes available for the 800 MHz system has allowed experiments
to be done on lipid membrane samples where the effect of DNP dopant and glycerol
is assessed as discussed in Chapter 3. This includes 1.3 mm and 2.5 mm rotors with
HCN and HXY probes, as well as high MAS proton detection as discussed in Chapter
4,

2.12 DNP theory

DNP builds on the fundamentals of ssNMR with the added benefit of utilising
microwave (uw) irradiation to increase sensitivity. DNP involves transferring electron
thermal polarization to the coupled nuclei by irradiating Electron Paramagnetic
Resonance (EPR) transitions with yw of appropriate frequency. Dynamic Nuclear
Polarisation was proposed by Overhauser in the early 1950’s which shortly led to the
demonstration of experimental DNP on both solid metals and solutions by Carver and
Slichter?s. Later there were developments of other mechanisms of DNP, such as solid
effect, cross-effect and thermal mixing that work in dielectric solids?’-%°. Throughout
the 80’s, experimentation was undertaken on static samples due to the absence of
MAS technology for use with DNP. The mid 80’s saw several groups use radical
enriched polymers and MAS DNP such as Wind et al. in 19853, Griffin and Temkin in
1993, 1995, and 2003 noted higher uw strengths which led to signal enhancement
due to the development of high-power yw sources, such as gyrotrons, which were
first reported at 5 T2, At the end of the 90’s there was a plethora of research being
undertaken due to the gyrotrons advancement. 2003 also reported enhancements of
a factor of >10,000 in liquid state NMR. For the same intensity peak it took one scan
with DNP and >20,000 scans taking 65 hours without DNP*:. 2009 saw the

51



commercial instrument of 400 MHz DNP NMR system which led to a rapid
development of research in the field3*. Since this time there are now a number of
laboratories which have access to 400-800 MHz systems worldwide across a range
of research studies, from drug targeting, complex structural investigations, and
chemical analysis. These successful applications have in turn stimulated research in
developing new and more efficient methods to perform DNP using both continuous
wave (CW) and pulsed puw sources®®. There are several DNP strategies commonly
used including, the Overhauser effect, the solid effect, thermal mixing and the Cross-
Effect (CE).

The Overhauser effect was the first system proposed for systems with mobile
electrons, mainly conducting solids and liquids. It is a two spin system comprising one
nucleus and one electron. For this method to be successful it relies on Zero Quantum
(ZQ) and Double Quantum (DQ) relaxation pathways with differing relaxation rates
leading to enhanced nuclear polarisation. In insulating solids, a significant Overhauser
DNP enhancement is observed. This method also requires less pw power®. This
method has also been shown to be effective in observing enhancements in small
molecules in solution®’. Whilst much of the low-field Overhauser DNP research
focuses on 1D NMR experiments to study molecular dynamics and hydration
dynamics, recent work has also shown its application in 2D J-resolved spectroscopy
to improve spectral resolution®®. Unlike other mechanisms the Overhauser effect
allows for the hyperpolarisation of liquids and whilst it can be used at high-fields there

has been growing interest in the use of this method in low and ultra-low field MRI®°.

The solid effect was the first method that was used to observe DNP enhancements in
insulating solids. Like the Overhauser effect, the solid effect is a two-spin method
requiring one electron and one nucleus. The microwave field induces flip-flop
transitions between the electron spins and the near nuclear spins which is the
transferred via spin diffusion to other nuclear spins*. As well as solids it has also been
shown to be effective in samples containing DMPC in the fluid phase. The solid effect
is also shown to be effective in solid, non-conducting materials at low temperatures
of 100K or below*!.

Thermal mixing is an effective method for the orientation of nuclear spins in polarised
targets and hyperpolarisation for MRI*2. The fundamental process is a triple spin flip
with two electron spins and one nuclear spins. The yw pulse reduces the polarisation
of some electron spins which is then spread over all the electron spins via spin

diffusion. The interaction between the electron spins and the nuclear spin via the
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hyperfine interaction transfers the electron spin polarisation?®. Thermal mixing has
been shown to be effective in a number of samples including sodium pyruvate and is
dependent on the temperature and radical concentration. Current research focuses
on the trade-off between radical concentration and electron relaxation times,

improving the efficacy of this DNP mechanism*3.

Whilst all mechanisms have their own merits, it is important to consider the DNP
efficiencies in a biological setting. The Overhauser effect is mainly used in liquid
samples not relevant for the work presented in the rest of this thesis work. The solid
effect is not very efficient at high magnetic fields due to its ~Bo? dependence. Although
applying larger uw strengths can result in sufficient polarisation transfer efficiency, the
CE, and the development of specially designed biradicals is often the preferred
method in biological samples*. Thermal mixing is also not suitable due to the
requirement of of several electrons that are dipolar coupled at high concentrations
and as a result show broadened EPR linewidths. Although thermal mixing is more
efficient than the solid effect, the requirement of high electron concentrations is now
suitable for biological samples due to severe broadening of the NMR signals by PRE

effects.

At high magnetic fields the CE is widely used for MAS-DNP. The CE has also already
been shown to be successful in enhancing ssNMR signals via DNP to study the
interactions of AB with lipid systems such as POPC/POPG membranes*®, synaptic rat
membranes'® as well as deduce the structure of the protein alone at several stages
of the self-assembly pathway*¢. The CE is also effective at low concentrations of
proteins and with AR interacting with complex lipid membranes®®. This is important in
biological samples where proteins of interest often have low concentrations in
physiological conditions. In this thesis we primarily work under conditions where the

most efficient mechanism is the CE which is described in detail below.

2.13 CE under MAS

CE DNP is a DNP mechanism that occurs in a system consisting of the two electron
spins and one nuclear spin. As shown in Figure 2.15, the |a;p,a,) and |Bia,B,)
energy levels have very close energies, which are nearly degenerate. This is why the
eigenstates of this pair of levels are the mixture of the |a,S,a,) and |B;a,5,) states
due to the effect of the electron-nuclear hyperfine coupling and electron-electron

dipole-dipole interaction.
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Figure 2.15 Energy level diagram showing the cross-effect DNP mechanism. The eight
energy levels are present due to hyperfine and dipolar coupling. A) Population distribution
at thermal equilibrium of a three-spin system. B) uw irradiation at the Larmor frequency of
electron two causes an increase in nuclear a spin state population resulting in increased

signal and DNP enhancement.

For static samples, pw irradiation at woes1 causes an allowed single quantum transition
of that electron and a simultaneous forbidden DQ transition of the other. This results
in a greater population difference in nuclear a state, giving a larger NMR signal. The

maximum signal enhancement that could be achieved under these conditions is:

Ve
€=—

, 2.29
o (2.29)

where y, and y, are the gyromagnetic ratios of electron and nucleus respectively. For

H this would amount to a NMR signal enhancement factor of e~660%’.

Under MAS conditions the mechanism shown in Figure 2.15 is only valid at certain
points of the rotor cycle, where the energy levels of the three-spin system cross with
one another. pw irradiation excites one of the electrons, while the level crossings
happen over several rotor cycles causing three-spin flips leading to non-equilibrium
nuclear polarization. However, one major drawback is nuclear depolarisation. This is
observed through a decrease in the NMR signal under MAS in the presence of
unpaired electrons without pw irradiation. The reduction compensates for a smaller
difference of electron polarisation until a new equilibrium is reached, below the nuclear
Boltzmann thermal equilibrium. Under MAS conditions, the lack of pw irradiation

reflects a depolarised nuclear state compared with static conditions*. Biradical choice
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is a key factor in nuclear depolarisation. The smaller g-tensors distance leads to a
reduction in crystal orientation contributing to the CE and a reduction of the electron
polarisation difference. Biradicals influence the DNP enhancement leading to lower

hyperpolarisation but less depolarisation*®:504°,

2.14 Biradical choice

For the CE to function one requires a pair of radicals located at a rather close distance
from one another. Polarizing agents based on a nitroxide biradical have proven to be
much more effective compared to monoradicals where one has to rely on the two

radicals approaching one another by chance®%2,

Apart from the length of the linker in a biradical the relative orientation of the TEMPO
nitroxide radical rings within the biradical is also an important factor for the MAS DNP
efficiency®®. In CE DNP effective coupling of the two electron spins is crucial to its
polarisation transfer. It has been suggested that increasing the sum of the electron-
electron dipolar coupling and exchange coupling will increase the CE DNP
enhancement. It has also been proposed that altering the exchange coupling without
changing the dipolar coupling can maximise DNP enhancement and reduce nuclear
depolarisation®*%4. To allow the ‘flip-flop-flip” mechanism of two coupled electrons and
a dipolar coupled nuclear spin in CE DNP, the electrons, which are present within the
biradical should have an EPR linewidth larger than the nuclear Larmor frequency.
Increased DNP enhancement can be achieved by higher pyw power, however the
interference between the dipolar and exchange coupling occurs regardless of the pw
power. An optimum electron spin relaxation time (ti¢) is needed to obtain an optimum
EPR saturation, however again the interference between couplings exists. This has
led to a large effort in optimising the chemical linker joining the two electron (nitroxide)
centres, solubility, electron spin relaxation rates and molecular geometry of the

polarising agent.

Common biradicals used in CE MAS DNP include AMUPol, TOTAPOL and TEKPol,

with their structures shown in Figure 2.16%.
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Figure 2.16 Chemical structures of commonly used biradicals used in CE MAS DNP

enhanced NMR experiments, including TOTAPOL, AMUPol and TEKPoI®5.

A typical concentration of biradical is between 5-50 mM and the choice of biradical is
also dependant on the sample such as the choice of solvent. With the development
of higher magnetic fields, the optimisation of radical choice continues. For example,
TOTAPOL contains a hydroxyl and amine moiety increasing the solubility of the
biradical in an aqueous environment. Utilising a 2.5 mm rotor large DNP
enhancements of a factor of up to 290 were achieved, potentially due to more efficient
Mw penetration into the sample. It is also an important biradical in the study of cells
and proteins as it is also highly soluble in media containing salt and glycerol making
it appropriate for DNP of biological systems®2. AMUPol is also commonly used in the
study of biological systems due to its stability and water solubility compared to
TOTAPOL. In a study comparing the DNP enhancements of AMUPol to TOTAPOL,
as well as other newly developed radicals such as POPAPOL in cellular lysates,
AMUPol was found to have the highest enhancement of a factor of ~54, with
TOTAPOL exhibiting a lower enhancement of a factor of ~10. The relative DNP
enhancement, which takes into build-up times was also found to be 24 for AMUPol
compared to 7 with TOTAPOL®®. TEKPol, a derivative of bTbK, has been found to
have a high saturation factor making it an efficient polarising agent with
enhancements of over a factor of ~200 in samples at 9.4T and 100K and
enhancements of a factor of ~33 and ~12 at 180K and 200K respectively. DNP

enhancements of over a factor of 160 are obtained MAS frequencies of 15kHz when
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utilising TEKPol®’. It was suggested that due to the fact TEKPol is not water soluble
and can produce better enhancements in organic solvents than AMUPol, it would sit
in the membrane vesicles providing good enhancement to membrane systems. It was
found that AMUPol and TEKPol follow the same trends with varying concentration,
both of which showing optimum enhancement at 10 mM. However, it was shown that
AMUPol still produces higher DNP enhancements than TEKPol when the radical was
pre-incorporated into lipid vesicle samples (53 compared to 14 respectively).
Interestingly, when the radical was added to the membrane after vesicle formation,

AMUPol produced a significantly higher enhancement?®,

2.15 DNP hardware

Similar to standard NMR hardware, there are a number of components required to
carry out MAS DNP. Although the theory has been known previously, the
development of high magnetic fields, uyw sources of sufficient strengths and probes
capable of maintaining fast MAS frequencies now makes MAS DNP available with
several systems across the country. The main components include the spectrometer
itself, or the magnet, the gyrotron capable of producing pw irradiation and specifically
designed probes designed to house samples and maintain stable MAS. The additional
components specific to MAS DNP not previously covered in Section 2.11 are
discussed briefly below. Currently Bruker offer a range of MAS DNP systems with yw

gyrotrons operating up to 527 GHz which are summarised in Table 2.4.

Table 2.4 Properties of current commercially available Bruker MAS DNP systems (Bruker).

Magnetic field MW frequency EPR wavelength H NMR frequency
(T) (GHz) (mm) (MHz)
9.4 263 1.14 400
14.1 395 0.76 600
18.8 527 0.57 800
211 593 0.51 900

2.15.1 The spectrometer

As with standard NMR hardware, a superconducting magnet with field-sweep
capability is located in a helium vessel surrounded by a radiation shield which is
cooled by a cryogenic refrigerator. Low temperatures are required in MAS DNP to
increase nuclear and electron t; times and to ensure the various DNP mechanisms

are efficient. For temperatures of 100 K — 180 K liquid nitrogen is sufficient, where the
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boiled off nitrogen gas is also used in drive and bearing lines allowing rotor spinning.
Copper coils surrounding the liquid nitrogen are heated resulting in nitrogen gas*’.
Samples below 90 K require helium cooling and can reach low temperatures of 20 K.
Increased MAS are essential in improving the resolution of NMR, however DNP has
achieved slower MAS rates than that of room temperature NMR due to the higher
viscosity of nitrogen gas. Probes have now been developed to accommodate 0.7 mm

rotors meaning spinning speeds of 65 kHz at high fields of 21.15 T8,

2.15.2 The gyrotron

The development of the gyrotron was a key moment in the development of MAS DNP
pioneered by the Griffin group. This was first reported at 5 T in which a 20 W cyclotron
resonance maser, or gyrotron, was used as a 140 GHz pw source®. In a common
527 GHz gyrotron, a magnetic field of a 10 T superconducting magnet is utilised. An

electron gun produces high power pw (>10 W), more suitable for high-field DNP.

2.15.3 Probes

Up to date various low-temperature MAS DNP probes are available commercially
(including 0.7, 1.3, 1.9 and 3.2 mm probes with an automated inset/eject capability
allowing the probe to stay at low temperature even with a change of sample)
compatible with a range of systems (Bruker). They are also specially designed to
maintain high MAS rates of 40 kHz. Higher field DNP such as the 800 or 900 MHz *H
frequency spectrometers achieve higher signal enhancements with smaller-diameter

rotors due to coupling the pw irradiation to the smaller sample.

2.15.4 DNP at the University of Nottingham

The University of Nottingham is home to a MAS DNP facility comprising a Bruker
AVANCE Ill 600 MHz (*H Larmor frequency) three-channel NMR spectrometer. The
Ascend 14.09 T cryomagnetic and 7.2 T (395 GHz) gyrotron are the main
components of the system. The facility and its components are shown in Figure 2.17.
A 3.2 mm HXY low temperature MAS probe is configured for DNP ssNMR for mainly

biological applications.
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Magic Angle Spinning (MAS) chiller unit. Up to 15
KHz using a 3.2 mm probe.

11.4 T 600 MHz magnet

7.2 T gyrotron (395 GHz)

Waveguide

Figure 2.17 University of Nottingham DNP facility with individual components labelled.

The combination of these components with recent developments in the technology
associated with MAS DNP now makes DNP a more accessible and commonly used
method in a field of research. Chapter 4 focuses on the experiments undertaken
utilising MAS DNP to study the structure of AB-40) interacting with a range of lipid

mimic membrane systems.
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3. The effect of Dynamic Nuclear
Polarisation sample content on the lipid

membrane

3.1 Introduction

Samples required for Dynamic Nuclear Polarisation (DNP) enhanced solid-sate
Nuclear Magnetic Resonance (sSNMR) experiments for the study of peptide/lipid
interactions consist of several components that may not necessarily be inert with
respect to one another. As a result, the interaction of a peptide/protein with the lipid
bilayer may be affected. Firstly, producing significant DNP enhancements via the
cross-effect requires the use of a stable biradical as a polarizing agent!. Several
nitroxide-based polarizing agents, including TOTAPOL?, AMUPol®, TEMPOL* and
DOTOPAS were shown to have good solubility in aqueous solutions that enable their
applications for studies of biomolecules. Still, depending on their chemical structure,
polarizing agents have a preference for a hydrophobic or hydrophilic phase®, which
could have an effect on the biradical partitioning in the presence of amphipathic lipid
bilayers. In addition, a biradical may have a specific affinity to certain lipid

headgroups’.

Secondly, a biradical should typically be dissolved in a solution which contains a
cryoprotecting component. This component e.g., glycerol in the commonly used
mixture of ds-glycerol/D,O/H.O 60/30/10 w/w%?8, yields a glassy matrix when the
solution is frozen. Without a cryoprotectant, the biradical electron spins relax too fast
for good DNP enhancements, which is thought to happen due to exclusion of the
polarizing agent from the ice crystals®. The presence of a cryoprotectant may in turn
affect the lipid bilayer due to a change in dielectric constant and viscosity. In the
context of this work, it is therefore important to investigate the effects of DNP sample
content on the lipid bilayer in more detail. Some of the most commonly used lipids
and membrane components used in the investigation of membrane/protein
interactions utilising DNP, including those presented in this chapter and their

abbreviations are shown in Table 3.1.
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Table 3.1 Abbreviations of some commonly used lipids and membrane components used in

the investigation of membrane/protein interactions as well as those used in this work.

Abbreviation Lipid
DMPC 1,2-dimyristoyl-sn-glycero-3-
phosphocholine
DMPS 1,2-dimyristoyl-sn-glycero-3-phospho-L-
serine
Chol Cholesterol
Sphin Sphingomyelin
GM1 Ganglioside GM1
POPC 1-palmitoyl-2-oleoyl-glycero-3-
phosphocholine
POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
(1'-rac-glycerol)
POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
L-serine
POPE 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine

Many DNP enhanced ssNMR studies of membrane-bound proteins have found DNP
enhancements to be significantly lower than those achieved in non-membrane
systems. Studies on an E. coli membrane using DNP found enhancements between
a factor of ~10-30%°, and enhancements of a factor of ~32 were found for a signal
protein bound to a reconstituted Sec translocon!!. Salnikov et al. investigated the DNP
enhancements of several lipid-anchored biradicals in a range of lipid membrane
systems. They found a range of enhancements, from a factor of ~2 in a POPS
membrane, with either bTbK or AMUPol/Chol which possesses a lipid-anchoring unit,
to a factor of ~49 for a PyPol-C16 lipid anchoring biradical in a POPC membrane,
indicating the importance of lipid and biradical choice'?. DNP of pharmaceutical solids
however, have found enhancements of up to a factor of ~92 for compounds such as
ambroxol HCI, and a factor of ~260 for histidine HCI*3. This difference between
membrane bound and non-membrane bound compounds was suggested to be due
to the inability for the radical to be uniformly distributed through complex membrane
systems®. It has also been previously reported that the presence of methyl groups and
their motion near unpaired electrons causes increased relaxation of the electron-spin

polarisation, significantly reducing the DNP enhancement4.

Deuteration has been suggested to overcome the decreased enhancement caused
by increased relaxation, whether this be the radical, solvent or either membrane or

protein. Solvent deuteration has been a common method for several years with many
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DNP experiments utilising deuterated glasses as well as using partially deuterated
solvents'!®, The level of protein deuteration has also been shown to overcome short
relaxation times. Perdeuteration of the protein produces DNP enhancements of a
factor of ~120 compared to ~31 in fully protonated samples'®. However, deuteration
has not always been shown to increase the DNP enhancement. A study quantifying
the relative sensitivity enhancement between AMUPol and TOTAPOL, no net
enhancement sensitivity increase was found between a deuterated membrane
compared with its protonated form*’. Another study investigated the potential increase
in enhancement with deuteration to either one of the two palmitoyl fatty acid chains of
the phospholipids®. Only one fatty acid was chosen due to the fact that even though
deuteration of the entire membrane has been shown to give increased membrane
protein DNP signals, a decrease in CP magnetisation from *H to other atoms was
exhibited’. Regardless of which fatty acid chain was deuterated, no increase in DNP
enhancement of the 13C signals was observed®. Although, despite the fact that lower
enhancements in membrane systems are typical when using DNP, experimental time
is reduced, and sensitivity is increased, demonstrating the benefit of using DNP-
enhanced ssNMR™°,

Liao et al. examined several preparation protocols for DNP samples of lipid bilayers,
and the effects of protocol details on the sensitivity and resolution of DNP-enhanced
NMR spectra, which included, the radical membrane mixing method, deuteration
level, radical type (AMUPol and TOTAPOL), cryoprotectant type (glycerol and DMSO)
and the effects of headgroup (specifically PE and PC). Also, the location of biradical
with respect to the membrane has been studied by the Paramagnetic Relaxation
Enhancements (PRE) in the room-temperature ssNMR spectra of lipids in the
presence of a polarizing agent. It was found that a) direct titration provides significantly
higher DNP enhancement compared to the centrifugation sample preparation
technique, b) AMUPol provides a fourfold higher DNP enhancement compared to
TOTAPOL, c) the DNP enhancements in protonated and deuterated lipid membranes
are similar, d) cryoprotecting glycerol gave a higher enhancement of a factor of ~1.5
compared to DMSO, and e) PE lipid membranes gave sharper signals for disordered

peptide residues, showing effects of the membrane on protein interaction®’.

Work by Thomas Deo furthered this and systematically explored the content of
glycerol, the biradical type and concentration on the disruption to the lipid bilayer?®.
Firstly, by measuring T; and T, of ¥*C under DNP conditions (temperatures of ~100
K) it was found that the presence of glycerol was crucial for obtaining a homogeneous

distribution of radical. Secondly, it was found that signal enhancements increased with
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the concentration of AMUPoI, however, at higher AMUPoIl concentrations the effects
of paramagnetic bleaching and depolarisation lead to a signal loss. An optimal
concentration of AMUPol, balancing between these effects, and providing reasonable
resolution, was found experimentally. Finally, the DNP enhancements of sample with
highly hydrophobic TEKPol and water-soluble AMUPol biradicals were compared to
one another. When pre-incorporated into the lipid membrane, TEKPol was shown to
have a higher DNP enhancement than AMUPol, however, AMUPol produced the
highest DNP enhancement when mixed with the membrane after lipid membrane
formation. This suggests that AMUPol is a more efficient polarising agent when added
and dissolved in the bulk solvent, compared to when it is closely associated with lipid
molecules. AMUPol was therefore the preferred biradical for this thesis work, with
mixing the biradical into the membrane after lipid membrane formation as the chosen

method.

With the sample and DNP matrix optimised, the biradical position in a simple
membrane system was assessed utilising the PRE methodology, as well as changes
to the lipid membrane by assessing the static and MAS 3!P spectra of the sample.
PRE occurs due to hyperfine interactions between unpaired radical electron and

nuclear spins which has an r® distance dependence.

The relative PRE in the lipid NMR spectra at each lipid position is given by a ratio
S/Sy, where S and S, are the signal intensity of the lipid resonance with and without
the polarising agent, also referred to as the DNP dopant , and glycerol respectively.
For lipids with charged PC headgroup (POPC and DMPC), it was found that with 10
mM AMUPol, a characteristic decline in PRE was observed from the first headgroup
resonance to the last one. The C2 position of the POPC lipid showed a local minima
whereby the radical anchored to the lipid causing signal attenuation in this region. For
lipids with charged PG headgroup (POPG), no evidence was shown for significant
differences in the interactions of biradical with the uncharged diol group of POPG
compared to the charged POPC tertiary amine. In both samples, the headgroup

signals were more attenuated than lipid tail signals?é.

The addition of glycerol was shown to have large effects on the attenuation of lipid
signals in the headgroup region of POPG and the © position of the lipid tail. This is
consistent with the theory of glycerol partitioning into the lipid bilayer which allows the
biradical to interact more closely with the lipid resulting in a higher PRE. The biradical
may also be less soluble in a glycerol-containing environment, making it more

favourable energetically to be solubilised in lipids. DNP enhancement is also therefore
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higher as the biradical can sit more closely to the nuclear spins. Interestingly, in a
POPG lipids, no signal attenuation is observed at the © position in a glycerol

containing sample?®,

The use of other biradicals and their effects on PRE in a simple lipid environment
were also assessed. TEKPol has been shown to cluster in aqueous DNP
environments, leading to unfavourable enhancement and relaxation properties. At
several positions in POPC lipids, TEKPol produces a differing PRE, most notably at
the headgroup B position, where signal attenuation is stronger than that produced by
AMUPol. TEKPol is therefore suggested to penetrate deeper into the hydrophobic
part of lipid bilayer. However, a similar trend to AMUPol is shown, where the

attenuation is more pronounced in the head region compared to the lipid tail*®.

31p chemical shift anisotropy (CSA) patterns arising from PO* in lipid headgroups are
shown to be highly sensitive to changes in structure and dynamics of phospholipid
membranes®®. Isotropic chemical shifts can also provide information about the lipid
structure. Comparing samples of a POPC/POPG mixture, with 10 mM AMUPol, 60%
glycerol by volume and both 10 mM AMUPol and 60% glycerol by volume, minimal
changes were observed in the CSA patterns under static conditions, suggesting
minimal effects on the lipid structure by the DNP dopant and glycerol. This is an
important feature when investigating membrane proteins under conditions which
mimic cellular membranes. When the 3!P spectra was recorded under 15 kHz MAS,
there were some differences in the spectra when AMUPol and glycerol were added.
Individually adding the DNP dopant or glycerol caused line broadening in both POPG
and POPC peaks, with AMUPol interacting more with POPG and glycerol with the
neutral headgroup of POPC. The linewidth appears the largest with the addition of
both dopant and glycerol*.

These results give a good insight into the effects of the DNP dopant and glycerol on
lipid structure and how polarisation is transferred in a membrane and protein sample.
However, a membrane made of lipids of one kind is a very simplistic model for a real
biological membrane. The addition of compounds such as Chol and GML1 to create a
Lipid Mimic (LM) system that reproduces the membrane of a human cell, investigating
the effects of the DNP dopant and glycerol in these conditions will help to further
optimise sample conditions to give improved DNP enhancements. Details of the
individual components used to make the LM system and their effects on the

membrane and protein binding are discussed further in Chapter 4.
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Lipids are known to exist in distinct membrane phases. In the solid crystalline phase
lipids are highly ordered creating a compact lipid environment. If the lipid hydrocarbon
chains are tilted with respect the crystalline phase the membrane enters the gel
phase, reliant on the hydration level of the membrane. The fluid or liquid phase of the
membrane has highly disordered lipids with increased lateral and rotational diffusion
of the lipids. The change from the gel phase to the liquid phase arises at temperatures
specific to each lipid known as the transition temperature?. It is also important to
consider the effects of components such as Chol and GM1 as well as the biradical

and glycerol on these phase transition.

This chapter aims to explore the effect of AMUPol, glycerol and the DNP sample
content on the LM system, specifically, the partitioning of AMUPol into the bilayer.
AMUPol interaction with the bilayer and the changes in the bilayer structure were

probed using room-temperature sSNMR experiments.

3.2 Sample preparation

The LM preparation protocol was adapted from work by Qiang et al.?.

3.2.1 PRE measurements

Either pure DMPC lipid (20 mg) or the LM system containing DMPC (13.2 mg), DMPS
(2.74 mg), Sphin (9.86 mg), Chol (2.52 mg) and GM1 (3 mg) were co-dissolved in
chloroform, which corresponds to a molar ratio of 1.5:0.3:1:0.5:0.15 respectively and
sonicated in a water bath for five minutes to ensure complete dissolving. Solvent was
then removed by drying under a stream of N, and placed under vacuum to completely
remove the chloroform. The resulting lipid film was rehydrated with phosphate buffer
(23.4 ml, 10 mM, pH 7.4) and then agitated at room temperature for one hour. This
was followed by ten cycles of freeze-thaw between liquid nitrogen and 37°C and five-
minute sonication resulting in homogeneous membranes. Each lipid suspension was
split into three identical aliquots and centrifuged (26000 rpm, one hour). The
remaining supernatant was removed by pipette to give a membrane pellet, with the
remaining H20 in the sample being recorded. The DNP dopant and glycerol were then
added meaning the three samples included 1) reference sample — not altered, 2)
AMUPol (10 mM) and 3) AMUPol (10 mM) + Glycerol (60%) by volume. The samples
were vortexed for ten minutes to ensure the complete mixing of additives with lipid
membranes. Hydration levels in all samples was reduced to ~40% using a lyophiliser.

The samples were packed into 3.2 mm rotors using a home built packing tool. Packing
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very viscous membrane pellets into NMR rotor was done using a high-density
polyethylene (HDPE) tool. The tool holds the rotor in one ection with a smaller
component being screwed into place below as shown in Figure 3.1A). The sample
can then be scraped via a spatula from the centrifuge tube and placed into the conical
part of the larger component, which has a small hole leading to the open top of the
rotor shown Figure 3.1B). The tool is specifically designed to fit into a Beckman
Coulter centrifuge rotor as shown in Figure 3.1C). Centrifugation at ~3000 RPM for
around ten seconds forces the sample into the rotor without disrupting the sample

itself.

Figure 3.1 Home-built packing tool for sample preparation. A) The rotor fits into a hole inside
the larger component, the smaller screws onto the bottom to hold the rotor in place. B) The
membrane is placed into the conical part of the larger section of the tool which has a hole
above the open end of the rotor. C) The tool fits inside a centrifuge rotor with centrifugation

forcing the sample into the rotor.

SsNMR experiments were carried out using a Bruker Avance Il 800MHz
spectrometer with a 3.2 mm 'H and *3C tuned probe. The cross polarisation (CP)
experiment was carried out with a MAS rate of 8 kHz and 1024 acquisitions. All
spectra were referenced to adamantane with a CH signal at 38.48 ppm. The samples
were maintained at 20°C during acquisition. Spectra were processed using TopSpin®
version 4.0.7 software, which was used to determine signal strength with w-1 alkyl
taken as the normalisation reference. Previous work has used w as the reference'’,
however, in this work w-1 was found to provide a better signal intensity thus reducing

error.
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3.2.2 3P measurements

Several models were subject to the analysis of 3P NMR spectra.

Pure DMPC.

DMPC/ DMPS with molar ratios of 1.5:0.3 respectively.

DMPC/DMPS/Chol with molar ratios of 1.5:0.3:1:0 respectively.

LM system containing DMPC/DMPS/Sphin/Chol/GM1 with molar ratios of
1.5:0.3:1:0.5:0.15 respectively.

A\

Sample components were co-dissolved in chloroform and sonicated in a water bath
for five minutes to ensure complete dissolving. Solvent was then removed by drying
the sample under a stream of N, and placing under vacuum to completely remove the
chloroform. The resulting lipid film was rehydrated with Tris-HC| and agitated at room
temperature for one hour. The same freeze-thaw, dopant and glycerol addition and
rotor packing protocol was followed as stated in the Section 3.2.1 however a 2.5 mm

rotor was used.

The 3P-NMR spectra were collected using a Bruker Avance Il spectrometer (600
MHz H NMR frequency) equipped with H/X/Y probe. MAS-NMR spectra were
recorded at 15 kHz spinning speed with SPINAL-64 'H decoupling using 1024 scans.
Static spectra were recorded with SPINAL-64 'H decoupling using 81920 scans. All
spectra were referenced to adamantane with a *C CH signal at 38.48 ppm as a
secondary chemical shift reference. The samples were also maintained at 20°C during

acquisition.

3.3 Biradical position within a lipid membrane

The depth of biradical insertion into the membrane is important for understanding
whether a polarizing agent has affinity to the membrane and whether it might be
causing a change init. To this end, we apply the technique of 13C PRE measurements
that has been shown to detect interactions between an unpaired electron of a

paramagnetic site and protons up to distances of ~35 A%,

DMPC lipid signal assignments in a pure DMPC sample and in a LM mixture are
shown in Figure 3.2. It is not possible to assign all peaks within the LM system as
each lipid type produces signals which overlap, making assignment difficult,
explaining only why the signals from DMPC lipids were used for PRE calculations.
Some line broadening has also occurred due to these other lipid signals, however full

assignment of the DMPC signals was still possible.
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Figure 3.2 13C CP spectra of A) DMPC bilayer B) LM system containing
DMPC/DMPS/Sphin/Chol/GM1 with molar ratios of 1.5:0.3:1:0.5:0.15 respectively. DMPC
structure is shown with individual positions hamed to the right of the spectra, correlating to

peaks shown within the spectra, which are highlighted with dotted lines.

An assignment of the full LM system as used in this work was not found in the
literature; however several NMR studies have focused on DMPC lipids®. Comparing
assignments of pure DMPC lipids to those DMPC signals within a more complex
system allows us to have a better understanding of how the structure and dynamics
of the lipid membranes change in more complex models. This is relevant when
exploring how proteins interact with these membranes and studying proteins under
biological conditions. The addition of dopants has also been investigated in simple

membranes such as DMPC?’, however has not in the LM system.

The addition of dopants, specifically AMUPol, as well as the addition of glycerol, to
lipid membranes has been the subject of several studies'®'’. It is an important factor
in relation to DNP enhancements of protein signals when examining protein
interactions with those membranes. It is important that the dopants do not cause
significant changes to the membranes before protein addition. In order to be
biologically relevant, negligible changes in the membrane due to dopants are
necessary. Insertion of AMUPol biradical was investigated with and without the
addition of glycerol in a pure DMPC lipid membranes as well as the more complex
LM. Figure 3.3 shows signal attenuation in these membrane systems due to

paramagnetic AMUPol polarising agent with and without glycerol.
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Figure 3.3 Summary of PRE measurements. A) 13C CP spectra of (black) DMPC lipid bilayers
in buffer, (red) in buffer with 10 mM AMUPol, (blue) in buffer with 10 mM AMUPol and 60%
glycerol by volume. B) S/S, due to PRE extracted from spectra shown in A) with DMPC + 10
mM AMUPol (red) and DMPC + 10 mM AMUPol + 60% glycerol by volume (blue). C) 13C CP
spectra of (black) LM system containing DMPC/DMPS/Sphin/Chol/GM1 with molar ratios of
1.5:0.3:1:0.5:0.15 respectively, in buffer, (red) in buffer with 10 mM AMUPol, (blue) in buffer
with 10 mM AMUPol and 60% glycerol by volume. D) S/S, due to PRE extracted from spectra
shown in C) with LM + 10 mM AMUPol (red) and LM + 10 mM AMUPol + 60% glycerol by

volume (blue).

Figure 3.3B) and D) shows a DMPC lipid indicating the distance from the bilayer
surface of the assigned signals vs PRE. Starting with the pure DMPC lipid, PRE
analysis shown in Figure 3.3B), in glycerol’s absence, the residual intensities in the
13C spectra are higher than in the glycerol-protected sample, indicating glycerol has
an important role in signal attenuation. This corroborates previous work which
concludes that glycerol has the ability to partition to the membrane-water interface®*.
This allows the biradical to interact more closely with the membrane resulting in a
greater PRE. In some lipid samples it is suggested that this has consequences

regarding DNP enhancements when both AMUPol and glycerol are present. Higher
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enhancements in samples may actually be due to this partitioning ability of glycerol

and the fact the biradical is closer to the nuclear spins in the LM system?é,

Figures 3.3A) and B) show a characteristic decline in PRE of the headgroup region,
from y to a, present in pure DMPC lipids. This confers with previous work observing
DMPC lipid membranes'’. This is due to AMUPol molecules within the solvent
interacting with the lipid head group. Local minima in previous work was seen at the
acyl chain residues C2'® and C3, and the other at the head group y for the DMPC,
AMUPol PRE, however local minima here is seen at the a position!’. A local maximum
is observed at the Carbonyl site, suggesting the AMUPol is unable to anchor as well
around this residue, with the nitroxide site away from this position. The signal-to-noise
ratio for the CO peak in the AMUPol + 60% glycerol was too low for accurate
integration as seen in Figure 3.3A). In other simple membrane systems such as that
of POPC, a characteristic decrease is observed from the first to the last headgroup
resonance!”!®. The transition temperature of DMPC is shown to be near 24.1°C? and
we therefore expect the lipid to be in the gel phase due to experimentation being
undertaken at 20°C. However, small fluctuations in temperature which cannot be

accurately measured in the sample may occur which needs to be considered.

The PREs of signals from DMPC are different in the pure DMPC lipid sample, shown
in Figure 3.3B) and in DMPC-containing LM bilayers as shown in Figure 3.3D). In LM
samples, the addition of glycerol affects a smaller number of NMR signals when
compared to pure DMPC lipid bilayers. Given that glycerol was previously found to
partition into water-membrane interface in pure DMPC lipids?*, this finding suggests
that there is a specific component, or components, in the LM mixture which may
prevent the glycerol partitioning into the membrane as well when compared to simpler
lipid membranes. As a result, AMUPol cannot penetrate deeper into the membrane
due to the presence of glycerol compared to pure DMPC bilayers. It is important to
note that Chol has the ability to induce conformational ordering of the disordered fluid
phase chains promoting a liquid ordered phase, where the membrane plane has a
liquid structure and ordered fatty acid chains?®. As the temperature is 20°C during
acquisition we would expect the DMPC lipids within the LM sample to be more ordered
than the 100% DMPC sample which would in turn affect the ability of glycerol to
partition into the membrane. The 100% DMPC sample may be closer to the fluid

phase than expected.

There is no characteristic decline in PRE in the headgroup for the LM sample with

AMUPol and 60% glycerol. The CB atom has unexpectedly large intensity, suggesting
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that neither glycerol nor AMUPOoI can interact with this site well. Again, compared to
the DMPC sample this suggests that another compound may be interacting with the
DNP dopant and glycerol. This could be the presence of Chol affecting the phase
transition temperature. It has also been demonstrated that gangliosides such as GM1
have a preference to partition into the ordered domains of the membrane and can
destabilise the phase coexistence?’. Due to the complexity of the membrane, it is
difficult to assess the contribution of each individual component of the LM sample and
how this effects the lipid phase as well as the interactions of glycerol and the biradical.
This may also explain some of the line broadening seen within the LM spectra
compared to the 100% DMPC spectra due to changes in the mobility of the membrane
as there are lipid phase changes attributed to the addition of LM components as well
as the biradical and glycerol. It was not possible to record the intensity of several sites
of the DMPC in the LM membrane due to the low signal-to-noise as shown by Figure
3.3C). This included CO, C2, CH;, and w-2 carbon atoms in the AMUPol and AMUPol

+ glycerol samples, as well as the B-site in the AMUPol only sample.

In order to properly assess the contribution of the components in the LM system,
further PRE measurements on the individual components need to be conducted in
the presence of the DNP dopant and glycerol. This may allow for potential assignment
of other constituents in the LM spectra. Also, it may give more insight into the phase
behaviour of the membrane and how each individual component changes this and in

turn how this affects the interaction with the biradical and glycerol.

3.4 Effects of DNP dopant and glycerol on lipid bilayer structure

Biological membranes are composed of various lipid molecules which differ by their
chains and headgroups. The lipid molecules are amphipathic meaning that they
consist of a hydrophilic headgroup and hydrophobic chain. Those in turn are made,
respectively, of a phosphate group and a diglyceride with either a saturated or
unsaturated acyl chain. This amphipathic character gives phospholipids the ability to
form their distinctive bilayer or liposome structures. Certain headgroups of these
phosphates can alter the surface chemistry of a bilayer and can function as anchors
for other molecules such a proteins?. The lipid headgroups contain PO4 where 3!P
CSA patterns reveal changes in the structure and dynamics of the phospholipid
membranes. The CSA (Ao) arises from the surrounding electromagnetic environment
of the nucleus and is partially averaged out by molecular motions. As discussed in

Chapter 2.6.1, the CSA is comprised of three parameters: anisotropy, asymmetry,
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and the isotropic chemical shift, which is where the signal would appear if fast
molecular motion was applied, such as MAS in NMR, which averages out the
anisotropy?®. CSA and dipolar coupling are not present in isotropic liquids due to the
time averaging of the interactions with the external magnetic field due to molecular
tumbling. The rotation achieved in MAS is enough to replicate this motion in solid
samples when set to the ‘Magic Angle’ of 54.74° compared to the magnetic field®.
Also stated in Chapter 2, the (3cos?8 — 1) dependence of dipolar couplings and CSA
means at the magic angle the interactions are averaged to zero®. Expanding what
was discussed in Chapter 2.6.1, the chemical shift is a second ranked tensor, where
a matrix of components can be formed. In the Principal axis system, the tensor is

diagonal and is given as a sum of its isotropic and anisotropic part as shown in Eqg. 1:

011 0 0 Oiso 0 0 O-lclsA 0 0
< 0 o0 O ):( 0 o0 O >+ 0 o5” 0 ) (3.1)
0 0 o33 0 0 0 0 0 ofsA
where the principal values are:
o1l > g?22 > ¢33, (3.2)

and the isotropic chemical shift is defined as:

3.3
Oiso = 5(011 + 0,2 + 033), (33)

Two other parameters are used to describe the chemical shift, the CSA and the

chemical shift asymmetry (n) where:

1 3.4
Ao = 033 — 5(011 + 022), (3:4)
and the chemical shift asymmetry is defined as®2:
n= 022 — 011 _ UZCZSA - 01615A (3.5)
033 — Ojso 0'3%,%

The addition of DNP dopants, such as AMUPol, as well as glycerol, to membranes
have been shown to interact with lipid membranes, which is supported by the PRE
data presented earlier in this chapter in the case of DMPC and a LM system. These
dopants may disrupt the lipid structure which is also supported by the fact that lipid

structure is widely affected depending on sample conditions®3. As previously stated,
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minimal disruption to the membrane is required in order to assess protein membrane

interactions under a biological settings.

Warschawski et al. previously assessed the differences in 3P static CSA and MAS
isotropic chemical shifts for several lipids over a range of temperature and the results
were compiled in tables for easy comparison?®. Using different lipids allowed easy
comparison between headgroups and concluded that certain lipids such as POPE
was sensitive to temperature and could be studied in the gel phase at 0°C. Under
MAS the isotropic chemical shift varied between lipids depending on headgroup as
well as temperature. They also found the combination of certain lipid headgroups
together could result in changes in dynamics or changes in lipid headgroup
orientation. This highlights the importance of assessing CSA and isotropic chemical

shifts when studying biological membrane systems?°,

In this study the 3P CSA patterns and isotropic chemical shifts were analysed to
determine whether the lipid membrane is significantly perturbed by the DNP dopant
AMUPol, and glycerol. Differences in this disturbance were compared between a
simple single component DMPC membranes and more complex membranes
containing components such as other lipids, Chol, and ganglioside, to the point of a
LM bilayer.

CSA of static samples

The CSA patterns were recorded for the four membrane models with and without the
DNP dopant and glycerol, consisting of either: i) no addition, ii) 10 mM AMUPol or iii)
10 mM AMUPol and 60% glycerol by volume as shown in Figure 3.4.
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Figure 3.4 3P spectrum of samples containing lipid with i) no added dopants, i) 10mM
AMUPol, and iii) 10mM AMUPol and 60% Glycerol by volume. A) Pure DMPC lipids, B)
DMPC/DMPS with molar ratios of 1.5:0.3 respectively, C) DMPC/DMPS/Chol with molar ratios
of 1.5:0.3.0.5 respectively, D) LM samples containing DMPC/DMPS/Sphin/Chol/GM1 with
molar ratios of 1.5:0.3:1:0.5:0.15 respectively. (Black) actual recorded spectra, (red) best fit
spectra simulated by Dmfit used to calculate values in Table 3.2. All spectra were recorded
under static conditions with 81920 acquisitions and SPINAL-64 'H decoupling during
acquisition.

For the spectra shown in Figure 3.4A) and C), with DMPC and DMPC/DMPS/Chol,
there are minor differences in the observed CSA patterns and the parameters
produced with Dmfit** when AMUPol or AMUPol + glycerol are added. This suggests
that for those specific membrane models, the DNP dopant and glycerol do not have
strong structural effects on the lipid membrane structure. This is important when trying
to study membrane protein interactions under physiological conditions. Interestingly,
as seen in Figure 3.4B) and 3.4D), upon the addition of AMUPol to the DMPC/DMPS
and LM samples, there are large changes within the individual spectra. The spectra
presented in 3.4Bii) and 3.4Dii), are characteristic of gel-ordered phase lipid
membranes, while all the other spectra presented are indicative of fluid phase
membranes®®. The change of phase in the lipid membrane seems to be induced by
AMUPol and seems to be reverted to the fluid phase by the addition of glycerol. As
stated above, DMPC has a phase transition temperature of 24.1°C whereas DMPS
has a transition temperature of 35°C, we would therefore expect that all the spectra
from the DMPC/DMPS sample to be in the gel phase. However, the sample with no
additives does not fully represent this and shows more motion within the membrane.
As it is difficult to accurately measure the temperature inside the sample during

acquisition this is difficult to assess.
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The LM sample contains Chol, Sphin and GML1, all of which are present in lipid raft
microdomains which are known to float freely within the liquid disordered bilayer of
the cell and can cluster to form more ordered structures. The ability of these rafts to
exist as distinct liquid-ordered regions of the membrane could explain the presence
of fluid phase spectra within the LM sample®, with AMUPol promoting more ordered
lipid structures within these samples. AMUPol is suspected to bind differently to
different components of the sample, affecting the lipid ordering and therefor phase.
Atfirst glance, the change shown in Figure 3.4Aii), pure DMPC lipids, to Figure 3.4Bii),
DMPC/DMPS, suggests that DMPS is solely the component which causes the
AMUPOol to bind differently to the lipid membrane, altering the CSA pattern. However,
this is then reversed upon the addition of Chol as shown in Figure 3.4Cii). As Chol is
shown to affect the fluidity of the membrane. It would be expected that the addition of
Chol promotes a more gel phase membrane due to increasing rigidity and lowering
the phase transition temperature?®. However, this is not the case. Where there are
noted phase transitions, this also affects the T, relaxation time, resulting in changes
to the spectra. The spectra shown in 3.4Bii) and 3.4Dii) suggests an increased T»
relaxation which can be indicative of phase transition. Another possibility is that
AMUPol may be binding to the headgroup in these samples and with the addition of
glycerol is then able to bind further down the lipid due to partitioning increasing
homogeneity within the sample. Other combinations of these five components will
need to be analysed in order to get a better understanding of how AMUPol interacts

with certain constituents of a sample.

Importantly, comparing all the spectra from Figure 3.4i) to 3.4iii), upon addition of both
AMUPol and glycerol, there are little changes between the observed CSA patterns.
This suggests little perturbance to the membranes upon the addition of the DNP
dopant and glycerol. As we are interested in samples which contain both AMUPol and
glycerol for further DNP and NMR analysis, this ensures that it is possible to study

membranes and their interactions with proteins under physiological conditions.

Table 3.2 contains the 3P CSA parameters of all the samples taken from simulations
of the spectra shown in Figure 3.4. It is clear to note that the full spectral width
decreases in all samples upon the addition of AMUPol and glycerol, meaning that
there is more molecular motion. This could be due to a more fluid lipid membrane with
the membrane entering the fluid phase. Previously, a decrease in spectral width was
seen upon the addition of AMUPol and glycerol to a POPC/POPG 3:1 membrane,
which is less than with the LM components. It was also shown that glycerol by itself

produced the largest difference in linewidth from a sample with no added dopant or
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glycerol. Glycerol was thought to affect the fluidity of the membrane and increase the
molecular motion, resulting in a more homogenous environment, shown by decreased
linewidth. This could explain the spectral changes in 3.4Bii) and 3.4Dii), compared to
3.4Biii) and 3.4Diii) when glycerol is added, increasing the fluidity of the membrane.
The addition of AMUPol reduces this increased motion, maybe again due to the
limitation of glycerol partitioning into the membrane in the presence of AMUPol*,
Increases in temperature also affect the CSA patterns, mainly, higher temperatures
which increase the fluidity of lipid membranes as they enter phase transition and
reduce the CSA width, indicating higher molecular motion as shown in a POPC lipid

membrane®’.

Table 3.2 3P CSA parameters of samples containing pure DMPC lipids, DMPC/DMPS with
molar ratios of 1.5:0.3 respectively, DMPC/DMPS/Chol with molar ratios of 1.5:0.3.0.5
respectively, LM samples containing DMPC/DMPS/Sphin/Chol/GM1 with molar ratios of
1.5:0.3:1:0.5:0.15 respectively, and the dopant required for DNP with 10 mM AMUPol and with
glycerol with 10 mM AMUPol + 60% glycerol by volume. CSA components including tensors

and isotropic chemical shift are shown.

Lipid composition CSA component
5= Siso/lPPM 54— iso/pPm By - &i, - PpPM 8iso/PPM Full spectral
width/ppm
DMPC 32.42 -18.25 -14.17 -1.92 50.67
+ AMUPol 32.73 -18.41 -14.32 -1.38 51.14
+ AMUPol/ 28.98 15.05 -13.93 -0.90 44.03
glycerol
DMPC/DMPS 41.3 -24.15 -17.16 -0.25 65.45
+ AMUPol 46.47 -31.09 -15.37 -1.52 77.56
+ AMUPol/ 27.91 -14.49 -13.40 -0.58 42.41
glycerol
DMPC/DMPS/ 34.33 -18.69 -15.64 -1.83 53.02
Cholesterol
+ AMUPol 30.28 -16.57 -13.71 -1.27 46.85
+ AMUPol/ 30.28 -16.57 -13.71 -1.27 46.85
glycerol
Lipid mimic 33.70 -17.87 -15.83 -1.10 51.57
(DMPC/DMPS/
Chol/Sphin/ + AMUPol 43.04 -18.44 -17.33 1.82 65.12
GM1
+ AMUPol/ 30.66 -17.22 -13.44 -1.12 47.88
glycerol

The CSA parameters were derived from Dmfit** and are defined as Principal values
|sz - 0iso| > |0xx - 0iso| > |0yy - 0iso|

® Oiso IS the isotropic chemical shift defined as % (Ozz+ Oyy + Oxx)
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MAS spectra

3P NMR spectra recorded under 15 kHz MAS show very similar patterns to the

spectra taken under static conditions. The results are shown in Figure 3.5.

A) DMPC B) DMPC/DMPS

i) Lipid +
AMUPol

iii) Lipid + AMUPol +
Glycerol

31p Chemical shift / ppm 31p Chemical shift / ppm

C) DMPC/DMPS/Chol

i) Lipid +
AMUPol  J\
iii) L|p|d + AMUPoI +
Glycerol
31p Chemlcal shlft/ ppm 31P Chemlcal shlft / ppm

Figure 3.5 3P spectrum of samples containing lipid with, black) no added dopants, red) 10
mM AMUPol, and blue) 10 mM AMUPol and 60% glycerol by volume. A) Pure DMPC lipids,
B) DMPC/DMPS with molar ratios of 1.5:0.3 respectively, C) DMPC/DMPS/Chol with molar
ratios of 1.5:0.3.0.5 respectively, D) LM samples containing DMPC/DMPS/Sphin/Chol/GM1
with molar ratios of 1.5:0.3:1:0.5:0.15 respectively. All spectra were recorded at 15 kHz MAS

and 1024 acquisitions.

The spectra shown in Figure 3.5Bii), with DMPC/DMPS + AMUPol, and 3.5Dii) LM +
AMUPol sample under MAS conditions also show some phase differences between
the lipid membranes as shown in Figure 3.4 where the data is recorded under static
conditions. Again, these changes seem to be relieved by the addition of glycerol. Even
though MAS averages out spectral broadening due to static anisotropic interactions,
the line broadening still remains. Table 3.4 shows the linewidth and isotropic chemical
shifts of different samples with and without the DNP dopant and glycerol, taken from

the spectra shown in Figure 3.5.
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Table 3.3 Linewidth and isotropic chemical shift parameters of samples containing pure
DMPC, DMPC/DMPS with molar ratios of 1.5:0.3 respectively, DMPC/DMPS/Chol with molar
ratios of 1.5:0.3.0.5 respectively, LM samples containing DMPC/DMPS/Sphin/Chol/GM1 with
molar ratios of 1.5:0.3:1:0.5:0.15 respectively, and the dopant required for DNP with 10 mM
AMUPol and with glycerol with 10 mM AMUPol + 60% Glycerol by volume.

Lipid composition Component
Linewidth/Hz 8o /PPM

DMPC 63.74 -0.91
+ AMUPol 62.74 -0.89
+ AMUPol/ 71.07 -0.87
glycerol

DMPC/DMPS 186.39 -1.07
+ AMUPol 429.95 -1.34
+ AMUPol/ 143.50 -1.09
glycerol

DMPC/DMPS/ 77.39 -1.02

Cholesterol
+ AMUPol 73.23 -1.03
+ AMUPol/ 83.12 -1.03
glycerol

Lipid mimic 248.88 -1.28

(DMPC/DMPS/

Chol/Sphin/ + AMUPol 1240.91 -1.27

GM1
+ AMUPol/ 469.22 -1.35
glycerol

In Table 3.3, the linewidth is taken as Full Width Half Maxima (FWHM), and also
shows the isotropic chemical shift. The extend of the spectral changes, possibly due
to a phase transition, shown in Figure 3.5 is highlighted by the line broadening of
DMPC/DMPS + AMUPol and LM + AMUPol. AMUPol caused line broadening in these
two samples by 243 Hz and 992 Hz respectively. This again suggests a more
significant interaction between the biradical and these samples than others. This may
reflect a transition into the gel phase represented by the spectral changes. The
structure of DMPC/DMPS without Chol and with all the other components must allow
a different interaction with AMUPol than seen in other samples. This may be due to
the way hydrogen bonding occurs within those samples and the way in which the
membrane is organised also impacting the phase behaviour of the membrane. Line
broadening in these samples was rapidly reduced when glycerol was added, causing
a 42 Hz decrease in DMPC/DMPS linewidth from no added dopants, and 220 Hz
increase in the LM sample from no added dopants, both of which are significantly
reduced than when AMUPol was added alone. Line broadening may also be attributed
to the differing shifts of the DMPC/DMPS lipids within the samples. There seems to
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be a significant increase in line broadening of 123 Hz between 100% DMPC and
DMPC/DMPS without additives. Although this may be due to differences in the phase
of the lipid membrane with the 100% DMPC membrane being more in the liquid
phase, this may also be due to the difference is chemical shifts between the two lipids.
As this changes with the addition of more components, the environment experienced
by the lipids also changes, affecting the chemical shifts of each of the lipids. As only

one peak is seen within these samples, it is difficult to fully deduce.

There seems to be no pattern on the field shift direction of the isotropic chemical shift
on the addition of dopants. This differs to previous work with POPG and POPC which
both saw a 0.02 ppm downfield shift on the addition of AMUPol and a 0.04 ppm up
field shift on the addition of glycerol, meaning a cumulative effect was seen on the
addition of both the dopant and glycerol, resulting in an overall 0.02 up field shift8,
This dependency is not seen in the case of DMPC and the other lipids and

components presented in this work.

In Figure 3.5C) and 3.5D), the appearance of a second species is visible. It would be
expected a second species to also be present in 3.4B) where only two lipids are
present, however this may be due to the large molar ratio difference between DMPC
and DMPS, with DMPC being the only visible peak. This suggests that upon addition
of other components, the amount of DMPC is reduced enough that other species with
different chemical environments are able to be recorded via NMR. Line broadening
caused by glycerol in the LM sample shown in Figure 3.5 and Table 3.3, is large
enough that the two peaks are no longer distinguishable. In the case of POPG and
POPC, in all samples with and without dopant and glycerol, two peaks for each lipid

were evident?®.

As shown in all previous P data, the difference in the spectra between samples
without the DNP dopant and glycerol, and spectra with the added dopant and glycerol,
shows minimal changes. This suggests that minimal perturbance to the membrane
has occurred on the addition of both AMUPol and glycerol. This then allows the
investigation of the interactions of proteins with biological membranes under

physiological conditions.
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3.5 Conclusion and outlook

A protocol was adapted for the production of a LM membrane system, where the main
component (i.e., DMPC molecule) could be assigned. This allowed PRE analysis to

be done on the simple DMPC membrane and the LM system.

PRE results showed that in the DMPC membrane, AMUPol + glycerol showed greater
signal attenuation than with AMUPol alone. For some positions in the LM system this
was the opposite case, with AMUPol having greater signal attenuation than when
paired with glycerol. Positions where AMUPol + glycerol resulted in more signal
attenuation is consistent with the theory that glycerol can partition into the membrane,
allowing the biradical to interact more closely with the membrane. It may be possible
that one component within the LM system is stopping glycerol from partitioning into
the membrane as well. Further studies on membranes produced from different
combinations of the LM constituents will need to be done in order to investigate this

theory.

31p CSA patterns of the membrane showed that in some cases, including that of
DMPC/DMPS and the LM system that AMUPol alone produces spectra indicative of
the gel-phase lipid membrane, and a fluid phase when added with glycerol. The
important point is that under static and MAS conditions, the membrane spectra without
DNP dopant or glycerol showed minimal changes when compared to the spectra of
membranes with both AMUPol and glycerol. This means it is possible to investigate
these biological membranes with DNP additives and in the presence of proteins under
physiological conditions. However, the effect of cryogenic temperatures used in DNP
experiments has to be considered when comparisons are to be made with NMR and
room temperature experiments which may impact the phase of the membrane which

can affect the interactions with AMUPol and glycerol as well as proteins.

Further work on the effect of the components of the biologically relevant LM system
and the components required for DNP experiments may give an improved
understanding of how polarisation is transferred and lead to improved sample
preparation and condition to give improved enhancement as well as understand the

phase behaviour of the membranes with these additives.
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4. Tracking AB@-40) interactions with

membrane systems

4.1 Introduction

NMR is now a popular and powerful tool used within several areas of Biology,
Chemistry and Physics, in particular in structural and molecular Biology?. It is a non-
invasive tool which can measure samples directly in solution as well in solid systems
leading to protein structure determination. 1982 saw the first published assignment of
a basic small protein from the *H NMR spectrum by Wagner and Wiithrich?, However,
the natural characteristics of protein aggregates, fibrils and larger macromolecules
make them difficult to study under liquid-state NMR and static ssSNMR conditions,
where sensitivity is already a constraint. For ssSNMR, MAS is required to study these
proteins and obtain resolved spectra allowing for amino acid correlation and
consequent assignment. The past few decades have seen several advances in MAS
technology and NMR software and hardware, allowing for the assignment of larger
proteins. The development of multi-dimensional analysis and the availability of
magnets with stronger magnetic fields means not only can complex biological

systems be studied, but their dynamics can also be investigated?.

NMR is the preferred method in the identification of protein structures, such as
investigating the structure of A, compared to more historical methods such as X-ray
crystallography due to the lack of crystallisation conditions required*®. As previously
described in Section 2.6.1, the chemical shift provides information about the local
chemical environment, which can then be used to determine protein structure®. This
makes NMR an effective method when determining the structure of isolated Ap
proteins, including fibrillary structures, which are the thermodynamic end-point of the

self-assembly process®.

In NMR a single sample can be subject to a number of 1D and 2D experiments, which
allows for individual residue assignment and conformation determination by utilising
secondary chemical shifts. Simple 1D CP spectra show chemical shifts of all
resonances in the sample, however with more complex samples the spectra can
become overcrowded. To avoid this, 2D experiments are used to achieve appropriate
spectra. This utilises two spin interaction correlations when two nuclear spins are
close in space, leading to less crowded spectra than seen in 1D spectra. A simple 2D

experiment and spectra are schematically shown in Figure 4.1.
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Figure 4.1 A) Schematic showing a basic pulse sequence for a 2D experiment. A RF pulse
is applied causing the nuclear spins to evolve under a specific interaction over an
incremented time interval t1, also known as a “mixing” time. A second pulse brings the
magnetisation into the transverse plane and produces an FID that is recorded in the time
interval t.. B) Schematic spectrum produced by a 2D FT of the dataset obtained by a
sequence in A). Correlations between spins in non-equivalent environments are shown by
off-diagonal peaks caused by spin interactions. The molecule shown above the spectrum
has an interaction between spin 2 and 3 causing the cross-peak in the 2D spectrum. Such

interaction is usually due to the spin proximity in space, or due to a chemical bond.

Tycko et al. investigated the structural basis of AB1-40) fibrils using ssSNMR and EM. A
model constructed based on experimental results shows a three-fold symmetry about
the fibril growth axis which contains in-register parallel B-sheets with a twisted
morphology. It was shown that hydrophobic stabilisation of the fibril was maintained
by the majority of the charged and polar sidechains residing on the exterior of the
structure®. The hydrophobic core created by this parallel nature allows interactions
among some of the sidechains, such as Q15 which can fit into a space created by the
G37 and G38 residues, which is similar to the ‘steric zipper’, which has also been
observed in other amyloid models®®. Predicted models from these constraints imply a
roughly triangular cross section with a fibril width of 6-7 nm?®. This predicted threefold
computational model is shown in Figure 4.2. The hydrophobic core is also important
in the labelling schemes of AB.40) used within this thesis work which are discussed

later in the methods section of this chapter.
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7.0 nm
Figure 4.2 Model taken from Tycko et al®. Computational atomic model with applied

experimental constraints viewed down the fibril axis. Hydrophobic, polar, negatively charged
and positively charged amino acid sidechains are green, magenta, red, and blue,

respectively. Backbone nitrogen and carbonyl oxygen atoms are cyan and pink respectively.

As well as the work presented by Tycko et al. there has been many other predicted
amyloid models, including fibril”, peptide fragment!! and polymorph structure!?, which

have mainly been obtained via ssNMR™ and cryo-EM**,

While there was some progress in obtaining atomic level structural models of AB-40)
fibrils, it has been long known in the field that the total amount of AR fibrils present in
the brain tissue does not correlate with the severity of AD and neurodegeneration®®.
Attention, therefore, has now turned to intermediatory stages of the self-assembly
process, such as oligomers, which have now being linked to the proteins toxic
effects!®!’. However, low concentrations of these important intermediates make for

difficult structural analysis using SSNMR.

One approach to enhancing protein signals and overcoming the issue of low NMR
sensitivity is the use of DNP. Due to the low temperatures of DNP, frozen samples
are required, allowing for frozen ‘snapshots’ of the self-assembly process to be taken,
tracking the structural conformation and changes, as a function of time. Samples from
four successive stages of the self-assembly process were monitored by DNP
enhanced ssNMR exploring intermediatory stages: monomeric, oligomeric,
metastable proto-fibrillar and mature fibrillar. In all four stages the predominant
conformation was shown to be the extended B-sheet conformation, however, this was
reduced in the monomeric and oligomeric stages resulting from a lack of ordered
structures prior to the formation of protofibrils. 2D data indicated conformations similar
to U-shaped structures, which are shown in mature fibrils, to be present in all stages,
even before formation of large oligomers. Itis predicted that there is a small population

of mature fibrils which develop spontaneously from the initial stages of monomers and
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oligomers. This suggests that the structure of fibrils and protofibrils must be
significantly different as conversion cannot occur by internal structural
rearrangements alone and requires sonication or agitation which breaks protofibrils
into fragments allowing for self-assembly into mature fibrils. Proto-fibrils are therefore
known as ‘off-pathway’ intermediates. *C data shows that hydrogen bonding
rearrangement is required for this conversion within the B-sheets. The in-register

parallel B-sheet structure of mature AB1-49) fibrils does not exist within the protofibrils*2.

Data from isolated AR studies has provided key insights into the structure of the
protein at several points along the self-assembly process but has provided little
biological relevance. Studies exploring the interaction between the AB protein and
lipid membrane systems, including membrane proteins, have also been conducted,
however, little research has been performed with protein signals enhanced by DNP.
The majority of this current research also focuses on the interactions of A fibrils and

lipid membranes, instead of possibly more important intermediate stages.

Using 'H-detection under conditions of ultrafast MAS presents a relatively new
approach for solving the issue of ssNMR sensitivity. So far, such approach has
produced relatively narrow lines allowing protein assignment and was applied to a
153-residue microcrystalline Zn ll-loaded superoxide dismutase in very low
concentration allowing a structural model to be constructed. Overall the experimental
time was reduced compared to 3C correlation spectra®®. It is also yet unknown
whether *H-detection under condition of ultrafast MAS could compete with DNP-MAS

for studies of protein-lipid samples.

Various lipid components, such as those shown in Figure 4.3 which include charged
phospholipids®2°, cholesterol?t, sphingomyelin, ganglioside GM12223, have their own
individual effect on the affinity of the AB peptide to bind to the lipid bilayer, as well as
affecting AP induced permeabilization of the membrane, and other membrane

properties?®.
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Figure 4.3 Component molecules for lipid mixtures used in this chapter.

The formation of micro-domains is promoted by the presence of cholesterol and
sphingomyelin, and specific binding sites from the peptide to the membrane may be
generated by the presence of GM1. Cholesterol is also involved in cell membrane
fluidity by controlling water permeability?, while sphingomyelin contributes to
membrane micro-domains such as lipid rafts®*. GM1 is not only involved in
hydrophobic and hydrophilic interactions but also reduces the fluidity of the plasma
membrane allowing for the retention of lipid rafts. GM1 has also being considered as
a key factor in maintaining mammalian neuronal functions avoiding
neurodegeneration®®. These interactions have also been shown to respond to
different P:L with the populations of a-helices vs B-strand increasing with the P:L,
however this may be attributed to the increasing GM1:peptide. Fibrillation pathways
have also been shown to be affected by initial states in the membrane, i.e., External

Ad(dition (EA) or Pre-Incorporation of AB into lipid membranes®2°,

In this chapter, DNP-enhanced ssNMR and 'H-detection NMR under ultrafast MAS
experiments were applied to characterise the structure of a AB1-40) peptide externally
added to a simple synthetic lipid vesicle system. The aim was to test the methodology
of sample preparation, confirm whether DNP-ssNMR and ultrafast-MAS NMR provide
signals of sufficient intensity, and to see whether the peptide conformation could be

tracked as a function of time. After which more complex lipid systems were utilised
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including the LM system and BE. A complementary set of experimentation was used
including TEM, AFM, HPLC, NMR, DNP enhanced NMR and ‘H-detection.

4.2 Materials and Methods

Uniformly **C, N- labelled AB-40 was synthesized manually using routine Fmoc
solid-phase peptide synthesis protocols by Qinghui Cheng at Binghampton University,
State University of New York. For DNP MAS applications, uniform labelling of the
entire protein is not useful due to broad linewidths of ~1.5 — 5 ppm, which would result
in poor spectral resolution. Therefore, labels in the protein are placed at a few specific
important locations along the protein length. The labelling schemes used in this

chapter are shown in table 4.1.

Table 4.1 Amino acid sequence shown in single letter abbreviation of the ABq-40) protein with
the uniformly labelled residues highlighted, corresponding to A) FAIL - F19, A21, 132 and L34,
B) FAGV — F20, A21, G29 and V36, C) FVIL — F19, V24, 132 and L34, D) EVFDSKGA -
E11,Vv18, F20,D23,526,K28,G29,A30.

Shorthand Labelling scheme
FAIL DAEFRHDSGYEVHHQKLV FFAEDVGSNKGAIIGLMVGGVV
FAGV DAEFRHDSGYEVHHQKLVF FAEDVGSNKGAIIGLMYGGVV
FVIL DAEFRHDSGYEVHHQKLV FFAEDVGSNKGAIIGLMVGGVV
EVFDSKGA DAEFRHDSGY EVHHQKLVFFAEDVGSNKGAIIGLMVGGVV

These specific labelling schemes were chosen due to the labelling of amino acids in
the hydrophobic regions of the peptide, which are defined as the CHC (residues 16-
22) and the C-terminal region (residues 30-40)%. These hydrophobic regions are of
great interest in the study of AR due to their involvement in protein interactions and
folding. They are essential in determining the secondary structure of the protein and
play a key role in influencing the state of protein aggregation in AD?’. The use of

EVFDSKGA was chosen due to its availability at the time of writing.

External addition of AB(1.40) to lipid vesicles

A protocol for the EA of AB@-40) into lipid vesicles was adapted from a protocol by the
Qiang group®. Lipid constituents were dissolved in chloroform following the lipid film
preparation as described in Chapter 3.2. Once the lipid film was formed the sample

was rehydrated with phosphate buffer (10 mM, pH 7.4) so the concentration of AB-

96



40) would be ~25 yM. The lipid sample was then agitated at Room Temperature (RT)
for one hour. This was followed by ten cycles of freeze-thaw between liquid nitrogen
and 37°C, and then ten cycles of extrusion with 300 nm pore size to give
homogeneous vesicles. The number of extrusion cycles was selected based on the
trade-off between the total sample preparation time and the sample homogeneity as

observed via negatively stained TEM (see Appendix 2 and Appendix 4 for details).

The lipid vesicles before and after addition of AB-40) Wwere characterised using AFM
(see Appendix 3, Appendix 6 and Appendix 7 for details). Appendix 6 shows that the
vesicles with and without peptide are very homogenous. They display small variations
in size between a small range as shown by the histograms, between 5-35 nm. No
structures that can be associated with peptide aggregates can be seen in Appendix
6. This may be due to a low level of protein binding, or the protein being washed away
by the washing stage.

The individual vesicles shown in Appendix 7 show no differences between the two
prepared samples. The sample containing AB-40) Shows a slightly smaller size,
however this is likely due to the small variations between the vesicles of the sample.
However, AFM suggests that no major changes have been experienced by the
liposomes due to the addition of the protein. Again, no peptide aggregates can be
distinguished in Appendix 7 either due to good incorporation of ABu.40) into the
membrane showing no external features, or insufficient binding to the membrane.

AB(1.40) pretreatment

The initial dissolution of AB-40), With the aim of breaking the aggregates and making

AB-20 monomeric, was done by either of the two methods:

1) HFIP/NaOH method: dissolution in Hexafluroisopropanol (HFIP) to a
concentration of 2 mg/mL, incubation for 45 mins, HFIP removal by
lyophilization, and finally, resuspension in 20 mM Sodium Hydroxide (NaOH)
(pH~12) solution®*2828,

2) DMSO method: dissolution of AB-40)in DMSO to a final volume of ~1% of the

final volume?®,

Using a HPLC-based approach for measuring concentration in the supernatant (vide
infra), it was shown that binding to DMPC/DMPS (1.5:0.3) membrane with P:L of 1:60
of AB-40) pretreated with HFIP/NaOH is slightly increased compared to the sample
pretreated with DMSO (81% vs 70% of bound peptide respectively). Negatively
stained TEM of the two samples pretreated in two different manners shows little

difference (see appendix 3).
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AB(1.40 | POPG sample preparation for DNP

ABa-40) Was externally added to POPG vesicles as described above. 1.25 mg of
purified and lyophilised AB-40) peptide was dissolved in 155 yL DMSO and diluted
into one of two vesicle solutions giving ~1% (v/v) of DMSO in the final solution and a
final P:L of 1:40. One aliquot was incubated for O-hour and the other for 8-hours. The
samples were then centrifuged (26,000 rpm, max g-value 57,440, one-hour) and the
remaining supernatant removed by pipette to give a membrane pellet. Supernatant

was saved for HPLC analysis to determine the concentration of the remaining AB-0).

The weight of buffer solution in the membrane was recorded and 5 uL aliquots of
solution containing °C-depleted and deuterated glycerol (Ds-99.5% !2C
glycerol)/D,0O/H20 at 6/3/1 w/w (known as the DNP matrix) was directly titrated to the
membrane pellets followed by two minutes of vortexing. This was repeated five times
to give total volume of added matrix stock of 25 L, followed by five minutes vortexing
to ensure uniform distribution of the radicals. The sample was lyophilised until the
total hydration level of the membrane pellet was ~40% by weight. The sample was

then added to a 3.2 mm sapphire rotor using home built packing tool.

ALB1-40) / lipid mimic

The lipid membrane preparation protocol is identical to that described in Chapter 3.2
with components including DMPC, DMPS, Sphingomyelin, Cholesterol and GM1
(Avanti Polar Lipids) with molar ratios of 1.5:0.3:1:0.5:0.15 respectively. The
experiments used either HFIP/NaOH or DMSO pretreatment of AB-40) as described
above. The membrane pellet was collected via centrifugation at 26,000 rpm (max g-
value 57,440) overnight. Supernatant was saved for HPLC analysis. The weight of
the buffer in the membrane was recorded and the DNP matrix was added following
the procedure as above including achieving a hydration level of ~40% by weight. The

sample was packed into a 3.2 mm sapphire rotor.

AB(1.40) / brain extract

Porcine BE (Avanti Polar Lipids) was used as the lipid membrane for some samples
which contained Phosphatidylcholine (PC), Phosphatidylethanolamine (PE),
Phosphoinositide (PI), Phosphatidylserine (PS), Phosphatidic acid (PA) and unknown
components, by the % weights of 12.6, 33.1, 4.1, 18.5, 0.8 and 30.9% respectively.
The desired amount of BE was dissolved in chloroform. N. flow was then used to
remove liquid and sample was dried in a vacuum for 4+ hours. The lipid film was then

suspended in 10 mM phosphate buffer, where the buffer temperature was above the
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phase transition of the lipid, and then allowed to hydrate for an hour, vortexing
occasionally. The membrane was then subject to eight freeze-thaw cycles between
liquid nitrogen and a 55°C water bath. The sample was extruded with 1 yM membrane
filter for ten cycles. AB-40) Was pretreated with HFIP/NaOH and added to the lipid
vesicles to the concentration of 50 uM. The membrane pellet was collected via
centrifugation at 26,000 rpm (max g-value 57,440) overnight. Supernatant was saved
for HPLC analysis. The weight of the buffer in the membrane was recorded and the
DNP matrix was added following the procedure as above including achieving a
hydration level of ~40% by weight. The sample was packed into a 3.2 mm sapphire

rotor.

ALB1-40) pre-incorporation in lipids

A protocol for the pre-incorporation of AB.40)into lipid vesicles was adapted from a
protocol by the Qiang group®. Desired amounts of lyophilised ABu-40 and
phospholipid mixtures were co-dissolved in HFIP. The solution was sonicated for five
minutes to ensure complete dissolving and then solvent removed with N> flow. The
remaining lipid/peptide film was dried in a vacuum overnight and rehydrated using 10
mM phosphate buffer (pH 7.4) to the AB1-40) concentration of ~25 uyM and the sample
was again agitated following the EA protocol. The same packing procedure was

followed as above.

HPLC-assisted UV-vis detection of peptide concentration

For the small volume samples prepared for ratio and component analysis, the same
lipid preparation protocol was followed as stated with ABu-40) / lipid mimic section,
however scaled down so the final volume was 600 pl for each sample. Unlabelled
protein (Sigma-Aldrich) was utilised and HFIP/NaOH treated. Sample was again
centrifuged (26,000 rpm, max g-value 57,440, overnight), and supernatant collected.

Two sets of samples were prepared to investigate the protein to lipid binding:

1) Unlabelled AB-40) externally added to LM system with varying P:L from 1:20-
1:70 with a 0 and an 8-hour incubation.

2) Unlabelled ABt-40) externally added to membranes composed of different
components of the LM system following the same molar ratio as stated above
with a 1:60 P:L, with 0, 0.5, 4 and 8-hour incubations.

Supernatants from centrifugation were analysed with a reversed-phase C18
analytical-scale column. The ABu-40) elution peaks, such as shown in Figure 4.4A),

can be quantified based on 210 nm absorption from a calibration curve from freshly
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dissolved AB-40) in H20 in the range of 0-50 uM shown in Figure 4.4B). This allows
for the quantification of binding of the peptide to membranes. Due to time restrictions
presented by COVID-19, only one run for each sample was analysed. Future work

would include repetitions of the HPLC tests.
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Figure 4.4 A) HPLC c/Tvlro/mattogram from 50 uM freshly dissolved APB1-a0)in deionised water,
showing a peak at ~6.50 minutes. This peak is used to calculate the integral used to plot
the standard curve as shown in B) produced from 0-50 uM freshly dissolved ABi-a0) in
deionised water. This shows the linear relationship between the concentration of AB-40)and

integrals at 210 nm, with R? value shown.

DNP-enhanced ssNMR

All ssNMR measurements were performed at 100 K on a Bruker ADVANCE IIl 600
MHz spectrometer with a 395 GHz gyrotron pw source. A 3.2 mm sapphire rotor triple
resonance MAS probe was used. MAS and low temperature was maintained using N>
gas flows from a Bruker chiller unit. All spectra were referenced to adamantane with
a CH signal at 38.48 ppm. The acquisition parameters for all experiments are shown

in Appendix 8. All spectra were analysed using Topspin®.

'H-detection with ultrafast MAS

The methodology for fibril production for *H-detection experiments was adapted from
the self-assembly protocol by Potapov et al.'® utilising desired amounts of FAGV-
labelled protein. Desired amounts of protein was firstly HFIP/NaOH treated. The pH
was then lowered by addition of 250 mM phosphate, pH 7.4, bringing the final buffer
concentration to 50 mM. HCI was used to adjust the pH to 7.5 and then incubated for
four hours. The sample was then sonicated and incubated at 24°C for 12 h before the
sonication incubation procedure was repeated four times until the mature fibrils were
complete. Fibril content was confirmed via TEM. The sample was then packed into a

1.3 mm rotor utilising the Bruker rotor packing kit. Another sample was prepared under
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the same methodology however containing 10uM Ethylenediaminetetraacetic acid

diammonium copper salt solution (Cu-EDTA).

hCH experiments were performed at RT on a Bruker Ascend 800 MHz spectrometer
equipped with HXY probe. 2D MAS-NMR spectra was recorded at 65 kHz spinning
speed. The acquisition parameters for all experiments are shown in Appendix 8. All

spectra were analysed using TopSpin®.

4.3 Results

4.3.1 DNP-enhanced NMR of AB(i.40) interacting with POPG vesicles

Upon external addition of AB-40) to POPG vesicles HPLC-based analysis reveals a
rather good binding of AB1-40) to lipids of 77% and 85% for 0-hour incubation and 8-
hour incubation respectively. **C-CP spectra with and without pw irradiation of the
FAIL-labelled AB(i-40) in @ 100% POPG environment at a 1:40 P:L from 0- and 8- hours

are shown in Figure 4.5.
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Figure 4.5 DNP-enhanced 13C CP spectra of AB-40)-lipid bilayer system with (top) and

0 25 0

without (bottom) uw irradiation. Sample of FAIL-labelled ABu-40) peptide dissolved in DMSO
externally added to 100% POPG with a 1:40 P:L with A) 0-hour and B) 8-hour incubation.
For Figure A) the CP measurements were carried out with 16 scans with uw.n,and 496 scans
with uwes. For Figure B) the CP measurements were carried out with 16 scans in both cases.
Protein and glycerol peaks are indicated by black dashed lines and dots respectively. Broad
linewidths do not allow for specific amino acid assignment at cryogenic temperatures in

these 1D spectra.

Enhancements for each individual protein position from the two samples are also

shown in Table 4.2.
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Table 4.2 DNP enhancements at several spectral regions for uniformly FAIL-labelled AB:-
40) dissolved in DMSO externally added to 100% POPG with 1:40 P:L.

Incubation P:L €pnp €Nhancement
time co C, Cp c, Cs Coomeic_ Lipid
CH,
0-hour 1:40 18 22 43 18 22 18 18
8-hour 1:40 32 19 32 19 - 26 16

Enhancements for several protein spectral regions are shown to be in the range of a
factor of ~18-43 which is more than the observed enhancement of 16 and 19 for the
CH: lipid peak in the samples for 0- and 8-hour incubation respectively, which is
shown at ~33 ppm. Measuring enhancements of some peaks was not possible due
to the high levels of noise in the pw off spectra. This suggests more efficient spin
polarisation transfer by spin diffusion from the DNP matrix to lipid embedded ABi-40)

than to the lipid positions.

DARR experiments utilise a CP step which is followed by magnetisation exchange
between nearby *C nuclei during an exchange time, tex, Whilst CW irradiation is
applied to the *H nuclei at the same power as the rotation rate, as shown in Section
2.9.3 Figure 2.12%°. The addition of the CW 'H pulse during the exchange time
separates this from other methods such as PDSD experiments3!. Magnetisation
transfer can be induced for different distances via the dipolar interaction by setting the
exchange time. A short tex will lead to a dipolar interaction between *3C nuclei that are

close in space whereas a longer tex Will lead to transfer between more distant spins.

2D-DARR spectra and 1D slices through them of the samples containing AB-40)
externally added to 100% POPG with a 1:40 P:L ratio with O and 8-hour incubation
are shown in Figure 4.6. All labelled residues were successfully resolved with both
0.25 and 2 s mixing times which shows predominantly one-bond correlations and
inter-residue correlations respectively. Mixing times were set to 0.25 s to excite mainly
those one-bond inter-residue correlations although in leucine and phenylalanine two
and three bond correlations are also present. The 2D-spectra (and corresponding 1D
slices) of both 0-hour and 8-hour samples indicate the presence of noticeable cross-

peaks due to the proximity of L34 and 132 methyl groups to the F19 aromatic groups.
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Figure 4.6 DARR spectra of uniformly FAIL-labelled AB-a0) dissolved in DMSO externally
added to 100% POPG lipid membrane with a 1:40 P:L with (top) 0.25 s mixing time and

(bottom) 2 s mixing time. A) 0-hour incubation (top) 16 scans in the direct dimension, 300

points in the indirect dimension and a recycle delay of 4.5 s giving predominantly one-bond

correlations. (Bottom) 28 scans in the direct dimension, 300 points in the indirect dimension

and a 4.5 s recycle delay giving inter-residue correlations. B) 8-hour incubation time (top)

28 scans in the direct dimension, 300 points in the indirect dimension and a recycle delay

of 3.5 s giving predominantly one-bond correlations. (Bottom) 28 scans in the direct

dimension, 300 points in the indirect dimension and a 3.5 s recycle delay giving inter-residue

correlations. All experiments were undertaken in less than 12 hours. 1D slices at the methyl

chemical shift of 132 and L34 are shown with A) 0-hour and B) 8-hour incubation. Strong

cross peaks are observed with the F19 aromatic group with a 2 s mixing time shown by the

black dotted line.
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As shown on Figure 4.6 the use of the DARR experiment also shows background
signals and t; noise on the spectra. One method of removing this is to use Double-
Quantum Filtered (DQF) and Double-Quantum Single-Quantum correlation
experiments (see Section 2.9.2). Figure 4.7 shows the *C-CP spectra of uniformly
labelled ABq-40) externally added to 100% POPG membrane with and without
incubation, compared with spectra acquired with DQF using POST-C7 sequence.
DQF spectra show a significant reduction of the natural abundance **C due to the lipid
and glycerol, compared to that of the protein signal, due to the dominant
magnetisation build-up between *3C nuclei one bond apart. The lipid CH peak present
in the CP spectra of Figure 4.7 A) and B) (top), at ~33 ppm is clearly visible, however

it is not present within the DQF spectra of both 0- and 8-hour incubation samples.

CH, CH,
A) co Ca Ca C4C,Cs B) co Ca Cq QB§ C,Cs

MW,

on

DQF

2(I)0 150 1(I)0 50 0 200 150 100 50 0

13C chemical shift / ppm 13C chemical shift / ppm

Figure 4.7 DNP-enhanced 3C-CP (top) and 13C-CP spectra double-quantum filtered (DQF)
(bottom) of uniformly FAIL-/labelled AB-20) dissolved in DMSO externally added to 100%
POPG with a P:L of 1:40 with A) 0-hour incubation and B) 8-hour incubation. DQF using
POST-C7 suppresses the natural abundance 13C lipid and glycerol signals. Protein signals
are shown by black lines, glycerol peaks are shown by dots and lipid signals are shown by

red lines.

2D DQSQ experiments were therefore implemented in order to assign peaks and
better resolve residues which can then be used to calculate secondary structure
chemical shifts and predict the protein conformation. 2D DQSQ were carried out using
the POST-C7 pulse sequence. As discussed previously in Section 2.9.2, this gives

rise to characteristic cross peaks which appear at the Single Quantum (SQ) shift in
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the direct dimension and the DQ shift in the indirect dimension. DQSQ POST-C7
spectra of samples containing AB-40) externally added to 100% POPG with a 1:40
P:L ratio with 0-hour and 8-hour incubation are shown in Figure 4.8.
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Figure 4.8 POST-C7 DQSQ correlation spectra of uniformly FAIL-labelled AB-40) dissolved in
DMSO externally added to 100% POPG with a 1:40 P:L followed by a A) 0-hour incubation
and B) 8-hour incubation. Spectrum in panel A) was acquired with 128 scans in the direct
dimension, 141 points in the indirect dimension and a recycle delay of 4.5 s giving an
experimental time of 22 h. Spectrum in panel B) was acquired with 128 scans in the direct
dimension, 141 points in the indirect dimension and a recycle delay of 3.5 s giving an

experimental time of 20 h.
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Cross peaks in the indirect dimension appear at the sum of the SQ chemical shifts of
the spins which are exchanging magnetisation via the dipolar interaction. For
example, the C4-Cg cross peaks appear at the SQ chemical shift of each nucleus (~51
ppm and ~39ppm respectively) in the direct dimension and the sum of those shifts (51
+ 38 = 89ppm) in the indirect dimension, varying slightly between each amino acid.
One bond correlation experiments with short homonuclear dipolar recoupling times
leads to assignments of those cross peaks. 1D slices from Leucine correlation DQ
chemical shifts are shown in Figure 4.9 to show the signal-to-noise ratio (S/N) that

was achieved.

A) 0-hour incubation B) 8-hour incubation
o CaCs O co C.Cy Cy
: ° 11 11Cs
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Figure 4.9 1D slices through the 2D DQ-SQ spectra shown in Figures 4.8 A) and B) and
corresponding to 0-hour and 8-hour incubation respectively. Slices are done along the SQ

dimension at the DQ frequencies assigned to L34 residue.

As shown in Figure 4.8, the F19 is distinguishable due to the C, - Cg cross peak from
the phenyl group, with the C,at 138 ppm in the SQ dimension and 179 ppm in the DQ
dimension, meaning the Cgis at 41 ppm (179 - 138 = 41). This can then be used to
assign the Cq - Cg correlation with Cqat 96 ppm in DQ dimension and 55 ppm in the
SQ dimension. Following this pattern all F19 **C can be resolved, CO can be resolved
from the Cq with CO at 171 ppm in the SQ dimension and 226 ppm in the DQ
dimension. L34 can also be unambiguously assigned from analysis of correlations
with the side chain resonances, the C, - Cggives the chemical shift of the Cgin the SQ
dimension which can then be used to resolve the other *C. Applying this method alll
four residues can be fully resolved in both the 0 and 8-hour incubation spectra. Two
distinct peaks are present for the A21 Cg with both 0- and 8-hour incubation, however
more identifiable with 0-hour incubation on 2D spectra as shown in Figures 4.8. 1D

slices for A21 are shown in Figure 4.10.
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Figure 4.10 1D slices through the 2D DQ-SQ spectra shown in Figure 4.8 A) and B) and
corresponding to O-hour and 8-hour incubation respectively. Slices are done along the SQ

dimension at the DQ frequencies assigned to A21 residue.

From the DQSQ spectra, secondary chemical shifts could be determined by
comparison with the chemical shifts of a random coil conformation. There is a strong
correlation between secondary chemical shift and peptide structure. The secondary

chemical shift is defined as:

Ao = Oobserved — Orandom coil (4-1)

As discussed in Section 2.6.1 C, atoms in B-sheet conformation have a more negative
chemical shift than random coil chemical shift, compared to a-helices where the
chemical shift is positive. Cg atoms have the opposite behaviour, when present in 3-
sheets they have a more positive chemical shift when compared to random coil
chemical shift. The results of the secondary chemical shift analysis of the chemical
shifts resolved in the 2D-spectra in Figure 4.8 are shown in Figure 4.11. In both POPG
samples, with and without incubation, the secondary chemical shifts show
characteristic $-sheet conformation for all the FAIL residues, as the CO and Ca have
more negative chemical shifts and the Cg have more positive secondary chemical
shift.
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Figure 4.11 Secondary chemical shifts for the carbon and carbonyl sites in uniformly FAIL-
labelled AB1-40) dissolved in DMSO externally added to 100% POPG followed by A) 0-hour
and B) 8-hour incubation. Negative CO and C,values and positive Cg are indicative of -
sheet conformation. Error bars represent the linewidths of the peaks taken from 1D slices

of POST-C7 DQSQ spectra.

Although previous work has suggested that an increase in incubation time increased
the protein binding*®, this was not seen in this POPG sample. The protein binding

decreased to <1% after 24 hours.

4.3.2 DNP-enhanced NMR of AB1.40) interacting with LM vesicles

DNP-MAS measurements

To assess the conformational changes in ABu40 in @ more biologically relevant
environment, a LM system was utilised, containing compounds such as cholesterol,
sphingomyelin and GM1 as shown in Figure 4.3. Such compositions mimics the outer
leaflet of SPMs, where membrane interactions may occur with the protein once the

peptide is released after enzymatic cleavage?®.
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Table 4.3 summarizes the results of DNP-enhanced NMR experiments carried on the
samples of AB-40) bound to lipid vesicles under varying conditions (such as P:L ratio

and the mode of AB1-40) pretreatment) and of various content, specifically:

e LM: DMPC/DMPS/Sphingomyelin/Cholesterol/GM1 in ratio 1.5:0.3:1:0.5:0.15
respectively.

e LM mixture without GM1, i.e.. DMPC/DMPS/Cholesterol/Sphingomyelin in
ratio 1.5:0.3:1:0.5 respectively.

e Lipids from porcine BE.

The observed DNP-enhancements of lipid CH, fragment varied from a factor of ~11-
50, however, they were typically a factor of ~30. The variation may arise from a
difficulty in producing a reproducible homogeneous mixing of the polarising agent with
the sample pellet material. Importantly HPLC-based measurements of free AB(1-40) in
supernatant have shown a rather poor binding (<7% in most cases) of the peptide to
the lipid vesicles (summarized in Table 4.3). These results are in striking contrast to
the relatively strong binding of AB1-40) to the POPG vesicles described in the previous
section. The rather low binding does not seem to be affected by the P:L ratio, method
of AB(-40) addition or method of ABu.40) pretreatment, or whether or not the mimic

contains GML1. Furthermore, the binding is low for the sample made with porcine BE.
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Table 4.3 Summary of the lipid CH, DNP enhancements and the % of protein to lipid binding
of ABu-40) externally added (unless stated otherwise) to a range of membranes presented
within this chapter.

Membrane Labelling Dissolution Incubation P:L Protein Lipid CH,
scheme method time bindingto  Enhancement
(hours) the
membrane
(%)
DMPC/DMPS - HFIP/NaOH 0 1:60 81 -
DMPC/DMPS - DMSO 0 1:60 70 -
POPG FAIL DMSO 0 1:40 77 18
POPG FAIL DMSO 8 1:40 85 16
LM FAIL DMSO 0 1:40 - 50
LM FAIL DMSO 0 1:100 - 1
LM FAIL DMSO 0 1:200 - 18
LM EVFDSKGA DMSO 0 1:60 - 17
LM FAGV HFIP/NaOH 0 1:40 7 45
LM FAGV HFIP/NaOH 8 1:40 <1 38
LM FAGV HFIP/NaOH 0 1:20 <1 38
DMPC/DMPS/ FAGV HFIP/NaOH 0 1:40 <1 32
Chol/Sphin
DMPC/DMPS/ FAGV HFIP/NaOH 8 1:40 <1 27
Chol/Sphin
Pre- FAGV HFIP/NaOH - 1:40 36 36
incorporated
LM
POPG FAGV HFIP/NaOH 24 1:40 <1 -
BE FVIL HFIP/NaOH 15 1:10 6 32
BE FVIL HFIP/NaOH 15 1:5 <1 32
BE FVIL HFIP/NaOH 5 1:10 - 42

For the sample of ABq.40 with DMSO pretreatment externally added to a LM
membrane with a 1:40 P:L and a 0-hour incubation it was possible to determine the
enhancements of the protein signals because they were strong enough in the pwos
spectra as shown in Figure 4.12. The protein signals measured through the

enhancement of aromatic and CO signals were in the order of ~10 whereas the lipids
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were enhanced by a factor of ~50. This suggests less efficient spin polarisation
transfer by spin diffusion from the DNP matrix to lipid embedded AB-40) than to the
lipid positions.

260 150 160 50 0]
3C chemical shift / ppm
Figure 4.12 DNP-enhanced 13C-CP spectra of uniformly FAIL-labelled AB-40) dissolved in
DMSO externally added to a LM sample with a 1:40 P:L and a 0-hour incubation with (top)

and without (bottom) uw irradiation, with 32 scans in each spectrum. Protein signals are

shown by black lines and glycerol peaks are shown by dots.

DQF experiments were also attempted on most samples, however only a few have
demonstrated sufficient ABu-40) peptide NMR signals. For example, ABu-40) peptide
signals become visible after a rather long acquisition of 3936 scans for the sample of
AB-20) With HFIP/NaOH pretreatment externally added to a LM with a 1:40 P:L and
an 8-hour incubation (shown in Figure 4.13).

113



(6]0) C

HWon

DQF

T T T T T T T T T T T T T
200 150 100
3C chemical shift / ppm

Figure 4.13 DNP-enhanced (top) 13C-CP spectra acquired with 16 scans, and (bottom) DQF
with using POST-C7 pulse sequence acquired with 3936 scans, for the sample of uniformly
FAIL-labelled AB-40) HFIP/NaOH pretreated externally added to a LM sample with a P:L of
1:40 with an 8-hour incubation. Protein signals are shown by black lines and glycerol peaks
are shown by dots

Although all protein peaks can be determined, experimental time for the 1D spectra
was 4 hrs. A 2D POST-C7 spectra was ran however is not shown as no cross peaks
were visible and individual residues could not be assigned. Experimental time was 16
hrs with 128 scans. In order to achieve a 2D spectra with visible protein peaks, the

experimental time required would be impractical.

Factors affecting AB1-40) binding to lipid vesicles.

One factor affecting the protein to lipid binding would be the P:L ratio. Several samples
were prepared with varying P:L. For each ratio two samples were prepared, both
included protein dissolved in DMSO externally added to the LM system and differed

with either a 0- or 8-hour incubation. The results are shown in Figure 4.14.
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Figure 4.14 Quantification of AB-40) in supernatants (reported as the percentage of initial
AB-20) externally added to LM samples with either O- or 8-hour incubations. P:L was varied
from 1:20-1:70.

Figure 4.14 shows an increase in protein binding with a lower P:L ratio up to 1:60,
ranging from 80% binding to 91% binding for the 8-hour incubation samples. This
pattern was also seen in the 0-hour samples ranging from 81% binding in 1:20 P:L to
86% binding in 1:60 P:L. An unbinding effect is seen in the 1:70 0-hour sample with a
decrease in % binding with 85% protein bound. It is not possible to deduce whether
this pattern would be seen in the 8-hour incubation due to inconclusive HPLC results
for the 1:70 P:L 8-hour sample. The protein to lipid binding percentages of the
samples are also a lot higher than expected based on the 1D spectra from the LM
1:40 sample. The aliquots for this experiment were prepared at much smaller volumes
than those needed in DNP samples with unlabelled protein as discussed in the
methods section. Samples prepared with a 1:60 P:L showed the best protein binding,
suggesting the best signal intensity of DNP spectra. There also seems to be an
increase in binding when samples were left to incubate for 8 hours compared to those

with no incubation, apart from at higher P:L ratios seen in the 1:20 sample.

Another factor affecting the binding is the lipid composition. A range of samples were
prepared with varying components used to produce the LM system, all with the same
molar ratios as discussed in the methods section, and varying incubations between
0- and 8- hours. Unlabelled DMSO treated AR .40y Was externally added to a range of
lipid membrane systems including components in the LM system such as DMPC,
DMPS, Chol, Sphin and GM1. The results of the HPLC analysis of the supernatants

are shown in Figure 4.15.
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Figure 4.15 Quantification of AB-40) In supernatants (reported as the percentage of initial
ABa-40)) externally added to a variety of samples containing different components used to
form LM membrane. Protein was dissolved in DMSO. Samples were subject to either, 0-,
0.5-, 4- or 8-hour incubations, all with a 1:60 P:L. Molar ratios for the
DMPC/DMPS/Chol/Sphin/GM1 (LM) are 1.5:0.3:0.5:1:0.15 and are representative for all

samples.

The preparation of lower volume samples increased the % binding of protein to the
membrane. It would be expected that the % binding shown in the LM sample for O-
hour incubation with a 1:40 P:L from the P:L comparison dataset would be very similar
to the % binding seen in the LM 1:40 P:L O-hour incubation sample shown in Table
4.3, however the results show a % binding of 87% and 7% respectively, showing large
% binding variances between samples of different datasets even when prepared with
the same sample methodology.

In general, % binding seems to decrease with incubation time. % binding also tends
to decrease with the addition of LM components. Some samples, such as DMPC,
DMPC/DMPS, DMPC/DMPS/Chol, DMPC/DMPS/Chol/GM1 and
DMPC/DMPS/Chol/Sphin/GM1 (LM) all follow a binding then unbinding mechanism.
In four out of five of these cases, 0.5-hour incubation produces the highest protein to
membrane binding. For example, with the LM sample, initial % binding of protein to

membrane was 56%, increasing to 66% after 0.5-hour incubation and then following
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an unbinding effect decreases to 62% then 50% binding. Interestingly,
DMPC/DMPS/Chol/Sphin did not follow the patterns presented in other samples.
Initial % binding was 31% decreasing to 30% binding after 0.5 hours and increasing
38% binding showing little variation of this sample with incubation time. HPLC of the
DMPC/DMPS/Chol/Sphin 8-hour sample was inconclusive.

In all cases of the component comparison dataset, binding ranges from 18%-67%
showing large variance between component content and incubation time. The best
protein binding was shown by DMPC/DMPS/Chol/GM1 with a 0-hour incubation whilst
the lowest binding was shown by DMPC/DMPS with an 8-hour incubation.

4.3.3 Ultrafast-MAS NMR of AB.40) fibrils

This subsection investigates the level of NMR signals obtained from AB1-40) containing
samples with the ultimate aim to test whether the technique could be an alternative to
DNP-MAS.

To check whether the pulse sequence could be used to identify individual amino acid
residues and find out the spectral resolution, *C-labelled Alanine was first analysed
using an 800 MHz spectrometer at RT and a MAS speed of 65 kHz. The results of
2D-hCH experiment (see Chapter 2.10 for details) are shown in Figure 4.16. There,
labelled **C can be correlated with the protons, giving distinct cross peaks allowing
for the secondary structure determination via secondary chemical shifts. The typical
observed linewidth in the *C dimension is ~1.30 ppm (256 Hz) and in *H dimension
~0.93 ppm (740 Hz). HN protons are also detectable with other cross peaks present
between Hq-Cg, Hpg-Co, HN-Co and HN-Cg. This is most likely due to the relay in
magnetisation during the spin-lock period, where the magnetisation is transferred
from the 'H to the '*N. This polarisation transfer occurs when the spin-lock rf field

amplitudes matches the Hartmann-Hahn condition®2.
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Figure 4.16 2D hCH correlation spectra of 100% 2C labelled Alanine. Measurement is
carried out using 800 MHz RT-NMR with a 1.33 mm rotor and a 65 kHz MAS speed.
Acquisition included 8 scans in the direct dimension, 256 points in the indirect dimension

and a recycle delay of 1.5 s giving an experimental time of 1 h.

The next stage was 'H-detection and its application with FAGV labelled residues
within AB-40) fibrils. TEM was first conducted to confirm the formation of mature AR -
40) fibrils (see appendix 2 for TEM details). For this, an aliqguot was taken from the
sample before centrifugation and analysed. The images are shown in Figure 4.17A.
Mature fibrils are clearly seen within the sample. No smaller structures can be seen
indicating the lack of presence of other ABu.0 formations of the self-assembly
pathway. Fibrils are therefore present within the NMR sample loaded into the rotor

meaning 2D analysis is possible.

The results of such are shown in Figure 4.17B (in blue). Total experimentation time
was just under 45 hrs. Whilst cross peaks can be seen in Figure 4.17B, there is also
the presence of noise within the 2D spectra and overcrowding. Some individual cross-
peaks can be assigned, however with the addition of line broadening, it is not possible
to assign all residues using this spectra alone. Groups of cross-peaks can however

be generally assigned as shown on Figure 4.17B.
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Figure 4.17 A) Negatively stained TEM images of 100% AB1-40) fibrils. All images are taken
from the same sample with (left) 15,000, (middle) 60,000 and (right) 100,000 times
magnification. B) 2D hCH correlation spectra of FAGV-labelled AB1-40) fibrils (blue) and after
addition of Cu-EDTA (red). (Blue) acquisition included 128 scans in the direct dimension,
602 points in the indirect dimension and a recycle delay of 2 s giving an experimental time
of 45 hrs. (Red) acquisition included 128 scans in the direct dimension, 602 points in the

indirect dimension and a recycle delay of 0.5 s giving an experimental time of 16 hrs.

Due to the reduced amount of labelled sample within the sample compared to 100%
alanine, it is difficult to deduce if cross peaks between Hq-Cg and Hg-Cq are present,
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which would assist with protein assignment. More scans may be required to increase
protein signal but will significantly increase the experimental time. Whilst not all
individual atoms can be assigned, it is possible to assigh V36 Hg-Cg and G29 Hy-Cq
due to knowledge about their chemical structure and random coil chemical shifts. The
V36 Cg has a carbon chemical shift of 33.3 ppm in the fibril sample whilst the G29 Cq
has a chemical shift 49.1 ppm chemical shift. As the CB has a more positive chemical
shift and the Ca has a more negative chemical shift in the fibril sample, compared to
the chemical shift in random coil conformation, this suggests a B-sheet conformation

at these two positions.

Although the recycle delay of this sample is relatively short at 2 s, the addition of Cu-
EDTA is a commonly used method which reduces the recycle delay of samples,
allowing for more scans to be obtained during a set experimental time. In this case
the recycle delay was reduced to 0.5 s. Figure 4.17 shows the overlaid spectra (in
red) with Cu-EDTA added to an identical sample. Total experimentation time was
reduced to 16 hrs. A large reduction in experimental time compared to the fibril sample
without Cu-EDTA.

Comparing the blue and red spectra, no major shift changes can be seen with the
addition of Cu-EDTA concluding that the compound causes no significant structural
changes within the fibrils. Also, as there was no observed reduction in signal, the
spectra shows no evidence of paramagnetic bleaching which would occur if the Cu-
EDTA was to bind to a specific site on the fibril. However, in the Cu-EDTA containing
sample, overcrowding and line broadening means that not all individual cross-peaks
can be assigned using these spectra alone. However, this does quarter the recycle
delay allowing for a shorter experimental time. As there are no major chemical shift

changes in the Cu-EDTA fibril sample, this again suggests a 3-sheet conformation.

4.4 Discussion

4.4.1 AB(1.40) and POPG vesicles

The first stage of experimentation utilised 100% POPG lipids. POPG is an unsaturated
negatively charged lipid which can influence the aggregation of AB .40 with negatively
charged phospholipids being shown to accelerate fibrillation®®. Previous work has
shown the assignment of ABq.40) residues using DNP enhanced ssNMR at low
concentrations in POPC/POPG membranes which is beneficial for the study of
proteins under physiological conditions®. Another study demonstrated that the p3

pentamer (residue 17-42) has stronger interactions with POPC/POPG membranes
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compared to 100% POPC?. Ca2+ ions were also found to form ionic bridges to
associate negatively charged residues of the p3 pentamer with negatively charged
headgroups of lipid bilayers?®. DMPG lipid vesicles (similar to POPG however with
fully saturated acyl chains) have been shown to induce more a-helical structures in
AB1-40) than DMPC?®, present within the LM system which is also of interest when
studying the interactions of AB-40) With membrane systems. Although the structure
and physiological properties of this phospholipid differ from the components found
within the LM system, such as the DMPC or DMPS phospholipid, it is inexpensive and
readily available and so is suitable for testing the methodology of tracking the
conformational changes of AB.40 as a function of time. Overall, the results of this
section demonstrate the capacity of DNP-enhanced NMR to characterise the
conformation of AB1-40) interacting with POPG vesicles. Specifically, the collected data

demonstrate the following:

¢ DNP-enhancements in a range of 18-43 for various spectral regions and rather
good protein to lipid binding of AB1-4090to POPG vesicle of 77 and 85% for O-
and 8-hour incubation respectively, which enables long 2D measurements.

e Short mixing time DARR and DQSQ correlation spectra enable spectral
assignment of all FAIL labelled residues within AB(-40) indicating B-sheet
conformation.

e Long mixing time DARR reveal the formation of F19-L34 and F19-132 contacts
in AB-40) bound to POPG vesicles and allow a predicted model to be made.

DNP enhancements in the range of a factor of ~18-43 was seen for ABu-40) When
bound to 100% POPG. Studies on AB-40) protofibrils, fibrils and in high and low-pH
environments showed enhancements in the range of 18-80 with the use of triradical
dopants®. In certain AB-40) Structures such as protofibrils and fibrils, enhancements
are lower attributed to clustering of the triradical making DNP less efficient. The choice
of AMUPal as a suitable biradical when investigating protein-membrane interactions
has been demonstrated in several papers as the biradical does not affect the
membrane permeability36-28, Previous work with POPG and POPC lipids with the
AMUPol biradical saw protein enhancement between 33-40 with a 3:1 POPC/POPG
membrane with a 1:20 P:L3*. Other work showed peptide enhancements of a factor
of ~14-40 in a simple DMPC membrane®’. The enhancements shown within this work
may be considered as typical and these good protein DNP enhancements support the

methodology used within this work.
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Binding of AB-40) to a POPG membrane showed slight dependence on incubation,
with greater binding after an 8-hour incubation. This has also been seen in previous
work with LM systems with around an additional 40% more binding after a 4-hour
incubation They suggested that initial binding was likely caused by the adsorption of
ABa-200 monomers and small oligomers to the membrane which changed with
incubation. This could be due to the different types of nucleation and aggregates could
be formed quickly after initial binding. AB-400 would bind to the early nucleation
products rather than the membranes®. It would be expected that the 0-hour
incubation represent monomer species interacting with the POPG membrane, due to
the prior use of DMSO. The 8-hour incubation sample is thought to contain more
intermediary or protofibril species. Since the conversion from protofibrils to mature
fibrils depends on the gradual dissolution of less stable protofibrils and extension of
more stable structures. Nucleation of protofibrils is expected to faster compared to the
nucleation of mature fibrils prior to sonication, which allows this conversion*®. Since
the conditions of these experiments do not perturb the sample after the addition of
protein to the lipid, the presence of a large population of mature fibrils is to be
expected. However, the 8-hour incubation sample may contain several intermediary
species and further analysis of the samples such as CD spectroscopy needs to be

done in order to gain more insight.

In the DQSQ spectra, the 0-hour sample was left to run overnight with 141 scans in
the indirect dimension giving an experimental time of ~22 hours, although the Free
Induction Decay (FID) had fully decayed after ~100 points, meaning the same spectra
could be collected in ~15.5hrs. S/N increases as the square root of the number of
scans and therefore as the square root of time. Enhancement for the Cqin the sample
containing labelled ABi-40) externally added to 100% POPG with no incubation was
22, meaning an experiment on an equivalent sample without DNP would take 222 x
15.5 hrs, equalling 7502-hours, or 312 days. This demonstrates the benefits of using
DNP-enhanced ssNMR to provide structural information of proteins such as ApB in

conditions which are beyond the limit of sensitivity for standard NMR.

In both DQSQ spectra, for AB1.40) bound to 100% POPG with and without incubation,
the secondary chemical shifts show characteristic B-sheet conformation. This
suggests that the B-sheet AB-40) Structure is stabilised by the outside of the lipid
membrane. Comparing data from the samples before incubation and after an 8-hour
incubation aimed at investigating structural differences of the protein immediately
after AB external addition and at the beginning of the fibrillation process. However,

the B-sheet structure seems to be stabilised by the membrane and then the fibrillation
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process occurs. CD spectroscopy could support this conclusion and show the % of

different secondary structures present in each sample.

Previous CD studies have shown structural changes have occurred in the AB1.40) after
4-hours incubation for a range of P:L. This suggests certain on-pathway a-helical
intermediates of AB formed at the early stages of fibrillation in the presence of
membranes'®. It may be possible that the conformational changes that are taking
place are occurring in other sites of the peptide which were not probed by this labelling

scheme and other schemes would be necessary to test this hypothesis.

In this case, no such initial a-helical populations were again found analysing
secondary chemical shifts despite CD spectra suggestions from previous studies
utilising LM systems and components. Also there were larger populations of -
sheet/random coil conformations after incubation reported in previous work with LM
systems?® however the DQSQ does not suggest any significant structural changes
between the 0- and 8-hour incubations. Another study also proposed that many of the
intermediates present in the fibrillation pathway of AR have a- helical structures®. As
discussed earlier, it is interesting to probe different areas of the protein to assess
structural changes. The two distinct peaks present for the A21 Cg with both 0- and 8-
hour incubation present in the DQSQ spectra are more identifiable with O-hour
incubation. This could be due to the presence of structural heterogeneity, with one
sample adopting a B-sheet conformation and another adopting a slightly different
conformation, leading to two cross peaks with different chemical shifts present for A21
Cg. This conformation may then be stabilised by the membrane promoting the (3-sheet
conformation. The F19 C, and aromatic correlations shown in DQSQ spectra have a
lower S/N relative to other cross-peaks, when compared to those shown in DARR
spectra. This is due to the poor DQ magnetisation build up between spins with high

anisotropy in the DQSQ experiments.

Comparing the secondary chemical shifts between samples prepared simultaneously
and divided, with one aliquot undergoing incubation, while the other is at the initial
point of binding with no incubation, has proven to be a successful method when
determining secondary structure changes over time at labelled amino acids. This
methodology may be used to assess the protein-membrane interactions between
externally added ABu-40) to other membrane systems, including a LM system

containing biologically relevant constituents.

Focusing on the DARR spectra, interesting inter-residue correlations between the F19

aromatic group and the 132 and L34 alkyl R-groups are shown with a mixing time of 2
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s in both 0 and 8-hour incubations. This demonstrates the proximity of the residues
when associated with the POPG lipid. These hydrophobic interactions have been
shown in previous work involving AB1-40)and some interactions have also been shown
with AB-42). In both peptides these interactions are demonstrated to be structurally
relevant®®4l, F19 can form sidechains with 132 as well as L34 and, specifically those
between F19 and L34, stabilise monomer units when they come into contact with the
existing fibrillar structure, making this an interesting area to investigate utilising NMR.
A kink in G33 also allows the sidechains of 132 and L34 to point in opposite directions,

making contacts with different AB1-40) peptides*?.

Although less common, the F19-132 contact has been seen in some fibrillary models®,
however is not present in others. Some studies have shown that these residues are
too far apart to produce a cross peak, such as those involving AB-42** and models
involving other phospholipid vesicles’. In this case there is some cross-peak intensity
after 0.25 s due to magnetisation exchange between 132 and L34. The presence of
both F19-132 and F19-L34 contacts in this work are useful distant constraints in
determining the structure of ABu.40) When associated with 100% membranes. It
demonstrates that the 132 and L34 contacts are facing one-side of an extended

peptide strand which is shown schematically in Figure 4.18.

A21

Figure 4.18 Predicted AB1-40) peptide chain showing an antiparallel B-sheet conformation
with F19, A21, 132 and L34 residues (red, green, purple, and blue respectively) highlighted.
Based on the constraints acquired from the DARR spectra shown in Figure 4.6 and 4.7 with
AB-20) externally added to 100% POPG with 0- and 8-hour incubations. Adapted from PDB
file 2LMQ taken from a fibril model. Dotted lines show the contacts from DARR spectra.

The labelled amino acids appear to be in close proximity in this model based on the
constraints from DARR data and information known about the formation of fibrils and
peptide stack. It also suggests that a similar conformation is adopted in monomers

prior to fibrillation and small cross-peak intensity seen with 0.25 s mixing time
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indicates that the two 3-sheet regions may be closer in space than previously thought.
To gain insight into the exact distances between these two residues, labelling of the
F19 aromatic and 132/L32 methyl group '*C’s would be required, utilising an
appropriate 3C-3C recoupling scheme. The F19-L34 contact has also been
previously detected in several studies of AB1.49) fibrils®44445 Interestingly, the cross
peaks observed between F19-132 and L34 change upon incubation as well as the Cq,
Cg or CO chemical shifts of the other labelled residues. The intensity of the cross-
peaks increases from the O-hour to the 8-hour incubation samples, representing the
relative number of spins giving rise to the cross peaks increasing. The conformation
becomes more apparent within the 8-hour sample so may be stabilised over time by

the membrane.

The decrease in protein to lipid binding after 24 hrs coincides with the binding-
unbinding theory proposed earlier, as seen with other membrane samples shown in
Table 4.3. It may be suggested that the protein begins to bind to itself forming larger
aggregates, accumulating more protein with increasing time including initially
membrane bound monomers and oligomers. The composition of the membrane and
the presence of such modulate molecular packaging of the quaternary structure of
AB1-40), however the exact mechanisms remain unknown?*t. Each membrane impacts
the binding and aggregation of AB-40) differently and depending on the incubation
period and P:L the protein may favour its own binding rather than to the membrane
resulting in low DNP signal. This suggests that the initial stage protein is associated

on the outside of the lipid vesicle during the external addition protocol.

4.4.2 AB(1-40) and lipid mimic vesicles

Overall, experimental results demonstrate a rather low AB-40) binding to LM vesicles

thereby hindering characterisation of AB-40) Using 2D techniques.

e DNP enhancements of CH: lipid fragment were found to be in range of a factor
of ~11 to 50 for various lipid compositions and methods of sample preparation.

e However, due to a rather low binding of AB.49) it is hard to distinguish the
enhancements of the protein signals. One successful measurement, however,
hint that DNP enhancements for AB1.40) may be lower than those observed for
CH: lipids.

e Small volume tests were used to the determine the effect on binding of P:L

ratio and lipid composition.

The DNP enhancement for LM samples within this work is in the range of a factor of

~11-50 depending on the sample. DNP enhancement is only recorded for the lipid
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CH: peak as protein S/N is not sufficient to record pwer spectra in a reasonable
timeframe. Previously, POPC/POPG samples have been shown to produce lipid CH:
DNP enhancements in the same order of magnitude with 22 and 53 in 1:100 and
1:200 P:L respectively, showing similar enhancements to this work34. Although some
samples did not produce protein peaks which allowed the DNP enhancement to be
calculated, protein peak enhancements determination was possible in the AB-40)
sample dissolved in DMSO and externally added to the LM system with a 1:40 P:L
and a O-hour incubation. There does seem to be a discrepancy between the
enhancements between the lipid CH2 and the CO protein position which had a DNP
enhancement of a factor of 10 and 50 respectively. Work by Tran et al. demonstrated
a similar lipid CH; and protein CO in two lipid/protein samples where the protein had
a 2 mol% relative to lipids*’. A similar enhancement of the two positions was expected
in this case, however, as previously discussed, this may be due to less efficient spin
polarisation transfer by spin diffusion from the DNP matrix to lipid embedded ABi-40)
than to the lipid positions. Sample mixing may not be thorough enough to ensure
homogenous biradical distribution throughout the sample. Either longer mixing times
may be needed or additional mixing stages need to be introduced into the

methodology.

Previous work has also shown rather good protein signals for AB-40) pre-incorporated
in POPG/POPC/Chol/Spin/lGM1 samples, and it was possible to carry out long 2D
measurements in them?3*. Our experiments carried out across many of the AB1-40) LM
systems, show low levels of protein binding causing issues with DNP experimentation.
DNP samples prepared with LM membranes show protein binding in the range <1-
7% for external addition protocols, where HPLC was applicable. For external addition
methods, maximum binding was achieved when AR .40 dissolved in HFIP/NaOH was
externally added to a LM membrane with a P:L of 1:40 and no incubation. Although
the HPLC results suggest a greater level of protein binding to the membrane when
AB(1-40) is dissolved in HFIP/NaOH compared to DMSO, LM samples with a 1:40 P:L
and O-hour incubation with both pretreatment methods show similar CH
enhancements. Both also show low protein signal where secondary structure analysis
was not possible. Further investigation on the protein binding via HPLC and
secondary structure analysis via CD spectroscopy will need to be done to further
assess differences between the samples prepared with two different dissolution
methods. Another method of protein integration into the lipid membrane that was
tested was the pre-incorporation protocol. For pre-incorporation methods, 36% of

protein was bound to the membrane. Although the binding of AB@-40) to the LM

126



membrane did not achieve sufficient protein binding for 2D NMR secondary structure
analysis in both pre-incorporation and external-addition protocols, both methods
serve as mimics for biological systems of extracellular aggregation and endosomes

respectively.

At higher P:L no such quality spectra could be obtained, although greater protein
binding was seen with the pre-incorporation methodology compared to external
addition. This could be due to the inclusion of lipids such as DMPC/DMPS affecting
the membrane structure and the ability of AB-40) to bind at the initial stage. Decreasing
the P:L from 1:40 to 1:60 in a DNP LM sample reduces the DNP enhancement of the
lipid CH2 from 50 to 17 respectively. Other work utilising the LM system allowed the
growth of fibrils for at least two weeks possibly allowing the increased ability of the
protein to bind to the membrane®®. Strong protein signals could be seen on 1D data
suggesting that longer 2D experimentation may produce cross peaks leading to
residue assignment. Cheng et al. also experienced low protein to lipid binding in
several samples with 0-hour incubations with P:L ranging from 1:30-1:120 P:L, with
only ~10% protein binding in a 1:30 LM sample with external addition and DMSO.
There was a notable increase after a 4-hour incubation®. No noticeable increase in

binding was reported in this work with DNP LM samples.

As previously stated, the LM system mimics an environment with embedded protein
to the membrane system. It has been theorised that fibrillar structures formed after
pre-incorporation to the lipid membrane, and their association to the membrane may
stabilise the non-fibrillar structures and prevent self-assembly of mature fibrils as well
as the formation of specific ionic channels such as the Ca?" channels with AB
oligomers. Studies have shown that DNP enhanced measurements could be made
on pre-incorporated AB-40) With low P:L such as 1:150 (~0.25 mg AB-40) with
POPC/POPG/cholesterol/ sphingomyelin/GM1 membranes, however spectral quality
is affected by t; noise®*.

Another model for investigating APu.40) interactions with biologically relevant
membranes is the study of BE. The membrane utilises a variety of compounds such
as major biological membrane constituents and unknown constituents. Previous work
on total BE with AB@-40) incubated for several weeks showed strong cross peaks on
2D NMR spectra, suggesting good protein binding to the membrane. In this case, the
reduction of incubation time resulted in reduced 2D NMR analysis, even when
enhancing signals with DNP. One conclusion can be made however, protein to

membrane binding was reduced with a greater P:L ratio. Again, this suggests that the
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protein may bind to itself forming larger structures outside of the membrane and

therefore not be present within the lipid pellet when packed into NMR rotors.

Electrostatic and hydrophobic interactions influence the attachment of AB.40) to the
membrane, the high % of unknown components within the BE membrane makes the
prediction of interactions difficult. Work on AB-42) shows that the protein forms ion
channel structures within total BE membranes along with a heterogeneous population
of ionic current fluctuations. These fluctuations are shown to differ from current events
noted in simpler membranes such as DOPS and POPE lipids. Amyloid beta is
therefore suggested to have distinct effects on the BE membranes. These effects
were due to oligomeric structures suggested as a predominant toxic species®.
Another study investigating the binding of AB.40) to SPMs extracted from the brain
tissue of rats also noted an incomplete binding of AB.-40) to the membrane. However
secondary chemical shift analysis did suggest a B-sheet conformation from F19, A21
and 132 residues. However, the L34 residue did not follow this pattern along with L34

residues in AB-4o) fibrils from human brain tissues®.

The P:L has been shown to be an important factor in protein binding to the membrane
as well as incubation period. This work shows an increase in protein to lipid binding
from 1:20-1:60 P:L, agreeing with previous work?!®. After this point, the protein binding
decreases thereafter producing a binding-unbinding affect which was not seen with
other low P:L ratios®®. Further experimentation on incubated lower P:L samples will
need to be done to assess this pattern for incubated samples. In most cases
incubated samples produces greater protein binding than 0-hour samples, potentially
allowing the protein more time to bind to the membrane, also shown with the POPG
samples shown in Section 4.3.2. Again this pattern has been seen in other work
focusing on protein to lipid binding and P:L!®. This is contradicted with some DNP
samples such as LM 1:40 P:L samples where the binding decreases with incubation.
The protein is shown to be highly sensitive to preparation procedure as well as
membrane structure as the results of the small volume tests produce greater protein

to lipid binding than comparable samples prepared for DNP analysis.

The main difference between the DNP and small volume tests prepared under the
same methodology and conditions is firstly the volume. While DNP samples were
prepared with a volume of upwards of 10 ml per sample, the small volume tests were
prepared with a final volume of 0.6 ml per sample. All samples were subject to the
centrifugation methodology, including the same rotor type (Beckman Coulter F1010),

speed (26,000 rpm, max g-value 57,440) overnight. This may affect the centrifugation
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stage of the methodology. Sample volume is suggested to affect the length of
centrifuge spinning as larger volumes spin down more slowly. The use of faster
centrifugation speeds or longer centrifugation times may overcome this issue,
however due to time constraints and the availability of high-volume sample tubes
required for faster spinning, this was not possible. Further HPLC analysis and
centrifugal tests will need to be conducted to fully assess this conclusion. The second
major difference between the DNP samples and the small volume tests was the origin
of the protein used. In the case for DNP samples, synthesised labelled protein was
acquired (Binghampton University), however in the case of the small volume tests,
unlabelled protein was purchased (Merck). It is unknown whether this sample was
synthesised or derived. There may be differences between the two samples including
impurity introduced in protein synthesis. A more detailed analysis of the two samples
via mass spectroscopy would be required to further investigate this. It is important to
note that due to time constraints within this work linked to the COVID-19 pandemic,
only one sample set was analysed for the P:L and component HPLC tests were
conducted. This decreases the reliability of these datasets and ideally more repeats
should be undertaken to support the conclusion. However, as all DNP supernatants
were only run once the differences between the protein binding may be accurate as
there seems to be no evidence of systematic error as trends can be seen between
the incubation time and P:L datasets. Also, HPLC analysis has shown good binding
in some samples including the POPG samples which corroborates the good quality
spectra obtained. Although repeats will provide useful in obtaining more accurate
protein % percentages the overall trends within the data may be considered as

reliable.

Each component of the LM has been shown to affect the membrane and its interaction
with proteins in various ways, and removal of these components may induce distinct
interactions. Protein binding for these samples varies from 13-67% showing large
differences depending on the incubation and membrane structure. Cholesterol is
involved in cell membrane fluidity by controlling water permeability?*. Sphingomyelin
contributes to membrane micro-domains such as lipid rafts?*. GM1 is not only involved
in hydrophobic and hydrophilic interactions but also reduces the fluidity of the plasma
membrane allowing for the retention of lipid rafts. GM1 has also been considered as
a key factor in maintaining mammalian neuronal functions avoiding
neurodegeneration®. Interactions of AR and these biologically relevant membranes
have been studied extensively. CD spectroscopy has shown that the addition of

sphingomyelin and GM1 increased the populations of a-helices at the initial stage of
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binding. This suggests that the membrane surface properties effect the binding
conformations. The formation of micro-domains is promoted by the presence of
cholesterol and sphingomyelin and specific binding sites from the peptide to the
membrane may be generated by the presence of GM1. These interactions have also
been shown to respond to different P:L with the populations of a-helices vs 3-strand
increasing with the P:L, however this may be attributed to the increasing
GM1:peptide’®. One component (or components) of the LM system may either reduce
the binding of ABu-40) to the membrane or reduce the ability of the DNP matrix to
penetrate the membrane as efficiently as with simpler membranes, resulting in
reduced biradical mixing and lower DNP enhancement. Again, the issues discussed
above regarding protein origin and purity may be relevant in the component analysis
explaining protein to lipid binding differences.

4.4.3 hCH 'H-detection

Overall, the results of this section demonstrate the feasibility of *H-detection via 2D
RT NMR, with partial characterisation of AB-40) fibril conformation. Specifically, this

work provides as a benchmark for sensitivity and resolution.

MAS NMR applications in biological systems normally focuses on *C or °N detection
due to the ability to resolve low y nuclei atoms at lower spinning speeds. *H-detection
utilised the high y of protons and allows greater sensitivity which is now possible due
to smaller rotor sizes and faster spinning speeds. Previous work has been conducted
using HNCy and HNC,Cp experiments with only 20 kHz MAS spinning speeds, where
residues A21 to V39 in ABu-40) fibrils were assigned®. This utilised protein derived
from recombinant expression in E.coli and the use of Cu-EDTA. Based on the two
assignments which can be made in the fibril sample in this work, these positions
suggest a B-sheet conformation. However more assignments will need to be made in
order to support this conclusion. Early work on bundles of aligned fibrils revealed
cross-B structures with ribbon like B-sheet segments via x-ray fibre diffraction®. More
recent work has provided evidence for in-register parallel 3-sheets within AB1-40) fibrils
using *C-'3C dipole-dipole couplings which aligned hydrophobic residues with

themselves®. Fibrillar measurements within this thesis are therefor to be expected.

We were able to reduce the sample size utilising a 1.3 mm rotor compared to DNP
samples, while also achieving MAS speeds of up to 65 kHz. Due to the minimal
sample size, it was difficult to accurately weigh the fibrillar content packed into the
rotor. As shown in Chapter 2.11.2. the maximum volume of 1.3 mm rotors is 3 yl which

was utilised for RT-NMR experiments, unlike 47 pl required for 3.2 mm rotos used in
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DNP analysis. The sample required for *H detection is therefore lower than that of the
DNP samples. For example, 0.5 mg protein was required to grow the fibrils used for
RT-NMR experimentation, with not all of the sample being packed into the rotor. DNP
however required upwards of 1 mg per sample, for example, 1.25 mg was used in
each POPG sample presented above. However, the DNP sample contained a large
amount of lipids, it may not be feasible to obtain protein signal from a comparable lipid
and protein sample in a 1.3 mm sample as the amount of protein may be too low
overall. It has previously been demonstrated that DNP samples with 100% fibrils can
be made without lipids, this also included several samples from different stages of the

self-assembly pathway without lipids®2.

The overall sensitivity of the hCH spectra seems surprisingly low in both the EDTA
absent and containing sample. The Signal to Noise (S/N) between DNP and H
detection needs to be compared in order to assess the sensitivity of each method. To
measure the S/N of DNP spectra and allow comparisons to *H detection, the DQSQ
0-hour POPG sample was chosen to calculate S/N due to quality 2D spectra as shown
in Figure 4.8A). For the DNP POPG sample, a 1D slice was taken through the 2D
data from the Cq-Cg of F19 and 132. The S/N was shown to be 15.78 for the Cq peak
and was achieved in 22 hrs. For the H detection fibril samples a 1D slice was taken
from the Hqy-Cq of G29 in both Cu-EDTA absent and containing samples. Without Cu-
EDTA, as shown in Figure 4.17B) (blue), the S/N of the fibril sample was 3.21 with an
experiential time of 45 hrs. With Cu-EDTA, as shown in Figure 4.17B) (red) the S/N
was shown to be 7.4 with an experimental time of 16 hrs. The S/N of the DNP method
shows the greatest S/N overall, with a shorter experimental time compared to ‘H
detection without Cu-EDTA. Interestingly the S/N of the fibril sample containing Cu-
EDTA was shown to be greater than without, however with same experimental
parameters and 128 scans in both cases. This may be due to the reduced recycle
delay which may be shorter than 0.5 s as the used relaxation time. Samples
containing Cu-EDTA show the shortest experimental time whilst also allowing partial
spectral assignment. In both experiments ramped 90-100% H-3C CP was used and
100-90 C-'H CP was used to transfer the magnetisation back to the protons in H
detection. This ensures a more broadband and efficient magnetisation transfer and is
a commonly used method. Due to the uniformly labelled fibrils, it would be expected
that this method would provide greater sensitivity than that achieved. In some cases,
longer duration transfer back to the protons can result in unwanted longer distance
transfer®’. The addition of water suppression, in this case by the use of continuous

wave RF irradiation of 7 kHz, is also a common method to increase sensitivity in *H
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detection spectra. However, there are now several methods of supressing the water
signal including the use of Multiple Intense Solvent Suppression Intended for
Sensitive  Spectroscopic  Investigation of Protonated Proteins, Instantly
(MISSISSIPPI)®2, A comparison of spectra using different methods of water

suppression may be beneficial in increasing the overall sensitivity of the method.

Assignment of the *H detection spectra was difficult due to overcrowding and addition
of homogeneous line broadening; however, regions of atoms can be assigned. Using
the same DQSQ 0-hour POPG spectra the Ca-Cf3 slice was taken from F19 and the
linewidth measured of the Ca. For the *H detection fibril sample Ha-Ca G29 slice with
the linewidth measured for both Cu-EDTA absent and containing sample. Resolution
comparisons can be made by comparing the linewidths. For the DNP sample, a F19
C. linewidth was taken to be ~4.1ppm. For the *H detection fibril sample without Cu-
EDTA, the linewidth was taken to be ~1.84 ppm and for the Cu-EDTA containing
sample was taken to be ~1.95 ppm in the *H dimension. Although, it is difficult to
assess the resolution purely based on these measurements due to DNP
measurements of *C and the differing samples and residues. Measurements will
need to be taken of the same position in the same sample in both methods. The
linewidth may be reduced by faster spinning speeds which are becoming more
available. The narrower lines observed under fast MAS typically represent a reduction
in line broadening due to homogeneous rather than inhomogeneous effects.
Measurements at faster spinning speeds should also be undertaken on the sample to

assess the reduction in line broadening and potentially increase resolution.

There are some important factors to consider when assessing the overall resolution
difference between the two methods. Within the DNP sample, all labelled residues
could be assigned. For some residues within the *H detection fibrillar sample,
overcrowding and signal overlap due to line broadening made this difficult. The DNP
samples also contain a large amount of lipid as well as DNP dopant and glycerol
which affect the linewidth of the signals. There may be several steps that can be
implemented to improve the resolution of 'H detection. The use of other
complementary NMR analysis such as *C-13C correlation analysis provides specific
residue carbon correlations for the amino acid backbone and combined with this work

will allow individual atoms to be assigned.

Pre-deuteration of lipids has been suggested as a method to improve the efficiency
of polarisation transfer by increasing the H spin relaxation time*’. It has however

been demonstrated that in certain experiments, such as PDSD experiments, no
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effects of pre-deuteration have been observed®. As well as the addition of 2D 3C
correlation spectra, the application of 3D spectra may prove useful in spectral
assignment. This inserts another evolution and mixing period whereby a third time
axis is introduced. Previously HSQC-TOCSY and 3D !H-3C-3!P correlation have
been useful in assigning macromolecules including proteins®. The application of 3D
spectroscopy has previously been employed in the structural determination of AB(1-40),
specifically when in a complex with a glucoside, determining what specific protein
residues were involved>. 3D spectroscopy coupled with *H detection may prove
useful in protein structure determination. Another way to increase resolution may be
to increase the MAS frequency. This method is already employed to reduce the
linewidth of solid samples which do not undergo random tumbling as described in
chapter 2.7. At the time of writing maximum spinning speeds have been reported of
up to 126 kHz. At this speed linewidths are reduced by a factor of ~1.35 compared to
MAS speeds of 93 kHz, showing a reduction from 137 to 99 Hz respectively®. Since
the spectra recorded within this thesis work has a maximum MAS of 65 kHz,
increasing the MAS may increase the resolution enough to increase spectral
assignment. However, this is limited by the sample content. Increasing spinning
speeds reduces the diameter of rotor and reducing maximum volume. Achieving
speeds of up to 126 kHz utilised a 0.6 mm rotor with 0.28 mg of protein. Whilst this
may be useful in protein determination of pure protein, such as AB-4) fibrils, the
investigation of AB1-40) interacting with lipid mimics may not be possible due to the low

protein content resulting in minimal protein signal®®.

DNP and *H detection RT NMR have been shown to be both beneficial in the structural
assignment of AB1-40) Within this work. DNP has been shown to provide full spectral
assignment within a 22hr timeframe, compared to 'H detection where only a few
assignments could be made limited by overcrowding and signal overlap. DNP also
produced the greatest S/N when compared to *H detection. Due to the larger sample
volume permitted, lipid/protein interactions may be investigated with signals
enhanced by DNP as smaller protein content is required for DNP compared to *H
detection. Due to the cryogenic temperatures required for DNP experimentation it is
also possible to take samples from different stages of self-assembly pathways, where
there will be no structural changes providing structural snapshots. As H-detection is
usually done at RT with relatively long experimental times in the case of this thesis
work, there is the potential for structural changes to occur during the acquisition time.
On the contrary, 'H detection provided some spectral assignment in the shortest 2D

experimental time. It also does not require the addition of DNP dopants or glycerol,
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however, did require the addition of Cu-EDTA to reduce experimental time. It is
noteworthy that this work has demonstrated the lack of structural interference from
DNP dopant, glycerol and Cu-EDTA.

Overall, *H-detection has allowed for a reduction in sample quantity, as well as a
reduction of experimental time and provides a good basis for method development.
We have also shown that the addition of Cu-EDTA does not alter the structure of the
fibrils while reducing the experimental time compared to samples without Cu-EDTA.
However, there may be a possibility for combined DNP enhanced *H detection NMR
with higher spinning speeds. Recent work has shown the benefit of utilising DNP with
!H-detection in significantly enhancing sensitivity with low MAS (10 kHz). This can
then allow structural determination via indirectly detected *N NMR spectra without
the use for isotopic labelling. DNP is however limited by maximum spinning speeds
<14 kHz%’. However, combinational use of the two methods may provide structural
characterisation of AB-40) interacting with biologically relevant membranes at different

stages of the self-assembly pathway.

4.5 Conclusion

The ability of DNP experiments in this chapter is shown in some cases to probe the
structure and conformational changes of AB@u-40). Several optimisation steps were
taken to ensure lipid homogeneity and protein monomerisation. For the simple POPG
system, DNP enhancements were shown to have a maximum of a factor of ~38 for
protein peaks which was to be expected based of previous work. *C-*C DARR
experiments show the cross peaks which can be assigned to specific residues in both
inter and intra-residue correlation spectra. However, natural abundance **C signals
from lipids cause significant diagonal and cross peaks. The use of DQ *C-3C
experiments, specifically the use of POST-C7 13C-13C experiments, can eliminate
natural abundance peaks simplifying spectra. For the LM system low binding of the
protein has not allowed for successful conformation analysis. Several changes have

been implemented in attempt to overcome this.

The results of the secondary chemical shifts of labelled AB-40) externally added to
POPG membranes suggests a B-sheet structure at both 0- and 8-hour incubations.
However due to the low % binding of AB1-40) to biologically relevant lipid membranes,
BE and POPG with longer incubation periods, the secondary structure of the protein
in these environments could not be determined. The results of this chapter also shows

that there are % binding differences and DNP enhancement differences between the
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same samples prepared under the same methodology where the only difference is
sample volume and protein origin. Several changes were implemented in this work to
attempt to increase protein binding however little improvement was seen. This work
does however show the exciting possibility of determining the structure of the protein
during processes such as fibrillation. This is due to the cryogenic nature of DNP and

the ability of a sample to be flash frozen and then analysed.

!H-detection has also been applied to ABq.o fibrils with and without Cu-EDTA
showing minimal changes to the protein structure whilst reducing experimental time
in samples where Cu-EDTA is present. Comparisons have been made in terms of
sensitivity and resolution to DNP enhanced NMR experimentation and may provide

complimentary future studies.

Complete protein structural determination is not possible at this time due to the line
broadening at low temperatures required by DNP. Only a limited number of residues
can be labelled. However, this work has shown that using a range of different labelling
schemes of AB1-40)Ccan be used to investigate the structures of several regions of the

protein.

This work has also demonstrated the effective use of complementary studies between
DNP enhanced NMR, HPLC and TEM to evaluate the structure of AB.40 and the
conformational changes it undergoes when interacting with lipid membranes such as

POPG, biologically relevant systems and brain extract.
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5. Analysis of Double Electron-Electron
Resonance data for extracting distances in

biomolecules

5.1 Introduction

Structural analysis of proteins if often performed using NMR as discussed in previous
chapters. However, large molecular weights, protein complexes or highly dynamic
proteins are not always amenable for NMR. EPR spectroscopy can be used to extract
distances in proteins under experimental conditions which are similar to the native
environment!. This technique manipulates the electron spin of unpaired electrons
within the sample. As electrons have a larger magnetic moment than nuclei, EPR is
also more sensitive than NMR and also has the advantage of being highly specific.
However many biological samples do not naturally contain unpaired electrons which
leads to the addition of spin labels into the sample, which is common practice in

biological samples?.

Pulse EPR spectroscopy has a wide toolbox of techniques for measuring distances
between paramagnetic species®*®. In this method, a fixed frequency, high power
microwave is applied at a constant magnetic field, the shorter the pulse length, the
greater the excitation bandwidth’. The most popular technique for distance
measurements within proteins is DEER, also known as PELDOR, or pulse electron-
electron double resonance, which can probe distances of ~20-80 A. This method has
been applied to numerous studies on proteins, nucleic acids and polymers®®8°,
Measurements determine the distances between paramagnetic centres, which can
either be intrinsic or introduced externally, e.g., spin labels in proteins. Under certain
conditions, DEER also encodes information on the orientation of these sites with
respect to the biomolecule. Such measurements provide valuable information in

addition to data gained by other methods such as NMR or X-ray crystallography?.

Pulse EPR is analogous to NMR, however, instead of the nuclear spins, the pulses
excite the spins of unpaired electrons. DEER relies on a pulse exciting ‘observer’
electron spins producing an echo due to the refocusing of Zeeman and Hyperfine
interactions. Inhomogeneities due to electron-electron dipolar couplings are also

refocused, however a second group of electron spins known as ‘pump’ spins are
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excited by ‘pump’ pulses!®. DEER experiments measure the amplitude of the spin
echo which is produced as a function of the position of the pump pulses and the
coupling between the spins leads to a modulation of the echo amplitude whose
frequency is dependent on the magnitude of the coupling®!. Milov et al. investigated
the spatial distribution of alkyl radicals using Electron-Electron Double Resonance in
Electron Spin Echo (ELDOR ESE)*2. This was developed using a four-pulse sequence
for measuring the signal without dead time on EPR spectrometers known as four-

pulse DEER, which is now the commonly used DEER method*3.

There are many published works on the application of DEER in distance
measurements. Since the work of Martin et al. which determined distances of up to
2.8 nm in TEMPO biradicals®®, Site-Directed Spin Labelling (SDSL) allowed distance
measurements to be undertaken in proteins and other biological compounds which
do not naturally contain paramagnetic centres. This was first tested on
bacteriorhodopsin with two different spin labels being introduced. Work on
lysozymes?!®, membrane proteins!®, RNA and in-cell proteins!® have all utilised
DEER methodology to obtain distance measurements with nitroxide spin-labels being
chemically linked. This is now the common method in biomolecular studies®. Current
research also focuses on DEER distance measurements for membrane protein

structures using bifunctional spin labels and Lipodisg nanoparticles®.

However, the analysis of DEER datasets becomes problematic when the orientation
selection effects become substantial. The orientation selection occurs when the
pulses of the EPR pulse sequence excite only a subset of molecular orientations,
which happens for pulses with a limited bandwidth and in spectra with developed
anisotropy. In order to analyse the resulting measurements, one usually has to rely
on model-based simulations of the experimental data. However, recently a theory has
been developed that uses SH expansions to carry out model-based and model-free
analysis of orientation selective DEER datasets. The approach has been applied to
carry out a model-free and model-based analysis of DEER datasets for a 3.6 nm
nitroxide biradical and a spin-labelled p75 protein’®. While the results of SH-
techniques to analyse the two example systems are successful and promising, it is

very important to test how the SH-technique works on a wider set of data.

To this end, in this chapter we apply the SH-techniques to examine DEER datasets
published earlier by other researchers. We analyse the real experimental datasets
using PCA to characterise the degree to which the orientation selection affects them.

Then we carry out the analysis of these datasets to obtain the distances distributions
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and compare them to the published data. While the main motivation of this work is to
build a basis for studies of distances in AB.40) peptide, the approach tested here is
rather general and can be applied to pulse EPR distance measurements in other

biomolecules.

5.2 Theory

5.2.1 DEER

A specific pulse sequence is used in DEER to create a refocused spin echo as shown
in Figure 5.1 via the use of two distinct electron pulses, denoting the double aspect of
DEER. The main concept behind the commonly used four-pulse DEER experiment,
is the dephasing of the refocused echo on ‘observer spins due to their dipolar

couplings to the ‘pump’ spins.

/2 i 'IT
I I < > refocused echo
Vobserver j 1 ‘
b : ! > < > |
o om T " Time
. m
L Ta
b
Vpump : : 1
-« Time

Figure 5.1 Four-pulse DEER pulse sequence. The strength of the refocused echo is measured

over time, t, which is varied.

The ‘observer’ pulses excite a certain group of electron spins such that a refocused
echo is formed. The ‘pump’ pulse has a slightly different frequency compared to the
‘observer’ pulse, exciting a different group of spins. The ‘pump’ pulse has a variable
position, t, in the interval between the last two ‘observer’ pulses and applying the

‘pump’ pulse thus changes the sign of the dipole-dipole interaction and thereby results
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in an incomplete rephasing of the refocused echo. The resultant dephasing curve
(later referred as the DEER trace) Spggr(t) measures the amplitude of the refocused

echo as a function of the ‘pump’ pulse position ¢
Speer(t) = cos(wgqt) . (5.1)
Here w,, is the dipolar coupling:

(5.2)

9.) = Ho9iGobserverBe (1 — 3 cos? ;)
i) B 41h r.3

4

waq (T, = wqq,o(1—3cos?6)),
where 8; is the polar angle between the external magnetic field and the directional
vector 7; between the two electron spins as shown in Figure 5.2, and g; and g,pserver

are the gyromagnetic ratios of the pump and observer electron spins?®.

For a pair of spins § = 1/2 such as found in organic molecules such as nitroxides, the

magnitude of a typical dipolar coupling is given by:

a)dd'o _ 52 MHz (53)
2 r3(nm)’

For a typical duration of the a /2 and & pulses of 16/32 ns, the excited ‘observer
bandwidth is about 10 MHz, thus giving a lower distance limit measurable by DEER
of i/m ~ 2 nm. The upper measurable distance limit is given by the longest
realistically achievable dephasing time (up to 10 us, giving the upper limit of about 8

nm).

Figure 5.2 Diagram showing the observer electron (blue) and pump electron (red) with the net

external magnetic field B, showng.

Excited spins are biased to specific orientations of the spins relative to the applied
magnetic field. This effect becomes more apparent at higher frequencies. As the

spectral width is increased, the pulse excites a smaller fraction of the spins in a
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sample. When combined with rigid labels selective sampling of spin orientations
biases the dipolar frequencies in relation to their relative orientations of the spin labels.
This is now known as orientational selectivity and convolutes the direct interpretation

of the distance constraint from the dipolar frequency.

A) B)

i
AT

N

Figure 5.3 A) Simulation of the field swept-electron spin echo spectra of a rigid spin label.

Field

The red regions represents the excitation profile of a 20 ns pulse. B) Representation of the
orientation selection and how the limited excitation profile pulse can lead to a reduction of

sample excitation.

The DEER signal S(t), also known as the DEER trace, arises due to an excitation of
many spin pairs in the sample, some of which are in the same molecule
(intramolecular contribution, S;,:-¢(t)) and some which are in different molecules

(intermolecular contribution, S;,,;.-(t)) given by:
sj(t) = cos [wa4(7;.6;)] (5.4)
S) = l_[j,all pairssj(t) = Sinter () Sintra(t). (5.5)

The summation over all intramolecular pairs can be replaced with an integration over
all possible orientations of the external magnetic field. Which direction in the dipolar

frame is given by a polar angle, 8, and an azimuthal angle, ¢.

The probability a particular pair being excited can be replaced with continuous
functions thus giving an intramolecular signal which can determine the distance

distribution:

s(t) (5.6)

Sintra (t) = S: (t)
inter

21 T co
=1- j d¢ f sin 6d6 f A0, ¢) [1 — cos(wyq(r,0)O)]f (r)dr,
0 0 0
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where r is the distance between the electrons, f(r) is the distance distribution and
A(8, ¢) is the pair excitation probability density function. A set of DEER traces, along
with their associated magnetic field strengths, can be seen in Figure 5.4%°. The pair

excitation probability density function can be expanded into spherical harmonics:

o (5.7)
20,0 = Y D Ainlim(©,9),
=0 1

m=—

where Y;,,(8, ¢) are the spherical harmonics, and [ and m are the quantum numbers.

The modulation depth is defined as 1 = Ag,.

3382.0 mT

3380.2 mT

3378.5mT

3376.6 mT

3374.7 mT

fitts

0.0 0.5 1.0 1.5 2.0

Figure 5.4 Experimental background corrected and normalized DEER traces recorded at
different magnetic fields shown, overlaid with simulations. The DEER traces were measured
at the magnetic fields 3374.7 mT (black), 3376.6 mT (red), 3378.5 mT (green), 3380.2 mT
(blue), 3382.0 (purple), 3385.2 mT (yellow).

5.2.2 Finding distance and orientation information

Using SH-based theory it is possible to demonstrate that any DEER spectrum can be
represented as a linear combination of the so-called Modified Pake Pattern (MPP)

components:
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S(w) = wPPSMPP (), (5.8)
kZO k Ok

where wpPP = 1,, , is always positive as it is the probability to excite any pair, which
is also a weight of the k-th degree MPP component SHPP (w) = Sy o (w). Here MPP

component weights encode orientational information exclusively.

Such mathematical treatment of orientation selection allows both the distance
distribution and the MPP weights to be obtained for the experimental data, by
minimizing a pair of expressions, which take into account the goodness of data fit (i.e.
for a set of DEER traces with pronounced orientation selection) and the stability of the
solution (i.e. stable f(r) and MPP weights)*°. In other words, the regularised solutions
are sought. The expressions are minimized in steps which alternate between finding
regularised solution for f(r) and for MPP weights. Regularisation parameters,
balancing the goodness of fit and solution stability need to be selected experimentally.
The number of steps is usually taken as 1000 which is enough for the convergence

of the procedure.

5.2.3 The number of MPP components

For finding both f(r) and MPP weights, the sum in eq. 5.8 must be limited to some
reasonably chosen threshold. This number of contributing MPP components can be
evaluated in the experimental datasets using the PCA. Experimental DEER traces
measured over various magnetic fields can be subject to PCA using Singular Value
Decomposition (SVD). The recorded DEER traces are treated as a linear combination
of PCs, with N traces resulting in N principal components with contributing weights.
Figure 5.5 shows the six PCs extracted from the six DEER traces shown in Figure
5.4.
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Figure 5.5 PCA of the DEER data. The average trace and principal components are shown

(red) as well as the zero offsets (black).

Any DEER trace, and therefore the PCs themselves, can be described by some linear
combinations of MPP components. Therefore, the overall number of PCs
distinguishable from the noise level should be equivalent to the number of MPPs. In
the example shown in Figure 5.5, only the first three principal components are
distinguishable from the noise level’®. This means that three MPPs of the highest

degrees are expected to contribute.

As follows from the SH-based theory outlined in ref. 16, the number of contributing
MPP components should be higher for more rigid structures where the orientations of
the two paramagnetic moieties is well defined, e.g., in rigid biradicals. Also, the
number of contributing MPP components should be higher when the bandwidth

excited by a pw pulse is smaller, which is usually the case for EPR at higher fields.

5.3 Method

5.3.1 Data scraping and collection

No data was experimentally collected for the purpose of this chapter. Some datasets
were obtained from the authors who have carried out the work. When no original data
could be obtained, the datasets were scraped from the published articles. All scraped

data was sourced and obtained using the following procedure:

- WebPlotDigitizer was used to extract points from the uploaded DEER trace graphs

from published work with an accuracy of one point per two pixels. This was scraped

149



with arbitrary amplitude, which was then normalised so that zero was the point at

which the DEER traces converge by the end of their time axis.

- If necessary, manual point selection was used, this produced non-uniform point
distribution which needed to be rectified. A cubic spline script was produced which
used piecewise third-order polynomials which pass through a certain number of

control points. This produced a point every 1 ns?,
All raw and scraped data was normalised before distance distribution analysis.

As a test, the DEER data in Figure 5.4 was scraped in the manner described above.
The resulting scraped dataset is shown in Figure 5.6. The data is normalized so that

there is a maximum at one, and the traces level off at zero.

Traces

Intensity / A.U
N w

A ——

0.0 0.5 1.0 1.5 2.0 2.5
Time / ms

Figure 5.6 Traces produced by python script after cubic spline program for the DEER

dataset. Some traces tend towards infinity at the end of their time axis.

Here, the end points tended to infinity. This is likely due to the limitation in the python
cubic spline method which is discussed in Section 5.3.4. Other than these deviations,
Figure 5.6 matches the traces produced in Figure 5.4, indicating that the method of

cubic spine and data scraping works correctly.

5.3.2 Principal Component Analysis

PCA carried out on the datasets like the one shown in Figure 5.6 was carried out,

giving the PCs, shown in Figure 5.7A), and their contributing weights.

In order to achieve PCA the DEER data needs to be placed into an m x n matrix,
where m is the number of signal traces and n is the number of points taken in these
traces, where the matrix itself is known as X. SVD is achieved by decomposing X into

the products of three other matrices.
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As X is an m x n matrix, XX is a square, symmetric m x m matrix:
(XTX)Gl = Aiﬁi, (59)

where 0; is the set of orthonormal m x 1 eigenvectors with associated eigenvalues 4;.
The singular values o; are defined so that a; = \/2;. The n x 1 vectors #; can be
defined:

ﬁio-i = Xﬁl (510)

This allows new matrices to be constructed by summarising in one matrix
multiplication. X is a diagonal m x n matrix, meaning its only non-zero values are along
the leading diagonal. X contains the singular values g; in diagonally ascending order.
the matrices V and U are unitary, singular and are constructed from the sets of
orthogonal vectors §; and ii; added with additional vectors such that all their values

are non-zero, dealing with degeneracy issues.

X can therefore be decomposed into the products of U, X and the transpose of V as

shown:
X =UzvT, (5.11)

where U contains fundamental values which are properties of X, ordered in terms of
their ability to describe the variance of the columns of X. The columns of the transpose
of V give the mixture of all U that makes up each corresponding column of X. The
singular values contained in X correspond to the respective trace in X —these describe

how correlated the coefficient U is with X.
Due to the diagonality of X, expanding equation (5.11) by index notation gives:

X = o U VI + oy U VT +.. . 40, U VL, (5.12)
with all other components being 0.

If there are some o, such that o; > o; where both g;and o; are some singular values
and i # j, o; can be considered negligible. In this case, the only remaining terms from

equation 5.12 are the components that impact the traces stored in X, known as the
PCs?,

The process of PCA allows the determination of which traces contribute significantly
to the overall data. This provides information on how many MPP degrees are required
to describe the traces. A higher degree of MPP components have smaller

contributions?®®.
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As seen on the Figure, there are only a few components that are indistinguishable
from noise and carry the most meaningful contribution to the signals. In order to
demonstrate this, the signals were back calculated based on only a few most

important components.

As shown in Figure 5.7B), with increasing number of principal components, the fit to
the traces becomes more represented. However, with three traces, the principal
components represent the original traces of the DEER dataset well. The data can be
seen to have only three principal component curves, as the improvement towards the
DEER traces between three components and four is negligible, hence it appears here
that only three principal components are relevant.
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Figure 5.7 A) Principal components produced from the DEER dataset. The centred average

value (bottom trace) and principal components (red) with decreasing contribution (bottom

to top) are plotted against time. B) DEER data reconstruction using incomplete sets of

principle components. Varying numbers of principal components curves plotted (black)

overlaid with the combined DEER traces using DEER dataset (red).

5.3.3 Noise and moving average analysis

To evaluate the number of required PCs accurately and thereby evaluate the number
of MPP components, a simple criterion was used. The traces were first subject to
moving average analysis. Each PC was fitted with a 10 or 100-step moving average,
based on the dataset size. This was then used to produce the noise within each
component and produce two-times the Standard Deviation (SD) of the noise value for
each component. The maximum value of the moving average minus the mean of the

moving average value was also calculated. These two values for each component
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allowed a more quantitative assessment of the significant PCs. For example, with the

DEER dataset, the noise analysis is shown in Figure 5.8.
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Figure 5.8 Noise analysis based on the centred PCs of the DEER dataset and the six traces.

PCs of the DEER dataset traces (red) and ten-point moving average of the PCs (blue).

As described, the noise calculations are also shown from the DEER dataset in Table
5.1.

Table 5.1 Noise analysis calculations of each PCs showing two-times SD of the noise and the
moving average max value of each component minus the mean of the moving average. PC

are said to contribute to the data when their values are not close to zero.

2SD of noise Moving average max value

— mean of moving average

PC1 0.12 0.66
PC2 0.085 0.15
PC3 0.12 0.12
PC4 0.098 0.066
PC5 0.058 0.080
PC6 9.98e-17 5.80e-17

Looking at the Figures shown in Table 5.1, three principal components are said to
contribute to the overall DEER dataset. This agrees with the visual breakdown of
components as shown in Figure 5.7B). Once the PCA is complete it is then possible
to conduct distance distribution analysis based on the number of principal

components.
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5.3.4 Distance distribution

Once the PCA was performed, distance distribution analysis can now be done and
plotted to find the distance between coupled electrons. The number of MPP degrees,
which corresponds to the number of PCs, was used for truncating the sum in eq. 5.8.
The program, based on the algorithm developed and implemented in Python by Dr
Potapov in reference 16, follows an iterative minimisation algorithm for finding the
distance distribution, f(r), and the MPP weights, w}*?, which considers both the
goodness of fit and the solution stability!®. The initial guess for f(r) is a gaussian
distribution of a specific distance, which is the sensitive DEER radius. The algorithm

used then runs for 1000 iterations where convergence is achieved.

An example distance distribution plot allowing the distance between a spin pair to be

determined as shown in Figure 5.9.

Distance distribution
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Figure 5.9 Distance distribution obtained from the DEER dataset in Figure 5.5, using three
PC.

The main peak shows the distance between the electron spin pair, which from Figure
5.9 is taken to be 3.74 nm. The published literature states the distance between the
two nitroxide labels to be 3.75 + 0.13 nm?® highlighting the accuracy of the procedure.
Unlike the main peak at 3.74 nm, other peaks are spurious and have a large error
associated with them and change in position/intensity with the change of
regularisation parameter. In this and further analysis the regularisation parameter was
found by experimentation by seeking a trade-off between the goodness of fit and the

stability of the found solution.
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There is an extra step in the method in chapter 5 to improve the accuracy of the
distance measurements based on the PCA. The algorithm contains a n value, known
as the regularisation parameter which was found experimentally. The n value is varied
between 0.1-30 producing small changes in the goodness of fit and the stability of the
found solution and produces a residual norm and solution norm value. Plotting each
of these two Figures over the range of n values allows a L-curve to be created. The

L-curve produced from the DEER dataset is shown in Figure 5.10.
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Figure 5.10 L-curve of the DEER dataset produced by changes to the n value. The number of

principal components is chosen based on PCA and the n value is varied between 0.1-30.

The distance distribution is said to be more accurate when the residual and solution
norm is closest to 0, or the left most corner of the graph. In this case this is taken to
be 0.8.

The convergence and distance distribution for the DEER dataset is shown in Figure

5.11 with a n value of 0.8. Changing the n value may prove valuable in later datasets.
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Figure 5.11 Convergence and distance distribution of the DEER dataset with the 7 value of

0.8. The distance distribution is taken to be 3.74 nm.
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Based on the distance distribution produced using the n value of 0.8 a distance
between the two nitroxide spins is shown to be 3.74 nm. This method was applied to

all datasets to increase the accuracy of the distance distribution.

These methods were then transferred to 27 scraped datasets from published work®-
% and 15 sets of raw data obtained from the author, comparing the distance

distribution after PCA and the published result.

5.4 Results

5.4.1 Results from scraped data

On initial analysis, for most of the datasets, the majority show that a good fit to the
traces can be achieved with only two principal components, as shown in Figure 5.12.

Each dataset shows the totoal number of traces overlaid with only two PCs.
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Figure 5.12 PC curves plotted with two PCs (black) overlaid with the combined traces for all
datasets (red). As shown, the majority of the data can be represented in all datasets with only

two principal components.

Although most datasets have a good fit to the traces with only two PCs, PCA was
done for each dataset to conclude a more accurate number of PCs. The datasets
were analysed following the same methods as described in Section 5.2. In some
cases, noise or artifacts produced from the data scraping process were removed by
cutting points within the data. In the datasets, the final PCA showed a varying number
of contributing PCs that need to be present in order to fit the traces well. Finally, once
PCA was completed, distance distribution analysis was undertaken. The results for
PCA and distance measurements for all the scraped datasets can be shown in Table

5.2. No datasets required all principal components.

Table 5.2 Distance distribution results from all scraped datasets. Distance distribution was
taken following the methods presented in the DEER dataset compared with the distance

analysis extracted from the published work.

Author year PC/ Distance from Distance
Number of analysis, nm from paper,
traces nm

Tkach 202123

A 2/10 2.77 2.8+0.2
B 3/10 3.43 2.840.2
Denysenkov 20082° 3/13 3.92 3.25
Margraf 20073°

A 2/5 3.33 3.30
B 1/5 3.24 3.40

Marko 200931
A 2/5 3.29 3.300.2

159



B 2/5 3.20 3.30+0.2

Marko 201032

A 2/6 2.48 2.50
B 3/6 3.39 3.40
Abe 201233 2/5 2.64 2.65£0.1
Marko 20133 3/4 3.31 3.30
Yang 2007% 2/4 2.20 2.2+0.3

Yang 201236

A 1/5 3.31 3.50+0.1
B 3/4 2.13 2.20+0.2
Roessler 2010%* 3/6 3.58 3.30

Abdullin 20152°

A 17 3.21 3.46+0.06
B -strong exchange 4/6 2.58 1.8+0.02
C 4/6 2.42 1.94+0.03
Bowen 2016° 2/5 3.55 3.60

Stevens 201626

A 317 3.70 ~3.5 (read
from graph)
B 2/13 5.1 ~5 (read

from graph)

Jarvi 2018%7 2/17 2.40 2.40

Tkach 201328

A 2/14 3.10 3.1+0.3
B 4/11 3.15 3.1+0.3
C 3/10 3.4 2.8+0.2

Abdullin 201637
A 2/4 2.1 2.25
B 2/4 2.08 2.1

Figure 5.13 shows the data presented in Table 5.2 presented for easy comparison
between the published distance measurement between the spin pair and the distance

measurement obtained from the PCA of the scraped data.
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Figure 5.13 Correlation between the distance between a spin pair in published work and the
measured distance distribution after PCA in all scraped datasets. The dashed black line shows
the exact match between published and scraped data distance measurements. Based on the
datapoints of each dataset (red) compared to the exact match line, the PCA provides reliable

measurements for the distance between a spin pair.

Results for the distance distribution analysis from the raw data obtained from the

authors is presented in the next section.

5.4.2 Results from raw data

The results for the PCA of all the raw data are shown in Table 5.3, which also shows
the comparison to the PCA presented in Table 5.2. The datasets were analysed
following the same methods as the DEER dataset and the scraped data. No data
points were removed due to the lack of artifacts being introduced during the scraping

procedure.
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Table 5.3 Results from the PCA of the 15 raw datasets showing comparisons to the scraped
data PCA. As shown, only a small number of principal components are needed to produce a
good fit to the traces.

Author/Year PC / Number of PC from scraped data

traces from raw

data

Abdullin 2015
A 217 1/7
B -strong exchange 1/6 4/6
C 1/6 4/6
Abdullin 2016
A 2/4 2/4
B 2/4 214
C 2/4 -
D 2/4 -
E 2/4 -
Stevens 2016
A 1/7 1/7
B 2/13 2/13
Tkach 2021
A 1/12 2/10
B 1/11 3/10
Tkach 2013
A 1/14 2/14
B 1/11 4/11
Abe 2012 1/6 2/5

For all of the datsets, PCA showed a varying number of contributing PCs to fit the
traces well. As with the scraped data, no datasets require all PCs as shown in Table
5.2. In several cases, less PCs are required to fit the traces from the raw data

compared to the scraped data.

As with the scraped data, once PCA was completed on the raw data, distance
distribution analysis was undertaken. The results for all the scraped datasets can be

shown in Table 5.4.
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Table 5.4 Distance distribution results from all raw datasets. Distance distribution was taken
following the methods presented for the DEER dataset. Distance Distributions are also

compared with the distance analysis extracted from the scraped data and published work.

Author/Year Distance from Distance from Distance from
analysis /nm scraped data/ the publication
nm /nm

Abdullin 20152°

A 3.47 3.21 3.46+0.06
B 1.35 2.58 1.8+0.02
C 1.96 2.42 1.94+0.03

Abdullin 2016%7

A 2.13 2.1 2.25
B 21 2.08 2.1
C 2.02 - ~2
D 3.07 - 3.25
E 2.24 - 2.25

Stevens 201626
A 3.48 3.7 3.7
B 4.87 51 ~5

Tkach 202123
A 2.8 2.77 2.8+0.2
B 2.79 3.43 2.8+0.2

Tkach 201328

A 3.1 3.1 3.1+0.3
B 3.1 3.15 3.1+0.3
Abe 201233 2.61 2.64 2.65+0.1

Figure 5.14 shows the data presented in Table 5.4 overlaid with Figure 5.13
comparing the published distance measurement between the spin pair and the
distance measurement obtained from the PCA of the scraped and the raw
data.
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Figure 5.14 Correlation between the distance between a spin pair in published work and the
measured distance distribution measured after PCA in all raw (black dots) and scraped
datasets (red dots). The dashed black line shows the exact match between published and
scraped data distance measurements. The R2 value of the raw data and scraped data is also
shown. Lines of best fit for the two datasets, raw and scraped data, are shown by red and

black dotted lines respectively.

5.5 Discussion

5.5.1 Error analysis

In order to test the accuracy of obtaining the distance measurement using our
approach, the obtained values were compared with those in the published work.
Figure 5.15 shows the published data values compared to the values obtained from
the distance distribution analysis after PCA of both scraped and raw datasets. Error

bars represent the values from the published literature.
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Figure 5.15 Comparison between the distance values taken from the published work and
those distances produced by the distance distribution analysis after PCA for the raw and

scraped datasets.

For the ease of this analysis, those datasets where the published data did not state
an error were removed from the analysis. For all datasets combined, the percentage
of the data within the error is 68%. For the scraped data only, this is reduced to 57%,
while the raw data alone shows a percentage of 82%. This demonstrates that
performing the PCA and distance analysis on raw data produces the most accurate

result compared to that of the published data.

5.5.2 Riqgidity and EPR field strength

In order to test the hypothesis between rigidity and the number of PCs, it is first
necessary to check the correlation between the magnetic field strength applied in the
EPR experiments, and the number of principal components to traces. Figure 5.16
Shows the relationship between the frequency and the number of PC curves. Three
sets of correlations can be seen which includes the scraped datasets, the raw

datasets and all the datasets combined.
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Figure 5.16 Graph of the number of principal components against the frequency, with specific
band frequencies shown (dashed lines). Three sets of data are shown with the line of best fit
(dotted lines), scraped data (red), raw data (blue) and combined data (black).

There graph shows a negative correlation between the number of principal
component curves and frequency, with raw datasets and a positive correlation of
scraped and combined datasets. The raw datasets contrast the theory which suggests
that DEER traces taken at higher-field excitation should also produce a higher number
of significant PCs contributing to the dataset, due to a tighter excitation of orientation
subsets. However, the rigidity of the biradical also needs to be assessed to fully test
the hypothesis.

Some of the papers contained information about the rigidity of the biradicals used or
contained structural diagrams which could be used to determine the rigidity. Table 5.5
below shows the rigidity of the biradicals used in the published work for the scraped

and raw data.

Table 5.5 Table showing the rigidity of each biradical used in the published literature of the

raw and scraped data. The number of PCs to the number of traces is also shown.

Author year PC / Number of Rigidity

traces

Scraped Data

Tkach 2021 Semi-rigid
A 2/10
B 3/10
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Denysenkov 2008 3/13 Rigid
Margraf 2007

A 2/5 Rotates freely

B 1/5 More rigid
Marko 2009

A 2/5 Rotates freely

B 2/5 More rigid
Marko 2010 Rigid

A 2/6

B 3/6

Abe 2012 2/5 Restricted flexibility
Marko 2013 3/4 Rigid

Yang 2007 2/4 Flexible
Yang 2012 Weak orientational selectivity
A 1/5

B 3/4

Roessler 2010 3/6 Rigid
Abdullin 2015

A 177 Rigid

B -strong exchange 4/6 Rigid

C 4/6 Less rigid
Bowen 2016 2/5 Rigid
Stevens 2016 Rigid

A 37

B 2/13

Jarvi 2018 2/17 Rigid

Tkach 2013

A 2/14 Rigid

B 4/11 Rigid

C 3/10 One axis of rotation
Abdullin 2016 Limited orientation selectivity
A 2/4

B 2/4

Raw data

Abdullin 2015

A 217 Rigid

B -strong exchange 1/6 Rigid

C 1/6 Less Rigid
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Abdullin 2018 Limited orientation selectivity

A 2/4

B 2/4

C 2/4

D 214

E 214

Stevens 2016 Rigid

A 2/13

B 1/7

Tkach 2021 Semi-rigid
A 1/12

B 1/11

Tkach 2013 Rigid

A 1/14

B 1/11

Abe 2012 1/6 Restricted flexibility

Figure 5.17 shows the structures of the flexible and more rigid biradicals used in

Markgraf's published work®.

Figure 5.17 Structures of the biradicals used in Margraf’s published work. 1) Flexible biradical.
The nitroxide radicals are assumed to rotate freely around their acetylene bond (cone with
angle 22°) and the mobility of the bridge is described by a single bending motion with a
Gaussian distributed width &¢.2) More rigid biradical.

In the case of Margraf, the number of contributing PCs is two and one for the flexible
biradical and the more rigid biradical respectively. The more rigid biradical has a lower

number of PCs than that of the flexible biradical disagreeing again with the hypothesis
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that more rigid biradicals produce a higher number of contributing principal

components.

For the purpose of this analysis, only flexible and rotates freely biradicals were
considered as flexible. The remaining datasets were considered rigid. The average
number of contributing PCs are shown in Table 5.6 for flexible and rigid biradicals in

the scraped, raw, and combined data.

Table 5.6 The number of contributing PCs for flexible and rigid biradicals in scraped, raw and

combined data.

Flexible Rigid
Scraped Data 2 2.46
Raw Data - 1.47
Combined Data 2 1.97

As no raw datafiles for flexible biradicals were obtained this could not be assessed.
For the scraped data, the number of contributing PCs is higher in rigid biradicals, with
a value of 2.46 in rigid and 2 for flexible biradicals, agreeing with the hypothesis laid
out in Section 5.2. However, with all the scraped and raw datasets combined, a
greater number of components is required with flexible biradicals than rigid biradicals,
contradicting the hypothesis, although the difference between the two is small. More
datasets from flexible biradicals will need to be analysed in order to fully assess this

conclusion.

Original work by Dr Potapov formed the basis for a method of disentangling the
distance and orientation information from the DEER dataset using a model biradical
with slight flexibility in the rigid linker. This thesis work has now proven that the method
can be applied to a range of biradical models in a range of systems at different
magnetic field strengths. The method is therefore not limited by biradical flexibility as
initially assumed. This will then allow the method to be applied to an even wider class

of systems, not just the models presented within this thesis work.

5.6 Conclusion and Outlook

A wide selection of published work was reanalysed by PCA and distance distribution

analysis, either by obtaining scraped or raw datasets. This included a variety of
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biradical with varying levels of flexibility. In all cases the number of PCs required to fit
the overall traces was less than the number of overall components, highlighting that
not all the PCs are required in order to accurately replicate the data. This allowed the
distance distribution analysis to be undertaken. For the published literature which
contained an error, 68% of the distance measurements from all data fell into this limit,
with 57% of scraped data being within the error limits and 82% of the raw data.
Conducting analysis on the raw data provided more accurate distance measurements
compared to the published work than the scraped data. This work provides the basis
for distance measurements across a variety of samples, wider than initially thought,

including a varying level of flexibility of biradicals.

Removing datapoints to reduce noise and remove points at the beginning and the end
of traces, in cases where they tend to infinity, was necessary in some datasets. This
gave an overall more accurate distance measurement compared to the published
literature and a closer fit of the principal components to the trace while using less
components compared to data containing those points. This seems to be an error

introduced from the data scraping process as no raw data file required modification.

Agreeing with the hypothesis that a higher number of principal components is required
at higher field strength, scraped datasets show a positive correlation between number
of principal components and the excitation frequency. In contradiction to this, the raw
datasets show a negative correlation. For the combined data this also showed a
positive correlation. Assessing the flexibility of the biradicals it was found more PCs
were needed with rigid biradicals than flexible in scraped datasets, agreeing with the
hypothesis that more PCs are required for rigid structures, with the opposite trend in

all scraped and raw datasets combined.

In order to fully assess the accuracy of the analysis, more datasets need to be
analysed, including raw data of flexible biradicals as well as G-band raw datasets.
The structure of each individual biradical should be fully assessed in order to consider
the potential duplicate paths between electron spins allowing outliers to be

determined.

As not all published data contained an error for the distance measurements, it is
difficult to accurately compare the distance measurements between the published
data and that of the scraped or raw data. Either an error for these papers needs to be

acquired, or more papers containing errors need to be analysed.

This analysis did not fully consider the parameters defining the regularisation

mentioned in Section 5.3.4. The regularisation parameters should be obtained from
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the published work to improve the accuracy of the distance calculations. For the

benefit of this analysis this was done manually for each dataset.

This work provides a solid basis for the analysis of distances in proteins using our
approach. The next stage would be to implement this methodology to datasets from
the AB-40) protein in order to gain distance measurements and information on the

structural changes over time and through the self-assembly process.
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6. Conclusion and outlook

This thesis had two primary aims. The first was to apply DNP enhanced ssNMR and
other advanced magnetic resonance techniques to study the biomolecular structure
of the AR protein when interacting with membrane systems, including the biologically
relevant LM system. This utilised DNP enhanced ssNMR with a range of pulse
sequences. DNP additives and their interaction with the membrane systems was
probed to assess structural changes within the membranes to ensure physiological
conditions. The second aim was to apply SH techniques to DEER datasets along with
PCA to characterise orientation selection and deduce distance measurements in a

variety of biomolecules, with the end goal of applying this method to ABq-40) datasets.

The first aim was addressed in Chapter 3 and Chapter 4 which describe the effect of
DNP sample content on the lipid membrane and then applies DNP enhanced ssNMR
to study the structure of ABu-40) in @ range of membrane systems and investigate

structural changes over time.

In Chapter 3 a protocol was adapted for the production of a LM membrane system
whereby the DMPC lipid signals could be assigned. The application of *C PRE
measurements has allowed us to probe the depth of biradical insertion into the lipid
membranes and how this is affected in the presence of glycerol. This focused on the
DMPC lipid in a pure DMPC membrane or part of the LM membrane. In a pure DMPC
membrane AMUPoIl + glycerol showed a greater signal attenuation than AMUPoOI
alone, suggesting glycerol can partition into the membrane allowing the AMUPol to
interact more closely with the DMPC lipid. In contrast to this, within the LM membrane
some positions had a greater signal attenuation when AMUPol was added alone,
suggesting that one component of the LM system may interfere with the ability of
glycerol to partition into the membrane. Analysing the 3P CSA patterns and isotropic
chemical shifts under both static and MAS conditions provides comprehensive

insights into the structural changes induced by the DNP dopant and glycerol.

The addition of AMUPol without glycerol shows characteristic gel-ordered phase lipid
membrane spectra in some membrane models, including DMPC/DMPS and the LM
system. Under static and MAS conditions, the addition of AMUPol and glycerol
showed minimal changes to the membrane structure. Due to the minimal changes in
the structure of the membrane systems upon addition of the DNP dopant and glycerol,
it can be assumed the membranes are under physiological condition when DNP

additives are introduced.
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Chapter 4 introduces AB-40) to the lipid membranes to investigate the structure and
conformational changes of the protein when added to these systems over a series of
conditions. Firstly, sample preparation methods, including extrusion cycles, and
protein solvent were optimised to increase lipid homogeneity as well as optimise
protein to lipid membrane binding. A method was developed for tracking the
conformational changes of AB«-40) incorporated into lipid membranes as a function of
time via DNP enhanced ssNMR. HPLC was used to determine the binding of AR .40
to lipid membranes based on a standard curve of freshly dissolved protein. TEM
methodology was developed to visualise lipids and fibrils. Once the optimisation
steps, visualisation of lipids and protein binding determination was completed DNP
enhanced ssNMR was applied. 2D DARR spectroscopy provided useful contacts
allowing a predicted model to be determined where 132 and L34 contacts within AB-
40) are facing one-side of an extended peptide strand when externally added to 100%
POPG membranes with 0- and 8-hour incubations. When evaluating a range of
membrane systems, the % binding between the protein and lipid decreased with
incubation time, followed by an increase at longer incubation times, suggesting a
binding-unbinding mechanism. 2D DQSQ correlation was beneficial in reducing
natural abundance 3C signals which otherwise crowd spectra. Secondary chemical
shifts of AB-40) externally added to 100% POPG shows a 3-sheet structure at both O-
and 8-hour incubations. However, low binding of AB-40) to more biologically relevant
membranes was exhibited. Changes in P:L ratio and lipid membrane composition
showed to produce small fluctuations within small sample volumes, however 2D
analysis was still not possible. The combination of HFIP/NaOH was proven to
increase the protein to lipid binding when compared to DMSO. In smaller volumes,
ABa-40) externally added to LM systems produced the highest protein to lipid
membrane binding in samples prepared with a P:L of 1:60, in both 0- and 8- hour
incubations. Differences in the protein to lipid binding was encountered between
identical samples when prepared under different sample volumes and with proteins
of different origin, an interesting encounter. To further investigate the structure of AB-
40), secondary chemical shift analysis on AB-40) fibrils without lipid membranes was
conducted using 2D hCH proton detection, without DNP. This shows a (-sheet
conformation within the fibrils. EDTA was shown to reduce the relaxation time of ABq-
40 fibrils whilst not altering the chemical shifts of residues showing no impact on the
fibril structure. This Chapter also demonstrates that the use of multiple labelling
schemes on identical samples can be used to investigate the structures of different
areas within the AB«.40) protein without overcrowding spectra as experienced when

more residues are labelled in the same sample. Using several complementary studies
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including DNP enhanced ssNMR, room temperature NMR, HPLC, TEM and AFM has
been shown to be effective when investigating the structure of AB.40)in a range of

membranes.

The second aim was addressed in Chapter 5 where the analysis of DEER data
utilising PCA was used for extracting distances in biomolecules. A methodology was
developed for the reanalysis of published work by PCA and distance distribution
analysis from scraped or raw datasets. This work covered a range of biradicals with
varying flexibility in a variety of biomolecules. In all cases the number of principal
components required to fit the traces was less than the number of overall components,
showing that not all PCs are required to accurately represent the data. Conducting
analysis on the raw data provided more accurate distance measurements compared
to the published work than analysing scraped data. For the published literature which
contained an error, 68% of the distance measurements from scraped and raw data
fell into this limit, with 57% of scraped data being within the error limits and 82% of
the raw data. A higher number of PCs was shown to be required at higher field
strength in the case of scraped datasets where there is a positive correlation between
the number of PCs and the excitation frequency. More PCs were needed with rigid
biradicals than flexible in scraped datasets, agreeing with the hypothesis that more
PCs are required for rigid structures, with the opposite trend in all scraped and raw

datasets combined.

As shown in Chapter 3 and 4, this work has formed a strong basis for the structural
elucidation of intermediary stages of the self-assembly pathway of AB-40). Several
steps were taken in an attempt to increase the protein to lipid binding to increase
protein content of the DNP sample of 0- and 8-hour samples. However, due to the
structure of the membrane it may not be possible to increase binding under these
conditions. Allowing long incubation periods between the protein and LM has already
been shown to produce good protein to lipid binding without DNP. Following this
method, incubations of longer than 24 hours, with the application of DNP will allow
the structural elucidation of proto-fibril and fibrillar structures. To assess the effect of
the individual components on the protein to lipid binding more membrane systems
should be examined at the initial binding stage with varying combinations of the
components used within the LM system. Successful 2D analysis was conducted on a
simple POPG membrane, the addition of intermediate incubation times should be
done to ensure a B-sheet conformation is maintained throughout this time. Successful

proton detection was conducted on fibrils allowing some cross-peaks to be assigned.
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Longer experimentation of this sample should be done in an attempt to resolve other

cross peaks.

The method developed in Chapter 5 is shown to be successful in distance
measurements and deduction of orientation selectivity within a range of biomolecules
with biradicals of varying flexibility. The next stage would be to apply this method to

the AB-40) in order to determine distance measurements.
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7. Appendices

Appendix 1 Dynamic Nuclear Polarisation theory

DNP can provide maximum enhancement of:

Ve
€=—, 7.1
- (7.1)

where y, and y, are the gyromagnetic ratios of electron and nucleus respectively. For
!H and 3C respectively this would amount to a NMR signal enhancement factor of
e~660 and €~2600 respectively’. What Overhauser proposed was the transfer of
polarisation from electrons to nearby nuclei under the saturation of electron spin
transitions. While Overhauser DNP has been observed using free electrons in metallic
compounds, electrons can also be from an organic radical unpaired amide group for
example, introduced into the sample in the form of a polarising agent, often a biradical.
When a proton and an electron from different molecules are placed in a field at room
temperature the polarisation is still low, and the energy of the transitions are also very
different. Decreasing the temperature may result in the electron polarisation being
high while the proton polarisation is still very low. To bring the spins together involves
bringing the two molecules into close proximity and coupling such as dipolar coupling
or hyperfine coupling which allows transition between the energy levels. The aim is to
transfer the polarisation as shown by the red arrow in Figure 7.1. This is done by
applying pw at the suitable frequency, which is the basic principle of DNP.

N w(e’) ~1011Hz

w(H) ~108Hz

Appendix figure 1 Energy levels of a proton and electron involved in the transfer of

polarisation.
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Appendix 2 Transmission Electron Microscopy imaging

All negatively stained TEM measurements were completed on a FEI Tecnai G2 12
Biotwin TEM or JEOL 2100 Plus. 13 pL of sample was deposited on a copper mesh
TEM grid with carbon coating (EMresolutions) for 15 minutes, blotted, followed by two
rounds of washing with 13 pL deionised water. After washing, the grid was stained
with 13 pL of 2% Uranyl acetate for 35 s, the excess staining was wicked away using

filter paper and the samples was subject to measurements.
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Appendix 3 Atomic Force Microscopy

All measurements were carried out by Dr Vladimir Korolkov (Park systems) using a
Park systems NX-20 with tapping mode in air. A Multi75Al-G, k =2 N/m, f = 61.0 kHz
cantilever was used alongside SmartScan with StepScan module for data acquisition.
Two LM system samples were prepared using the above protocol, however, were
snap frozen before centrifugation. One was used as a reference sample, containing
no peptide while the other contained AB1-40) with a 1:40 P:L and a 0-hour incubation.
20 plI of sample was placed on a freshly cleaved mica sheet for 30 s and then dried
with compressed air and immediately imaged. Ten areas were inspected per sample
over a 200um? area with an acquisition time of ~1hr and XEI was used for data

analysis.
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Appendix 4 Effect of extrusion

Appendix figure 2 Negatively stained TEM images of POPG/POPC of molar ratio 1:3 with

varying cycles of extrusion with a 300 nm pore size, A) 5 extrusion cycles, B) 10 extrusion
cycles, C) 30 extrusion cycles. While the most homogeneous sample can be obtained with
30 extrusion cycles, with an average size of ~330 nm, there is a significant time limitation
with a total preparation time of several hours. It is more practical therefore to reduce the
extrusion cycles aiming to also reduce the amount of time needed. Panel B shows the TEM
image of lipid vesicles after 10 cycles, where the largest vesicles measure between 250-
350 nm with a large number of smaller vesicles. This sample is visually more homogenous
than 5 extrusion cycles and can also be undertaken in ~1 hour per sample, reducing the
effects of room temperature on the lipids.
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Appendix 5 Effect of the AB(1-40) pretreatment on the lipid vesicles

Appendix figure 3 Negatively stained TEM images of identical DMPC/DMPS samples of
molar ratio 1.5:0.3 and a P:L of 1:60. A) prepared with HFIP/NaOH combination and B)
prepared with DMSO. Scale bars for each sample are shown.
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Appendix 6 Effect of AB(1-40) on lipid vesicles size

B) With peptide

A) No peptide

Peak To Valley Histogram

10 20 30
nm

4 unit/div

Appendix figure 4 Atomic force microscopy images recorded over 200 yum? area of the LM
system A) without peptide and B) peptide with a 1:60 P:L. Histograms show the peak to

valley height of the individual liposomes.
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Appendix 7 Effect of AB(1-40) on the size of an individual lipid vesicles

A) No peptide B) With peptide

°58gs 3
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0 A 200 400 600 0 A 100 200 00 400
am nm
Cursor | AX(nm) = AY(nm) | Angle(deg) Cursor OX(nm) | AV(nm) | Angle(deg)
M Red 300987 0650 0124 M Red 192434 0242 0072
M Green 167270 25973 8.826

M Green 220.806 47.031 12.024

Appendix figure 5. Atomic force microscopy images of individual liposomes recorded over
200 um? area of the LM system A) without peptide and B) peptide with a 1:60 P:L. Individual

widths and heights of the vesicles are shown beneath.
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Appendix 8 Experimental parameters

Appendix Table 1 Experimental parameters for 2D experiments

Sample Experiment MAS Mixing / Recycle Number Number CcP Decoupling
frequency  excitation delay / of of method
| Hz time/s s scans points
1:40 AB(1.40) DARR 8500 0.25 4.5 16 300 Ramp 90- TPPM
POPG 0- 100
hour
1:40 AB(1.40) DARR 8500 2 4.5 28 300 Ramp 90- TPPM
POPG 0- 100
hour
1:40 AB(140) DARR 8500 0.25 35 28 300 Ramp 90- TPPM
POPG 8- 100
hour
1:40 AB(1.49 DARR 8500 2 3.5 28 300 Ramp 90- TPPM
POPG 8- 100
hour
1:40 AB(1.40) POST-C7 8500 4.71 x 104 4.5 128 141 Ramp 90- TPPM
POPG 0- 100
hour
1:40 AB(140) POST-C7 8500 4.71 x10* 35 160 120 Ramp 90- TPPM
POPG 8- 100
hour
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Appendix Table 2 Experimental parameters for 1D experiments

Sampled Experiment MAS Recycle Number CP Decoupling
frequency delay/ of method
| Hz s scans
1:40 AB1.49) 3C-CP 8000 13.5 32 Ramp 90- TPPM
LM O- hour 100
1:100 AB(1.40) 3C-CP 8500 5.5 32 Ramp 90- TPPM
LM 0O- hour 100
1:200 AB1.49) 3C-CP 8500 5.5 128 Ramp 90- TPPM
LM 0- hour 100
1:60 AB1.49) 3C-CP 8000 8.5 32 Ramp 90- TPPM
LM 0- hour 100
1:40 AB1.49) 3C-CP 8500 7 16 Ramp 90- TPPM
LM 0- hour 100
HFIP/NaOH
1:40 AB1.49) 3C-CP 8500 3.5 16 Ramp 90- TPPM
LM 8- hour 100
HFIP/NaOH
1:40 AB(1.49) POST-C7 8500 3.5 3936 Ramp 90- TPPM
LM 8- hour 1D 100
HFIP/NaOH
1:20 AB(1.40) 3C-CP 8500 13 16 Ramp 90- TPPM
LM 0O- hour 100
1:40 AB1.49) 3C-CP 8500 9 16 Ramp 90- TPPM
LM no GM1 100
0- hour
1:40 AB1.49) 13C-CP 8500 9.3 16 Ramp 90- TPPM
LM no GM1 100
8- hour
1:40 AB1.49) 3C-CP 8500 4.3 16 Ramp 90- TPPM
LM O- hour 100
PI
1:40 AB1.49) 3C-CP 8500 6.2 16 Ramp 90- TPPM
POPG 24- 100
hour
1:10 AB1.49) 3C-CP 8500 11.7 16 Ramp 90- TPPM
BE 15-hour 100
1:5 AB(1.40) 3C-CP 8500 9.75 16 Ramp 90- TPPM
BE 15-hour 100
1:10 AB(1.49) 3C-CP 8500 10 16 Ramp 90- TPPM
BE 5-hour 100

188



Appendix Table 3 Experimental parameters for hCH experiments

Sample MAS

Recycle

Number

Number

Proton CcpP Contact Water Decoupling
frequenc delay/s of of pulse/ method time/ suppression
y/Hz scans points Hs s | ps
Alanine 65000 1.5 8 256 5 Ramp 600 200 TPPM
90-100
Fibrils 65000 2.0 128 500 6.5 Ramp 600 200 TPPM
90-100
Fibrils 65000 0.5 128 500 6.5 Ramp 600 200 TPPM
Cu- 90-100
EDTA
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